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Renoir a m’ a dit: Quand j’ ai arrangé un
bouquet pour le peintre je m” arréte sur
la cOté que je n' avais pas prévu.

(Renoir told me: When | have arranged a
bouquet for the purpose of painting it, |
always turn it to the side | did not plan)

Henri Matisse, Jazz

Once in awhile you get shone the light
in the strangest of places if you look at
it right.

The Greatful Dead, Scarlet Begonias



Preface

The last decade has seen an explosion in our understanding
of how bacterial pathogens trick, cajole, usurp and parasitize
their various hosts. This renaissance is due to the convergence
of molecular and cellular techniques with the power of
microbial genetics. The purpose of this volume is to introduce
recent advances in understanding selected systems chosen
from both plant and animal hosts of bacterial pathogens. This
somewhat nonobvious choice of topics was spurred by the
recent findings, detailed by several conributors to this volume,
of common systems used to secrete virulence factors from
pathogens of both plants and animals. These serendipitous
findings underscored the importance of basic research
approaches to parallel problems in biology. More importantly,
they brought together investigators who may not have
otherwise become conversant with each other’s experimental
systems. |, for one, find the kinds of synergism reflected ina
volume of this sort to be one of the most pleasant aspects of
science and hope that the reader, whether a newcomer to
the field or an expert, can find a new slant to old problems in
the reviews contained here. It was, however, necessary to
limit volume length, and this has forced the exclusion of a
number of fascinating bacterial pathosystems. The ones
chosen for inclusion are meant to reflect a range of pathogen
life strategies, and authors were encouraged to speculate
where appropriate on how we might discover more common
strategies of bacterial pathogenesis involving plants and
animals. The hope, of course, is that by understanding both
the commonalities and idiosyncracies of various pathogenesis
modes, we may come to better understand host responses
and resistance mechanisms.

J. DanGL
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1 Introduction

Large numbers of microorganisms flourish on leaves, despite the fact that leaf
surfaces are subject to rapid and drastic fluctuations in temperature, radiation and
humidity. The bacteria that are found on aerial leaf surfaces are distinct from
bacteria in other habitats (Jensen 1971; Stout 1960a,b), including the nearby soil,
suggesting that they have particular adaptations allowing them to exploit
epiphytic environments. Few studies have tested whether bacteria that are not

Department of Environmental Science, Policy, and Management, 108 Hilgard Hall, University of
California, Berkeley, CA 94720, USA



2 G.A. Beattie and S.E. Lindow

typically found on leaf surfaces can exploit the leaf surface habitat as well as those
that are commonly found there. In one such study, O'Brien and Linbow (1989)
found that while strains of Salmonella, Escherichia, and Aeromonas species could
achieve large population sizes on leaves kept continuously wet under controlled
conditions, their populations decreased dramatically upon drying of the leaf
surface. In contrast, common epiphytic bacterial species such as Pseudomonas
syringae maintained large population sizes on dry leaf surfaces. Although such
differences in epiphytic behavior can be demonstrated, the traits that contribute
to the unique success of epiphytes in the phyllosphere are poorly understood.

In natural environments, epiphytic bacteria can grow very rapidly and indi-
vidual species can establish large population sizes, often greater than 107 cells per
gram of leaf. Although many epiphytes can affect plant health under suitable
conditions, such as by inciting disease or frost injury, many have no known
influence under any conditions. It has long been recognized that phytopathogenic
bacteria can develop large populations in the absence of disease (reviewed in
Henis and Basvan 1986; Hirano and Upper 1983). The fact that large epiphytic
populations contribute to an increased probability of disease incidence has only
recently been demonstrated (reviewed in Hirano and Upper 1983, 1990). The
existence of such a relationship indicates that knowledge of the factors
contributing to the successful establishment and maintainance of large epiphytic
populations may be critical to both epidemiological predictions and strategies for
disease and frost injury control.

For the purposes of this review, epiphytic fitness is defined as the ability of
bacteria to grow and/or survive on leaves exposed to a given environmental
regime. Fitness is therefore context-dependent, since it will depend on the
environment in which it is being assessed. Thus, we will primarily discuss traits
which may individually influence the behavior of bacteria on leaves in a particular
environmental context, and only briefly consider fitness in a broader context, in
which changes in the environment may require changes in the expression of
distinct traits. We therefore will be focusing on traits that affect relatively short-
term behavior rather than persistence ir:an evolutionary time frame. Although the
epiphytic fitness traits discussed are related to the unique features of the leaf
surface habitat, these traits may not confer a specific ability to survive only on leaf
surfaces. For example, while motility may be advantageous to epiphytic bacteria
in their acquisition of protected sites and resources, this trait could also be
advantageous when the bacteria are in water or soil.

The most common approach to link bacterial traits with epiphytic fitness has
been guesswork. In this approach, specific traits are predicted to affect epiphytic
fitness, then correlations are drawn between the presence of this trait and
specific epiphytic behavior. Often, such correlations are made after examining
unrelated strains. Rigorous testing, however, requires comparisons of isogenic
strains, which are identical in all traits except the one being tested. Such isogenic
strains could be constructed either by gene inactivation or by transferring the
genes conferring the phenotype of interest into a recipient strain, then comparing
the behavior of the constructed strain to its parental strain. Unfortunately, such
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rigorous tests have not yet been performed on many phenotypes hypothesized to
be involved in epiphytic fitness. It should be remembered that any one gene or
phenotype is unlikely to be sufficient to confer fitness to an epiphytic bacterium
in a given situation, but rather it may be one of several necessary contributors to
fitness. In such a case, inactivation of the trait in a strain may reduce fitness
significantly, but its transfer to another strain not normally possessing this trait
would not necessarily provide a significant increase in fitness.

2 Colonization Ability

2.1 Motility and Chemotaxis

While several studies have demonstrated an important role of motility in the
invasion of plants by phytopathogenic bacteria (BavoT and Ries 1986; HATTERMANN
and Ries 1989; PanorouLos and ScHroTH 1974; Raymunpo and Ries 1981), its role as
an epiphytic fitness determinant has been evaluated only recently. If cells multiply
or survive at particular sites on the surface of the leaf, then the ability to move to
such sites would be an important factor in bacterial growth and survival. To test
this concept, HaereLe and Linoow (1987) evaluated the behavior of nonmotile
(Mot) mutants of P. syringae on leaves incubated under various moisture
regimes. More Mot* cells than-Mot™ cells moved to distal parts of the leaf or to
different leaves of plants exposed to moist conditions. Consequently, at the
population level, motility should increase the potential for colonization by
increasing access to potentially colonizable sites. This was confirmed when the
strains were inoculated singly onto leaves; the population sizes of the Mot* strain
became significantly larger than those of the Mot~ strain after an extended
incubation under moist conditions (> 5 days). After coinoculation of the two
strains, the Mot* strain grew at the expense of the Mot~ strain, achieving a higher
population size after 2 days of incubation. Motility may therefore confer an
advantage in the competition for sites.

HaereLE and Linpow (1987) also demonstrated that motility allows bacteria to
attain sites that may be protected from environmental stresses. After large
populations of the Mot* and the Mot strains had developed under moist
conditions, the Mot~ strain experienced a larger and faster decrease in its
population size than the parental strain when the plants were transferred to dry
conditions. Furthermore, after growth of Mot and Mot™ strains on leaf surfaces
under moist conditions, a higher fraction of Mot™ than Mot* cells were killed by
subsequent UV irradiation of leaves, although they exhibited identical sensitivities
to UV irradiation in vitro. Kennepy and Ercotani (1978) demonstrated a similar
phenomenon with a Mot™ mutant of P. syringae pv. glycinea. Active acquisition of
“protected” sites is the most likely reason that Mot* cells survived better than
Mot cells on plant surfaces. At these sites, the cells are able to avoid exposure to
environmental stresses such as desiccation and UV radiation.
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The fact that motile and nonmotile bacteria exhibit substantially different
behavior indicates that motility can occur on leaf surfaces. However, the role of
chemotaxis rather than motility per se remains unclear. Chemotaxis toward plant
extracts has been demonstrated in vitro (CHeT et al. 1973; CuppeLs 1988; KLOPMEYER
and Ries 1987), but few studies have examined it in planta (MuLREAN and ScHROTH
1979). Bacteria appear to occupy distinct sites on leaf surfaces (De CLEeEnE 1989;
Lesen 1965; LeBen et al. 1970; Mew and Vera Cruz 1986; Mew et al. 1984; Roos and
HatTingH 1983; Schneiper and Groean 1977). It would seem advantageous to a
bacterium to move toward these sites in a directed rather than arandom manner.
However, the existence of nutrient source sites forming gradients, or of chemical
signals that facilitate bacterial movement to sites favoring bacterial survival, is
unknown. Alternatively, the ability to move in a nondirected fashion may enable
bacteria to explore a larger fraction of the leaf surface, thereby increasing their
chance of encountering sites where survival might be facilitated.

2.2 Adhesion

Once a bacterium reaches a site favorable for growth or survival, the ability to
resist removal may be a selective advantage. The strength of the selective
pressure depends on the strength of the removal pressure. It is clear that rain,
wind, and temperature-driven convection currents can remove bacteria from leaf
surfaces in a plant canopy (ButterRworTH and McCartney 1991; LINDEMANN and
Urper 1985), indicating that some selective pressure exists. However, due to the
large variability in the environmental conditions within a plant canopy, and evenon
a single leaf (Burrace 1971, 1976), it is not clear what proportion of epiphytic
bacterial cells in a plant canopy is subject to such pressures. Bacteria have two
general mechanisms to maintain close proximity to a surface: association and
adhesion. Association involves localization, via motility or chemotaxis, and possi-
bly weak, reversible, nonspecific attachment, mainly via electrical charges.
Adhesion is a stable, irreversible attachment mediated by specific attachment
structures, such as fimbriae, cellulose fibrils or extracellular polysaccharides
(EPS). It has been hypothesized that bacteria employ specific adhesins in
environments where there are strong physical shear forces, such as on mucosal
surfaces in the small intestine, but rely simply on association with surfaces where
there are few shear forces, such as on the skin (Arp 1988). Due to the improb-
ability of continually strong shear forces on most leaf surfaces, bacterial adhe-
rence probably does not offer a strong selective advantage, especially if the
bacteria can multiply at a rate fast enough to compensate for the removal that
does occur, or can occupy sites which offer some protection from the existing
removal forces.

Bacteria have been demonstrated to attach to specific surface sites. Micro-
scopic examinations showed that P. syringae pv. phaseolicola cells adhered
preferentially to the stomata of bean leaves whereas P. syringae pv. syringae
cells were found uniformly distributed over the bean leaf surface (NurmiaHo-
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Lassia et al. 1991; RomantscHuk 1992). Also, Xanthomonas campestris pv.
hyacinthi cells, as well as fimbriae from those cells, attached preferentially to the
stomata of hyacinths (Van Doorn et al. 1991). Thus, adhesion may play a role in
localizing epiphytic bacteria to specific sites on the leaf surface, which may be
important for meeting specific growth or survival requirements or for invasion by
particular phytopathogens.

Many epiphytic bacteria are able to adhere to plant surfaces in in vitro assays
and in fact elaborate structures that permit attachment. Pili and/or fimbriae have
been identified on at least some strains of both P. syringae and X. campestris
(RomanTscHuk 1992; StemMer and Seaueira 1987; and Van Doorn et al. 1991).
Nonpiliated mutants of various P. syringae pathovars were greatly reduced in
their adherence to leaf surfaces, and super-piliated strains attached more
efficiently in in vitro assays (MiLs et al. 1991; Nurmiano-Lassita et al. 1991;
RomanTscHuk and Bamrorp 1986). While these results demonstrate that pili can
mediate adhesion to leaf surfaces, the role of pili in epiphytic fitness has not been
tested. In addition to pili and/or fimbriae, most epiphytic bacteria can produce
EPS, which can function in attaching bacterial cells to surfaces. However,
evaluation of EPS-mediated adhesion in epiphytic fitness is extremely difficult
due to the multiple functions EPS may have in epiphytic growth and survival.

3 Extracellular Polysaccharide Production

There is considerable evidence that many epiphytic bacteria are surrounded by a
layer of EPS while on leaf surfaces. Scanning electron micrographs reveal strands
of amorphous material that emanate from and between bacterial cells on leaves
(Dickinson 1986; HATTINGH et al. 1986; TiMMER et al. 1987). These strands probably
represent the dehydrated remnants of a more complete matrix which originally
surrounded the cell. This matrix is presumably composed of one or more types of
EPS molecules. Plant pathogenic bacteria produce a range of EPS types in culture,
most commonly levan and various alginates (FETT et al. 1986; Gross and RuboLrH
1987; Gross et al. 1992), but appear to produce a distinct range in planta (Osman
et al. 1986). EPS may not only anchor cells to the leaf surface (TakanasHi and Doke
1984), prevent cells from desiccation (WiLson et al. 1965), and protect cells from
damage by UV radiation (LeacH et al. 1957), but may also modify the physical and
chemical environment around the cell to one more favorable for bacterial growth
or survival. The matrix hypothesized to exist on leaf surfaces may have many
analogies to that of biofilms in which many aquatic micro-organisms are found.
Biofilms have ion-exchange capabilities which can concentrate nutrients from
dilute sources in the vicinity of the cell (CosTerToN et al. 1987). The biofilm can also
provide protection from predators and shield cells from the action of lytic
enzymes, antibiotics, and other inhibitory compounds (Anwar et al. 1989;
CaLbweLL and Lawrence 1986). The production of such a matrix by epiphytic
bacteria could be highly advantageous for the cell.
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Studies on the involvement of EPS production in epiphytic fitness have
provided equivocal results. in one study, Linbow et al. (1993) identified P. syringae
transposon mutants that were altered in EPS production in culture and were
reduced in epiphytic fitness. In a second study, Haefele and Lindow (unpublished)
identified P. syringae chemical mutants that were EPS-deficient in culture but
were identical to the parental strain in their epiphytic growth and survival.
Interpreting the results of these experiments can be complicated for several
reasons. First, pleiotropic alterations commonly occur with alterations in EPS
production (BrumBLEY and Denny 1990; pe Crecy-Lacarp et al. 1990; Tanc et al.
1991). For example, of nine EPS-altered epiphytic fitness mutants identified by
Linbow et al. (1993), five expressed pleiotropic alterations. Additional alterations
were not identified in the remaining four, but the possibility exists that they were
altered in unexamined phenotypes. Second, strains that are EPS-deficient in
culture may produce EPS on plants. Previous studies have identified mutants that
were EPS-deficient on rich media but produced EPS in planta (Copuin and Cook
1990). Third, bacterial mutants can produce not only altered amounts of EPS, but
also altered types. It is plausible that various types of EPS molecules play distinct
roles in the phyllosphere. Such qualitative changes have rarely been evaluated in
culture, much less in planta. Due to the complex nature of EPS and the regulation
of its production in bacteria, we have much to learn before we can determine the
role of EPS production in the growth or survival of epiphytes.

4 Stress Tolerance

4.1 Osmotolerance

If solutes are abundant in the free water on a leaf surface, they could become
sufficiently concentrated upon drying to stress the resident bacteria. An exten-
sive list of organic and inorganic substances have been identified in leaf leachates
(Tukey 1970); however, useful quantitative data of their concentrations on leaf
surfaces are not available. Skowlund and Lindow (unpublished) produced
transposon mutants of a P. syringae strain that were reduced in their osmo-
tolerance in culture. The mutants grew similarly to the parental strain both in
media with low osmolarities and on moist leaves. When colonized plants were
transferred to dry conditions, in about half of the experiments the mutants expe-
rienced similar population decreases to the parental strain, and in the other half
they experienced larger population decreases. These results suggest that os-
motic conditions on leaf surfaces may be highly variable. In another study, Linoow
etal. (1993) identified 14 transposon mutants of P. syringae that were reduced in
their osmotolerance in culture and in their ability to survive on dry leaves.
Although seven of these mutants carried additional phenotypic alterations, the
behavior of the remaining seven suggests that osmotolerance can contribute to
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bacterial survival on dry leaves. Lastly, a locus was identified in P. syringae that
can function in the production of periplasmic glucans {Lousens et al. 1992;
MukHoPADHYAY et al. 1988), which are compounds that have been shown to confer
osmotolerance. Inactivation of this locus resulted in a reduced ability to grow in
planta (MiLLs et al. 1985). Thus, several studies indicate that osmotolerance can
contribute to epiphytic growth and survival. However, the fact that preexposure of
cells to a high osmolarity medium did not increase epiphytic fitness (WiLson and
Linoow 1993) suggests that induction of osmotolerance on leaves may require
more complex signals than simply high osmoticum.

4.2 Matric Stress Tolerance

Osmotic stress is only one component of the total water stress that a bacterium
may encounter on a leaf surface. The total leaf water potential is a quantitative
term reflecting water availability. It is a sum of the osmotic potential, which is due
to the interaction of water with the available solutes (molecules that can
penetrate a membrane), and the matric potential, which is due to the interaction
of water with the leaf surface (or molecules that cannot penetrate a membrane)
(Soroker 1990). Matric potential has been studied primarily in soils, where it is
strongly influenced by the soil texture and structure (GriFrin 1981). Similarly, the
leaf matric potential is probably strongly related to the texture and structure of
the leaf surface. Some studies have demonstrated that the stress imposed by a
low matric potential has a stronger influence on a bacterial cell than an equivalent
osmotic potential (McANENEY et al. 1982; RaTTrRAY et al. 1992). For example, in
cultures grown at various water potentials, Escherichia coli cells survived to
almost —40 bars under salt stress, but were nonrecoverable at -8 bars under
matric stress (McANENEY et al. 1982). The mechanisms of water stress tolerance
may explain this phenomenon. Bacteria tend to survive osmotic stress by a
combination of accumulating solutes, via an influx through the membrane, and
synthesizing compatible solutes, such as glutamate, trehalose, or glucan
(reviewed in Csonka and Hanson 1991). Bacteria can survive matric stress only by
synthesizing solutes or EPS (Roserson and Firestone 1992; Soroker 1990);
therefore, survival requires a greater input of energy. Functionally, matric stress
can be imposed in culture by adding a compound that cannot be transported
through the bacterial membrane, such as a large polymer like polyethylene glycol
(PEG) (McANeNeny et al. 1982). Beattie and Lindow (unpublished) identified a
transposon mutant of P. syringae that was reduced in its tolerance of matric
stress, as determined by its reduced growth in the presence of PEG, and was
reduced in its ability to survive on leaves under low relative humidity. These
results demonstrate that differences in matric stress tolerance can be identified
in epiphytic bacteria, and that matric stress tolerance may be epiphytically advan-
tageous. However, this mutant was also reduced in its osmotolerance, as
determined by its reduced growth in the presence of high salt concentrations.
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This pleiotropy suggests that the mechanistic basis of matric stress tolerance
may be explicitly tied to that of osmotolerance, thus complicating the identi-
fication of the quantitative contribution of each to epiphytic fitness.

The ability to survive on dry leaves probably is one of the defining charac-
teristics of epiphytic versus saprophytic bacteria, since strains of P. syringae,
Aeromonas, Escherichia, and Salmonella all grew equally well on wet leaves, but
P. syringae survived significantly better on dry leaves (O'Brien and Linpow 1989).
Although the production of highly hygroscopic polysaccharides may help prevent
desiccation, the primary survival strategy of epiphytes is probably localization in
crevices that retain water when the leaf surface dries. There is some evidence
supporting this hypothesis. First, surface populations of P. syringae, i.e., those in
leaf sonicates, comprised a much larger proportion of the total bacterial popu-
lation in dry leaves than in wet leaves, indicating a poorer survival rate in sites
allowing bacterial release by sonication than in sites preventing it (O’Brien and
Linoow 1989). Secondly, populations of two pathovars of X. campestris in leaf
washings were found to decrease over time on field-grown tomato plants, while
populations in leaf homogenates remained constant or increased (TimmER et al.
1987).

4.3 Tolerance to UV and Visible Radiation

The phylloplane is exposed te substantially higher amounts of electromagnetic
radiation than most other microbial habitats. Solar rays reaching the earth’s
surface include UV, visible, and infrared radiation. Wavelengths in the far-UV
range (< 300 nm) are known to be among the most lethal to bacteria, primarily due
to their damaging effects on DNA; however, very little far-UV radiation actually
reaches the earth’s surface. Thus, tolerance to radiation in the near-UV range
(300400 nm) is likely to be of greater importance to epiphytic bacteria. The
mechanisms by which near-UV wavelengths kill cells are not known, but are
known not to be via a direct effect on cellular DNA. Laboratory studies examining
factors that may contribute to UV tolerance in epiphytic bacteria almost uni-
versally assay using far-UV radiation (usually 254 nm). At this assay wavelength,
the recA gene has been found to contribute to UV tolerance. The recA gene,
which is involved in the repair of DNA damage, has been cloned from a number
of epiphytic bacteria including P. syringae (Hickman et al. 1987). The elimination of
the recA function in such strains decreased their tolerance to UV radiation in
culture by several orders of magnitude (WiLus et al. 1988). Similarly, elimination of
the production of a siderophore, a compound known to function as a UV
chromophore (ToRrRes et al. 1986), decreased the tolerance of a P. syringae strain
to UV radiation in culture (Loper and Linpow 1987). On bean leaves, both the
siderophore-deficient mutant and its parental were equally sensitive to UV
radiation; however, the role of the siderophore in UV tolerance remains unclear
since no evidence was found for siderophore production by the parental strain on
leaves. Lastly, UV absorption by crude exudate from X. campestris pv. phaseoli
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cultures indicates that it could provide protection against UV radiation (LeacH et al.
1957), but direct evidence for a role for EPS in UV tolerance has not been
demonstrated.

Visible light can also be lethal to bacteria, usually by reacting with a photo-
sensitizing compound (any organic molecule able to absorb light of wavelengths
of 320-900 nm) to generate highly reactive oxygen derivatives. An effective
mechanism of tolerance in bacteria is the production of protective compounds,
the most significant of which are carotenoids and other pigments. These com-
pounds function by neutralizing the reactive oxygen derivatives. Several studies
have found that a majority of the bacteria isolated from leaf surfaces produce
pigments in culture (AusTin and GoobreLLow 1978; Stout 1960a,b). When genes
encoding pigment production were transferred from the epiphyte Erwinia herbi-
colainto E. coli, the constructed strain showed an increased tolerance to near-UV
radiation in culture (Tuveson et al. 1988). Melanin has been proposed to offer
protection from UV and visible light in fungi (Dickinson 1986). The production of
melanoid-type pigments in some epiphytic bacteria (Basu 1974) leaves open the
possibility that it serves a similar role in bacteria.

If bacteria are commonly located in crevices on the leaf surface, as is
observed by scanning electron microscopy (BLakeman 1985; De CLeenE 1989; Roos
and HATTINGH 1983), then they may survive UV and visible radiation by simply
avoiding it. BarNES (1965) demonstrated that exposure of a colonized soybean leaf
surface to UV radiation resulted in aninitial decrease in the recoverable bacteria in
leaf homogenates, as expected, since the bacteria were sensitive to UV
irradiation in culture. However, after 15 min, continued exposure to UV radiation
had no further effect on the recoverable population. It was hypothesized that the
surviving cells (approximately 10* bacteria per 12 mm leaf disk) were those in the
intercellular spaces and other sites not exposed to the incident UV radiation.
SzreingerG and Brakeman (1973) observed a similar phenomenon on beetroot
plants.

4.4 Production of Protective Enzymes

The probable abundance of toxic oxygen derivatives and plant-derived anti-
microbial substances (BLakeman and Atkinson 1981) must make the phylloplane a
relatively hazardous environment for bacteria. Consequently, epiphytic bacteria
must have many methods of self-protection. For example, almost all species of
bacteria that are good epiphytes, including alt Xanthomonas and Erwinia spp. and
all P. syringae pathovars, are oxidase-negative. Cytochrome oxidase has been
hypothesized to be highly detrimental to epiphytic bacteria due to its involvement
in the conversion of plant-produced phenols to bactericidal or bacteriostatic
quinones (Moustara and WHiTTENBURY 1970). The absence of oxidase therefore
may be a strong requirement for epiphytic survival. Catalase may also be
important in the phyllosphere, primarily for detoxifying the high amounts of
hydrogen peroxide on plant surfaces. All aerobic bacteria produce catalase;
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however, they differ in their induction, activity, and number of catalase isozymes
(KaTsuwon and ANDERsoN 1992; MousTara and WHITTENBURY 1970). While catalase
activity has not been examined in the phyllosphere, Anperson et al. (1992)
demonstrated that catalase activity increased and catalase isozymes were
differentially expressed in Pseudomonas putida upon contact with root surfaces.
The presence of a high number of antimicrobial substances, especially phenolic
compounds, in leaf exudates (BLakeman and AtkinsoN 1981) could make the
possession of detoxification enzymes epiphytically advantageous; however,
such enzymes have not been identified.

5 Competition for Resources

Bacteria of different species often occur together in mixtures on leaves. If these
species occupy the same microsites, then the survival of any one depends on its
ability to successfully compete for shared resources, and/or its ability to coexist,
by utilizing resources distinct from the others. A wide array of compounds have
been found in leaf exudates, including a large number of amino acids,
polysaccharides and organic acids (Morean and Tukey 1964; WEisuLL et al. 1990).
Thus, a broad nutrient utilization profile, which is common in epiphytic bacteria
(Morris and Rouse 1985), should increase the potential for an organism to survive
in the presence of others. Furthermore, the sole ability to utilize an abundant
resource should be highly advantageous to an organism, as long as other
resources are not limiting. For example, similar to studies that have been done in
the rhizosphere (Savka and FarranD 1993), Wilson and Lindow (unpublished) have
found that the ability of a strain to utilize mannopine allowed this strain to
establish much larger populations than a non-mannopine catabolizing strain on
mannopine-producing plants. Also, a P. putida strain that was able to catabolize
salicylate achieved larger populations than a non-salicylate catabolizing strain on
leaves in the presence of exogenously:applied salicylate (Wilson and Lindow,
unpublished). These results demonstrate that a unique ability to utilize the
nutrients that are available can be epiphytically advantageous.

Competition for a shared resource also occurs among epiphytes. Studies
using bacterial agents to control plant disease or frost injury have demonstrated
that colonization by one bacterial strain can exclude subsequent colonization by
another (e.g., Linoow et al. 1983; THomson et al. 1976). The strength of the
competition between two strains may depend on the degree of overlap in the
resource needs of the strains (Linoow 1985a, 1987; Wilson and Lindow 1991,
unpublished) and on the availability of those resources. Thus, a strain may have a
competitive advantage if it is able to grow at a faster rate or at lower nutrient
concentrations than its competitors, or if it has a superior ability to acquire
nutrients, such as an ability to actively acquire iron by producing siderophores.
Unfortunately, the contribution of these various traits to the ability of an organism
to compete for resources in the phyllosphere has not been directly examined.
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5.1 Siderophores

Microorganisms require Fe® for growth {NeiLanps and Leong 1986). While iron is
abundant in nature, only low amounts of ionic Fe** are thought to be available to
microorganisms, due to the propensity of iron to form insoluble oxidation
products under normal environmental conditions (Linbsay and Scrwap 1982;
Raymonp and Carrano 1979). Siderophores are low molecular weight compounds
with high affinity for iron that are excreted by microorganisms. When their
production is coupled with a specific uptake system, siderophores allow microbial
acquisition of iron in environments where the free element is in low
concentrations (NeiLanps 1981). The concentration of iron in the microhabitats
exploited by bacteria on leaves is unknown; therefore, it is unclear whether
siderophores are a necessary fitness factor for acquisition of iron, and if so,
whether their production confers a competitive advantage over non-siderophore
producing strains.

Lorer and Linoow (1987) conducted a study to determine whether
siderophores were required for the colonization of leaf surfaces. Chemical
mutants of a P. syringae strain were identified that lacked the ability to produce
a siderophore under iron-limiting conditions in culture. The siderophore-deficient
mutants grew to similar population sizes and produced as many bacterial brown
spot lesions as the parental strain on bean plants under greenhouse conditions.
Furthermore, four siderophore-deficient mutants survived as well or better than
their respective parental strainswhen inoculated onto bean plants under field con-
ditions. Although these results suggest that siderophores were not a necessary
fitness factor under these growth conditions, it was not known whether the
parental strain actually produced the siderophore under these conditions. In more
recent studies, Lorer and Linbow (1994) observed that a gene required for
siderophore production was transcribed at a low level on leaves, suggesting that
at least under some conditions iron may be sufficiently limited in leaf surface
microsites to induce siderophore production. Whether siderophore production
contributes to fitness under such conditiéns is still unknown.

5.2 Antibiotic Production

If microbes must compete for limiting resources on leaf surfaces, production of a
biocide such as an antibiotic could improve their competitive ability. Many
bacteria, including the common epiphytes Erwinia and Pseudomonas spp.,
produce antibiotics or bacteriocins in culture (JEnseN 1971; ViDaver et al. 1972).
However, little is known about the production of such compounds in nature.
Brakeman (1991) reasoned that antibiotic production is probably not important in
the interactions among microorganisms on leaves due to insufficient nutrient
levels to support significant antibiotic production. Lack of evidence for a role of
antibiosis in bacterial antagonism on leaf surfaces supports Blakeman's
statement. Linoow (1988) isolated mutants deficient in antibiotic production of 25
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epiphytic strains known to be highly antagonistic toward a particular P. syringae
strain on leaves. When they were inoculated prior to the P. syringae strain, the
antibiotic-deficient mutants and their parental strains were similar in their ability to
inhibit P. syringae growth on plants in the greenhouse. The mutants also reached
population sizes similar to their parental strains in the presence of other com-
peting bacteria. Thus, while antibiosis has been demonstrated to be a contributing
factor to the competitiveness of several bacterial biocontrol agents on roots
(reviewed in FraveL 1988), its contribution to the competitive advantage of a
producing strain over a nonproducing strain on leaves has not yet been
demonstrated.

6 Ice Nucleation Activity

Some pathogenic and nonpathogenic bacteria can cause ice formation (Linbow
1983, 1986; Linpow et al. 1978; Maki and WiLLougHBY 1978; Maki et al. 1974). Ice
formation in sensitive plants can cause injury (Linbow 1983; Linoow et al. 1982)
and may facilitate the entry of phytopathogenic bacteria into plants. SULe and
SeemULLER (1987) have therefore suggested that ice nucleation is a temperature-
conditional virulence factor. Whereas maintaining the ability to produce ice nuclei
must have a metabolic and genetic cost, the production of ice nuclei has not been
found to confer any measurable benefit to the cells. Linoemann and SusLow (1987)
showed that Ice™ mutants of P. syringae and Pseudomonas fluorescens were
equally competitive with their Ice* parental strains on plant surfaces. Similarly,
Ice” mutants of P. syringae grew and survived like the parental strain on all plant
species tested under moist and dry conditions in the greenhouse (Linoow 1985a).
Lastly, lce” mutants were similar to their parental strains in their ability to survive
repeated freezing and thawing cycles both in an agueous environment and on
leaves (Linbow 1985b). Therefore, even on plants subjected to freezing
conditions, ice nucleation activity has not been demonstrated to influence
epiphytic behavior.

7 Plant Hormone Production

Many plant-associated bacteria can produce plant growth hormones (e.g.,
ErnsTSEN et al. 1987; FetT et al. 1987; Lorer and ScHroTH 1986). Gall-forming plant
pathogens, including P. syringae pv. savastanoi, E. herbicolapv. gypsophilae, and
Agrobacterium tumefaciens, can produce both auxins and cytokinins and thus
cause hyperplasia (Manuus et al. 1991; Roserto and Kosuge 1987; THoMASHow et
al. 1984; WEiLEr and ScHrober 1987). While such galis might provide refuges for
the survival of these pathogens, it is unclear whether non-gall-forming bacteria
actually produce plant growth hormones in nature, and if so, what ecological
benefit they derive from their production. Exogenous auxins can induce plant-cell-
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wall loosening and membrane leakiness (LeoroLd and KrieEDEMANN 1975). Thus,
perhaps auxin production benefits bacteria by improving their habitat via an
increase in the rate of plant leaching or induction of local anatomical changes
conducive for growth or survival.

Efforts focused on elucidating the role of plant growth hormone productionin
epiphytic behavior have focused on 3-indoleacetic acid (IAA). Several studies
indicate that IAA production may contribute to the epiphytic survival of P. syringae
pv. savastanoi (SiLversToNE et al. 1993; Varvaro and Surico 1984). Recently, E.
herbicola strains have been identified that produce higher quantities of |AA in
culture than do gall-forming pathogens (CLark and Linpow 1989) and achieve large
population sizes when inoculated onto pear trees (Lindow, unpublished).
Chemical mutants of one such E. herbicola strain were found that produced
reduced amounts of IAA in culture. These mutants achieved smaller population
sizes than the parental strain on pear trees under field conditions (Lindow,
unpublished), suggesting that IAA production may help condition epiphytic
fitness in this strain.

8 Pathogenicity

The contribution of intercellular growth to epiphytic fitness is unclear, especially
since the dynamics between internal (e.g., substomatal cavities and intercellular
spaces) and external bacterial populations are so poorly understood. To
complicate the issue, epiphytic bacteria are frequently functionally defined as
those that can be removed from above ground plant parts by washing (Hirano and
Upper 1983), and the representation of populations from internal sites in these
washings is not known. Numerous studies suggest that surface application of
pathogens results in internal colonization (e.g., CaraTi and SaettLer 1980; Roos
and Hammine 1983; Stapt and SaetrLer 1981), proving that there is active
exchange, at least in the inward direction, between the two populations. If there
is outward exchange to any extent, then phenotypes that contribute to high
intercellular populations would directly contribute to higher surface populations,
and thus to the epiphytic fitness. For this reason, several bacterial characteristics
whose primary influence is on internal population sizes will be discussed here.
Although many of the bacteria that are isolated from leaf surfaces are
phytopathogenic, pathogenicity itself is not a requirement for epiphytic growth.
Epiphytes have been identified that were not pathogenic on any plant examined.
For example, P. syringae strains Cit7 and TLP2, which were isolated from healthy
citrus and potato leaves, respectively, were capable of establishing and main-
taining large epiphytic populations but did not produce symptoms on any of 75
plant species tested (Linbow 1985b; Linbow and Panoroulos 1988). Also,
numerous studies have demonstrated that epiphytic plant pathogens are capable
of growth on nonhost plant species (e.g., ErRcoLani et al. 1974; O'Brien and Linoow
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1989). And lastly, since 1959 when Crosse (1959) reported finding high
populations of P. syringae pv. morsprunorumon healthy cherry leaves, it has been
demonstrated and accepted that most pathogens are able to grow well on hosts
without producing diseases symptoms (e.g., LEBen et al. 1968b; TimMER et al.
1987).

Pathogenicity may not be required for, but it may contribute to, epiphytic
fitness, since the existence of a pathogenic host relationship correlates well with
the ability of a pathogen to attain large epiphytic population sizes. Almost without
exception (Ript et al. 1978), pathogens have been found to grow to larger
populations on susceptible than on resistant varieties of the host plant species
(CaraTi and SaeTTLeEr 1980; McGuIRE et al. 1991; Mew and Kennepy 1971; STapT and
SaAETTLER 1981). Unfortunately, this correlation does not distinguish between the
possibility that bacterial expression of pathogenicity is causal to abundant
epiphytic growth, or that a susceptible host provides an environment that is more
conducive to bacterial multiplication than that of a resistant host. Symptom
expression, per se, probably does not contribute significantly to an increase in
population size, at least in the laboratory, since the largest population increases
after inoculation usually occur before symptoms are visible (KLEMENT et al. 1964;
LLEBEN et al. 1968a; Ouveira et al. 1991; Stapt and Saerrier 1981; Wyman and
VANETTEN 1982).

An evaluation of the epiphytic behavior of pathogenic-deficient mutants
(Path”) mutants should indicate whether or not bacterial pathogenicity contributes
to epiphytic fitness. Pathogenicity is a complex process and probably requires,
and is influenced by, a large number of bacterial traits. Thus, it should not be
surprising that most Path™ mutants of epiphytic bacterial pathogens are pleio-
tropic, making the identification of causal relationships difficult. For example,
lemA mutants of P. syringae pv. syringae, agent of bacterial brown spot in beans,
were deficient not only in the ability to form lesions, but also in their production of
a phytotoxin and a protease in vitro (WiLus et al. 1990). While flemA mutants grew
like the parental strain on bean plants under moist conditions in the greenhouse
(WiLuis et al. 1990), they grew to 10- to 100-fold smaller population sizes on bean
plants under field conditions (Hirano et al. 1992). Unfortunately, the pleiotropic
effects of lemA inactivation make it difficult to identify the specific contribution
of pathogenicity to epiphytic fitness under field conditions in these mutants.
Other Path™ P. syringae pv. syringae mutants have been identified which are
similarly able to grow like the parental strain on wet leaves but exhibit reduced
population sizes on dry leaves (Yessap et al. 1992). Although it is possible that
Path™ mutants are compromised specifically in their ability to tolerate environ-
mental stresses, there is a more likely explanation for their apparent inability to
maintain large populations on leaves subjected to environmental stresses. If the
requirements for bacterial growth are different in internal versus external sites,
the Path™ mutants may have a reduced ability to grow in the internal sites, which
may offer protection from the environmental stresses imposed under field
conditions, but may be unaltered in their ability to grow in exposed sites, where
the majority of growth may occur on wet leaves.
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The interactions between bacterial pathogens and their plant hosts fall into
two categories: compatible, in which disease develops, and incompatible, in
which no disease develops. The incompatible interaction is often correlated with
the induction of a hypersensitive reaction (HR), characterized by a rapid local
necrosis after introduction of high numbers of bacteria (> 10° cells/ml) into leaf
tissue. The majority of characterized Path™ mutants of epiphytic bacteria are also
unable to induce an HR when infiltrated into incompatible plants. These hrp
mutants (for hypersensitive reaction and pathogenicity; see chapters by Bonas
and Collmer and Bauer, this volume) are almost uniformly reduced in their ability
to grow in compatible plants (Bertoni and MiLLs 1987; Huang et al. 1991; Kamoun
and Kapo 1990b; LiNnbGRreN et al. 1986; Ranme et al. 1991; SomLyal et al. 1986).
Studies by Atkinson and Baker (1987) provide an elegant mechanistic explanation
for this reduced growth. They showed that the presence of a pathogen in a
compatible plantis associated with a K* efflux/H* influx exchange across the plant
plasma membrane. Mutants unable to induce this exchange were reduced in
their ability to multiply in host tissue, and the strength of the exchange response
induced by various mutants correlated well with their rate of growth. Further work
provided evidence for a model in which bacteria trigger an imbalance in the plant
plasma membrane H* gradient, disrupting the normal active uptake of nutrients
from the intercellular fluid. The resulting nutrient accumulation promotes bacterial
multiplication, causing higher K*/H* exchange rates, further destruction of the H*
gradient, and further nutrient accumulation. Thus, pathogenicity may confer an
enhanced ability to multiply “in the intercellular spaces of host tissues
by influencing the pH and nutritional status of the intercellular fluid. Although a
K*/H* exchange also occurs in incompatible interactions, differences in the rate
and degree of exchange may account for quantitative differences in bacterial
growth in incompatible versus compatible hosts (Atkinson and Baker 1987). The
role of hrp genes in epiphytic fitness has not been examined.

8.1 Avirulence Genes

Avirulence (avr) genes confer an incompatible interaction between plant patho-
gens and plants having corresponding resistance genes (see chapter by
J. L. Dangl, this volume). Since bacterial growth within the intercellular spaces of
incompatible leaf tissue is extremely limited (generally less than 100-fold
population increase in a 48 h period), the effect of introducing an avrgene into a
pathogen should be to reduce its growth in the intercellular spaces of a plant
carrying the corresponding resistance gene. This has been observed with avr
genes from a variety of phytopathogenic bacteria (Desener et al. 1991; Dong et al.
1991; Parker et al. 1993; RoNALD et al. 1992; WaNNER et al. 1993: WHALEN et al.
1991). Similarly, inactivation of an avrgene has been found to result in increased
growth of the pathogen (CArNEY and Denny 1990). Thus in general, avr genes are
detrimental to intercellular multiplication in hosts carrying the corresponding
resistance gene. At least one avirulence gene, however, contributes to growth in
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susceptible hosts. KEARNEY and Staskawicz {1990) found that loss of avrBs2 from
X. campestris pv. vesicatoria resulted in reduced intercellular growth in suscep-
tible plants. These results clearly illustrate the dependence of fitness on environ-
mental context: while the avrBs2 gene was detrimental to bacterial growth in one
plant cultivar, it was a major contributor to growth in another. The effect of avr
genes specifically on epiphytic fitness has not been addressed.

8.2 Phytotoxin Production

While phytotoxins produced by plant pathogenic bacteria have been investigated
primarily for their role in pathogenicity, there is increasing ecological interest in
their contribution to the pathogenic life-style of the bacteria (MitcHeLL 1991). The
majority of characterized toxins produced by epiphytic bacteria are produced by
pathovars of P. syringae, although toxins from Erwinia amylovora and X. cam-
pestris pathovars have been reported (MircreLL 1991). Non-toxigenic mutants of
several P. syringae pathovars have provided good evidence that toxin production
can affect in planta populations. For example, both coronatine- and tabtoxin-
deficient mutants initially grew like the wild-type strains in leaves, but after 3 or 4
days their populations decreased while the wild-type populations remained
constant or continued increasing (BEnDEr et al. 1987; TURNER and TaHa 1984).
These results suggest that production of particular toxins is not important for
establishing large populations, but may be important for maintaining them.
Although syringomycin has-been proposed to benefit intercellular bacterial
growth by inducing a K*/H* exchange similar to that involved in HR (Gross 1991),
most syringomycin-deficient mutants, as well as phaseolotoxin-deficient
mutants, grew like their parental strains in planta for 3-5 days after inoculation
(PaTiL et al. 1974; Xu and Gross 1988); however, the population dynamics in the
subsequent week were not examined.

The fact that most pathovars of P. syringae have genes to produce one or
more phytotoxins suggests that the epiphytic environment may exert a selective
pressure for toxigenic strains. Several toxins, including phaseolotoxin, syrin-
gotoxin and syringomycin, have antibacterial and/or antifungal activities in vitro
(reviewed in MircHeLL 1991). Therefore, they may contribute to the compe-
titiveness against other phylloplane micro-organisms. Unfortunately, these anti-
microbial activities have not been demonstrated on plant surfaces.

9 Model of Coordinate Regulation

Bacteria may respond to changes in their environment by coordinately altering a
range of phenotypes. For example, if a cell arrives on a leaf, via airborne
deposition or migration from another plant part, and encounters a site hospitable
for growth, it probably requires a different set of attributes for colonization of that
site than it required for survival during transit. The behavior of a bacterium during
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the various phases of its life probably depends on differential expression of
distinct, but overlapping, sets of phenotypes during each phase. Lesen (1981)
described several phases in the life of pathogenic bactera. In the resident phase,
cells multiply on the surfaces of apparently healthy plants. In the pathogenic
phase, they induce disease symptoms in their host, with or without multi-
plication. Cells can survive for years in the survival phase, exhibiting a very low
metabolic rate and an increased resistance to inhibitors relative to actively
dividing cells. They probably enter this state slowly. For example, the plant
material surrounding a cell in an aging lesion may dry slowly and slowly embed
the cell; the cell may then remain in this matrix until the next season. The concept
that ‘differential expression of a range of phenotypes governs the transition
between phases has been explored primarily for the transition between the
resident and pathogenic phases. Phenotypes that are required specifically for the
pathogenic phase have been termed “pathogenicity factors.” It seems quite
possible that similar biocks of traits could dictate bacterial behavior during the
survival and resident phases as well.

Much to the chagrin of those who prefer straightforward causal relationships,
numerous studies on mutants of phytopathogenic bacteria have discovered
pleiotropic mutations. So many, in fact, that pleiotropy may be more the norm
than the exception. These findings may be the key to identifying coordinately
regulated blocks of bacterial traits. Based on these studies, we have composed a
model describing both the range of phenotypes that may be expressed during
two distinct phases of the life of an epiphyte and the molecular mechanisms that
may direct the phase transitions (Fig. 1). Although we define the survival phaseas
described above, we define the multiplication phase as that phase in which the
cells are actively dividing. The muitiplication phase thus includes the resident
phase, but may also include the pathogenic phase.

! - Motility
- Chemotaxis
Regulator - Pigment production
+ EPS production
. t . + Extracellular enzyme
Environmental signal production
(eg. plant factor) oo
SURVIVAL PHASE S | MULTIPLICATION PHASE
------------------------------------ Stress signal
Motility + (eg. low nutrient availability)
Chemotaxis + 1
Pigment production + Regulator
EPS Production -
Extracellular enzyme -
production \

Fig. 1. Model of coordinately regulated phenotypes involved in two distinct phases of the life cycle of
epiphytic bacteria. EPS, extracellular polysaccharides
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The association of particular phenotypes with each phase is based on
observations of simultaneously altered phenotypes in several pleiotropic mutants
of phytopathogenic bacteria. For example, Kamoun and Kapo (1990a) identified
spontaneous variants of strains of five X. campestris pathovars that were EPS-
deficient and chemotactic on laboratory media as compared to the parental
strains that produced EPS and were nonchemotactic. Assuming that actively
growing cells on laboratory media are in the multiplication phase, then their
results suggest that expression of these two phenotypes was coordinately
regulated, and that chemotaxis was not expressed and EPS production did occur
in cells that were in the multiplication phase. To derive the model shown in
Fig. 1, similar logic was applied to pleiotropic mutants, both spontaneous and
constructed, of both epiphytic and nonepiphytic plant pathogens (BrumsLEY and
Denny 1990; pe Crécy-Lacarp et al. 1990; Liao et al. 1993; MoRraLEs et al. 1985: TaNG
et al. 1990, 1991; THorrE and Satmonp 1993), bearing in mind that all of the
mentioned phenotypes were not examined for each mutant. In almost every
case, reduced EPS production was associated with reduced secretion of extra-
cellular enzymes, such as amylase, endoglucanase, polygacturonate lyase and
protease in X. campestris pv. campestris (TanG et al. 1991), and pectate lyase and
protease in Pseudomonas viridiflava (Liao et al. 1993). Also, reduced EPS and
exoenzyme production was associated with increased pigment (pe Crecy-LaGARD
et al. 1990) or IAA (MoraLEs et al. 1985) production and increased motility
{BrumBLEY and Denny 1990). The model that emerges from these mutants is that,
in the survival phase, bacteria express phenotypes that may increase their
resistance to harsh environmental conditions, such as pigment production for
protection from light damage, and phenotypes for locating a more favorable
environment, such as motility and chemotaxis. Although EPS has been proposed
to increase desiccation tolerance and thus would seem beneficial in the survival
phase, de novo production is likely prohibitively carbon- and energy-intensive for
a cell operating at its minimum metabolic rate, but this does not exclude a role for
preexisting capsular EPS. In the multiplication phase, de novo production of EPS
may be critical for attachment of cells tG their newfound site and/or concentrating
the available nutrients to promote multiplication. The extracellular enzymes may
function in degrading available plant debris, or perhaps in degrading the plant cell
wall at locations where they can avoid or penetrate the cutinous layer.

The transition from survival to multiplication phase probably occurs in re-
sponse to a different signal than transition in the opposite direction, and that
signal is probably transduced through a distinct pathway. For example, a signal
indicating that a cell has arrived at a favorable environment for growth, such as a
diffusible plant factor, may trigger a switch to the multiplication phase. Two
possible components of such a signal transduction pathway in phytopathogenic
bacteria have been identified. The rpf (regulation of pathogenicity factors) region
in X. campestris pv. campestris, which has homology in other X. campestris
pathovars, positively regulates the production of EPS and four extracellular
enzymes, with some indication that the regulation occurs at the transcriptional
level (TanG et al. 1991; see chapter by Dow and Daniels, this volume). Second, the
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phcA (phenotype conversion) region in Pseudomonas solanacearum, which has
homology in diverse P. solanacearum strains, not only positively regulates the
production of EPS and endoglucanase, but also negatively regulates motility
(BrumsLey and Denny 1990). The transition from multiplication to survival phase is
likely triggered by conditions that are no longer favorable for growth, such as low
nutrient availability sensed via starvation. Evidence for such a signal rests in the
fact that when actively growing laboratory cultures, which are likely in the
multiplication phase, are incubated for extensive periods without any nutrient
addition, spontaneous variants arise. These variants display many of the
phenotypes of cells in the survival phase (Kamoun and Kapo 1990a; MoraLEes et al.
1985). Furthermore, reversion was detected only in planta (Kamoun and Kapo
1990a), supporting the hypothesis that a plant signal may be involved in the
transition from survival to multiplication phase. Possible components of a signal
transduction pathway involved in the multiplication to survival phase transition
have also been identified. X. campestris pv. campestris contains a region that
negatively regulates the production of EPS and extracellular enzymes (Tane et al.
1990), and two P. solanacearum strains each contain a region that negatively
regulates EPS production and either positively (Huang and Seaueira 1990) or
negatively regulates polygalacturonase production (NecisHi et al. 1993). The
survival and growth of an epiphytic bacterium probably depends not only on its
ability to express distinct phenotypes during various phases of its life cycle, but
also on its ability to make transitions at appropriate times to the various phases.

10 Identification of Novel Fitness Traits

The previous secticns identified methods by which traits hypothesized to be
involved in epiphytic fitness could be evaluated. However, novel or unanticipated
traits may condition survival or growth of bacteria on leaves. Rather than testing
genes that confer known phenotypes for their contribution to epiphytic fitness, it
is possible to identify genes directly contributing to epiphytic fitness and use
them to identify potentially novel epiphytic fitness traits. A similar approach was
used to identify previously undetected genes that confer virulence in phyto-
pathogenic bacteria (LINDGREN et al. 1986). In contrast to evaluating the virulence
of individual mutants based on the qualitative presence or absence of disease,
evaluating the epiphytic fitness of individual mutants requires estimating the
population size of each mutant on plant surfaces. For example, it would be
necessary to measure the population size of about 5000 mutants of a typical
epiphyte such as P. syringae to ensure that there is an 80% chance that a given
gene (out of the 3000 genes contained in such a strain) is inactivated in such a
collection. The logistical constraints of ascertaining the population size of such a
large number of mutants on plants have prevented this approach from being used
until recently.
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A novel approach has been developed which permits the rapid estimation of
the population size of ice nucleation active bacteria on leaf surfaces. Hirano et al.
(198b) used an analysis of the distribution of freezing temperatures of a collection
of leaves to estimate the frequency of leaves that had large populations of ice*
bacteria. Since ice nucleation activity at warm freezing temperatures (> -3° C)
occurs very rarely in a population of cells of an Ice* bacterial strain, only a leaf with
a large population size of Ice* bacteria has a high probability of freezing at such a
warm temperature. Linoow (1986) showed that there was a direct relationship
between the logarithm of the epiphytic population size of Ice* bacteria and the
average nucleation temperature of a collection of leaves. After 5300 mutants of
an Ice* P. syringae strain were individually inoculated onto bean plants and the
plants were subjected to alternating wet and dry conditions, the epiphytic
population of each mutant was rapidly estimated based on the freezing tem-
perature of the colonized leaves (Linpow 1993; Linpow et al. 1993). In this manner,
82 epiphytic fitness mutants were identified. While 50% of the mutants were
altered in phenotypes that could be measured in culture, 50% of the mutants
were not altered in any in vitro phenotype examined. This study indicates that
many interesting traits which have large individual effects on the epiphytic fithess
of bacteria remain to be discovered. It also indicates that it may be very difficult to
guess which phenotypes are important in epiphytic fitness.

11 Conclusions and Future Directions

We are only beginning to identify bacterial characteristics that influence the
growth or survival of individual cells on leaf surfaces. Unfortunately, identification
itself is only a beginning to understanding exactly how these characteristics
influence epiphytic behavior under various environmental conditions. This knowl-
edge, coupled with the extensive studies on the dynamics of epiphytic popu-
lations (reviewed in Hirano and Uprer 1983, 1990), may be critical for predicting
foliar population responses to changing environmental conditions and designing
rational disease control strategies.

In this review, we have discussed many traits that could be involved in
epiphytic fitness, and have attempted both to evaluate the evidence for a role of
each trait in bacterial growth or survival on leaves and to explore the potential
mechanistic basis for its involvement. Unfortunately, many studies of these traits
have been largely descriptive. The recent advance of molecular genetic
techniques has made more rigorous testing possible. For example, comparisons
of mutants with their isogenic parental strains have demonstrated a role for
motility and osmotolerance, as well as a lack of a role for ice nucleation activity,
in survival under particular environmental conditions. Even with these
techniques, however, identification of individual epiphytic fitness determinants
may be hampered by several obstacles. First, alterations in individual traits may
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result in changes too small to be detected with current methodology; thus, better
methods for accurately measuring bacterial growth and survival in planta are
needed. Second, since epiphytic fitness is dependent on environmental context,
subtle variations in the epiphytic environment may increase the variability in the
observed behavior and obscure detection of true changes in epiphytic fitness.
Last, the fact that inactivation of a single gene frequently results in alterations in
more than one phenotype greatly complicates the establishment of clear, causal
relationships. Pleiotropy may occur at the transcriptional level, e.g., a regulatory
gene influencing the transcription of other genes, or at the phenotypic level, e.g.,
a cell surface alteration influencing motility and extrusion of exocellular enzymes
and EPS. If a reguiatory gene is involved, then the contribution of each regulated
gene should be evaluated individually.

One of the biggest challenges ahead is evaluating exactly how particular
traits contribute to epiphytic fitness. Molecular genetic techniques are likely to be
of invaluable use for such studies. For example, the expression of genes in
bacterial cells on a leaf surface can be evaluated using reporter genes. In planta
induction of general epiphytic fitness traits was illustrated by the fact that
bacterial cells that were harvested from leaf surfaces survived better than cells
harvested directly from laboratory culture after inoculation onto leaf surfaces
(WiLson and Linoow 1993). Understanding the exact conditions that influence the
expression of a gene should indicate when its encoded trait is important for cell
growth or survival and thus provide insight into the mechanistic contribution of
that trait to fitness. Due to the rapid and extreme changes that frequently occuron
the leaf surface, it is important to consider the possibility that bacteria
coordinately regulate a range of phenotypes in response to these changes.
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1 Introduction

Xanthomonas campestris pathovar campestris (hereafter X.c. campestris), the
causal agent of black rot of crucifers, is a phytopathogenic bacterium of great
economic importance (WiLLiams 1980; Onsanpo 1992; ScHaab and ALvarez 1993).
Molecular genetic methods have now allowed a number of genes encoding
pathogenicity determinants of X.c. campestris and related pathovars to be
identified. In this chapter we will briefly review some of these and discuss our
current understanding of the regulation of pathogenicity in this bacterium.

Two major strategies have been widely employed to isolate pathogenicity
genes. In “black box"” methods, populations of mutagenised bacteria are
screened for individuals showing loss of symptoms, usually in simplified plant
assays. ldentification of DNA fragments complementing these nonpathogenic
mutants or of flanking regions (if the mutants are transposon-tagged) allows
isolation of the gene(s). The second approach is to test the role of suspected
pathogenicity determinants by cloning and specific mutation of the cognate
genes, followed by plant tests. A third strategy has been to isolate plant-inducible
genes through use of a promoter probe plasmid (Ossourn et al. 1987). The
rationale here is that a proportion of such genes are likely to be involved in
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pathogenesis. This can be tested by specific mutagenesis of the genes and
subsequent plant assays.

The choice of plant material for inoculation, the method of inoculation and
levels of bacteria used undoubtedly influence the outcome of these pathogenicity
tests in that different aspects of the disease process are probably being tested
{SHaw and Kapo 1988; DanieLs and LeacH 1993). In natural infections, X.c.
campestris enters the plant principally through the hydathodes at the leaf margin,
although secondary entry sites can develop in wounds or roots (Cook et al. 1952).
This allows the bacteria to gain access to the vascular system of the plant. Here
the bacteria are usually confined to the xylem (BReTsCHNEIDER et al. 1989), except
in the later phases of the disease in which severe tissue degradation takes place.
The characteristic symptoms of the disease in the field consist of V-shaped
chlorotic lesions spreading from the leaf margins within which are blackened leaf
veins. Diseased tissue eventually becomes brown and parched. Pathogenicity
assays in which bacteria are introduced into the mature leaf through cut vein
endings or by inoculation into the leaf petiole mimic the natural infection
pathways and disease symptoms more closely than assays employing seedlings
or inoculations into the leaf lamina (SHaw and Kapo 1988; Dow et al. 1990).
However, X.c. campestrisis capable of substantial growth in the mesophyll tissue
of crucifers and this is an experimentally easier system in which to study bacterial
growth and concomitant plant defence responses (CoLLNGE et al. 1987; ConraDS-
STraucH et al. 1990). Assays in which seeds are soaked in bacterial suspensions
before sowing may mimic another aspect of the disease cycle as contaminated
seedis believed to be a major source of infection (Scraab and ALvarez 1993). Inour
laboratory, for mass screening we have mainly used assays in which seedlings
are stab-inoculated with mutant bacteria. A major class of pathogenicity mutants
we have identified using this assay are pleiotropically defective in the production
of extracellular enzymes (see below). This may suggest that seedling tests
indicate tissue degradation capacity, corresponding to a late phase of the natural
disease; it is likely that, using only this assay, genes involved in more subtle
effects would be missed. :

In addition to symptom production and bacterial growth, more detailed
studies of host responses, in particular defence-related gene expression, is
certainly warranted. Recent work in our laboratory on the induction of B-1,3-
glucanase gene transcription in response to a number of defined pathogenicity
mutants of X.c. campestris has reflected the undoubted complexity of host-
bacterial interactions. Certainly no simple relationship between bacterial
growth, symptom production and triggering of defence-related gene expres-
sion exists.

Below we review the pathogenicity determinants so far revealed with the
exception of hrp genes and protein export genes which are covered in other
chapters of this volume (by Bonas and CoLumer and Bauer). In the second part of
the review we discuss regulatory genes involved in pathogenicity and the
complex of interconnected regulatory circuits in X.c. campestris.
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2 Production of Extracellular Enzymes

In common with many plant pathogens X.c. campestris produces a range of
enzyme activities capable of degrading plant tissue. These include
endoglucanase (cellulase), protease, polygalacturonate lyase, amylase and lipase
(reviewed by DanieLs et al. 1988). These enzymes are good candidates for
pathogenicity determinants in black rot pathogenesis in which degradation of the
plant tissue is evident in the later phases of the disease. As with other plant
pathogens, multiple enzyme activities have been observed for protease and
polygalacturonate lyase (Dow et al. 1987,1990). All of these enzymes are
exported from X.c. campestris by a signal sequence-dependent mechanism
encoded by a cluster of at least 12 genes, some of which have been characterised
(Dums et al. 1991; Hu et al. 1992). Closely related protein export systems are
found in a wide range of gram-negative organisms (reviewed by PucsLEy et al.
1990; Satmonp and Reeves 1993). Mutations within the X.c. campestris gene
cluster cause retention of the enzymes within the bacteria and give a
nonpathogenic phenotype on plants associated with reduced symptom
expression (Dow et al. 1987; Hu et al. 1992). This provides strong circumstantial
evidence for a role for extracellular enzymes in disease. However, export-
defective mutants do grow at similar rates to the wild-type when low numbers of
bacteria are introduced into the leaf lamina, which is consonant with a role for the
enzymes only in the later phases of the disease process.

The genes for several individual enzymes (endoglucanase, one isoform of
polygalacturonate lyase, a serine protease and lipase) have been cloned and the
effects of specific mutations in these genes on pathogenicity has been assessed
(GougH et al. 1988; Dow et al. 1989; Tana et al. 1987 and unpublished results).
None of these mutations alone causes a change in bacterial growth or symptom
expression in a wide range of pathogenicity tests. Although a protease-deficient
strain was shown to have severely attenuated disease symptoms in some plant
tests (Dow et al. 1990), subsequent examination of other protease-deficient
mutants failed to confirm a role for protease in the early phases of the disease
process. It is likely that the original observations were due to secondary
mutations involving extracellular polysaccharide production (see below) or to a
pleiotropic effect of the mutation. The role of other enzymes, particularly the
major isoform of polygalacturonate lyase which may contribute greatly to tissue
disintegration, remains to be tested. However it is possible that several enzymes
contribute synergistically to pathogenicity, or that other unidentified exported
proteins (e.g. proteins induced only in planta) are responsible. Work on other
pathovars of X. campestris has suggested no role for polygalacturonate lyase or
protease in pathovars vesicatoria and glycines, respectively (BEauLiEu et al. 1991;
Hwane et al. 1992). The diseases caused by these bacteria (leaf spot of pepperand
tomato and pustule formation on soybean) do not however involve generalised
destruction of the plant tissue.
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3 Extracellular Polysaccharides

In common with many plant pathogens, Xanthomonas campestris produces
extracellular polysaccharide (EPS), specifically the acidic polymer xanthan.
Interest in xanthan as an industrial product is considerable and clusters of genes
involved in xanthan biosynthesis have been isolated and characterised (reviewed
by SutHerLAND 1993). However there has been relatively little work reported on the
role of xanthan in pathogenesis. Immunogold electron microscopy with xanthan-
specific antibodies have clearly shown that xanthan encapsulates X.c. vesicatoria
cells in both compatible and incompatible interactions with pepper within a few
hours of inoculation (Brown et al. 1993). Genetic evidence for a role for xanthan
has been provided the work of BARRERE et al. (1986) and Ramirez et al. (1988).
Although EPS mutants of X.c. campestris were indistinguishable from the wild
type in symptom production on turnip seedlings, when the bacteria were
introduced into the veins of mature plants through cuts at the leaf margins,
considerable reduction in symptoms were seen. The growth of EPS mutants after
inoculation into turnip and Arabidopsis leaves at low initial densities was also
severely reduced compared to the wild type. Overall these results suggest a role
for xanthan, particularly in the early phases of the disease process.

4 hrpX

Kado, Kamoun and coworkers have identified a plant-inducible gene in X.c.
campestris, hrpXc, which is required for pathogenesis on crucifers and for a
hypersensitive response on non-host plants (Kamoun and Kapo 1990; Kamoun et al.
1992; Kampar et al. 1993). The hrpXc gene is not part of the hrp cluster of X.c.
campestris, which is discussed elsewhere in this volume (Bonas). Homologous
genes which are functionally equivalerit to hrpXc are present in X.c. armoraciae
and X.o. oryzae and probably in other pathovars of X. campestris but not in other
genera of plant pathogenic bacteria (Kampar et al. 1993). hrpX mutants of X.c.
campestris, X.c. armoraciae and X.o. oryzae can be complemented by heterol-
ogous hrpX genes. In X.c. campestris, mutation of the hrpX gene causes the
normally compatible bacteria to trigger a necrotic reaction in the vascular tissue
which has been termed a vascular hypersensitive response (Kamoun et al. 1992).
Growth in the mesophyll tissue is also impaired. These observations have
suggested that the role of the hrpXgene product is to circumvent host recognition
or to suppress host defence responses in the early phases of disease. Sequence
analysis of the gene suggests that the gene product might be a substrate for
myristoyl transferase, an enzyme found in plants but not in prokaryotes (Kampar
et al. 1993). This raises an intriguing possibility that the plant enzyme modifies
the bacterial cell surface during pathogenesis, a hypothesis which further work on
the biochemistry of the HrpX protein both in planta and in vitro could address.
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5 Avirulence Genes

Although avirulence genes have been defined in the context of resistance
responses in plants to incompatible pathogens, it is clear that, in a least some
cases, these gene products contribute to pathogen fitness in the compatible
reaction (see chapter by J.L. Dangl, this volume). Sequences related to avrBs2,
the avirulence gene complementary to the resistance gene Bs2 in pepper, have
beenfoundin all races of X.c. vesicatoria (both tomato and pepper pathogens) and
in a number of other pathovars of Xanthomonas campestris, including pv.
campestris, that do not cause disease on peppers (KearneY and Staskawicz 1990).
Mutation of this gene in X.c. vesicatoria causes a reduction of virulence on
susceptible pepper lines as shown by decreased bacterial growth. Complemen-
tation with plasmid-borne avrBs2 restored growth to near wild-type levels.
Mutation of the avrBs2 gene of X.c. alfalfae was also shown to reduce the
virulence of this pathogen to a susceptible alfalfa line (Kearney and Staskawicz
1990). The contribution to pathogenicity of the homologous gene in Xc.
campestris has yet to be tested. In the converse fashion, a pathogenicity gene
from X citri has been shown to render X.c. phaseoliavirulent to bean (its normal
host) and to confer cultivar-specific avirulence to cotton on X.¢. malvacearum
(Swarup et al. 1992). However this gene, pthA, did not have a homologue in either
of the two strains of X.c. campestris tested. A number of avirulence genes may
indeed encode products which-act as pathogenicity factors in particular inter-
actions. However this need not always be the case. A gene from X.c. raphanithat
renders X.c. campestris avirulent to most accessions of Arabidopsis thaliana has
ahomologue in X.c. campestris (PARKER et al. 1993). Mutation of this homologous
gene has no effect on growth of X.c. campestris or symptom expression in both
Arabidopsis and Brassica (C.E. Barber and M.J. Daniels, unpublished).

6 Additional Pathogenicity Genes

A number of other pathogenicity genes of pathovars of Xanthomonas campestris
have been identified by mutagenesis and the genes characterised. Ossourn et al.
(1990a) have described a gene in X.c. campestris in which mutation causes a loss
of pathogenicity although extracellular enzymes and EPS remain at wild-type
levels. Numbers of recoverable mutant bacteria drop by about tenfold within 24 h
of introduction into the plant and then increase to a plateau level which is less than
that attained by the wild type. This suggests that the gene, which is expressed in
rich nutrient medium as well as in planta, is required in the early phases of
establishment of the disease. The mutant bacteria trigger an earlier accumulation
of transcript of B-1,3-glucanase, a defence-related gene in Brassica (M.-A.
Newman and J.M. Dow, unpublished). These results may suggest that the
bacterial gene is involved in suppression of the host defence responses or in
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avoidance of triggering of those responses, as suggested for hrpX (see above).
However the mutants still show the wild-type phenotype on incompatible pepper
lines, and there is no sequence homology to the hrpX gene, to the hrp cluster of
X.c. campestris or to any other gene in the database.

Genes involved in the pathogenicity of X.c. glycines on soybean have been
characterised by Hwane et al. (1992) by complementation of nonpathogenic
mutant that did not grow in susceptible soybean cotyledons followed by sub-
cloning and transposon mutagenesis of the complementing clone. A 10 kb DNA
fragment restored pathogenicity to the mutant; sequences in this DNA fragment
were conserved among a number of X. campestris pathovars including pathovar
campestris. Three regions were involved in restoring pathogenicity. The
sequence of two of these showed the presence of two potential open reading
frames. Although the cellular functions of the two encoded proteins are not
known, both contain hydrophobic domains and one has amino acid sequence
similarity to the ysubunit of oxaloacetate decarboxylase. This enzyme is involved
in sodium ion transport in Klebsiella pneumoniae. It is tempting to speculate that
these products have a role in the adjustment of the bacteria to the changed ionic
environment of the plant where levels of H*, K*, Na*, Ca®* and Mg* may differ
drastically from those found in nutrient medium.

X.c. armoraciae is a mesophyllic pathogen of crucifers and causes a necrotic
response in the vascular system with no subsequent invasion. A 5.3 kb DNA
fragment from X.c. campestris when introduced into X.c. armoraciae alters the
symptom expression in mature plants and seedlings such that symptoms typical
of X.c. campestris are seen (Roserts and GABRIEL 1992). This observation provides
preliminary evidence that the DNA fragment carries a potential systemic
movement factor required for vascular proliferation. It will be interesting to see
the result of mutation of the gene(s) carried on the 5.3 kb fragment on the growth
and spread of X.c. campestris both in the vascular system and in mesophyllic
tissue. Differences in the expression pattern of conserved protease genes
between X.c. armoraciae and X.c. campestris are also found (Dow et al., 1993).
However manipulation of the pattern of protease production of X.c. armoraciae to
that resembling X.c. campestris by introduction of cloned protease genes did not
allow X.c. armoraciae to invade the vascular system, suggesting no relationship of
the pattern of protease production to the mode of pathogenesis.

7 Regulatory Genes

We noted above that a large proportion of X.c. campestris mutants isolated by
screening for altered symptoms following stab inoculation of bacteria into
seedlings showed pleiotropic defects in extracellular enzyme production. The
mutations lie either in secretion genes or in regulatory genes. One of the first X.c.
campestris mutants to be studied failed to produce protease, polygalacturonate



Pathogenicity Determinants and Global Regulation of Pathogenicity 35

lyase, endoglucanase and amylase, and gave low levels of EPS (xanthan).
Production of all these factors, and pathogenicity, were restored by a cosmid,
plJ3020, containing cloned wild-type DNA (DanieLs et al. 1984; Tang et al. 1991).
Analysis of the cloned DNA by transposon mutagenesis, subcloning and se-
guencing indicated the presence of at least eight genes, rpfA-H, mutation in any
of which caused a reduction to less than 10% of wild-type levels of enzymes
and xanthan. The organisation of these genes is shown in Fig. 1.

Sequence data are available for rpfF, C, H, G, and D; rpfA, B, and E have not
yet been characterised in detail. Between rpfG and rpfD lie two genes which are
equivalent to lysU and prfB of Escherichia coli. These genes encode a lysyl tRNA
synthetase and peptide release factor, respectively. Mutations in these genes in
X.c. campestris have little discernible effect on pathogenicity, and it is not known
whether their location within a cluster of pathogenicity-related genes has any
significance. lysU and prfB are linked in E. coli.

Comparison of the sequences of rpf F, rpfH and rpfD with databases give no
clues as to the function of the gene products. However rpfC and rpfG encode
members of a two-component, histidine protein kinase-response regulator sys-
tem (Tang et al. 1991, and unpublished data). RpfG is a typical response regulator
protein, although no DNA-binding motifs are apparent in the peptide sequence.
RpfC belongs to a small subclass of histidine protein kinases (class ITR in the
nomenclature of Parkinson and Koroip 1992). In addition to transmembrane
domains and a conserved sensor domain, the protein also contains a region
characteristic of the receiver domain of response regulators (RpfG also has such
a feature). The function of the duplicated receiver domain in the RpfC/RpfG pair,
as with other similar pairs in class ITR, is not understood. A similar gene encoding
a protein of this class, lemA, is required for pathogenicity of Pseudomonas
syringae pv. syringae, regulating the production of toxin and protease (RicH et al.
1992).

Two component regulatory systems usually function to modulate gene
expression in response to external stimuli, The nature of the signal in the case of
RpfC/G is unknown. Attempts to address the question directly by studying the
biochemical basis of regulation, protein phosphorylation, have met with little
success.

Recent experiments have given some information about the function of the
rpfF gene. Protease and cellulase production by an rpfF mutant were restored by
growth on plates in proximity to rpfF* strains, suggesting that phenotypic correc-
tion by cross-feeding by a diffusible substance was occurring (Fig. 2). It has been
shown that a low molecular weight metabolite can be extracted from X.c.
campestris culture supernatant fluids which increases by a factor of ten enzyme
production by the rofF mutant. It is likely that the diffusible substance belongs to
the class of “autoinducers” which are now being found to be produced by
numerous bacteria. These compounds are N-acylhomoserine lactone derivatives
and were first discovered as regulators of luminescence in marine vibrios.
Examples have recently been found in the plant pathogens Agrobacterium and
Erwinia(Pirer et al. 1993; ZHanG et al. 1993; PIrHoNEN et al. 1993; Jones et al. 1993).
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Fig. 1. Organisation of positive regulatory gene cluster of Xanthomonas campestris pathovar
campestris. Boxes indicate regions which have been sequenced. Arrows indicate direction of
transcription

The regulatory effects of the autoinducers are only exerted at concentrations
found in dense bacterial cultures. Hence autoinducers may be viewed as
regulators responding to high density, or “quorum sensors” (Fuaua et al. 1994).
Much more research will be needed to provide a full understanding of the role of
autoinducers in the disease process. For pathogens such as Erwinia and
Xanthomonas one possibility is that when the bacteria are at a low density in plant
tissues they can obtain adequate nutrients from the solutes in the extracellular
fluids. However high concentrations of bacteria would quickly exhaust these
resources and further growth and maintenance would be dependent on nutrients
released by enzymatic degradation of plant cell components.

Synthesis of extracellular enzymes and xanthan in X.c. campestris is also
subject to coordinate negative regulation (TAnG et al. 1990). Mutations in a gene
designated rpfN give overproduction of the enzymes and xanthan, and,
conversely overexpression of rpfN causes coordinate repression. rofNencodes a
protein of 46 KDa and is required for binding of a protein to sequences upstream
of the promoter of the protease and endoglucanase structural genes. It is not
known whether the RpfN protein itself binds to the DNA (S.D. Sosy, B. Han and
M.J. DaNIELS, in preparation).

X.c. campestris contains a gene (c/p) encoding a DNA-binding protein similar
to the catabolite activation protein (CAP) of E. coli (b CreEcy-LacARD et al. 1990).
CAP s a “broad spectrum” regulator of:a large number of genes, and mutants are
unable to use certain carbon sources for growth. A c¢lp mutant of X.c. campestris,
in contrast, was unaffected in its ability to utilise all carbon sources tested
(unpublished data) and was not responsive to cyclic nucleotides. Xanthan produc-
tion was reduced in the clp mutant, and the residual polysaccharide had different
viscosity properties and altered acetyl and pyruvyl content compared with the
product of wild-type bacteria. Endoglucanase and polygalacturonate lyase activ-
ities were reduced, amylase was unchanged, but protease was overproduced by
the clp mutant. The ability to cause disease in turnip, measured by several
inoculation techniques, was also reduced (e Crecy-LacarD et al. 1990).

Two-component regulatory proteins such as RpfC and RpfG have conserved
amino acid sequence domains. OsBourn et al. (1990b) designed oligonucleotides
which would encode the conserved regions in X.c. campestris and used these as
hybridisation probes to isolate further regulatory genes of this class. Mutation of
one of the new regulator genes reduced xanthan synthesis, but did not affect
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Fig. 2. Cellulase production by an rpfF mutant is
enchanced by a diffusible factor from an rpfF*
strain. Nutrient agar plates containing carboxy-
methyl cellulose were inoculated with a
cellulase-deficient rpfF* strain (horizontal streak)
and an rpfF mutant (vertical streak). Cellulase
activity, revealed as clear zones after staining
with Congo red, was enhanced in that part of the
rpfF mutant colony nearest to the rpfF* colony

extracellular enzyme levels. There was rio discernible effect on pathogenicity,
presumably because the residual xanthan was adequate for pathogenesis.

There are indications that the above list of regulatory genes effecting en-
zymes and xanthan is incomplete. Other X. campestris and X. oryzae pathovars
are known to possess DNA sequences which hybridise with the rpfA-H region of
X.c. campestris. Sawczyc et al. (1989) showed that pathogenicity could be
restored to a X.c. campestris rpf mutant by either of two cloned DNA fragments
from X.c. transiucens (a cereal pathogen). One of the two fragments hybridised
with the X.c. campestris rpf cluster, but the other did not. However the latter did
hybridise with total DNA of X.c. campestris, suggesting that a true homologue
exists. This putative additional regulatory gene has not yet been studied.

To summarise, extracellular enzymes and polysaccharide, a subset of
pathogenicity factors of X.c. campestris, are subject to coordinate regulation of
synthesis by several independent sets of regulatory genes. In addition, individual
enzymes may be induced or repressed by substrate or product-related effectors.
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Other pathogenicity genes such as hrp genes do not seem to be regulated by rpf
and clp genes, and, conversely, mutations in hrp genes do not affect enzyme and
xanthan synthesis (ARLAT et al. 1991). With the exception of Arp mutants, all X.c.
campestris " pathogenicity " mutants provoke a normal hypersensitive response
on non-host plants such as tobacco and pepper.

8 Conclusion

Genetic studies with X. campestris pathovars have shown that, as with other
genera of pathogens, many genes are required for, or contribute to, pathogenicity.
Although in many cases the nature of the gene product is known, in no case can
we be certain how the gene product interacts with plants to play its part in the
overall process of pathogenesis.

A subset of X.c. campestris pathogenicity factors consists of extracellular
enzymes and polysaccharide. These are particularly useful because their
synthesis and regulation are easily studied at the level of genes and proteins.
From these studies, as we have indicated above, it has become clear that the
production of the factors is regulated in a complex manner, with overlapping
coordinate systems as well as individual regulation loops. Since the existence of
regulatory systems implies the need to adapt to changes encountered during the
life of the bacteria, it is worthwhile considering the black rot disease cycle from
this point of view. Outbreaks of disease usually originate from contaminated
seed. The bacteria must survive in dry seed coats for long periods of time. Once
the seeds germinate the bacteria colonise the surfaces of growing plants, and
under favourable conditions enter hydathodes via guttation fluid. Colonisation of
the xylem follows and finally the plant tissue becomes necrotic. Little is known
about the chemical environment on leaf surfaces. It is certain that it will change
in response to changing weather, for example rain will wash leached substances
from leaf surfaces, and as dew evaporates, solute concentrations in the surface
water film will increase. Some partial analyses of the composition of guttation
fluid and xylem sap have been reported, and while it is difficult to generalise from
disparate data, it is likely that the bacteria will experience large changes in the
composition of their “"growth medium” as they move from the leaf surface
through the hydathode into the xylem. Once tissue degradation sets in during
the later stages of the disease, the bacterial environment will change rapidly. If
the regulatory systems operate to enable the bacteria to make the best of the
prevailing “growth medium” it will be instructive to determine what
environmental triggers are detected by the several systems. Another set of
pathogenicity genes in the major hrp cluster are also subject to environmental
regulation. Early experiments suggested that hrp gene expression in Xc.
campestris is induced by nutrients such as sucrose (ARrLAT et al. 1991). However
more recent experiments suggest that starvation is the principal factor
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stimulating expression (S.A. Liddle and M.J. Daniels, unpublished data). The hrp
genes do not appear to interact with the rpf regulon.

Further studies of gene regulation in X.c. campestris will not only increase
our understanding of pathogenesis to plants but also contribute to the growing
body of information on microbial physiology.
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1 Introduction

Extracellular proteins are primary weapons in the parasitic attack of bacteria on
eukaryotic hosts. Virulence proteins released through accessory secretion path-
ways enable bacteria to acquire nutrients, invade host tissues, and defeat host
defenses. Because of their general importance, these proteins and their secretion
pathways provide efficient starting points in the molecular exploration of bacterial
pathogenesis; and virulence protein traffic represents a common denominator in
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the study of bacterial pathogens of plants and animals. This is particularly true
with gram-negative pathogens, which use broadly conserved components for the
specific secretion of virulence proteins, and in some cases use remarkably similar
modes of parasitic attack and virulence protein deployment. Consequently,
researchers exploring pathogens of one eukaryotic kingdom now are looking with
increasing interest at work on pathogens of the other kingdom.

This review will focus on two plant pathogenic, gram-negative bacteria that
parasitize plants in strikingly different ways. Erwinia chrysanthemi attacks a wide
range of plant species, causes extensive host tissue necrosis and maceration,
and secretes a battery of tissue-disintegrating pectic enzymes. Pseudomonas
syringae, in contrast, encompasses a collection of host-specific strains that
generally do not macerate host tissues, cause only delayed necrosis in their
hosts, and secrete few if any pectic enzymes. E. chrysanthemi is typical of
necrotrophic parasites that can kill host tissues with molecular brutality and feed
off the dead cells (THrower 1966). P. syringaeis typical of biotrophic parasites that
obtain their nutrients more deviously from living host cells. E. chrysanthemiand
P. syringae thus represent two extremes in the plant pathogenicity of gram-
negative bacteria in the genera Erwinia, Pseudomonas, and Xanthomonas. Mem-
bers of these genera are responsible for the majority of bacterial diseases of
plants, and determinants shared between E. chrysanthemi and P. syringae are
likely to be generally important in bacterial plant pathogenicity.

Much research on the molecular basis for pathogenicity in these bacteria has
focused on two signature phenomena: maceration and the hypersensitive re-
sponse (HR). Susceptibility to maceration by pectic enzymes is a common feature
of most of the hosts of E. chrysanthemi. Key questions are: what is the role of
individual enzymes and their mode of deployment in this process? What
additional factors are required to be pathogenic? What enables E. chrysanthemito
have such a wide hostrange? The HR, by contrast, is a defense-associated, rapid,
local necrosis that is typically elicited when a biotrophic pathogen, such as P.
syringae, invades the leaves of an incompatible (e.g., resistant) plant. A funda-
mental enigma of the HR is that the bacterial ability to elicit it in an incompatible
plant is related to the ability to be pathogenic in a compatible host plant. Key
questions here are: What triggers the HR? How is this related to pathogenicity
and the determination of host range?

In the following sections, we will describe the pathogenic nature of E.
chrysanthemiand P. syringae and then focus on the relationship between pectic
enzyme production and maceration, the discovery of a class of protein elicitors of
the HR, and the pathways by which all of these proteins are secreted. In the
concluding sections, we will consider new questions raised by recent discoveries
and then compare the modes and roles of virulence protein trafficking in plantand
animal pathogens.
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2 Contrasting Pathogens and Plant Interactions

2.1 Erwinia chrysanthemi. Wide Host Range and Soft Rots

The soft rot erwinias, E. chrysanthemi and E. carotovora, attack the parenchy-
matous tissues (which are comprised primarily of living cells without secondary
wall thickening) of a wide range of plants. The bacteria are distributed worldwide,
with E. chrysanthemi, which has a higher optimum temperature for growth, being
found primarily in the tropics or in temperate region greenhouses (PERomBELON and
KeLman 1980). The soft rot erwinias are widespread in surface water (CoTHer et al.
1992; CotHer and GiLBERT 1990; Harrison et al. 1987; McCARTER-ZORNER et al.
1984); they are competitive saprophytes in the rhizosphere (STANGHELLINI 1982);
and they can aggressively utilize pectate as a carbon source (Burr and ScHrROTH
1977; MeNELEY and STANGHELLINI 1976). Pectic enzyme production and sensitivity to
desiccation appear to be major factors in the biology of these bacteria.

The soft rot erwinias are particularly devastating as opportunistic pathogens
that cause rots in storage organs and fleshy plant tissues that are physiologically
compromised by bruising, excess water, or high temperature (PEromBELON 1982).
They also can be true pathogens causing systemic infections, vascular disorders,
foliar necroses, and latent infections in many growing plants. Several taxonomic
subgroups have been identified within E. chrysanthemi, and some strains
display a degree of host specificity (Boccara et al. 1991; Dickey 1979, 1981;
Janse and Ruissen 1988). However, the current taxonomic subgroups
do not consistently correspond to hosts of origin, and a given strain of
E. chrysanthemiis generally capable of attacking many plants. E. chrysanthemi
and E. carotovora are particularly pernicious pests in vegetatively propagated
ornamentals because they systemically invade production plants to form latent
infections that later become active (often with dramatic effect) when conditions
favor the disease.

2.2 Pseudomonas syringae: Narrow Host Range
and Leaf Spots

Strains of P. syringaetypically cause watersoaked lesions surrounded by chlorotic
halos in the leaves and fruits of a limited range of hosts. The halos are caused by
a variety of low molecular weight toxins which are not host-specific and generally
are not essential to pathogenicity, but which can contribute significantly to
virulence (Gross 1991; WiLLis et al. 1991a). P. syringae strains are classified into
pathovars primarily according to their host range (PaLLeront 1984). Thus, P.
syringae pv. pisiis a pathogen of peas, and P. syringae pv. tomato is a pathogen
of tomato. But the pathovar system has many exceptions. For example, some
strains of P. syringae pv. tomato are also pathogenic on Arabidopsis thaliana, and
P. syringae pv. syringae contains some strains that cause brown spot of bean,
whereas others cause, variously, leaf spots (or cankers) of stone fruit, lilac, or
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even tomato seedlings (Hirano and Urper 1990; JoNes et al. 1981; WHaLEN et al.
1991; CHenG et al. 1989). Also, strains within some pathovars can be classified into
races on the basis of their limited host range among various cultivars of a given
crop species, a phenomenon that has been explored most extensively with P.
syringae pv. glycinea and its host, soybean (Keen 1990), and will be discussed in
Sect. 4.3.

There is no evidence that P. syringae is prevalent in surface water like E.
chrysanthemi. In contrast, many P. syringae strains are good epiphytes, they
multiply and persist on the aerial surfaces of plants, and they can attack healthy
plants. Hirano and Urper (1990) have emphasized the importance of epiphytic
fitness in the biology of P. syringae, and the accompanying chapter by Beattie and
Lindow addresses this attribute. Finally, it is important to note that, during
pathogenesis, both E. chrysanthemi and P. syringae colonize the apoplast, which
is comprised of the intercellular spaces and water-conducting xylem and there-
fore are excluded by plant cell walls from the living protoplasts of the host.

3 Maceration and Pectic Enzymes

3.1 The Extracellular Pectic Enzyme Complex
of Erwinia chrysanthemi

E. chrysanthemiand E. carotovora are highly pectolytic bacteria, and their pectic
enzymes have been implicated in plant tissue maceration since Jones (1909)
observed that cell-free culture fluids of E. carotovora possessed both macerating
and pectolytic activity. Subsequent research with isolated plant cell wall-de-
grading enzymes culminated in the finding that the activity of a single, purified
pectic enzyme was sufficient for both the maceration and cell killing that is
diagnostic of the disease (BasHam and BatemaN 1975a,b), as discussed further in
Sect. 3.2. Since then, the role of pectic enzymes in soft rot pathogenesis has
been extensively explored genetically, and other reviews provide a compre-
hensive background for this work (CoLLver and Keen 1986; Kotousansky 1987;
Rosert-Baubouy 1991). In the following sections, we will introduce the E.
chrysanthemi pectic enzyme arsenal in its simplest form and then enlarge the
picture to include recent insights into the relationship between enzyme deploy-
ment and pathogenesis.

E. chrysanthemi produces diverse pectic enzymes. As summarized in
Table 1, these enzymes attack the a-1,4-glycosidic linkages in pectate (polygalac-
turonate or galacturonan) using different reaction mechanisms and action pat-
terns. The pectate lyase isozymes (discussed individually in Sect. 3.4) cleave
internal glycosidic linkages in pectate by B-elimination, have a high pH optimum
(ca. 8.5) and a requirement for divalent cations, can attack insoluble polymers in
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Table 1. Erwinia chrysanthemi EC16 enzymes inducible by pectate and involved in the depoly-
merization or deesterification of pectic polymers and oligomers

Enzymes Genes? Reaction Substrate and Direct role in
mechanism products maceration
Pectate lyase pelABCE  B-Elimination of Pectate to Yes, depending
(isozymes PelA-E) internal glycosidic various on isozyme
bonds oligomers
Exo-poly-o-D- pehX Hydrolysis of Pectate to No
galacturonosidase penultimate dimers
glycosidic bond
Oligogalacturonide og! B-Elimination Oligomers to No
lyase monomers
Pectin pem Hydrolysis of Pectin No
methylesterase methylester (polymethoxy-
galacturonide)
to pectate

2The gene designations are based on the reaction mechanism: pel (pectic enzyme lyase);
peh (pectic enzyme hydrolase); pem (pectic enzyme methylesterase).

plant cell walls, and generate a 4,5-unsaturated bond in the nonreducing product
(Coumer and Keen 1986). Exo-poly-a-D-galacturonosidase has a lower pH opti-
mum (6.5), hydrolyzes the penultimate glycosidic bond at the nonreducing end of
the pectic polymer, releases digalacturonate (or 4,5-unsaturated digalacturonate
from unsaturated substrate), and appears to work in concert with pectate lyase in
degrading insoluble pectic polymers to assimilable dimers (CoLLmER et al. 1982).
Pectate lyase, exo-poly-a-D-galacturonosidase and pectin methylesterase are
extracellular, whereas oligogalacturonide lyase is cytoplasmic (HE et al. 1993b).
The latter enzyme cleaves the unsaturated dimer to two monomers of 4-deoxy-L-
threo-b-hexosulose uronate, or the saturated dimer to monomeric galacturonate
and 4-deoxy-L-threo-5-hexosulose uronate (Moran et al. 1968). Subsequent
catabolism of 4-deoxy-L-threo-5-hexosulose uronate leads to the formation of 2,5-
diketo-3-deoxygluconate and 2-keto-3-deoxygluconate, inducers of further pectic
enzyme synthesis (discussed in Sect. 3.5), and eventually to pyruvate and 3-
phosphoglyceraldehyde.

E. chrysanthemi produces several other extracellular degradative enzymes,
including two cellulase isozymes (Bover et al. 1984; Guiserpi et al. 1991), four
protease isozymes (DaHLeR et al. 1990; Grico and WaNDERsMAN 1992; VWANDERSMAN
et al. 1987), xylanase (Braun and Robricues 1993), phospholipase (Keen et al.
1992), and plant-inducible isozymes of pectate lyase (BeauLieu et al. 1993; KeLemu
and CoLimer 1993; CoLLMER et al. 1991). Genetic evidence does not support a
major role for protease or phospholipase in virulence (DaHLER et al. 1990; Keen
et al. 1992). Xylanase may be important in diseases involving grami-
naceous hosts, in which xylans are more prevalent than pectic polymers in plant
cell walls, but the role of xylanase has not been tested genetically (Braun and
Robrigues 1993).
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E. carotovora produces a somewhat different set of pectic enzymes,
although it causes diseases that are often indistinguishable from those caused by
E. chrysanthemi. For example, E. carotovora produces several pectate lyase
isozymes but none with an acidic pl like the E. chrysanthemi PelA (and it has no
pelADE homologs), and E. carotovora produces endo-cleaving polygalacturonase
rather than exo-poly-a-D-galacturonosidase (Hinton et al. 1989a, 1990; Riep and
CoLLMER 1986; SaARILAHTI et al. 1990).

Pectin lyase, which preferentially cleaves pectin, also is produced by many
strains of E. chrysanthemi and E. carotovora (Tsuvyumu and CHATTERJEE 1984).
Intriguingly, the enzyme is induced by DNA-damaging agents rather than pectic
compounds, and this induction is dependent on RecA and an activator designated
Rdg (McEvoy et al. 1992; Zink et al. 1985). The complexity of this arsenal leads us
to question in the following sections the evidence for the pathogenic role of these
enzymes, as determined by physiological effects, mutant phenotypes, and
patterns of regulation.

3.2 Pectic Enzymes and Plant Tissue Damage

Most of the endo-cleaving pectic enzymes secreted by the soft rot erwinias can
macerate and kill parenchymatous plant tissues (CoLLver and Keen 1986). The
effect is rather dramatic in organs like the potato tuber, which can be liquified by
either bacteria or isolated enzymes. No other plant cell wall depolymerases
secreted by the soft rot erwinias have this destructive effect, apparently because
o-1,4-galacturonosyl linkages in the matrix of the primary cell wall and middle
lamella of dicots are unigue in being essential for structure but vulnerable to
enzymatic attack (McNEew et al. 1984). Maceration is attributed to disruption of the
middle lamella, which is the intercellular cement that holds plant cells in a tissue.
The simplest explanation for the killing effect is osmotic fragility of the protoplast
resulting from structural failure of the wall (BasHam and BaTeman 1975a,b; STEPHENS
and Woop 1975). However, the sensitivity of turgid (but not plasmolyzed)
protoplasts to some cell wall fragments raises the possibility of alternative
mechanisms (Yamazaki et al. 1983).

Further support for the involvement of E. chrysanthemi pectate lyases in
damaging susceptible plant cell walls was obtained by immunocytochemically
monitoring the distribution of the enzyme and the disorganization of pectate in
Saintpaulia ionantha leaves infected with E. chrysanthemi {TemsaH et al. 1991).
The enzyme was prevalent in the walls of spongy parenchyma cells, which were
the cell type most susceptible to degradation during pathogenesis, and the
presence of the enzyme, first in the middle lamella and then in an irregular
distribution pattern in the cell wall, corresponded with the loss of substrate, as
determined with a monoclonal antibody specific for homogalacturonans.
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3.3 Pectic Enzymes and Plant Defense Elicitation

Certain products of pectolytic digestion are biologically active as elicitors of
Jefense reactions. These are members of the growing class of “oligosaccha-
iins,” which are biologically active oligosaccharides produced by partial de-
Jradation of plant cell wall polymers (ALsersHEIM et al. 1983).

Oligogalacturonides released by Erwinia pectic enzymes that have between
10 and 15 galacturonosyl residues and are without methylesterification (which
axcludes the products of the damage-inducible pectin lyase) elicit the synthesis of
dhytoalexins {low molecular weight, antimicrobial compounds) and chitinase
representative of a class of “pathogenesis-related” defense proteins) (ALDINGTON
st al. 1991; BroexaerT and Peumans 1988; Davis et al. 1984; Hann et al. 1988). The
nitial response to these oligogalacturonides is rapid, as indicated by
measurements of membrane depolarization and increased cytosolic free calcium
concentration (Messiaen et al. 1993; THain et al. 1990). It is not certain whether
defense-eliciting oligouronides are actually generated and active during patho-
jenesis.

It is also important to note that oligogalacturonides do not elicit the HR. In
fact, tobacco leaves pretreated with low levels of an E. chrysanthemi pectate
yase isozyme or oligogalacturonide products of the enzyme do not undergo the
-IR when challenged with a strain of P. syringae that would normally produce this
‘esponse, and they are resistant to P. syringae pv. tabaci, which normally causes
wild fire of tobacco (Baker et al. 1986, 1990). Similarly, pretreatment of tobacco
seedlings with E. carotovora pectic enzymes induces protection against chal-
enge inoculation with the bacterium (PaLva et al. 1993). Thus, the Erwinia pectic
anzymes or their oligogalacturonide products can induce resistance in tobacco
against diverse bacterial pathogens.

The active resistance of plants against potential pathogens is associated with
the de novo synthesis of a variety of putative defense proteins, including
shenylalanine ammonia lyase and other enzymes in the phenylpropanoid path-
way (which produces precursors for the biosynthesis of phytoalexins and lignin),
the pathogenesis-related proteins (which are targeted to the apoplast or the
vacuole and include lytic antifungal enzymes like chitinase and B-glucanase),
deroxidase (involved in lignin biosynthesis), and hydroxyproline-rich glycoproteins
which strengthen the primary cell wall) (Lave et al. 1989). Many of these proteins
or their encoding mRNAs have been shown to increase after treatment of plant
materials with E. carotovora pectic enzymes (presumably acting through their
sligogalacturonide products) (Davis and AususteL 1989; PaLva et al. 1993), and this
esponse can be diminished by particular combinations of enzymes that should
orevent the accumulation of larger oligogalacturonides possessing elicitor activity
(YanG et al. 1992).

The biochemical basis for resistance to the soft rot erwinias, particularly E.
carotovora, has been studied most in potato tubers, which are highly susceptible
to bacterial soft rot under certain conditions (Lyon 1989). This dependency on
snvironmental conditions that impair the host is a hallmark of soft rot patho-
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genesis, and wet, hypoxic conditions are particularly important in tuber rot (D
Boer and Keuman 1978). One explanation for this is that hypoxic stress, which
naturally occurs when tuber surfaces are covered with a film of water (Burton and
WigainTon 1970), impairs wound healing and active defenses. Wounds enable
these bacteria to breach the periderm and enter the underlying, susceptible
parenchymatous tissues, but healed wounds are resistant to bacterial penetration
(PeromBeLon and KeLman 1980). Hypoxic stress inhibits multiple aspects of the
wound response in potato tubers, including the synthesis of phenylalanine
ammonia lyase and hydroxyproline-rich glycoproteins and the oxidative cross-
linking of suberin and lignin constituents (BuTLer et al. 1990; Rumeau et al. 1990;
Vavpa et al. 1992; Vavpa and ScHaerrer 1988). Another explanation for the
dependence of tuber rot on hypoxic conditions is that anaerobically incubated
whole tubers are far more susceptible to maceration by isolated E. carotovora
pectic enzymes (MaHER and KeLman 1983). The diverse physiological effects of
pectic enzymes suggest that some enzymes may be particularly adapted for
pathogenesis and that deployment of the enzyme complex is carefully regulated.

3.4 Pectic Enzyme Deficient Mutants and
Erwinia chrysanthemi Virulence

Our knowledge of the genetics of pectic enzyme production, its relationship to
virulence, and the relative -importance of individual enzymes in the soft rot
erwinias is most complete with E. chrysanthemi strains EC16 and 3937. Figure 1
depicts the pl profiles of the pectate-inducible, extracellular pectic enzymes of
strain EC16 and the arrangement of the encoding genes. All of the pectic enzyme
genes have independent promoters despite the fact that pelB-pelC and pelA-
pelE-pem are contained in two (widely separated) clusters (Tamaki et al. 1988).
EC16 differs from 3937 and most strains of E. chrysanthemiin not producing PelD
because of a natural deletion (Tamaki et al. 1988). PelB and PelC have 84% amino
acid identify, PelA and PelE share 62 % identity, and the strain B374 PelD and PelE
share 79% identity (Tamakl et al. 1988; Van Guusecem 1989). All of these genes in
EC16 and 3937 have been cloned, sequenced, and mutated by marker-exchange
mutagenesis. The EC16 mutants have been assayed primarily for their ability to
macerate whole potato tubers and the 3937 mutants for their ability to syste-
mically invade and rot axenically grown Saintpaulia plants.

Mutations in E. chrysanthemi EC16 have revealed that PelE is the most
important isozyme in potato tuber maceration: a ApelE mutant has half of the
potato tuber maceration capacity of the wild type (PavynEe et al. 1987). The potential
importance of PelE in virulence has been tested further by subcloning the gene
under control of the triple lac UV5 promoters in pINK-1, which permits E. coli
transformants to produce (and leak) high levels of PelE (Keen and Tamaki 1986).
The pelE* E. coli strain macerates more aggressively than does wild-type E.
chrysanthemi when injected into whole potato tubers (PAYNE et al. 1987) and is
reported to produce typical blackleg (stem rot) symptoms in potato plants (Tsror
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Fig. 1. Diagram of isoelectric focusing (IEF) profiles of the Erwinia chrysanthemi EC16 pectate lyase
(Pel) isozymes and exo-poly-a-D-galacturonosidase (PehX), the pel and pehX genes, and relevant
mutations. The Erwinia pectic enzymes are routinely resolved and detected by activity-staining
ultrathin layer IEF gels; clear zones in the background of stained polymer in substrate overlays indicate
the location of focused enzymes (BERTHEAU et al. 1984; RIED and COLLMER 1985). Unmarked deletions,
indicated by the unshaded regions, were constructed in the strain EC16 pel genes to produce mutant
CUCPB50086, which was then used for directed mutagenesis of additional pectic enzyme genes, such
as the pehX::TnphoA mutation in CUCPB5009. (From HEe and COLLMER 1990)

et al. 1991). These results indicate the PelE is sufficient to confer the maceration
phenotype to another enterobacterium. Thus, despite the suggestion of De
Lorenzo et al. (1991), that the high pH optimum of bacterial pectate lyases is
inconsistent with a role in initiating maceration, there seems little doubt that the
E. chrysanthemi PelE is capable of this when delivered by a living bacterium.
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The observation that E. chrysanthemi EC16 mutants with deletions in individ-
ual pel genes are only partially reduced in maceration ability spurred the
development of a marker exchange-eviction mutagenesis technique and the
construction of E. chrysanthemi mutants with multiple pe/ mutations (CoLLMER et
al. 1988; Riep and Covimer 1987, 1988). Surprisingly, mutant UM1005, which has
deletions in pelABCE, retains significant ability to macerate potato tuber tissue
(Riep and CoLimer 1988). The E. chrysanthemi EC16 pehX and pelX (encoding
exopolygalacturonate lyase) genes have also been cloned, characterized,
and mutated, revealing their products to contribute to the utilization of pectate
but not to maceration virulence (Brooks et al. 1990; He and CoLLmer 1990). E.
chrysanthemi CUCPB5012 (AlpelB pelCl::28bp, AlpelA pelE], AlpelX] Adbp,
pehX:: TnphoA) was subseqguently constructed and found to produce a second set
of Pel isozymes in planta and when grown in the presence of plant extracts
(KeLemu and CoLver 1993; CoLumer et al. 1991). Culture fluids of CUCBP5012
containing these plant-inducible Pel isozymes are able to macerate
chrysanthemum leaves, but the role of the isozymes in the residual maceration
ability of the mutant has not been tested genetically.

Many important insights into the role of individual pectic enzymes have been
gained by analysis of the pathogenic behavior of mutants of E. chrysanthemi3937
in axenically grown Saintpaulia plantlets. When one leaf is inoculated with strain
3937, most plantlets succumb to systemic invasion and maceration, but some
show only maceration of the inoculated leaf, and a few produce just local necrosis
or no symptoms (BoccAra™et al. 1988). Pathogenic behavior in this assay,
particularly the capacity for systemic invasion, is substantially altered in
E. chrysanthemi 3937 strains carrying mutations in certain pel/ genes (Boccara
et al. 1988), pem {Boccara and CHaTaN 1989), or multiple pel genes (BeauLEu
et al. 1993), as summarized in Fig. 2.

In interpreting these results, it is also important to consider the differing
action patterns and effects on plant tissues of isolated Pel isozymes. Experiments
with strain EC16 Pel isozymes produced by E. coli transformants have shown
that the relative ability of an isozyme to-cause maceration is correlated with its cell
killing activity, and both activities increase with the pl of the isozyme (BArrAs et al.
1987). Thus, PelE is highly destructive, while PelA has little effect. The isozymes
also degrade pectate to limit-products in different patterns, although the effect of
this on pathogenesis is unclear since none of the isozymes appears to
accumulate larger oligomers with elicitor activity (Preston et al. 1992). Thus, with
the exception of PelA, the contribution of E. chrysanthemi 3937 Pel isozymes to
Saintpaulia systemic invasiveness is roughly correlated with the ability of the
corresponding EC16 Pel isozymes to damage plant tissues (Fig. 2).

Our lack of understanding of the enzymological basis for the differing actions
of the Pel isozymes in pathogenesis is epitomized by the puzzling failure of PelA
to macerate potato tuber tissue. It is possible that its low pl causes it to be
repelled by the negative charges in the plant cell wall, but the merely intermediate
maceration activity of a PelE-PelA hybrid with a pl higher than the expected pH of
intercellular fluids argues against this (Tamaki et al. 1988). More knowledge about
the enzymology of the Pel isozymes on the diverse and complex pectic polymers
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Fig. 2A,B. The relative contributions of Erwinia chrysanthemi pectate lyase isozymes to virulence and
tissue damage. A The relative effect of pe/ and pem mutations on the ability of strain 3937 to cause
systemic disease in Saintpaulia. B The relative permeability changes in potato tuber tissue following
incubation with the indicated strain EC16 isozymes for 1 h. (From BEAULIEU et al. 1993; BOCCARA et al.
1988; BARRAS et al. 1987)

in plant tissues is needed (Fry 1988). For example, we do not know if PelA is
inactive in tissues that it does not damage, or if instead it preferentially cleaves
linkages that have little structural role. Similarly, we do not know what its
substrates are in the systemic invasion route. In general, the action of the Pel
isozymes on native substrates in the plant cell wall and middle lamella demand
further exploration.

The production of multiple Pel isozymes is a conserved feature of E. chrysan-
themi strains from diverse origins (BERTHEAU et al. 1984; Riep and CoLLmer 1986;
VaN Gusecem 1986). In a telling experiment, BeauLieu et al. (1993) have obtained
evidence that Pel isozyme multiplicity contributes to the wide host range of the
bacterium. E. chrysanthemi 3937 mutants with various pe/ mutations were
analyzed for their virulence in Saintpaulia plantlets, pea seedlings, potato tubers,
and witloof chicory leaves. Many mutations have significantly different effects in
different hosts. For example, a pelE mutation decreases virulence in Saintpaulia
but increases it in potato and chicory, while a pe/BC mutation does not signi-
ficantly affect virulence in Saintpaulia but decreases virulence in chicory.
Although a pelABCDE mutant is significantly reduced in virulence in all plants
tested, the level of residual virulence varies substantially. Several new Pel
isozymes were detected in extracts from plants infected with the mutant, and
these isozymes also appear to differ in their importance in different hosts.
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In summary, E. chrysanthemi strains EC16 and 3937 produce multiple
pectate lyase isozymes (including isozymes additional to PelA-E), each isozyme
can enhance (or diminish) virulence quantitatively, and its contribution varies
among hosts. All of this suggests complex regulation of enzyme synthesis.

3.5 Pectic Enzyme Regulation in Erwinia chrysanthemi and
Erwinia carotovora

Pectic enzyme production in E. chrysanthemi and E. carotovora is inducible by
pectate and increases dramatically in late log phase (CHATTERJEE et al. 1979;
CoLmeEr and Bateman 1982; Hucouvieux-CotTe-PATTAT et al. 1986; Zucker and
HaANKIN 1970; Zucker et al. 1972). The actual inducer during growth of E. chrysan-
themi on pectate is an intermediate in the ketodeoxyuronate pathway: og/
mutants are no longer inducible by pectate or digalacturonates, but pectic
enzyme synthesis in og/ mutants and wild-type E. chrysanthemi can be induced
by exogenous 2,5-diketo-3-deoxygluconate, 2-keto-3-deoxygluconate (KDG)
and KDG analogs (CHATTERJEE et al. 1985b; CoLLmer and BATEMAN 1981; Nasser
etal. 1991).

The focus of recent research in E. chrysanthemi has been on the physio-
logical and genetic factors underlying the induction of individual pe!/ and pem
genes, particularly in strain 3937, which has been rigorously studied by Robert-
Baudouy and colleagues. The pelABCDE genes, pem, and all of the genes
controlling the intracellular catabolism of 4,5-unsaturated digalacturonate are
negatively controlled by the KdgR protein, which in the absence of inducer is
expected to interact with conserved KdgR bex sequences in the promoter regions
of these genes (CoNDEMINE 1987; NAssER et al. 1992: RevercHon et al. 1989, 1991).
Although kdgR mutants produce pectate lyase at a higher level than wild type in
the absence of inducer, they still respord to pectate with additional pectate lyase
synthesis, indicating the existence of other regulators. Additional loci affecting pe/
expression in trans have been identified but not yet characterized (Boccara and
CHaTain 1989; Hucouvieux-CoTTe-PATTAT and RoBerT-Baubouy 1989, 1992).

Several other factors affect the expression of the E. chrysanthemi pel genes.
Pectate lyase production in E. chrysanthemi is subject to cAMP-mediated cata-
bolite repression and self-catabolite repression by 4,5-unsaturated digalactu-
ronate (CHATTERJEE et al. 1979; CoLLMER and Bateman 1981), and CAP binding sites
are discernible in the regulatory regions of pe/ genes (GoLp et al. 1992; REVERCHON
etal. 1989; Van Gusecem 1989). Expression of the pel/genes is reduced by nitrogen
starvation and high culture temperatures, and it is stimulated by anaerobiosis, iron
limitation, and high osmolarity (Hucouvieux-CoTTe-PATTAT et al. 1992; Sauvace et al.
1991). The effects of some of these factors are relatively minor and differ among
the pel genes. For example, high osmolarity stimulates pel/E but represses pelD.
However, the end of log phase growth strongly stimulates the expression of
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all of the E. chrysanthemi 3937 pel genes in culture (Hugouvieux-CoTTe-PATTAT
et al. 1992).

Expression of the E. chrysanthemi 3937 pelgenes is also stimulated by a low
molecular weight, thermostable, organic compound in carrot extracts but only in
the presence of known pectic inducers (Bourson et al. 1993). The E. chrysan-
themi 3937 pel and pem genes also have been shown to be expressed during
infection of potato tubers, with the pelA, pelB, pelC, and pem genes being
moderately expressed and the pelD and pelE genes being strongly expressed
(LoJkowska et al. 1993). The relative expression of some of the pe/ genes appears
to depend on the tissue. For example, pelE and pem are expressed at higher
levels in growing plants than in tubers. Thus, another factor contributing to the
wide host range of E. chrysanthemi may be the adaptive regulation of the
different pectic enzyme genes.

Work on pectic enzyme regulation in E. carotovora has focused on the global
regulation of plant cell wall-degrading enzymes because of the prevalence of
pleiotropic regulatory mutations effecting virulence and extracellular enzyme
production (BeraHa and Gareer 1971; HinToN et al. 1989b; Murata et al. 1991;
PirHoNEN et al. 1991). The phenotype of these mutants has been designated Aep
(activation of extracellular protein production) (Murata et al. 1991), Exp (exo-
enzyme production) (PIRHONEN et al. 1991), or Rex (regulation of exoproteins)
(Jones et al. 1993). For example, aep mutants are deficient in production of
pectate lyase, polygalacturonase, cellulase, and protease. Extracellular enzyme
production and virulence in aep mutants of E. carotovorasubsp. carotovora71 can
be restored by the cloned aepA gene, which encodes a predicted 51 kDa protein
with a signal peptide, several hydrophobic domains, and no homology with
known prokaryotic regulatory proteins (Liu et al. 1993; MuraTta et al. 1991).

Investigation of exp mutants in strain SCC3193 and rex mutants in strain
SCRI193 have revealed that extracellular enzyme production in these bacteria is
controlled by N-{3-oxohexanoyl) homoserine lactone (HSL), a diffusible auto-
inducer that also is used by Vibrio fischeri to activate lux expression and bio-
luminescence in a cell density-dependent manner (Fuaua et al. 1993; Jones et al.
1993; PirHONEN et al. 1993). The E. carotovora SCC3193 exp/ gene encodes a
functional analog of the V. fischeri luxl gene, whose product directs the bio-
synthesis of autoinducer (PirHONEN et al. 1993). An exp/ mutant is deficient in
virulence and extracellular enzyme production unless exogenous HSL is added.
Similarly, some rex mutants in strain SCRI1193 are dependent on autoinducer for
virulence and extracellular enzyme production (Jones et al. 1993). Significantly, an
exp/mutant fails to produce high levels of polygalacturonase as cultures reach the
end of log phase, thus indicating that autoinducer is at least one factor controlling
growth phase-dependent extracellular enzyme production (PIRHONEN et al. 1993).
Although density-dependent regulation of extracellular enzyme production has
not been proven, it appears likely that autoinducer functions as a quorum sensor
(Fuaua et al. 1993), which permits enzyme production during infection only when
the pathogen is numerous enough to wage a successful attack (Jones et al. 1993,
PIRHONEN et al. 1993).
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[t is not known how similar the pectic enzyme regulatory systems of E.
carotovoraand E. chrysanthemiare. A KdgR-like repressor has not been reported
in E. carotovora and autoinducer-dependent pectic enzyme induction has not
been reported for E. chrysanthemi, although E. chrysanthemi EC16 does produce
autoinducer (A. K. Chatterjee, personal communication). in light of the ecological
and pathological similarities between these two species, any fundamental
differences in regulation of their extracellular enzymes would be surprising.

4 The Hypersensitive Response and Harpins

4.1 Pseudomonas syringae and Plant Hypersensitivity

The HR of higher plants is characterized by the rapid, localized death of plant cells
at the site of pathogen invasion. It occurs during incompatible interactions, which
typically involve a biotrophic, host-specific pathogen that causes disease only in
another plant, and it is associated with resistance against many fungi, viruses, and
bacteria (KiraLy 1980; KLEmeENT 1982). The ability of bacteria to elicit the HR was
discovered more than 30 years ago, when Klement infiltrated the intercellular
spaces of tobacco leaves with different concentrations of three related bacteria:
P. syringae pv. syringae, P. syringae pv. tabaci, and P. fluorescens (KLemenT 1963;
KLEMENT et al. 1964). The results are summarized in Table 2.

Itis important to note that low levels of inoculum are sufficient for P. syringae
pv. tabacito initiate pathogenesis, but high levels (> 5 x 10° cells/ml) are required
for P. syringae pv. syringae 1o cause the macroscopic collapse that Klement
observed as the HR. We now know that an incompatible pathogen at lower

Table 2. Interactions of three related pseudomonads with tobacco leaf tissue

Bacterium Relationship Bacterial Plant response Final outcome
with plant population
P. syringae pv. Incompatible Rises briefly, then Rapid (< 24 h) HR (resistance)
syringae pathogen declines when collapse of
HR develops infiltrated area
only
P. syringae pv. Compatible Prolonged Slow (days) Pathogenesis
tabaci pathogen: increase to very necrosis, (disease
“wild fire” high level spreading lesion symptoms)
of tobacco
P. fluorescens Nonpathogen No increase None apparent Null

HR. hypersensitive response. From KLEMENT (1963) and KLEMENT et al. (1964).
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concentrations causes the HR only in scattered, individual plant cells, with one
bacterium eliciting the death of one plant cell (KLEMENT 1982; TurNeEr and Novacky
1974). The macroscopic HR that is demonstrable in the laboratory is therefore a
manifestation of a cellular hypersensitivity that can operate under natural
conditions. The HR can be elicited in nonhosts or resistant hosts by most plant
pathogenic bacteria, including Erwinia amylovora (which causes fire blight of
rosaceous plants), P. solanacearum (which causes wilts in many solanaceous
plants), and Xanthomonas campestris (whose many pathovars cause host speci-
fic diseases similar to those caused by P. syringae). Also, as will be discussed in
the next section, E. chrysanthemi can be shown to cause the HR.

It is important to emphasize that the HR is not elicited by nonpathogen
species like P. fluorescens. This implies an underlying relationship between the
ability to be a plant pathogen and to elicit the HR. Indeed, KLeEmenT (1982) has
cogently argued that there are fundamental similarities in the development of the
HR and the development of disease. In both cases there is a period of bacterial
multiplication that ends with plant cell electrolyte leakage and collapse. A simple
interpretation of the difference between the two interactions is that, in the
compatible interaction, plant cells are less sensitive to the parasitic growth of the
pathogen on their surface. Consequently, plant cell death is delayed until a large
bacterial population has developed, spread to surrounding cells, and produced
toxins, extracellular polysaccharides, phytohormones and/or other potential
virulence factors (CopLin 1989; EL-Banosy and RuporpH 1979; FetT and Dunn 1989;
Gross 1991; WiLLis et al. 1991a). By contrast, the HR develops rapidly, and the
incompatible pathogen is unable to proceed beyond its initial interaction with a
few plant cells, presumably because of the production of phytoalexins and other
defense molecules associated with the HR (Lams et al. 1989; Lone et al. 1985;
Pierce and EssenBerc 1987). Defense gene expression occurs in both interactions
but is generally lower or delayed in the compatible interaction (Dong et al. 1991;
LamB et al. 1989; WiLLis et al. 1991D).

The search for early physiological processes occurring in plants inoculated
with incompatible P. syringae stains has revealed several responses, including a
burst of active O,, membrane lipid peroxidation, Ca** influx, and a K*/H* exchange
(ATkinsoN and Baker 1989; ATkinson et al. 1985, 1990; CrorT et al. 1990; KEPPLER
and Baker 1989; KeppLER et al. 1989; KeppLEr and Novacky 1986; Novacky 1991).
The effects of inhibiting Ca?* influx with lanthanum and other channel blockers,
ATPase activity with vanadate, and protein synthesis with blasticidin S suggest
that these processes are essential for the HR triggered by incompatible P.
syringae strains and that hypersensitivity is an active response of the plant
(AtkinsoN and Baker 1989; Atkinson et al. 1990; HoLupay et al. 1981). These
processes also occur at a slower rate in compatible interactions, and AtkinsoN and
Baker (1987a,b) have proposed that the alkalinization of the apoplast resulting
from the K*/H* exchange causes leakage of sucrose and other nutrients that
permit bacterial growth (discussed further in Sect. 6).
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4.2 hrp Genes and Harpins

The ability of P. syringae strains to elicit the HR or cause disease is controlled by
hrp (hypersensitive response and pathogenesis) genes, and typical Hrp~ mutants
have the null phenotype of a nonpathogen in plants (LiINDGREN et al. 1986; NigepoLD
et al. 1985; WiLLis et al. 1991b). The hrp genes of phytopathogenic bacteria are
discussed in detail in the chapter by Bonas, and here we will review only briefly a
few salient points before turning to our discussion of the extracellular protein
products of these genes. First, hrp genes occur in clusters and are widely
conserved among plant pathogens in the genera Pseudomonas, Xanthomonas,
and Erwinia (i.e., gram-negative phytopathogens capable of causing necrosis in
plants) (ARLAT et al. 1991; FenseLau et al. 1992; GoucH at al. 1992; Lasy and BEer
1992; LiNDGREN et al. 1988). Second, two cloned hrp clusters enable non-
pathogens, like P. fluorescens or E. coli, to elicit the HR (but not cause disease) in
tobacco and other plants. These functional hrp clusters are carried on cosmids
pHIR11 from P. syringae pv. syringae 61 and pCPP430 from E. amylovora Ea321
(Beer et al. 1991; Huang et al. 1988). Third, the pleiotropic phenotype of typical P.
syringae hrp mutants suggests that the hrp genes are involved in the production
of factors necessary for the bacterium to initiate a parasitic interaction with the
plant (Huang et al. 1991). Fourth, P. syringae hrp genes are expressed only in
nutrient poor conditions typical of plant intercellular fluids (Huynh et al. 1989;
RanME et al. 1992; Xiao et al. 1992; YuceL et al. 1989). Fifth, DNA sequence
analyses have suggested possible functions for some of the P. syringae hrp
products as positive regulators of gene expression (Grimv and PanorouLos 1989;
MiLLER et al. 1993) or components of a protein secretion pathway (discussed
further in Sect. 5.3). In summary, these observations suggest that following
inoculation, necrogenic, gram-negative phytopathogens begin to secrete a pro-
tein that elicits the HR in nonhosts and is required for pathogenesis in hosts.

The first such protein was discovered by Wei et al. (1992) following the
observation that HR elicitor activity was present in cell-free extracts of E. coli
DH50(pCPP430), which carries the highly expressed hrp cluster of E. amylovora
Ea321. The elicitor protein was designated harpin (and will be referred to here as
harping,). Harpin,, is a glycine-rich, hydrophilic, heat-stable protein with an
apparent molecular mass of 44 kDa. Purified harping, can elicitan HR-like necrosis
when infiltrated into the leaves of tobacco, tomato, Arabidopsis thaliana, and
several other plants. Mutations in the harping,-encoding ArpN gene abolish the
ability of E. amylovora to elicit the HR in tobacco or cause disease in highly
susceptible immature pear fruit. Southern hybridization analysis suggests that
homologs of the hrpN gene are present in other pathogenic Erwinia spp. but
lacking in Pseudomonas and Xanthomonas spp. (Beer et al. 1993).

The P. syringae pv. syringae 61 harpin gene subsequently was identified
when E. coli transformants expressing random subclones of the pHIR11 hrp
genes were lysed in planta, revealing those expressing the hrpZ gene to elicit the
HR (He et al. 1993a). hrpZencodes a 34.7 kDa protein, harpin,,, which is dissimilar
in overall amino acid sequence to harpin,, but similar in several properties: it is
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glycine-rich, cysteine-lacking, hydrophilic, heat stable, and elicits the HR in the
same plants that are senstive to harpin.,. Harpin,, is not produced in rich culture
media, and deletion derivatives reveal that the COOH-terminal half of the protein
is sufficient for elicitor activity. As will be discussed in Sect. 5.3, harpin, is
secreted to the bacterial milieu.

The E. chrysanthemi hrpN gene was cloned by probing a genomic DNA library
with the E. amylovora hrpN gene (Bauer et al. 1994b; We et al. 1992), and
a homolog has been identified also in E. carotovora EC71 (A. K. Chatterjee,
personal communication). Harping, is a hydrophilic, glycine-rich protein with a
molecular mass of 34.3 kDa. A comparison of the amino acid sequence of
harping,, with that of harping, reveals that the two proteins are highly similar in
their COOH-terminal halves. Little sequence similarity is found with harpin,...
However, it is intriguing that all three of these harpins possess a stretch of
22 amino acids near the center of the protein in which 11 amino acids are
conserved. This region is not necessary for elicitor activity, but may be involved
in secretion.

The production of a harpin by E. chrysanthemi demands some comment,
since the ability of soft rot erwinias to cause the HR has been considered
uncertain because of the broad host range of these bacteria and their production
of plant cell-killing pectic enzymes (KLement 1982). E. chrysanthemi mutant
CUCPB5006, which causes little pectolytic damage to tobacco leaves because of
directed mutations in genes encoding the major pectate lyase isozymes, can be
seen to elicit a typical HR (Bauer et al. 1994a). The ability of CUCPB5006 to elicit
the HR is abolished by marker-exchanged transposon insertions in hrpN and
restored by complementation with a hrpN subclone (Bauer et al. 1994b).
Furthermore, marker exchange of the hrpN mutation into wild-type E.
chrysanthemi EC16 results in a substantial reduction in virulence in the witloof
chicory maceration assay developed by BeauLieu and Van Gusecem {1992; BAuer et
al. 1994b). Thus, harpin contributes to the virulence of E. chrysanthemi, but it is
not required for pathogenicity.

The biochemical activity of harpins is puzzling. It seems unlikely (but not
impossible) that harpin,,, for example, is an enzyme because of its heat stability
and tolerance of a major deletion. In this regard, it is also noteworthy that harpin,
shows no pectic enzyme activity, since such an activity could account for
its cell killing (He et al. 1993a). Indeed, pectic enzymes previously have been
suggested to be elicitors of the HR, but these reports have not been supported
by subsequent genetic analyses (ALLEN et al. 1991; Azap and Kabo 1984; GARDNER
and Kapo 1976; Huane et al. 1989). Therefore, the plant apparently responds
to elicitor information residing in the harpin structure itself rather than to
damage or products resulting from enzymatic activity, as is the case with
pectic enzymes. :

Another noteworthy difference between harpins and pectic enzymes is that
the necrosis resulting from harpin treatment is an active “suicide” response of
plant cells. Thus, the HR elicited in tobacco by harpin,,, and harping, is blocked by
lanthanum chloride (a calcium channel blocker), sodium vanadate (an ATPase and
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phosphatase inhibitor), a-amanitin (a transcription inhibitor), and cycloheximide (a
translation inhibitor) (He et al. 1993a, 1994). The necrosis caused by pectic
enzymes, by contrast, cannot be prevented by metabolic inhibitors such as
lanthanum chloride (D. W. Bauer, unpublished results).

Interestingly, hrp mutants still trigger generalized defense responses (e.g.,
phenylpropanoid pathway gene expression) even though they fail to elicit the HR,
indicating that these two defense-associated processes are not coupled (JakoBEK
and Linogren 1993). Indeed, phenylpropanoid pathway gene expression is trig-
gered at least weakly by saprophytic bacteria, although the physiological
significance of this response is uncertain (Jakosek and Linogren 1993; MEIEr and
Stusarenko 1993). The availability of harpins should facilitate exploration of the
plant signal transduction pathway controlling hypersensitivity and the relationship
of this response to other plant defenses.

4.3 Harpins, Avr Proteins and the Puzzle
of Host Range Determination

The involvement of harpins in determining the narrow host range of P. syringae
strains or the broad host range of E. chrysanthemi strains is unclear. Limited data
indicate that sensitivity to the harpins of E. amylovora and P. syringae varies
among plants without any obvious correlation to host range (He et al. 1993a; WEel
et al. 1992). However, such comparisons may not be meaningful because plants
appear to be more sensitive to harpin delivered by living Hrp* bacteria than to
exogenously applied harpin. Experiments in which the coding sequences for the
harpins of different pathovars are switched will definitively test whether infor-
mation controlling host range in P. syringae resides in harpin structure.

If harpins are functionally equivalent among P. syringae pathovars, then
compatibility may result from a carefully regulated deployment of harpin that
avoids triggering the HR or from the production of suppressors of the HR and
accompanying defense responses, as has been suggested for P. syringae pv.
phaseolicola on bean (GnanamanickaN and PatiL 1977; Jakosexk et al. 1993). In E.
chrysanthemi, rapidly produced pectic enzymes may kill plant cells before their
defenses can be mobilized. Furthermore, the necrotrophic interaction of E.
chrysanthemi with susceptible tissues during maceration argues against the
development of a “compatibility” with the host that can be spoiled by the HR.
This issue will be discussed in Sect. 6.

In contrast to harpins, there is another class of P. syringae proteins whose
only known biological effect involves host range. These proteins are encoded by
the avr genes, and they control the host range of races within certain pathovars
for certain cultivars of the host species (see chapter by DancL, this volume).
Various aspects of av-mediated plant-pathogen recognition have been reviewed
recently (DangL 1992; GaerieL and RoLre 1990; Keen 1990; Lone and Staskawicz
1993), and we will discuss here only a few main points that are pertinent to
harpins. The avr genes are so named because their presence in a strain confers
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avirulence (i.e., incompatibility) if the host cultivar carries a corresponding resis-
tance gene. The first avr gene was cloned from P. syringae pv. glycinea on the
basis of its ability to render a normally compatible race incompatible on differential
cultivars of the host soybean (Staskawicz et al. 1984). Such gene-for-gene
interactions also control race-cultivar specificity in many important fungal
diseases (FLor 1971). The simplest molecular explanation for this phenomenon is
that the interaction of an avr "elicitor” protein with a corresponding resistance
gene “receptor” protein triggers defense responses (Keen 1990).

Incompatibility mediated by gene-for-gene interactions involving P. syringae
strains is marked by the HR. However, typical avr proteins do not elicit the HR,
they are hydrophilic proteins that appear not to be secreted (and therefore are
unlikely to be accessible to postulated plant receptors); and their phenotype is
revealed only in Hrp* pathogenic strains (Keen 1990). A further puzzle is that the
first plant resistance gene that confers avi-mediated resistance to be cloned, the
tomato Pto gene, encodes a putative cytoplasmic serine/threonine kinase with
no apparent transmembrane receptor domain (MarTIN et al. 1993).

One Auvr protein, AvrD from P. syringae pv. tomato, directs the synthesis of
homologous ylactones when expressed in various bacteria, including E. coli; and
syringolides 1 and 2 elicit necrosis in soybean cultivars carrying the Rpg4
resistance locus (Keen et al. 1990; MibLanD et al. 1993). There is no evidence that
any of the other P. syringae Avr proteins are enzymes, and one bacterial Avr
protein, AvrBs3 from X. campestris pv. vesicatoria (and its homologs in other
xanthomonads), appears very unlikely to function as an enzyme because its
activity is specified by 17.5 nearly identical, direct repeats of a 34 amino acid
sequence (Bonas et al. 1989; HerseRs et al. 1992).

The biochemical puzzles of harpin and Avr protein activity may be inter-
related. A key to this interrelationship may reside in the dependency of Avr
phenotypes on Hrp* backgrounds. Although P. syringae avrgenes are dependent
on hrp regulatory genes for expression (HuynH et al. 1989; INNEs et al. 1993; SHeN
and Keen 1993), there is likely an additional reason for this Hrp dependency. For
example, P. syringae pv. glycinea race 0 hrp mutants carrying an avrD* plasmid
fail to elicit an HR on soybean cultivars carrying Rpg4, even though they still
produce AvrD-elicitor activity in culture (Keen et al. 1990). Perhaps Avr action is
dependent on an initial parasitic interaction that is harpin-dependent. Perhaps
harpins and Avr proteins act synergistically to elicit the HR in resistant cultivars of
the host. Or perhaps typical, bacterial Avr proteins are dependent on the Hrp
secretion pathway, an explanation that is attractive but not supported by available
experimental data (Brown et al. 1993; FenseLau et al. 1992).
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5 Virulence Protein Secretion Pathways

5.1 Alternative Routes

To interact with their targets in the host, the extracellular virulence proteins of
gram-negative bacteria must first be translocated across the inner and outer
membranes that envelop the cell. Several conserved secretion pathways are
used for this purpose. Some bacteria, such as laboratory strains of E. coli, possess
none of these pathways, whereas others, like E. chrysanthemi, use at least three
of them. These pathways are categorized in reference to the Sec pathway that is
used for the translocation of periplasmic and outer membrane proteins across the
inner membrane of all gram-negative bacteria. The hallmark of proteins travelling
the Sec pathway is an NH,-terminal signal peptide that is removed upon trans-
location to the periplasm (RanpaLL and Haroy 1989).

The type | pathway (as classified by Satmonp and Reeves 1993) bypasses the
Sec pathway. Proteins using this pathway lack an NH,-terminal signal peptide and
accumulate in the cytoplasm of secretion-deficient cells. E. chrysanthemi
secretes multiple isozymes of protease by this pathway, which is comprised of
the prtD, prtE, and prtF products (DeLepeLARE and VWanDersman 1989, 1991;
Wanpersman 1989). This pathway is used by several animal pathogens, including
Pseudomonas aeruginosa and hemolytic strains of E. coli, to secrete alkaline
protease and hemolysin, respectively (Guzzo et al. 1991; HoLLanp et al. 1990).

The type Il pathway is an extension of the Sec pathway and is also known as
the Sec-dependent pathway or the main terminal branch of the general secretion
pathway (PugsLey 1993). Proteins travelling this pathway carry NH,-terminal signal
peptides. Following Sec-mediated translocation across the inner membrane and
removal of the signal peptide, these proteins are translocated across the outer
membrane by a set of accessory secretion proteins. The E. chrysanthemi out
genes encode a type |l pathway that isused for the secretion of most of the pectic
enzymes and cellulase (discussed below). This pathway has been studied most
extensively in Klebsiella oxytoca, which uses it to secrete pullulanase, and in P.
aeruginosa, which uses it to secrete exotoxin A, elastase, and other proteins, as
reviewed by PucsLEY (1993) and Lory (1992). It appears to be the primary pathway
by which gram-negative bacteria secrete degradative enzymes.

The type Il pathway also bypasses the Sec pathway but is distinct from the
type | pathway in that internal targeting sequences characteristic of type |
exoproteins are absent (MicHieLs and Coaneuis 1991; MicHieLs et al. 1990), and the
pathway is formed by a different and more elaborate set of envelope proteins
(MicHiELs et al. 1991). The type Il pathway is used by Yersinia spp., Salmonella
typhimurium, and Shigella flexneri to secrete a variety of virulence proteins, and
a related pathway appears to be used by plant pathogens to secrete harpins and
possibly other proteins involved in pathogenesis (see reviews by Van Gusecem et
al. 1993 and SaLmonp and Reeves 1993).
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Allthree of these pathways permit true secretion of proteins without cell lysis
or release of periplasmic or cytoplasmic marker proteins. It is curious that E.
chrysanthemiand E. carotovora may also release pectin lyase by a fourth, colicin-
like route, involving partial cell lysis: the RecA-dependent induction of pectin lyase
synthesis in E. carotovora is accompanied by cell lysis; the sequence of PnlA
reveals no NH,-terminal signal peptide; and the protein is produced by Erwinia
without removal of any NH,-terminal sequences (CHATTERJEE et al. 1991; Zink et al.
1985). Although type |1, 1I, or Ill pathway mutants have not been tested for any
deficiency in pectin lyase secretion, it appears that this represents a fourth route
to the cell exterior for soft rot Erwinia virulence proteins.

Protein secretion by gram-negative bacteria has been recently treated in
reviews that are topical (Satmonp and Reeves 1993), comprehensive (PuGsLEY
1993), or focused on plant pathogens (He et al. 1993b). The remainder of this
section will address recent results with type Il and lIl. pathways that are
particularly relevant to the secretion of pectic enzymes and harpins.

5.2 The Out Pathway and Pectic Enzymes

Out” mutants of E. chrysanthemi and E. carotovora are readily isolated. The
synthesis of pectate lyase and several other plant cell wall-degrading enzymes is
unaffected in these mutants, but the enzymes accumulate in the periplasm and
the mutants are virtually nonpathogenic (Anpro et al. 1984; CHATTERJEE et al.
1985a; MuraTta et al. 1990). Out” mutants are the only mutants yet demonstrated
to have this strong effect on virulence in both E. chrysanthemiand E. carotovora.
The out genes of E. chrysanthemiand E. carotovora are clustered in the genome
and are homologous with each other and with accessory secretion genes in a
growing list of gram-negative bacteria (He et al. 1991a; LinoeBerG and COLLMER
1992; MuraTa et al. 1990; Reeves et al. 1993). The out genes of E. chrysanthemi
EC16 are unique among all of these bacteria in that they can function in
recombinant E. colicells to permit the secretion of several E. chrysanthemipectic
enzymes (He et al. 1991a).

The prototypical type |l secretion pathway is used by K. oxytoca to secrete
pullulanase (PuasLey 1993). The pul/secretion gene cluster also functions in E. col,
butin this case to secrete a single protein, the K. oxytoca pullulanase (D'ENFERT et
al. 1987). Fourteen proteins are required for this process (PuesLey 1993). These
are the products of the pu/C-O operon and the pulS gene. The E. carotovora
outC-0O operon is colinear with pul/C-0O (Reeves et al. 1993). In E. chrysanthemi,
the outC-M genes are arranged in an operon that is colinear with pul/lC-M, but a
pulN homolog is missing, and outQ is transcribed independently (LINDEBERG and
CoLLvER 1992). As with K. oxytoca, E. chrysanthemi has an outS homolog
upstream of outC(ConpemINE et al. 1992). outTis an additional gene between outS
and outC that is required for secretion (ConDEMINE et al. 1992).

The Out pathway translocates exoproteins from the periplasm to the external
milieu. This process s rapid in E. chrysanthemi: pulse chase experiments indicate
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that pectate lyase isozyme PelE is secreted to the milieu within 2 min of
translocation across the inner membrane and periplasmic removal of the signal
peptide (He et al. 1991b). A secA® E. colimutant carrying the functional cluster of
E. chrysanthemi out genes on pCPP2006 was used to show that PelE secretion
is Sec-dependent (HE et al. 1991b). Experiments with the pullulanase secretion
system in K. oxytoca provide further evidence that exoprotein secretion by this
pathway is a two-step process in which mature, folded proteins can be recruited
from the periplasm for secretion (PucsLey 1992; PuasLey et al. 1991).

The location of many of the Pul secretion proteins has been determined, and
surprisingly, most of them are associated with the inner membrane (PucsLey
1993). The biochemical function of only one of these secretion proteins is known.
As first discovered with the homologous PilD gene in P. aeruginosa (Nunn and
Lory 1991), PulO is a type |V prepilin signal peptidase (PuasLey and Dupuy 1992).
A function for some of the other secretion proteins can be postulated. PulE is a
cytoplasmic protein whose sequence suggests ATPase activity (Possot et al.
1992). PulG, PulH, Pull, and PulJ, which possess type IV prepilin signal peptides,
may form a pilus-like assembly structure between the inner and outer mem-
branes. PulD is the only integral outer membrane protein in the complex and
shows similarity to outer membrane proteins involved in diverse macromolecular
secretion processes in gram-negative bacteria {D'ENFERT et al. 1989).

A paramount puzzle with the type |l pathway is the basis for its selectivity:
only a small subset of the cell’s proteins are secreted. This implies the existence
of secretion signals in exoproteins and a “gate-keeper” in the pathway that
recognizes these signals. However, no secretion signals have been found by
sequence comparisons, deletion experiments, or by fusions with periplasmic
markers (PuasLey 1993). The available results suggest that a substantial portion of
the NH,-terminal of exoproteins is required and also sufficient for translocation of
periplasmic marker proteins (Hamoobp et al. 1989; KornAcker and Puastey 1990).

The Erwinia Out systems are experimentally attractive for exploring this
aspect of secretion because the Out pathways are closely related but species-
specific and the tertiary structure of the E. chrysanthemi PelC is known (YoDEr et
al. 1993). Thus, the E. chrysanthemi Out pathway does not secrete the cellulase
or pectic enzymes of E. carotovora(He etal. 1991a; Py et al. 1991), despite the fact
that some E. chrysanthemi and E. carotovora pectate lyase isozymes are quite
similar (Hinton et al. 1989a). Deletion and insertion derivatives of the E. chrysan-
themi cellulase isozyme EGZ (Py et al. 1993) and chimeras between the E.
chrysanthemi PelC and the E. carotovora 71 Pel1 {whose sequence is 70%
identical to PelC; A.K. Chatterjee, personal communication) fail to be secreted
(M.L. Lindeberg, unpublished), which suggests that tertiary structure is vital for
secretion. In summary, the type |l pathway is essential for the virulence of
pathogens like P. aeruginosa and E. chrysanthemi, and a better understanding of
how this important pathway functions is likely to come from continued explo-
ration of its operation in both animal and plant pathogens.
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5.3 The Hrp Pathway and Harpins

The potential importance of protein secretion in the hrp-dependent phenotypes of
plant pathogenic bacteria was first indicated by the discovery of harping, and the
observation that some hrp proteins possessed sequence similarities to compo-
nents of the type Il pathway in invasive enterobacterial pathogens (FenseLau et al.
1992; GouaH et al. 1992; Huang et al. 1992; Van Gusecem et al. 1993; We! et al.
1992). Because hrp homologies and implied functions are being treated in the
accompanying chapter by Bonas, we will discuss here only the recent evidence
for the role of hrp proteins in the secretion of harpins in Erwinia spp. and P.
syringae.

As is characteristic of all proteins secreted by the type Il pathway (SaLmonD
and Reeves 1993), harping, harpin,, and harping, lack NH,terminal signal
peptides (BAuer et al. 1994b; He et al. 1993a; WE et al. 1992). When P. syringae
pv. syringae 61 is grown in a minimal medium in which the hrp genes are
expressed, at least half of the harpin,, is in the medium (He et al. 1993a). Harpin,
is the major protein in the medium under these conditions, and its secretion is
dependent on HrpH (He et al. 1993a), an envelope protein with similarity to
Yersinia enterocolitica YscC and other outer membrane proteins (e.g., the
K. oxytoca type Il pathway component PulC discussed above) that are involved
with protein secretion (Huang et al. 1992). There is indirect evidence that
E. chrysanthemi secretes harpin by this pathway. Southern hybridization has
shown that E. chrysanthemiEC18 carries homologs of other hrp genes in addition
to hrpN (Lasy and Beer 1992), and transposon insertions in some of these genes
indicate that they are involved in harping, export (Bauer et al. 1994a). An
important question is whether other proteins are travelling the Hrp pathway in the
interactions of P. syringae and E. chrysanthemi with their hosts.

6 Extracellular Virulence Proteins of Plant Pathogenic
Bacteria: New Perspectives and More Questions

Recent discoveries involving extracellular virulence proteins have altered our
concepts of how the soft rot erwinias and P. syringae cause their signature plant
effects, maceration and the HR. The production of autoinducer permits E.
carotovora to behave socially in its pectolytic attack on plants, and the secretion
of a harpin enables P. syringae to elicit the HR in tobacco (HE et al. 1993a; Jones
et al. 1993; PirHONEN et al. 1993). Each finding provides answers to some old
questions but raises many new ones.

A social attack would explain why the soft rot erwinias do not (in contrast to
P. syringae) cause numerous, scattered lesions on their hosts. Rather, soft rots
typically develop from one or a few foci unless the plant is systemically infected.
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It also provides an explanation for the original observations of Jones {1909) on the
manner in which lesions in carrot infected with E. carotovora develop: “The cells
rapidly lose all coherence and always show a sharply defined line of demarkation,
indicating that the softening occurs quickly and completely after it begins.” And,
in turn, this would provide an explanation for how the bacteria can use success-
fully in pathogenesis a class of enzymes that can elicit plant defenses (as
discussed in Sect. 3.3 and 3.5).

The discovery of autoinducer-dependent extracellular enzyme production in
E. carotovora raises new questions about the operation of this system in patho-
genesis. How are the various aep, exp, or rex genes integrated into the regulatory
circuitry that controls the complex patterns of enzyme production? Is auto-
inducer-monitored cell density the limiting factor in high level expression of
degradative enzymes by the soft rot erwinias in planta, or is autoinducer produc-
tion prerequisite for bacterial responsiveness to other controlling stimuli (starva-
tion, plant signals, etc.)? Finally, how do the soft rot erwinias attain the high cell
densities in planta that are postulated to precede full induction of the pectic
enzymes? We postulate that the answer to the last question resides in harpins,
which act in prelude to pectolytic attack.

Our working model is that harpins are involved in establishing the initial
parasitic interaction of many gram-negative plant pathogens by raising the pH of
apoplastic fluids and fostering bacterial nutrient acquisition. A higher apoplastic
pH would favor bacterial multiplication, and it would enhance the activity of the
soft rot erwinia pectate lyase isozymes. This postulated role of harpins is
supported by several observations: (1) Harpin., causes alkalinization of the
medium of suspension-cultured tobacco cells (WEi et al. 1992). (2) As discussed
in Sect. 4.1, apoplast alkalinization and the release of sucrose to the apoplast are
correlated with bacterial Hrp activity. Furthermore, raising the pH of intercellular
fluids in bean leaves can restore the ability of a P. syringae pv. syringae 61 hrp
mutant to multiply (ATkinson and Baker 1987b), (3) hrp gene expression is
nutritionally regulated (discussed in Sect. 4.2 and in the accompanying chapter by
Bonas). (4), early experiments indicate:that the growth of a saprophytic bacterium
like P. fluorescens can be stimulated by coinoculation with P. syringae, sug-
gesting that the pathogen alters the apoplastic environment to support bacterial
growth (Youne 1974). Finally, it is noteworthy that E. chrysanthemi produces a
catechol siderophore to acquire iron (expected to be a limiting nutrient in the
apoplast), and siderophore production is essential for the ability of E. chrysan-
themi 3937 to systemically invade Saintpaulia plants (ENarD et al. 1988; Neema et
al. 1993; Persmark et al. 1989, 1992). Thus, there is a precedence in this organism
for pathogenesis being dependent on nutrient acquisition.

Although the preceding observations argue for the importance of adaptations
involving nutrient acquisition in bacterial plant pathogenesis, there are contrary
perspectives. Evidence of nutrient availability in intercellular fluids and leachates
and the potential relationship of this to pathogenesis has been presented in
previous reviews (Hancock and Huisman 1981; Tukey 1970; Beattie and Lindow,
this volume). Furthermore, intercellular fluids obtained from leaves by vacuum
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infiltration and subsequent centrifugation have been observed to support the
growth of various bacteria (e.g., KLEment 1965; Neema et al. 1993). However, a
bacterium in contact with a thin film of cell wall-associated apoplastic fluid, whose
composition is under dynamic control of the plant cell beneath it (GrigNoN and
SeEnTENAC 1991), is likely to be in a rather different environment than a bacterium
in a flask containing fluids recovered from many thousands of celis.

Finally, in considering the function of harpins in pathogenesis, it is important
to note that the isolated harpins of E. amylovora and P. syringae have yet to be
shown to have any effect on their respective hosts. Furthermore, P.
fluorescens(pHIR11), although able to elicit the HR in tobacco, does not appear to
multiply in planta (although early, transient multiplication may have been missed),
and it does not become pathogenic (Huang et al. 1988). Thus, the available data
with P. syringae pv. syringae 61 indicate that harpin, is sufficient for elicitation of
the HR, but apparently many factors are required for successful pathogenesis. A
logical place to look for additional factors is in other exoproteins, particularly any
trafficking the Hrp pathway.

7 Extracellular Virulence Proteins of Plant and Animal
Pathogens: Apparent Similarities in Deployment but
Potential Differences in Function

Animal pathogenic bacteria also have diverse attack strategies, extra-cellular
protein arsenals, and patterns of virulence protein deployment; in some cases,
these patterns can be aligned with those of counterpart plant pathogens. For
example, the opportunistic animal pathogen P. aeruginosa is more similar to the
plant pathogen E. chrysanthemi in its production of extracellular virulence pro-
teins than it is to its fellow gram-negative animal pathogen Y. pestis (or its fellow
fluorescent pseudomonad P. syringae).

A key component in the arsenals of E. chrysanthemi and P. aeruginosa are
enzymes (pectate lyases and proteases) that are produced by many saprophytic
bacteria but are adapted by these organisms for pathogenesis (Jones et al. 1993;
Passapor et al. 1993 and references therein). Both bacteria are capable of two
modes in their attack on eukaryotic hosts. The first is marked by latent or chronic
infection, the second by large bacterial populations, massive production of extra-
cellular degradative enzymes, and destruction of host tissues {IgLewski 1989). The
second mode typically develops in compromised hosts, and in P. aeruginosa
and E. carotovora {and likely E. chrysanthem)) it may also be dependent on a
pathogenic quorum of bacteria, as sensed by autoinducer levels (JonEes et al. 1993;
Passapbor et al. 1993; PirHONEN et al. 1993). Thus, as an activated mob, these
bacteria may vandalize weakened host defenses.

In contrast, P. syringae and Y. pestis appear to attack their hosts by “stealth
and interdiction” of defense communication lines (BLiska et al. 1993). The
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interdiction of defense signaling is the function of at least three of the Y. pestis
Yop proteins (StraLey et al. 1993). Aithough it appears that parasitic stealth is
prerequisite for compatibility and successful pathogenesis by P. syringae, any
interdiction of defense signaling (and the signaling itself) awaits elucidation. In
contrast to the opportunistic pathogens above, P. syringae and Y. pestis can
attack healthy hosts and there are no known guorum requirements for viruience
protein deployment. Instead, they seem to sense the environment of target
niches in the host, as indicated by factors like nitrogen starvation for P. syringae
and low Ca** and high temperature (37°C) for Y. pestis (StraLey et al. 1993). It is
also intriguing that in both animal and plant pathogens, proteins associated with
stealth and interdiction travel the type il pathway, whereas proteins associated
with the mob attack travel the type Il pathway.

Despite these similarities in life-style and virulence protein deployment,
there may be fundamental differences in the primary functions of extracellular
proteins in animal and plant pathogens because of the differing body plans and
defense systems of their hosts. Pathogens finding suitable niches in animal hosts
may have access to organic nutrients, but they are exposed to a variety of
circulating defenses against foreign organisms (Fakow et al. 1992). Conse-
quently, a primary function of virulence proteins must be protection against host
defenses. In contrast, plant pathogens in the intercellular spaces of their hosts
find themselves in an environment that is weaker in defenses but possibly
poorer in nutrients (as discussed in the previous section). Consequently, a
primary need of plant pathogens is more likely to be release of nutrients to the
apoplast rather than protection from active host defenses.

As observed in the classic experiments of Kiement and coworkers (sum-
marized in Table 2), nonpathogenic bacteria introduced into the intercellular
spaces of plants are not rapidly destroyed; they just fail to multiply. In contrast,
incompatible pathogens, which do multiply briefly, elicit the HR. Thus, strong
defense responses like the HR are not triggered by the simple presence of a
microorganism. Rather, itis molecules and activities unigue to parasites that elicit
effective defense. Whereas higher animals have the capacity to recognize
virtually any bacterium as a foreign target for destruction, the active defenses of
plants are informed more specifically by the pathogens themselves. Thus, a
postulated role for harpins in the initial parasitic growth of necrogenic, gram-
negative plant pathogens is consistent with their efficacy in eliciting the HR, and
the involvement of avrgenes in defense recognition suggests that their products
also may serve arole (perhaps subtle) in parasitism. Similarly, the activity of pectic
enzyme products in eliciting other defense responses is consistent with the
expected role of the enzymes in bacterial nutrition.

Keuman (1979) noted that “Plants have evolved in a virtual microbial jungie
surrounded by free-living bacteria with the potential to embrace parasitism. It is
remarkable, therefore, that so very few phytopathogenic bacterial species have
evolved.” We still do not know why saprophytes fail in plants; nor do we know
the range of adaptations that enables pathogens to convert the apoplast into a
suitable niche for colonization. Further understanding of virulence protein
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trafficking should yield insights into the unique needs of bacteria that parasitize
plants.
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1 Introduction

In nature plants are resistant to the majorify of pathogens, and many bacteria live
in close contact with the plant without causing any harm (see chapter by Beatrie
and Linoow in this volume). Among the 1600 different species known in the
bacterial kingdom only a small number (about 80) are plant pathogenic and in
most cases highly specialized with respect to the plant that can be attacked. Only
afew of these species are gram-positive, e.g., Clavibacterssp. and Streptomyces
ssp. In this review | focus on subspecies of the gram-negative genera Erwinia,
Pseudomonas, and Xanthomonas, which comprise the major bacterial plant
pathogens.

To be a successful pathogen the invading bacterium has to overcome the
plant’'s defense. During evolution plant pathogenic bacteria have acquired multi-
ple functions that enable them to colonize and multiply in living plant tissue. In
nature, bacteria enter the plant through natural openings (stomata, hydathodes) or
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wounds. The bacterial armory contains a number of weapons that contribute to
pathogenicity. Obvious examples include degradative extracellular enzymes such
as pectinases, cellulases, and proteases. When the corresponding genes are
mutated, bacterial ability to invade plant tissues is more or less affected depend-
ing on the pathogen, i.e., these functions contribute to and modulate develop-
ment and severity of infection to different extents (see chapters by Dow and
Daniels, and Collmer and Bauer in this volume).

In addition, phytopathogenic bacteria possess a large number of genes
needed for basic pathogenicity. These genes have been operationally defined as
hrp (hypersensitive reaction and pathogenicity; LINDGREN et al. 1986) based on
their mutant phenotype. hrp genes are not only essential for pathogenicity on a
plant, i.e., the ability to cause disease in a compatible interaction, but also for the
incompatible interaction with resistant host varieties or with plants that are not
normally a host for the particular pathogen (so called non-host). The incompatible
interaction is often associated with the induction of a hypersensitive reaction (HR)
in the plant. In contrast to the use of the term hypersensitivity in the animal field,
in plants the HR is a rapid defense response involving localized plant cell death,
production of phenolics and antimicrobial agents, e.g., phytoalexins, at the site of
infection (KLement 1982; Linpsay et al. 1993). The HR results in prevention of
pathogen multiplication and spread and thus in prevention of disease develop-
ment. Under natural infection conditions the HR is microscopically small and can
be induced by just one bacterial cell. Only when bacteria are introduced into plant
tissue at high cell densities’in the laboratory (about 107 colony forming units or
more/ml) is the HR macroscopically visible as confluent necrosis and can be
clearly distinguished from typical disease symptoms. It is important to note
that saprophytic or nonpathogenic bacteria such as Escherichia coli or Pseudo-
monas fluorescens do not induce the HR and are unable to multiply in plant tissue.

2 Isolation of hrp Genes and General Features

hrp genes have been isolated from all major gram-negative plant pathogenic
bacteria except Agrobacterium. There are excellent reviews that describe the
early work or focus more on one particular pathogen (WiLus et al. 1991; BoucHer
et al. 1992). The majority of hrp genes have been identified by complementation
of loss-of-function mutants. Mutants obtained by random chemical (e.g., N-
methyl-N-nitro-N-nitrosoguanidine) or tfransposon mutagenesis of a pathogenic
wild-type strain were inoculated into the host plant and screened for loss of both
the ability to cause disease in susceptible plants and to induce the HR in resistant
host or non-host plants (often tobacco). The second criterion for the isolation of
genes specific for the plant interaction was to ensure that the mutants would still
grow in minimal medium. This way mutants affected in genes for basic
housekeeping functions were eliminated. A third characteristic of all hrp mutants
is that they are unable to grow in the plant.
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The hrp genes were originally described for the bean pathogen Pseudo-
monas syringae pv. phaseolicola. LINDGREN and coworkers (1986) isolated Tn5
induced mutants of P.s. pv. phaseolicola that had lost both the ability to induce
halo-blight disease on bean and the HR in tobacco. Complementation with
cosmid clones from a genomic library of the wild-type strain resulted in isolation
of a cluster of hrp genes localized in a 20 kb DNA region. This was the first
indication that both the ability to cause disease and to induce the HR are mediated
by common steps in a “pathway”.

Since then hrp gene clusters have been cloned from a number of different
bacteria. Examples include Pseudomonas solanacearum (BoucHer et al. 1987;
Fig. 1B), the Xanthomonas campestris pathovars campestris and vitians (ARLAT et
al. 1991), translucens (WaNey et al. 1991), and vesicatoria (Bonas et al. 1991;
Fig.1A), Erwinia amylovora (STeEiNBERGER and Beer 1988; Barny et al. 1990; WALTERs
et al. 1990; Bauer and Beer 1991), and several other pathovars of P. syringae
(e.g., Huang et al. 1988; LiNDGREN et al. 1988; Fig. 1C). In addition, genes with DNA
homology, and in some cases functional homology, have been isolated from
other species, e.g., the so-called wts genes from E. stewartii(CopuiN et al. 1992;
Laey and Beer 1992), and a region containing pathogenicity genes from X.c. pv.
glycines that complement hrp mutants of X.c. pv. vesicatoria (HwanG et al. 1992;
Bonas, unpublished results). Interestingly, nonpathogenic xanthomonads that
were originally isolated from diseased plants as opportunists together with
pathogenic bacteria do not contain hrprelated DNA sequences (StaLL and
Minsavace 1990; Bonas et al. 1991). In Agrobacterium tumefaciens or in strains of
Rhizobium ssp. there seem to be no hrp gene equivalents present (Bonas et al.
1991; Lasy and Beer 1992). This conclusion is based on DNA hybridization
experiments and, of course, does not exclude the presence of genes with
functional homology to hrp genes in these species.

In all of the cases mentioned above, the hrp genes are organized in clusters
of 22-40 kb, and | will restrict most of this chapter to these large hrp clusters. In
addition, several smaller hrp loci have been described that are not linked to the
large cluster present in the same bacterium. These include a region in P.
solanacearum (Huang et al. 1990), the hrpX locus that is conserved in X
campestris pathovars campestris (Kamoun and Kapo 1990; Kamoun et al. 1992) and
oryzae (KaMDAR et al. 1993), and the hrpM locus in P.s. pv. syringae (NigpoLD et al.
1985; MukHOPADHYAY et al. 1988). hrpM is functionally conserved in pathovar
phaseolicola (FELLaY et al. 1991). Besides being nonpathogenic and unable to
induce the HR in tobacco, P. syringae hrpM mutuants are also affected in mucus
production. The hrpMlocus encodes two putative proteins which are similar and
have been shown to be functionally homologous to the products of the E. coli
mdoGH operon (Lougens et al. 1993). The mdoGH genes are required for
periplasmic membrane-derived oligosaccharide synthesis in E. coli. The hrpQ
and hrpT genes from P.s. pv. phaseolicola (MiLLER et al. 1993) will be discussed
later in this chapter.
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3 Structural Organization and Relatedness of hrp Clusters

Genetic studies using transposon-induced insertion mutants in the respective
bacterial wild-type strains revealed that the hrp clusters contain at least six to
eight complementation groups (Fig. 1). Some hrp gene clusters have clearly been
shown to be localized in the chromosome, e.g., in P.s. pv. phaseolicola (RAHME et
al. 1991) and in X.c. pv. vesicatoria (Bonas et al. 1991), whereas in P. solana-
cearum, the hrp cluster is on a megaplasmid (BoucHer et al. 1987).

Striking similarities have recently been found between the hrp genes of
pathogens belonging to different genera. The first indication of homologies came
from Southern hybridization studies. DNA homology was observed among dif-
ferent strains of the same pathovar, as well as between pathovars or strains
within a species, and in some cases also between species. However, the degree
of conservation varies. DNA homology is high within pathovars of a given
subspecies, e.qg., in P. syringae (LINDGREN et al. 1988; Huang et al. 1991) and in X.
campestris (Bonas et al. 1991). The latter studies were recently extended by PCR
using primers based on hrp sequences from X.c. pv. vesicatoria(LETE et al. 1994).
Furthermore, at least some regions of the hrp clusters appear to be conserved on
the DNA level between P. solanacearum and pathovars of X. campestris, P.
syringae, and also to E. amylovora (BoucHer et al. 1987; ARLAT et al. 1991; GougH
et al. 1992; Lasy and Beer 1992). In addition, cross-complementation within a
subspecies indicated a high degree of functional conservation of hrp genes (e.g.,
LiNnDGREN et al. 1988; ArLaT etal. 1991; Bonas etal. 1991; Lasy and Beer 1992). Due
to sequence data it is now becoming more and more apparent that several hrp
genes are conserved in all major gram-negative plant pathogenic bacteria (see
below). Whether there are hrp genes that are clearly pathovar-specific can only be
answered when complete sequence informaticn becomes available for several
hrp clusters.

4 Function of hrp Genes in Xanthomonas campestris pv.
vesicatoria and Other Plant Pathogenic Bacteria

DNA sequence analysis of the Arp genes has revealed some important clues to
their possible biochemical functions. One of the first genes sequenced was a
regulatory gene, hrpS, from P.s. pv. phaseolicola (Grimm and PanorouLos 1989).
This gene as well as hrpB, a regulatory gene from P. solanacearum (GEnIN et al.
1992), will be discussed below in the context of gene regulation.

Since hrp genes are environmentally regulated (see below), it was believed
for a while that they would be encoding “alternative” proteins required for
adaptation of the bacterium to the plant as the preferred environment. The
recently discovered sequence similarities between several putative Hrp proteins
and known proteins from other bacteria, however, led to a very different hypo-
thesis, namely, involvement of Hrp proteins in protein secretion. We have
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sequenced the entire hrp cluster of X.c. pv. vesicatoria. Since most hrp se-
guences from this and other bacteria are not yet published, | will summarize our
results and refer to the other phytopathogenic bacteria as | go along. Based on
genetic analyses and the open reading frames (ORFs) with a high coding prob-
ability we predict 21 hrp genes in the 25 kb hrp cluster of X.c. pv. vesicatoria. Their
transcriptional organization is depicted in Fig.1A. The loci hrpA and hrpB are
transcribed from right to left; the other four loci are transcribed from left to right
(ScHuLTe and Bonas 1992a). According to the locus (hrpA-hrpF) we have num-
bered the ORFs consecutively. The hrpA locus appears to contain just one hrp
gene, hrpA1. The hrpB operon contains eight ORFs, called hrpB7-hrpB8, etc. A
region of about 4 kb between ArpE and hrpF does not seem to be involved in the
interaction with the plant because insertions in this region do not lead to a change
in phenotype (Bonas et al. 1991).

What are the characteristics of the Hrp proteins? It should be noted that,
except for three proteins, expression of the other 18 has yet to be demonstrated
in X ¢. pv. vesicatoria. A number of putative Hrp proteins are most likely asso-
ciated with or localized in the bacterial membrane. For example, the HrpC2
protein sequence contains eight transmembrane domains but lacks a signal
sequence, suggesting an inner membrane localization (FENsELAU et al. 1992). Both
HrpA1 and HrpB3 contain an NH,-terminal signal sequence and one (HrpA1) or
two (HrpB3) transmembrane domains, suggesting that a part of these proteins
might be targeted to the outer membrane. The signal sequence of HrpB3
resembles signal peptidase 1l sequences which are typical of lipoproteins
(FenseLau et al. 1992). Experiments using radioactively labeled paimitate are
underway to test whether HrpB3 is a lipoprotein. Recently, both HrpB3 and
HrpA1 were shown to be localized in the X.c. pv. vesicatoriamembrane fraction
using polyclonal antibodies (S. Fenselau, C. Marie, and U. Bonas, manuscript in
preparation). The HrpB6 protein is a putative ATPase with highly conserved
nucleotide and magnesium binding domains. It is more similar to protein traffic
ATPases than to proton pump ATPases, and the lack of membrane spanning
domains suggests a cytoplasmic location (FEnsELAU et al. 1992).

Searches of the database revealed sequence relatedness of more than half of
the X.c. pv. vesicatoria Hrp proteins with putative proteins in other bacteria,
including different plant pathogens. High DNA sequence identity (more than
90%) was found to a 2.7 kb fragment carrying pathogenicity genes from X.c. pv.
glycines (Hwang et al. 1992). The authors predicted two ORFs, whereas in X.c. pv.
vesicatoria, this region contains three ORFs corresponding to the hrpC3, hrpD1
and hrpD2 genes. Complementation studies indicated that part of the hrp region
is colinear in the two pathovars of Xanthomonas (unpublished).

The deduced amino acid sequences of hrp genes published from
P. solanacearum (GoucH et al. 1992, 1993; Genin et al. 1992) show significant
similarity to X.c. pv. vesicatoria proteins (Table 1; Fig.1). One exception is the
hrpB regulatory gene from P. solanacearum which is not present in the 25 kb hrp
region or in the flanking region of the X.c. pv. vesicatoria hrp cluster as determi-
ned by DNA seguence analysis and hybridization studies (T. Horns and U. Bonas,
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unpublished). Furthermore, several of the proteins mentioned are conserved in
other species (Fig.1), however, the degree of sequence similarity varies greatly
(Table 1). The HrpA1 protein from X.c. pv. vesicatoriais 48% and 29% identical to
proteins from P. solanacearum (HrpA; GoucH et al. 1992) and P.s. pv. syringae
(HrpH; Huang et al. 1992), respectively. HrpC2 from X.c. pv. vesicatoria is even
more conserved, being 66% idential to the corresponding HrpO protein of P.
solanacearum (GouaH et al. 1993), whereas the hrp/genes from E. amylovora (WEi
and Beer 1994) and from P.s. pv. syringae (Huang et al. 1993) both show 62%
similarity to hrpC2 from X.c. pv. vesicatoria. P.s. pv. syringae also contains a
hrpB3 related gene, called hrpY, and a hrpD2 related gene, hrpW (H.-C. Huang,
personal communication). Thus, the high degree of DNA sequence conservation
that was reported earlier (see above) is also seen on the protein level. It appears
that hrp genes in X.c. pv. vesicatoria are more closely related to P. solanacearum
than to P. syringae and to Erwinia. As more and more homologous hrp genes are
found in other bacteria nomenclature might become confusing. However, as long
as the genes have not been shown to be functionally homologous, we will
continue to use these names.

Besides genes that are conserved among the major phytopathogenic bacte-
ria some genes are absent in the hrp region of more distantly related species. For
example, there are no known homologs of the harpin genes hrpN (WE! et al.
1992a), and hrpZ (HE et al. 1993) (see below), and of hrpJ from P.s. pv. syringae
(Huang et al. 1993) in the X.c. pv.vesicatoria hrp cluster (unpublished; see Fig. 1).

Similarities of 50%-60% were found recently between HrpA1 and HrpB3
from X c. pv. vesicatoriaand two putative Nol proteins of Rhizobium frediithat are
encoded by a cultivar specificity region. NolT and NolW mutants have a wider
host range in nodulation of soybean (MenHARDT et al. 1993). In addition, the
authors mention that release of proteins is affected.

Last but not least, Table 1 summarizes the significant sequence similarities
which have been found to proteins from animal bacterial pathogens. A number of
putative Hrp proteins are related to proteins in animal pathogens such as
Salmonella, Shigella, and Yersinia ssp. Since the first similarities found were to
the Ysc, Vir, and Lcr proteins from Yersinia ssp, this group of organisms became
a “role model” for plant pathologists (FenseLau et al. 1992; GougH et al. 1992;
Huang et al.1992). In Yersinia, these proteins are essential for the secretion of
virulence factors, called Yops (Yersinia outer protein; MicHiELs et al. 1990, 1991).
Since they are described in detail in the chapter by G.R. Cornelis, | will mention
only a few important features. The Yops are hydrophilic proteins that lack a typical
NH,-terminal signal peptide, and are secreted by using an entirely different
pathway from that previously described for protein secretion. The genes involved
in secretion are clustered on a 70 kb virulence plasmid. In case of a mutation, e.g.,
in Yscj, the Yops accumulate in the cytoplasm (MicHieLs et al. 1991). Although
their direct role in transport has yet to be demonstrated, it is believed that the Ysc
and Lcr proteins mentioned in Table 1 are parts of a special transport apparatus
for Yop secretion. Similarly, Shigella flexnerisecretes virulence factors, called Ipa
(invasion plasmid antigens), that are distinct from Yops but share the general
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Fig. 2. Hypothetical model of cell signaling between gram-negative bacteria and plants indicating the
proposed function of Hrp proteins as an apparatus for protein secretion. The model has been modified
after FENSELAU et al. (1992). Hrp proteins may form a tunnel that enables the export of molecules such
as virulence factors or avirluence factors leading to either a hypersensitive response (HR) or disease.
These factors could be encoded by hrp genes or genes unlinked to the large cluster. Both types of genes
have been found to encode elicitors of the HR (see text). The secretion of virulence proteins is
hypothetical

features mentioned above (HaLe 1991; and see chapter by Parsor, this volume).
Although S. typhimurium appears to possess a secretion system similar to that
in Shigella, secreted invasion antigens have not yet been identified (Groisman and
OcHman 1993; see chapter by FinLay). As unpublished reports indicate that more
and more genes in the animal pathogens are conserved, the data shown in Table
1 will soon be out of date. Proteins from other bacteria, e.g., E. coli, Bacillus,
Caulobacter and from the mop region in E. carotovora (MULHOLLAND et al. 1993),
have also been found to be similar to Hrp proteins (Table 1). Most of these are
important for the assembly of the flagella, motility, or chemotaxis, again pointing,
in my opinion, to a specialized secretion system rather than an involvement of hrp
genes in chemotaxis.

These observations led us and others to propose a hrp-dependent secretion
system in plant pathogenic bacteria (FENsELAU et al. 1992; GoucH et al. 1992; Van
Gusecem et al. 1993). A model is shown in Fig. 2 and raises certain questions,
e.g., if secretion occurs, what is being secreted by plant pathogenic bacteria? So
far, a few proteins have been identified as elicitors of the HR but there is no
evidence for secretion of virulence factors (see below).
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5 hrp-dependent Secretion of
Hypersensitive Response-Inducing Proteins

5.1 Harpin from Erwinia amylovora

An important feature of the isolated hrp clusters from both E. amylovora and P.s.
pv. syringae is the ability of E. coli or Pseudomonas fluorescens transformants
containing the cloned genes to induce the HR on tobacco (Huanc et al. 1988; Beer
etal. 1991; see below). This has prompted to search for the HR-inducing activity
within the respective gene clusters.

The first bacterial HR-inducing protein identified, designated harpin, is a cell
envelope-associated protein encoded by the hrpN gene of E. amylovora, a
pathogen of pear and apple (WEei et al. 1992a). This harping, is a glycine-rich and
heat-stable protein that induces the HR in the non-host, tobacco. The hroN gene
is localized within the respective hrp cluster and thus has a dual role in also being
required for pathogenicity on the normal host plant. its function in pathogenicity,
however, is unknown. Beer et al. (1993) mentioned in a preliminary report that the
hrpN gene seems to be conserved among Erwinia ssp. but that there is no DNA
homology between hrpN and sequences in the other plant pathogenic bacteria.
Although data described below suggest that the harping, protein might be
secreted via the Hrp secretory apparatus, there is no published information
available that demonstrates this.

5.2 Harpin from Pseudomonas syringae pv. syringae

Using an elegant approach He and coworkers recently have identified harpin,,,,
which is encoded by the hrpZ gene in the bean pathogen P.s. pv. syringae (HE et
al. 1993; see Fig. 1C and chapter by Collmer and Bauer). Lysates of E. coliclones
containing an expression library, made using the cloned P.s. pv. syringae hrp
cluster, were directly screened for HR-inducing activity on tobacco leaves. Two
proteins were identified, one of which was an NH,-terminal deletion of harpin,,,
with even higher activity than the full size protein. Whether or not processing
occurs in natural infection is not clear. Interestingly, two short direct repeats in
the COOH-terminus of harpin,, are essential for elicitor activity. Although the two
harpins harping, and harpin, differ in their primary sequence, they have several
features in common, e.g., a stretch of 22 amino acid that is similar in both proteins
(He et al. 1993). Harpin,, is also glycine-rich and heat-stable. As with harpin, of
E. amylovora, the function of harpin, in pathogenicity is unknown. Its product is
secreted by P.s. pv. syringae in a HrpH-dependent way; HrpH is highly related to
proteins involved in secretion in other plant and animal pathogens {(Huang et al.
1992; see Table 1).
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5.3 PopA from Pseudomonas solanacearum

An HR-inducing protein has been identified and characterized from P. solana-
cearum culture supernatants, called Pop (Pseudomonas out protein; ArLaT et al.
1994). PopA1 and two shorter derivatives, PopA2 and PopA3, induce the HR in
tobacco and in certain, but not all, Petunialines. Like the harpins, the Pop
proteins are also heat-stable and glycine-rich, however, the sequence is entirely
different. In contrast to the harpins, the popA gene is not a hrp gene but is
located outside of the large hrp cluster. Interestingly, expression of popAis hrpB-
dependent, i.e., the gene is part of the hrp regulon. Mutations in popA do not
affect the HR on tobacco or pathogenicity on tomato suggesting that more than
one HR-inducing factor is produced. ArLAT et al. (1994) convincingly showed that
secretion of PopA is dependent on other hrpgenes, such as hrpA, hrpN, and hrpO
(Fig. 1B). If a bacterial strain virulent towards Petuniais found it will be interesting
to see if PopA acts as an avirulence protein in Petunia as has been suggested by
the authors.

These exciting findings prove that certain Hrp proteins of P.s. pv. syringae
and P. solanacearum play a role in transport of HR elicitors (Fig. 2). They also
stimulate more guestions. It needs to be shown that harpins and PopA are in fact
secreted when the bacteria interact with the plant {the hrp genes were induced in
vitro). Are harpins conserved among pathovars of P. syringae? How many
elicitors of the non-host HR in tobacco can be found? Is the mechanism of
recognition in tobacco identical with the Erwiniaand P.s. pv. syringae harpins and
the P. solanacearum Pops?

6 Regulation of Expression of hrp Genes

Expression of hrp genes is controlled by environmental conditions and has been
studied on the RNA level as well as using transcriptional fusions to reporter genes
such as the E. coligenes encoding B-gafactosidase or B-glucuronidase. In general,
expression of hrp loci is not detectable when the bacteria are grown in complex
culture media. However, after growth of the bacteria in the plant, hrp genes are
expressed. Attempts to mimic the conditions that the different bacterial species
encounter in the plant tissue resulted in the finding that growth in minimal media
without any plant-derived factor was sufficient to induce hrp genes. This has led
to the speculation that the bacteria have to experience some kind of starvation
conditions for full expression of hrpgenes. One of the firstindications for hrpgene
expression in vitro, and clearly a breakthrough, was a report on the hrp-dependent
expression of an avirulence gene from the soybean pathogen P.s. pv. glycinea
(HuynH et al. 1989).

Since the composition of minimal media differs depending on the bacterium
studied, the most important findings will be summarized for representative
pathogens. Parameters like carbon source, concentration of organic nitrogen and
phosphate, osmolarity, and pH have been found to be important. High con-
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centration of organic nitrogen generally appears to suppress hrp gene activation.
Only two regulatory genes have been studied so far (see below). Interestingly,
they both belong to different families of regulatory proteins.

6.1 Pseudomonas syringae

Expression of all seven hrp loci in the large cluster of P.s. pv. phaseolicola is
suppressed in complex medium but induced in the plant. Induction occurs in the
susceptible host plant as well as in the non-host, tobacco, suggesting that there
is no plant species-specific molecule involved in control of host range (RaHME et
al. 1992). Five complementation groups, hrpAB, hrpC, hrpD, hrpE and hrpF, can
also be induced in M3 minimal medium containing sucrose as a carbon source,
however, induction is affected by pH, osmolarity, and carbon source, and never
reaches the levels obtained in the plant (Ranme et al. 1992). A similar observation
was made earlier for the avirulence gene avrB in P.s. pv. glycinea. Induction
occurred in a minimal medium containing fructose, mannitol, or sucrose.
Expression of awrB is dependent on hrp genes homologous to hrpRS and hrpL
from P.s. pv. phaseolicola and was suppressed by TCA cycle intermediates such
as citrate and succinate (Huyne et al. 1989). hrp gene expression in P.s. pv.
syringae occurs in the same medium as described by HuynH et al. (1989); (Huang
etal. 1991; Xiao et al. 1992). The authors showed hrp gene induction in the non-
host plant, tobacco, but no data for the host plant. The P.s. pv. phaseolicola loci
hrpL and hrpRS are only expressed to a very low level in M9 minimal medium and
are induced at least 1000-fold when the bacteria are inoculated into the plant. This
led to the conclusion that, at least for expression of hrpL and hrpRS, specific
plant factors might be necessary (RaHME et al. 1992).

6.2 Regulatory Genes hrpRS and rpoN of
Pseudomonas syringae pv. phaseolicola

The results on environmental factors inducing or suppressing hrp gene
expression suggested that specific regulatory genes are involved in the control of
hrp promoter activities. At least two loci are involved in positive regulation of the
other hrp loci of P.s. pv. phaseolicola hrp cluster (FeLLAY et al. 1991). While there
is no information published for hrpL, hrpRS has been sequenced. It contains two
genes whose predicted protein products are 60% identical to each other (GRIMM
and PanopouLos 1989; MiLLer et al. 1993). The Hrp$S protein is similar to members
of the NtrC family of regulatory proteins in gram-negative bacteria. Most NtrC-
like regulatory proteins are members of two-component systems, with a sensor
protein that in turn activates a response element by phosphorylation of a site in
the conserved NH.-terminal domain {ALriGHT et al. 1989). The putative sensor
component operating in hrp gene regulation has not been identified. It is
postulated that HrpS is the activating protein, however, direct biochemical data
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have not been presented. The lack of a typical NH,-terminal domain in HrpS could
indicate that a different mechanism may be involved in HrpS activation.
Apparently, hrpS-related sequences are also present in other bacteria, e.g., in P.s.
pv. syringae (Heu and Hutcreson 1993) and in Erwinia amylovora (Beer et al. 1993).
E. stewartii contains a transcriptional regulator, WtsA, with 52% identity to HrpS
of P.s. pv. phaseolicola. The hrpS clone, however, was unable to functionally
complement a wtsA mutant (FReperick et al. 1993).

The structure of the hrpRS locus and the finding of —24/-12 consensus
sequences upstream of hrpRS indicated a possible role in transcriptional acti-
vation for transcription factor sigma 54, encoded by rpoN (Grimv and PanopPouLos
1989). In a preliminary report, FeLLEY et al. (1991) demonstrated that hrp gene
expression in P.s. pv. phaseolicolais indeed dependent on rpoN. A rooN mutant
of P.s. pv. phaseolicola is a glutamine auxotroph and nonpathogenic. Whether
rpoN is generally involved in regulation of hrp gene expression is not clear. In
X.c. pv. vesicatoria, rpoN is clearly not involved in hrp gene expression
and pathogenicity (T. Horns and U. Bonas, manuscript in preparation).

Recently, MiLLer et al. (1993) have reported the identification of two new loci,
hrpQand hrpT, from P. s. pv. phaseolicola that affect activation of hrpRSin trans.
However, since hrpRS is strongly induced in plants while both hrpQ and hrpT are
constitutively expressed, there must be more factors involved in hrp gene
regulation. Strains carrying mutations in either hrpQ or hrpT are amino acid
auxothrophs {(methionine and tryptophan). hrpQand hrpTare probably involved in
methionine and tryptophan- biosynthesis, respectively (MiLLER et al. 1993). As
stated above, such mutants would normally have been eliminated from the hrp
mutant analysis.

6.3 Conserved Sequence Boxes in Pseudomonas syringae

A conserved sequence, the so-called harp box (TG(A/C)AANC, FeLLay et al. 1991),
upstream of four Arplociin P. s. pv. phaseolicola, was suggested to be involved
in positive regulation of expression. Similar motifs were described for the
promoter regions of several P. syringae avirulence genes, the expression of
which is dependent on hrpARS and on rpoN (HuynH et al. 1989; SaLmERoN and
Staskawicz 1993; INnes et al. 1993; SHen and Keen 1993). These studies led to a
revised ‘harp’ box sequence (GGAACCNA). Its significance in protein binding has
not been shown but avrD promoter constructs lacking the harp box are no longer
inducible {SHen and Keen 1993). A harp box-related motif was also found upstream
of transcription unit 3 in P. solanacearum (GoucH et al. 1993).

There is no harp box sequence in Xanthomonas hrp gene promoters. Another
sequence motif that occurs in the promoter region of hrp loci in X ¢. pv.
vesicatoria was recently identified. This “PIP” (plant-inducible promoter) box
has the sequence TTCGC-N15-TTCGC and occurs upstream of the -35
consensus sequence in four out of six hrp promoters (S. Fenselau and U. Bonas,
unpublished). Experiments are underway to test whether this is a protein
binding motif.
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6.4 Xanthomonas campestris

Expression of hrp genes in X. ¢. pv. campestris was determined after growth in
vitro and found to be induced in a minimal medium with sucrose and/or fructose
as carbon source. No expression occurred in complex media or with high
concentrations of organic nitrogen (ArLat et al. 1991). In X. c. pv. vesicatoria,
expression of the six hrp loci is induced in the plant but cannot be efficiently
induced in the synthetic media tested so far. However, culture filtrates of sterile
tomato cell suspension cultures (called TCM) induced expression of the six hrp
loci in X. c. pv. vesicatoria whereas the basal Murashige-Skoog culture medium
did not. The inducing factor(s) could only partially be purified from TCM and was
found to be smaller than 1000 dalton, heat-stable, organic, and hydrophilic
(ScHuLTe and Bonas 1992a). De novo transcription of all hrp loci occurs rapidly
within 1 h after transfer of the bacteria into TCM (S. Fenselau and U. Bonas,
unpublished). A minimal medium was designed which would not suppress hrp
gene induction. This medium, called XYM1, induces the hrpF locus (Fig. 1A) to
high levels and differs from the other media described above, in particular by its
low concentration in phosphate. Both sucrose and methionine are needed for
efficient induction. It is not known whether a plant factor is necessary for
activation of the other hrp loci, or if the XVYM1 medium still lacks components or
contains them in suppressing amounts (ScHuLTe and Bonas 1992b).

6.5 Erwinia and Pseudomonas solanacearum

The hrp genes of Erwinia amylovora are rapidly induced in the non-host, tobacco,
and more slowly in the host, pear. Several loci were induced in minimal medium
with mannitol as a carbon source. Induction was suppressed by high concen-
trations of nitrogen and by glucose and was slightly temperature dependent (Wei
etal. 1992b).

In P. solanacearum, the hrp cluster wes also induced in host and in non-host
plants, as well as in minimal medium. The best carbon sources for induction of
four of the six transcription units were pyruvate and glutamate while, as in other
bacteria, casamino acids suppressed induction (ARLaT et al. 1992). The two
rightmost hrptranscription units (5 and 6; Fig. 1B) are constitutively expressed but
can be induced under certain conditions (GENnIN et al. 1992).

The only other gene reported to regulate hrp gene expression is hrpBfrom P.
solanacearum. The gene is part of the hrp cluster and appears to be a member of
the AraC family of positive regulatory proteins. Interestingly, hrpBis related to virF
of Yersinia (CornELIs et al. 1989; GenIN et al. 1992). The hrpB gene positively
regulates four of the six hrploci, as well as the popA locus, located outside of the
hrp cluster which encodes a protein secreted in a Hrp-dependent way (see above;
ArLaT et al. 1994). Whether the HrpB protein binds directly to hrp promoters is not
yet known.

At this time one can only speculate whether the regulatory systems for hrp
gene expression employed by P. solanacearumand P. syringae are really different
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or whether there is a global regulatory network thus allowing the fine tuning of
gene expression in response to environmental cues. In conclusion, most hrp loci
from different bacteria are inducible in a particular minimal medium. At this time
it cannot be ruled out that stimulation of hrp gene expression involves specific
plant factors as was described for the virulence genes of Agrobacterium (Winans
1992). Since the composition of the nutrients available to the pathogen in the
plant is not known one can only speculate that the conditions described above
reflect the situation in the plant. It is noteworthy that the in vitro culture will only
mimic the dynamic nutritional situation that bacteria experience in their inter-
action with a plant for a short time. In mammalian bacterial pathogens, the
expression of genes involved in virulence is also regulated in response to
environmental cues rather than to specific host molecules. This subject has been
reviewed recently (MekaLanos 1992 and in accompanying chapters), and | will only
mention some important factors. In Yersinia, the virand lcrgenes are regulated by
low calcium (low calcium response genes; STraLeEy et al. 1993) and by
temperature (CorneLis et al. 1989; see chapter by CornELs). A calcium effect has
not been described for any plant bacterium. In our laboratory no effect of calcium
on hrpF gene expression in XVM1 was observed (Schulte and U. Bonas,
unpublished). Expression of invA of S. typhimurium of the mxi and ipa genes of
Shigellais affected by osmolarity and the later genes also by temperature (GALAN
and CurTiss 1990; HaLe 1991).
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1 Action at the “Pathogenic Cusp”

The previous chapters have discussed how phytopathogenic bacteria can sense
and respond to conditions present in a variety of microenvironments: soil, water,
plant cell surfaces, and intracellular spaces. The switch from epiphyte to patho-
gen is apparently accompanied by fundafnental reprogramming of gene activity
and attendant function, as evidenced by induction of hrp genes and subsequent
production of various virulence and pathogenicity factors, some of which are host-
specific, some not. This reprogramming switch between epiphytic and patho-
genic growth strategies, “the pathogenic cusp” {DancL 1994), is the point at
which not only the potential pathogen but also the host first sense and respond to
each other. A successful plant defense response should be based on surveillance
and interdiction before the pathogen has a chance to establish production of the
armory of factors which determine successful colonization of that host. It is
incumbent on each potential plant host, then, to evolve mechanisms to recognize
some factor, preferably one produced at this pathogenic cusp, and to base
resistance strategies on early recognition. Thus, an evolutionary tug-of-war is
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begun: plants evolve to “recognize” a particular isolate of a particular pathogen;
variants arise in the pathogen population which are no longer recognized; variants
arise in the host population which recognize the new pathogen variant, and the
familiar game is afoot. This scenario has apparently given rise to systems of plant-
pathogen interactions explained genetically by the now well established “gene-
for-gene” hypothesis (reviewed in CruTe 1985; DancL 1992; ELLINGBOE 1981; FLOR
1977; GasrieL and RoLre 1990; Keen 1990; Keen and Staskawicz 1988). During plant-
microbe interactions of this sort, the products, either direct or indirect, of
pathogen avirulence (avr) genes trigger a successful host resistance reaction
through the action of the product of a particular host resistance (R) gene. These
interactions are thus allele-specific: each partner is defined only by the
simultaneous presence of the other. The complexity of resistance loci defined
genetically is astounding and the paucity of knowledge regarding their structure
and function is beginning to be resolved, as evidenced by the recent cloning of the
first plant resistance gene of this class (MarTIN et al. 1993). In contrast, a plethora
of avirulence genes from pseudomonads and xanthomonads have been cloned,
as discussed in the remainder of this review.

As detailed below, bacterial avr genes obviously restrict the number of
colonizable plant genotypes within a particular host species. As well, nearly all avr
genes negatively effect bacterial host range on plant species beyond their
nominal host (that from which they were isolated). Since they have a negative
effect on pathogen fitness on hosts capable of recognizing their activity, why do
avr genes persist in bacterial populations? What is the mechanism of avr gene
action? They must serve a positive function at some stage in the bacterial life
strategy, but clear roles as virulence or pathogenicity factors have been ascribed
to only a miniority of avr genes. Are they required during epiphytic growth? Are
they structural triggers of plant resistance, or are they enzymes whose products
elicit plant resistance responses? How do they stimulate plant resistance
responses, and is that stimulation related to the primary role of the avr gene
product, oris it a serendipitous function? Although our current answers to these
questions are sketchy at best, | will’attempt to highlight some key findings
bearing on them.

2 Avirulence Genes as Determinants of Host Range
Both Within and Across Species

Avirulence genes have been largely defined via their ability to functionally convert
a previously virulent bacterial strain to avirulence on a particular genotype (culti-
var) of the test plant used in the assay. They are typically identified and cloned by
gain of function assays: A conjugative cosmid library is constructed from a
bacterial strain proposed to carry a particular avrgene (defined via interaction with
a particular host cultivar proposed to carry the corresponding resistance gene);
single cosmid clones are conjugated into a strain which is, in contrast, virulent on
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the same test cultivar; transconjugants are tested for the ability to trigger a
resistance reaction on the test cultivar (Staskawicz et al. 1984). It is a key tenet of
the gene-for-gene hypothesis that the conversion of the recipient strain's
phenotype from virulent to avirulent is plant genotype-dependent: an avr gene
should not effect virulence on other cultivars which lack the corresponding
resistance gene. Thus, avr genes are defined only in the context of a particular
host plant for the virulent recipient bacteria, and in a manner potentially
independent of their primary role in the bacteria. Over 30 avr genes have been
identified in this manner (Tables 1, 2). Other than the two examples discussed in
detail below, the deduced amino acid sequences of avr genes give no clue as to
either their function or to how they trigger resistance on appropriate plant
cultivars. Most encode proteins of between 20-100K M, that are hydrophilic, have
no obvious transmembrane or signal sequence (with one potential exception, see
Parker et al. 1993), and are not detected as secreted products in media.
Avirulence genes not only limit bacterial host range within a host plant
species; rather, many are also genetically dominant determinants limiting the
host range of phytopathogenic bacteria on muitiple plant species (Tables1, 2).
This was first demonstrated in two sets of seminal experiments (KosavasH et al.
1989; WHaLEN et al. 1988). In the first, WHALEN et al. (1988) identified the avrRxv
gene from Xanthomonas campestris pv. vesicatoria, a tomato pathogen, that
rendered otherwise virulent pathogens of bean, soybean, cowpea, alfalfa, corn
cotton, and tomato avirulent on these plant species. The implication is that each
of these species contains one or more “novel” R gene specificities recognizing
this avr function. Segregation analysis in bean and tomato, in fact, support this
notion (WHALEN et al. 1988, 1993). In the other series of key experiments, three
genes, avrD, avrE, and a second allele of the previously identified avrA gene
(Staskawicz et al. 1984, 1987), were cloned from a Pseudomonas syringae pv.
tomato isolate via their avirulence in a soybean pathogen (KosavasHi et al. 1989).
At least avrD, and probably avrE as well, define novel resistance specificities in
soybean {Keen and BuzzeLL 1991; Lorane and Keen 1994). Subsequent analyses in
other bacterial pathovar-plant species combinations strengthen the idea that avr
gene activity can play a major role in restricting the host range of phytopathogenic
bacteria (DanGL et al. 1992; DeBener et al. 1991; INNes et al. 1993a,b; JENNER et al.
1991; RiaTeER and Danct 1994; Vivian et al. 1989; WHALEN et al. 1991). These
fascinating results suggest that what has been traditionally called “non-host”
resistance may be simply the additive effects of many, simultaneously acting,
gene-for-gene interactions. This is of potential practical importance, since
definition of resistance specificities in model plant species, like Arabidopsis and
tomato, may reflect the existence of molecular homologs useful in crop species
(reviewed by DanGL 1993a,b). This idea has led to the identification of avrgenes
not in the traditional way of screening plant genotypes within a pathogen host
species, but instead by specifically searching for host range restricting genes
(Woop et al. 1994; YuceL and Keen 1994b). It is important to note that this finding
is not limited to bacterial pathogenes, as has been clearly demonstrated by
analyses in two fungal pathosystems (Tosa 1989; VaLenT et al. 1990). It has also
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been demonstrated that nod factors can also function as dominant determinants
of Rhizobium host range (e.g., FAucHER et al. 1989; see chapter by McKHann and
HirscH, this volume). As HeatH (1991) has discussed, this principle might help to
explain the evolution of race-specific resistance within a species, and how those
systems can result in race-specific recognition of a particular avr gene by nominal
non-host plant species.

3 Virulence Functions of Avirulence Genes

If avr genes serve only negative function (restricting host range), why do they
persist in bacterial populations? Positive functions in virulence have been de-
scribed for only a handful of avrgenes. This is typically accomplished via marker-
exchange mutagenesis of the avr gene and subsequent analysis of effects on
pathogen fitness in vitro and on both previously resistant and susceptible hosts.
If there is aloss of fitness on some or all previously susceptible hosts, and no gain
of virulence on previously resistant cultivars, the avr gene product is also a
virulence factor. Alternatively, there is one example of identification of a virulence
factor in a gain-of-function assay via conjugation of cosmids from a virulent strain
into an attenuated pathogen (the pthA gene of Xanthomonas citri, see below;
Swarup et al. 1991, 1992). B

In light of the previous discussion of avr genes as host range determinants,
one could also predict that a particular avr gene might encode a determinant of
virulence on plants within the strain’s normal host range (host-specific virulence);
or it might encode a function generally required by each strain carrying it on any
potential host. The only example of the latter is the awrBs2 gene from X
campestris pv. vesicatoria (KEARNEY and Staskawicz 1990; Minisavace et al. 1990).
This gene is probably required for normal bacterial growth, as itis present in every
isolate of X.c. pv. vesicatoria (over 500 analyzed), and several isolates of other X.
campetris pathovars (KEAaRNEY and Staskawicz 1990). Both a spontaneous mutant
of avrBs2in a X.c. pv. vesicatoria strain (tomato pathogen) and a marker-exchange
mutant of this gene in a X.c. pv. alalfae grew poorly on susceptible hosts. As well,
this fitness reduction was overcome by conjugation of the cloned avrBs2 gene
into each mutant (KearnEy and Staskawicz 1990).

Although not directly relevant to an understanding of avr gene function, it is
important to note that the corresponding resistance gene in pepper, Bs2, has
never been “overcome.” Lack of mutation at awrBs2, which would be uncovered
in the field as a loss of recognition by the corresponding Bs2 R gene and
subsequent disease outbreaks, supports the notion that avrBsZ2 is indispensible
for bacterial fitness. This is in contrast to the Bs7 gene in pepper, which is
rendered irrelevant by frequent insertion of a transposon into the corresponding
avrBs1 gene, leading to virulence of such strains on Bs7 containing pepper
cultivars (Kearney et al. 1988; RonaLD and Staskawicz 1988; SwansoN et al. 1988).
Thus, the avrBs1 gene is apparently dispensible in strains which carry it.
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A few examples also exist of genes first identified via avr function which in
addition also serve as host-specific virulence factors quantitatively affecting
pathogen fitness (Tables 1, 2). The examples are the avrE gene from P. syringae
pv. tomato{LoranG and Keen 1994; LoraNG et al. 1994) and the avrRpm 1 gene from
P.s. pv. maculicola (Rirter and DancL 1994), as well as the pthA gene from X. citri
(Swarup et al. 1991, 1992) and the highly related avib6 gene from X.c. pv.
malvacearum (De Fevier et al. 1993).

The avrE gene (Table 1) was recently identified in P.s. pv. tomato, and it is
noteworthy that this activity is encoded by two tightly linked transcripts. The
particular strain from which avrE was cloned is also the strain used previously by
Keen and coworkers to isolate avrA and avrD (KoavasHi et al. 1989, 1990), and also
contains a functional allele of the avrPto gene, originally cloned from another P.s.
pv. tomato strain (RonaLp et al. 1992). Each of these avrgenes is known tointeract
with a soybean R gene (Keen and BuzzerL 1991). Thus, Loranc et al. (1994)
undertook to mutagenize all four of these genes, singly and in combination, in
this strain and to ask if the resulting bacteria were still pathogenic on tomato. As
well, they assayed the interaction of these mutants with soybean. They found
that mutations in avrE lowered the ability of low doses (10 cfu/ml initial titer) of
bacteria to grow and cause disease symptoms on tomato. This reduction in
virulence was overcome with higher inoculum (6 x 107 cfu/ml; well above
anything that would be encountered under field conditions!). The cloned avrE
gene transconjugated into the avrE deletion mutant strain restored full virulence.
A similar, but very slight, efféct was reported for avrA. These data argue strongly
that avrE function is required to establish infection in tomato, but that it is not
necessary for symptom production if large numbers of bacteria are inoculated
into tomato tissue. Moreover, this virulence function is apparently strain-
dependent, since mutation of a functional avrE allele in another P.s. pv. tomato
strain had no effect on in planta bacterial growth on tomato (LoranG and Keen
1994; Lorang et al. 1994). It is also worth mention that single mutation of any one
of the four avr genes did not result in loss of recognition by soybean. Yet
construction of a triple mutant lackingavrA, avrD, and awrE gave rise to a strain
incapable of either growth on a single soybean cultivar or triggering a resistance
reaction on that same cultivar. This is consistent with the hypothesis that parallel
action of multiple gene-for-gene interactions (in this case three) is responsible for
at least some non-host resistance reactions in plants. Importantly, however, the
P.s. pv. tomato strain mutated in these three host range determinants is still
incapable of growth on the non-host soybean, showing that the absence of host-
specific virulence functions also limits host range.

A similar role in virulence has been ascribed to the avrBom1 gene from P.s.
pv. maculicolaon Arabidopsis (RiTTeEr and DancL 1994). We showed that a marker-
exchange mutant in avrRpm 1 was no longer virulent on any of three susceptible
Arabidopsis accessions, and was also incapable of triggering a hypersensitive
reaction on resistant accessions. As with avrE, the requirement for avrRom1
function in virulence seems to be during establishment of infection, as high titer
inoculation results in disease symptoms and in planta bacterial growth on
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susceptible hosts. Since avrRpm1 is present in only a few of over 20 tested
isolates of P.s. pv. maculicola (Danct et al. 1992), and since several of the isolates
lacking it are pathogenic on Arabidopsis (DanGL et al. 1992; Desener et al. 1991), it
is apparent that combinations of virulence factors, some probably redundant, can
operate in a strain on a particular host. This point is reinforced by two findings:
first, as discussed above, deletion of avrE in one strain affects that strain’s fitness,
but a similar deletion in a second strain has no effect on virulence; second,
mutation of the avrRpm1 allele avrPpi2 in P.s. pv. pisi has no effect on virulence
(A. Vivian, personal communication). Since many avr genes are plasmid borne
(Tables 1, 2), it is not surprising that combinations of avr functions (and any
attendant fitness or virulence functions) are mixed and matched in the bacterial
population. If one assumes a positive role for most or all avrgenes at some point
in the infection process, and if additive or redundant mechanisms govern
virulence, then it is also not surprising that some avr genes are apparenity
dispensible, or not broadly dispersed.

Two members of the fascinating avrBs3 family (Table 2; discussed in detail
below) have been shown to also act as virulence factors. The pthA gene from X.
citriwas, in fact, first identified functionally via its ability to enhance the virulence
of a weakly pathogenic X. citremulo strain on its nominal host, grapefruit (Swarup
et al. 1991, 1992). When pthA is mutated in X. citri, the resultant strain loses
pathogenicity completely on grapefruit. The pthA gene also encodes cultivar-
specific avirulence when conjugated in X.c. pv. malvacearum and tested on
cotton. Thus, pthA encodes a function that acts as an avirulence gene in X.c. pv.
malvacearum, a virulence factor in X. citrumelo, and a required pathogenicity
factor in X. citri. Another member of the highly related avrBs3 family, the avrb6
gene from X.c. pv. malvacearum, acts as a host-specific patho-genicity factor in
that it confers the ability to cause disease symptoms (water soaking) on cotton
onto strains normally incapable of doing so, and it is required for maximal
symptom formation (De Fevter et al. 1993). Oddly, its presence does not render
growth capability on the recipient strain tested.

The fact that most avr genes seem to have no role in pathogenicity or
virulence suggests, among other possibilities, that our infection assay systems
might bypass the stage in the normal plant-microbe interaction at which these
gene products are required. For example, one could imagine that the avr gene
products encode functions required at the switch point between epiphytic
bacterial growth on the plant surface and interceliular growth as a pathogen. This
stage of the interaction is often not assayed during hand or vacuum infiltration
experiments. New assay systems for epiphytic fitness, as described in the
chapter by Beattie and Lindow, will potentially help to establish when and how avr
genes exert a positive influence in the infection process.
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4 Regulation and Organization of Avirulence Genes

Consistent with the idea that avrgenes do have an as yet nebulously understood
role in virulence, nearly all are transcriptionally induced in environments represen-
tative of plant intercellular spaces. Two points are germane to discussions of avr
gene regulation: First, to date, delivery of all avr functions is dependent on
structural integrity of the hrp secretory apparatus (see chapters by Bonas, and by
Couimer and Bauer, this volume). This supports the idea that avi-dependent
elicitors of plant response are produced and that they reach the intercellular space
via secretion through the hrp pathway. Second, it appears that the hrp transcrip-
tional regulators hrpS and hrpl are required for transcription of many, if not all, P.
syringae avrgenes (HuynH et al. 1989; INNEs et al. 1993a; SaLMERON and STASKAWICZ
1993; SHeN and Keen 1993). These analyses have been carried out in P. syringae
systems, and our understanding of avr gene transcription in X. campestris is
confounded by the fact that no hrp gene has been identified with the structural
features of a transcriptional activator, and by the finding that avrBs3is transcribed
in a hrp-independent manner (Knoop et al. 1991).

A shift from rich to minimal media induces transcription of a number of avr
genes from various P. syringae pathovars. The level of induction is variable, but
hovers around 30- to 100-fold for several genes. Induction is maximal in minimal
media containing sugars such as fructose and sucrose, or sugar alcohols such as
mannitol. A further boost in transcriptional activity, again around 30- to 100-fold,
has been observed in planta for awrB, avrPto, avrD, and avrRpm1 (HunH et al.
1989; INNES et al. 1993a; SaLmeron and Staskawicz 1993; SHEN and Keen 1993).
Rirter and DancL (1994), however, showed that only minimal media, without any
sugar source may be sufficient to induce transcription of avRom1, but that
maximal transcriptional activation requires a sugar such as fructose or sucrose. In
all cases, avrtranscriptional activity is maximal within the first & h after infiltration
into leaves. As well, there is no differential avr expression resistant compared to
susceptible plant cultivars. It is notéworthy that these examples are from
experiments in soybean, tomato, and Arabidopsis, suggesting that the inter-
cellular milieu of plant leaves, rich in sucrose and with a pH of around 5.5, is
generally inductive for P. syringae avr gene transcription. It is also important to
note that this pH, as well as osmotic conditions, the relative absence of nitrogen
sources, and the presence of certain sulfur compounds, is critical to activate hrp
gene transcription (see chapter by Bonas, this volume). Thus, whether the hrpS
and hrpl requirements for avr promoter activity are physically direct or indirect,
and whether there may be additional modes of regulation for some avr genes,
establishment of bacterial growth in leaf intercellular spaces clearly includes early
activation of avr gene activity.

Sequence comparisons and promoter analysis have defined two cis-acting
DNA sequences in avr genes from P. syringae (INNEs et al. 1993a; SHen and Keen
1993). The so-called "harp box”, first noted upstream of hrp genes by FeLLAY et al.
(1991) (see chapter by Bonas, this volume), has been recently expanded
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(consensus 5'T/G-G-G-A-A-C-C-N, ;5 ,,,C-C-A-C) and shown to be essential for
avrD transcription via block mutation analyses (SHen and Keen 1993). Interestingly,
these authors also identified a consensus ¢ binding site in the avrD promoter (no
other avr gene has been shown to contain this site). Although no evidence for
direct DNA-binding activity for hrpS on avr genes promoters exists yet, it should
be remembered that hrpS is a member of the ¢ requiring ntrC family of
transcriptional activators. Consistent with a role for a 6*-like factor for at least
avrD transcription, SHEN and Keen (1993) also showed that avrD expression is
abolished in an ntrA mutant of P.s. pv. phaseolicola. Whether this strategy of
transcriptional activation is generally applicable for avr genes from P. syringae
awaits further clarification of the function of the HrpL protein, the regulatory and
structural relationship between hrpS and hrplL and demonstration of a direct role
for either of these proteins on avr gene promoters.

A consistent, though still partially speculative, model regarding
early regulatory events at the pathogenic cusp thus begins to emerge. Environ-
mentally mediated induction of hrp genes upon migration of bacteria into inter-
cellular spaces in turn leads to activation of a regulon of virulence functions,
among them the genes identified through their avirulence activity. One could
imagine isolation of genes in this regulon through use of DNA probes for the harp
box, or via transposon mutagenesis searches for hrpS-dependent transcription
units and subsequent sequencing. Under the assumption that such functions are
hrp-linked, the latter approach has already led to the identification of three hrp-
linked transcription units, one encoding avrE (LoranG and Keen 1994).

Is there a pattern to the physical locations of avr genes that is informative for
their role during infection? Tables 1 and 2 show that many are plasmid encoded,
and now there are examples that are hrp-linked on the chromosome. The
importance of plasmids carrying virulence factors and other determinants of
pathogen fitness is a recurrent theme throughout bacterial pathogenesis and has
been demonstrated repeatedly for plant pathogens (for example BoucHer et al.
1988; KeArNEY et al. 1988; Swanson et al. 1988; Bavage 1991). It is very intriguing
that the avrBs3family of genes are borne on a self-transmissible plasmid and that
some are flanked by insertion sequences (Bonas et al. 1989, 1993; De Fevter et al.
1993; Horkins et al. 1993). As well, in X.c. pv. malvacearum, several copies
of avrBs3-like sequences are tightly linked, suggesting that local transposition
and/or recombination can give rise to new family members, encoding potentially
new avr functions (De Feyter and GaBrieL 1991; see also below). For other avr
genes, no correlation exists between plasmid or chromosomal location and, for
example, a demonstrated role in virulence. The variety of plasmid-associated avr
genes and the conserved regulatory mechanisms of avr genes independent of
location suggest that their dispersal is probably important in some component of
bacterial fitness.

The interplay between various plasmid-borne functions and avirulence func-
tions has recently been highlighted by the findings of Vivian and colleagues
(MouLton et al. 1993). They showed that transfer of RP4 or IncP1 replicons to
either of two P.s. pv. pisistrains resulted in alterations in the structure of resident
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plasmids which were clearly associated with changes in interactions with pea
plants. Most strikingly, these experiments suggest that the acquisition of an
identical nove! avrgene activity on pea in variants of both strains was dependent
on loss of a plasmid-borne suppressor of that avr activity. Suppressors of avr
function have also been demonstrated in several fungal pathogens. These genes
would provide a mechanism by which the normal role of an avr gene might be
retained by the microorganism, but the serendipitous recognition of that function
by the plant cell masked.

5 Modes of Avirulence Gene Action

We remain, sadly, very naive regarding not only the mechanism(s) by which avr
genes function positively in plant-microbe interactions, but also concerning the
way in which they trigger plant resistance responses. The “elicitor-receptor
mode!” (GaerieL and RoLre 1990; Keen 1982) suggested that the avr gene product
would interact with the R gene product to trigger resistance. As discussed below,
elegant work in two avr gene systems suggests that this is partially correct. The
first example for which a clear consensus emerged, the avrD gene from P.s. pv.
tomato, necessitated a slight modification of the simplest elicitor-receptor model
to allow that an “indirect” product of an avr gene could trigger resistance. The
second example, less clear, but fascinating specifically because of its
fundamental difference to avrD, is the gene family of structural homologs related
to the avrBs3 gene from X.c. pv. vesicatoria. As detailed below, it may be that the
different members of this family interact directly with the plant cell, although in
an as yet mysterious manner.

5.1 The avrD Elicitor

As alluded to above, the avrD gene was isolated from P.s. pv. tomato via
conjugation of cosmids into an isolate of P.s. pv. glycinea which was virulent on
several soybean cultivars (KosavasHi et al. 1989). Subsequently, Keen and BuzzeLL
(1991) showed that the avrD gene function defined a new resistance soybean R
gene specificity, Rpg4. Interestingly, overexpression of avrD in Escherichia coli
leads to accumulation of low molecular weight compounds in the culture
supernate which is sufficient to trigger a hypersensitive response specifically on
soybean cultivars carrying Rpg4 (Keen et al. 1990). Moreover, response to this
“elicitor” compound cosegregates with resistance to P.s. pv. glycinea strains
carrying the avrD gene (Keen and BuzzeLL 1991). Recently, two nearly identical acyl
glycoside structures for the avrD elicitor have been proposed, and they have been
dubbed syringolides 1 and 2 because of their structural similarity to molecules
from Streptomyces species known to be inducers of sporulation and antibiotic
production (MipLanD et al. 1993; SmiTH et al 1993). Thus, the avrD gene probably
encodes an enzyme, and a product of its enzymatic activity is the avrD elicitor.
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Several alleles of awrD have been cloned and sequenced in an effort to
understand how its structure determines production of the avrD elicitor (KoBavasHi
etal. 1990a,b; YuctL and Keen 1994b). These experiments were motivated by the
isolation of a highly homologous allele of avrD from P.s. pv. glycinea (86 % amino
acid identity) that does not function as an avr gene (KosavasHi et al. 1990b).
Chimeric avrD proteins were constructed from an active allele cloned from P.s.
pv. tomato and the inactive allele from P.s. pv. glycinea, and components of avrD
protein stability were localized to the carboxyl portion of the protein.

Three further alleles have recently been characterized (Table 1; YuceL and
KEen 1994b). Two come from one strain of P.s. pv. lachyrmans, and the third from
P.s. pv. phaseolicola. All avrD alleles are plasmid-borne, and the alleles from P.s.
pv. lachyrmans reside on two different plasmids. The deduced amino acid
sequences of all five alleles allowed YuceL et al. (1994a) to propose two homology
groups. The two alleles from P.s. pv. lachyrmans are in different groups,
suggesting relatively recent independent acquisition by this strain of the plasmids
carrying them. As well, the avrinactive allele is present in a homology group with
two different, active alleles. Five amino acid substitutions are all that separate
avr-inactive from the avr-active alleles within this homology group, and YuceL and
Keen (1994a) recently showed that three of these residues are required for avrD
function via site-directed mutagenesis. Another contextual motif of six amino
acids, differing between homology groups, may influence avrD activity in
combination with those absolutely required for activity. Finally, YuceL et al.
(1994b) have shown that alleles from the two homology groups produce
idiosyncratic syringolides when expressed in E. coli. Within one homology group,
avr-active and avr-inactive alleles produce the same HPLC profile of syringolide-
like compounds. Two points emerge from this analysis: first, relatively low protein
stability and consequent low production of avrD elicitor probably explain the
inactivity of the P. s. pv. glycinea avrD allele, as originally suggested by KoBavasHi
et al. (1990b). Note that this lowered activity may not impinge on the normal role
of awrD in P.s. pv. glycinea. Second, slight structural variations are probably
allowed in the avrD elicitor with respect to recognition by the soybean Rpg4gene.
Alternatively, closely linked R gene specificites at Apg4 may be responsible
for recognition of structural variants of the avrD elicitor. At a minimum, these
recentanalyses establish that the avrD gene probably functions as an enzyme and
that different alleles of this enzyme discriminate between fatty acid derivatives
differing by two carbon atoms (YuceL et al. 1994b). The parallels here to fatty acid
chain decoration of nod factor backbone structures as one determinant of
Rhizobium host range are striking.

5.2 The Structural Conundrum of the avrBs3 Gene Family
If the probable role of the avrD gene product in triggering plant resistance

reactions is enzymatic and indirect, the avrBs3 family represents an example of
an avr gene product whose structural features are suggestive of a direct inter-
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action with the plant. The paradigmatic member of this family was cioned from
X.c. pv. vesicatoria and shown to encode a bizarre structure of 17 repeats of 34
amino acid residues each (Bonas et al. 1989). Each of the repeat units contains a
two amino acid “variable region,” and the number of naturally occurring repeat
units can vary (from 14 to 23 in the X. c. pv. malvacearum clones, De FevTer et al.
1993). Homologous sequences are found in many additional X. campestris
pathovars and in X. oryzae (Bonas et al. 1989; Dt Fevter et al. 1993; Horkins et al.
1993). A family of six avr genes from X. ¢. pv. malvacearum, at least three avr
genes from X. o. pv. oryzae, and an additional avr gene from X.c. pv. vesicatoria
are all highly related to avrBs3 (Bonas et al. 1993; CanTeros et al. 1992; De FeYTeR
and GaBrieL 1991; De FevTer et al. 1993; Hopkins et al. 1993). It is not known if all
avrBs3 homologs have avirulence activity, since not all have been cloned and
tested. Note, however, that at least two members of this family have been shown
to encode virulence functions on susceptible hosts (discussed above; see Table 2).

The most bemusing aspect of this gene family was uncovered by Hersers et
al. (1992), who demonstrated that the specificity of plant recognition of avrBs3
can be changed by altering the number of repeat units. They showed that deletion
of different numbers of repeats could, in fact, give rise to avr genes now
interacting with the “recessive allele” of the Bs3resistance gene in pepper! They
also created deletion derivatives capable of triggering a plant resistance reaction
on another host, tomato. The overall number of repeats does not seem to define
the particular avr specificity, and it seems that the “variable region” sequences
are combinatorially responsible for the new specificities (at least two complete
repeats are necessary for any activity of avrBs3). The avrBs3 gene therefore may
encode a product which interacts directly with the plant, although other models
are possible. Recent comparison of the avrBs3-2 (or avrP) allele, active on tomato,
with avrBs3 derivatives that are also active on tomato did not aliow deduction of
pepper- or tomato-specific structural motifs (Bonas et al. 1993). In contrast to
avrBs3, which apparently requires non-repeat unit sequences at both amino and
carboxy termini, a series of carboxy truncations of the avrBs3-2 allele containing
more than two complete repeat urits retains function. Cellular fractionation
studies show that 20%-30% of the protein is membrane-associated, the rest
being soluble (Knoop et al. 1991). Recent in situ localization of AvrBs3 protein
suggested localization in the bacterial cytoplasm, adding to the whimsical ques-
tion of how this most interesting structure imparts specific recognition to the
plant cell (Brown et al. 1993). An interesting point with respect to this gene, when
considering a model of direct interaction with the plant cell, is that its expression,
unlike all other avr genes analyzed to date, is independent of hrp gene function
(Knoop et al. 1991; see also above).

6 Other Genes Influencing Host Range

The experimental regime for identification of bacterial avr genes obviously
identifies a subset of potential host range determinants since it is based on gain-
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of-function, namely, dominant triggering of plant resistance response. Yet any
gene whose action is required for virulence on a particular host genotype will be
identified as a host range determinant when it is mutated, and identified in loss-
of-virulence assays. In a broader sense, both regulatory genes, required to sense
a particular plant environment and initiate a response cascade, and the effector
genes thus activated, also constitute host range determinants. Their absence
clearly limits the niches available to bacteria relying on them. Examples of this
class are discussed in chapters by Dow and Daniels, and by Colimer and Bauer in
this volume, but several recent examples deserve reiteration in the context just
described.

One regulatory gene which also is a required host range determinant is the
lemA gene from P. s. pv. syringae (Hrasak and WiLuis 1992; WiLLis et al. 1990).
This gene is required for symptom formation on bean plant, but is dispensible for
in planta bacterial growth. As WiLLis et al. (1990) pointed out, however, definition
of these virulence functions is very dependent on assay conditions. They
concluded that isolation of the /emA mutant, which was accomplished by
inoculating bean pods and screening for symptomless mutants, would have been
very difficult using leaf assays, as this mutant does trigger dose-dependent
necrosis on leaves. The lemA gene encodes a “fused” two-component
regulatory molecule, molecular homologs of which are present in several P.
syringae pathovars (HraBak and WiLLis 1992). Marker-exchange mutagenesis
demonstrated that /lemA is required for lesion formation on bean by several
classes of P. s. pv. syringae, but similar mutation of lemAin P. s. pv. phaseolicola
did not diminish lesion formation on bean (RicH et al. 1992). Thus, absence of
lemA limits P. syringae pv. syringae host range. It is not known what triggers
lemA function, but it, in turn, regulates production of toxin and proteases in both
P. s. pv. syringae and P. s. pv. coronafaciens (BarTa et al. 1992; Hraak and WiLLIs
1993). However, toxin minus and protease minus mutants generated via marker-
exchange mutagenesis in a lemA wild-type background were still fully pathogenic
on bean. This result suggests that although toxin and protease regulation are
targets for lemA regulation, they are not the downstream targets of lemA
required for pathogenesis of P. s. pv. syringae on bean (HraBAk and WiLLis 1993).
This consistent with the notion that environmental sensors feed into multiple
effector pathways designed to allow the bacterium maximum flexibility during
the early phases of pathogenesis.

A clear role in host range limitation was also recently demonstrated for the
hrmA gene of P. s. pv. syringae (Heu and HutcHeson 1993). This locus was
identified as a modifier of hrp action, as insertions in hrmA led to an attenuated
hypersensitive response (HR) on tobacco but retained pathogenicity on bean
(Huang et al. 1991). The hrmA gene encodes a protein of unknown function and is
regulated in an avrgene-like manner: induced in sucrose-containing media and in
planta, and transcriptionally dependent on hrpS. Interestingly, when conjugated
into a P. s. pv. glycinea strain, hrmA rendered this strain avirulent on a battery of
otherwise susceptible soybean cultivars. Clearly, hrmA negatively influences
host range in P. s. pv. glycinea, and is potentially an avr gene on soybean. Thus,
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it is analogous to those avr genes listed in Table 1 which operate, so far, as
genotype-independent, host range restricting elements (see also Carney and
Denny 1990).

Structural features of the bacterial surface can also effect host range. A
recent example is the opsX locus of X. campestris pv. citrumelo (KINGSLEY et al.
1993). This gene encodes an enzyme involved in lippolysaccharide (LPS)
synthesis, and mutations in opsX pleiotropically effect not only LPS, but also
extracellular polysaccharide profiles. OpsX mutants are not pathogenic on citrus,
but retain pathogenicity on bean. The authors postulate that opsX functions to
protect bacteria from defense compounds present in citrus, but not in bean.

7 Flexible Adaptation for Opportunistic Infection

Essentially all phytopathogenic bacteria are opportunists in the sense that they
switch easily from epiphytic to pathogenic modes of survival when circumstance
dictates. Isolation and analysis of avr genes, defined by their interactions with
plant resistance genes, have allowed us to scratch at the surface of what will
undoubtedly be a complex system whereby phytopathogenic bacteria sense and
respond to the environmental conditions on and inside the plant surface. Detailed
appraisal of avr gene function, both in the sense of how it is beneficial to the
bacterium and in that it triggers highly specific disease resistance in plants, must
address the following questions. What is the normal role of these genes in the life
cycle of phytopathogenic bacteria? How do awvr genes confer a selective
advantage to bacteria which potentially suffer narrowing of host range because of
their action? How are they recognized by the plant to trigger a resistance
response? How is avr gene function intertwined with, or mediated via, hrp
function? And finally, what is the molecular nature of the interacting partners
which leads to disease resistance in the plant? Answers to these questions will
no doubt be strengthened by recent advances in molecular understanding of
bacterial development and interactions with mammalian hosts.
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1 Introduction

Agrobacterium tumefaciens is a gram-negative soil bacterium that causes crown
gall tumors on a broad spectrum of dicotyledonous plants (for reviews see: Binns
and THomasHow 1988; Winans 1992; Zameryski 1992). This pathogenic response
results from the activities of a large tumor-inducing (Ti) plasmid that resides in
many but not all agrobacteria found in the rhizosphere. The infection and
transformation process is a complex series of interactions between host and
pathogen that ultimately leads to the transfer of DNA (the T-DNA) from the Ti
plasmid into the plant cell where it is integrated into the nuclear genome.
Expression of this T-DNA results in the production of two classes of protein
products: (1) enzymes that synthesize plant hormones capable of stimulating
continuous cell division in the transformed cells and (2) enzymes that synthesize
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unigue amino acid:sugar acid conjugates, termed opines, that are not meta-
bolizable by the host cell but are metabolized by the inciting bacterium, providing
it with a dedicated nitrogen and carbon source.

The DNA transfer process requires the activities of Agrobacterium chromo-
somal and Ti plasmid genes referred to as “chromosomal virulence” (chv) and
"virulence” (vir) genes, respectively. Briefly, the bacteria sense an appropriate
infection site, generally a wound, through the activities of chvE, virA, and virGand
activate transcription of the vir genes. Products of the virC and virD operons
release a single-stranded piece of DNA (T-strand) from the T-DNA region of Ti
plasmid. The T-strand is capped at its 5' end by VirD2 and coated by the single-
stranded DNA binding protein, VirE2, resulting in the formation of the T-complex,
which is hypothesized to be the transferred intermediate. Independent of virgene
activation and T-DNA processing, the agrobacteria bind to the walls of plant cells
at the wound site. Once attachment and T-DNA processing have occurred, the T-
complex moves out of the bacterium and into the plant cell in a process that is still
not understood. The VirB proteins, most of which are membrane localized and
required for virulence, are hypothesized to form a membrane-spanning pore
through which the T-complex moves (see chapter by R. Ruppuoli this volume).
However, the putative pore and its relationship to the plant cell are undescribed.

This review concerns the mechanisms whereby the host and pathogen
interact so as to initiate and execute the process of DNA transfer. Several
questions will be addressed. First, what plant-derived cues are being recognized
by the bacterium, and why is the plant producing such cues? Second, how does
the bacterium sense the plant-derived cues? Third, once the signals are
perceived, how are they transduced into biochemical events that lead to virgene
transcription? Fourth, what physical cell:cell interactions are necessary for DNA
transfer?

2 Signal Production—What's the Plant Doing and Why?

In general, crown gall tumors develop at wound sites on plants only if the site is
infected by Agrobacterium soon after wounding. In a series of classic
experiments Braun and colleagues found that if agrobacteria were added to
Kalanchoé€ daigremontiana or Catharansus (Vinca) roseus 7 days after wounding,
tumors would not develop (for an interesting early review see Braun and SToNIER
1958). Further, they took advantage of the fact that elevated temperature disrupts
the transformation process (but not tumor growth after transformation) to show
that the bacteria were maximally efficient in tumorigenesis during the period of
48-96 h after wounding (Braun 1947, 1952; Braun and ManbLe 1948). More recent
experiments utilizing cocultivation procedures in which the bacteria can
be eliminated by antibiotic treatment confirms that maximal competence of
plant cells for transformation occurs 60-96 h after wounding (Kubirka et al. 1986;
BinNs 1991).
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What processes are occurring at the wound site that make it competent and
how does the bacteria recognize and exploit this potential information? At a
structural level, it is clear that wounded tissues in most dicots heal their wounds
through a combination of cell divisions at the wound site and cell wall
strengthening (KaHL 1982). A significant proportion of cells near the wound site
are activated and undergo from one to a few rounds of mitosis before returning to
the quiescent state. In all cases examined to date the period of maximal
competence for transformation correlates with the period of maximal wound cell
division (Braun 1952; LipeTz 1966; KupirkA et al. 1986; Binns 1991). Interestingly,
most monocots, which are poorly if at all transformed by Agrobacterium, do not
exhibit wound cell divisions (KaHL 1982).

The most obvious biochemical activities at the wound site are related to
wound cell division and/or strengthening of the cell walls near the wound site.
Induction of the phenylpropanoid pathway is a general feature of the wound
response (KaHL 1982) and is necessary for the production of phenolics involved in
cell wall strengthening. For example, ferulic acid dimers are necessary to cross-
link pectic and hemicellulosic polymers together (Fry 1983; Tan et al. 1992), and
lignin, derived from the peroxidase catalyzed free radical polymerization of
phenolic alcohols such as coniferyl and syringyl alcohol, is critical in wall
strengthening (Lewis and Yamamoto 1990). In addition to these polymerized
molecules, large quantities of soluble phenolics are also present at the wound
site. Some of these have antimicrobial activities (LamB et al. 1989), while others,
particularly coniferyl alcohol derivatives, have been implicated in cell division
control (TeuTonico et al. 1991; Lee et al. 1981). Ultimately, the wound site heals,
with cell division and various biochemical activities being shut down.

3 Signal Recognition: How Does the Bacterium Sense
That Competent Plant Cells Are Around?

3.1 vir Gene Induction is Controlled by a Two-Component
Regulatory System

Clearly, the wound site undergoes a complex series of wound healing and
defense activities that A. tumefaciens must overcome if it is to successfully
transform a plant cell. One remarkable feature of this bacterium is that it uses
these plant defense responses as both chemoattractants and as activators of the
transformation process. The best characterized aspect of signal recognition in the
Agrobacteriumplant cell interaction is the activation of the vir genes by wound
exudate. As described above, the vir genes encode proteins involved in the
processing and export of the T-complex into the plant cell. In order to both identify
potential virgenes and characterize the control of their transcription, StacHeL and
co-workers (198ba,b; StacHeL and Zamsryski 1986) constructed a transposon,
Tn3HoHol, that carried a promoterless lacZwhich required translational fusion for
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enzyme activity. Insertion into a virgene thus inactivated the gene and could also
produce translational fusions with B-galactosidase activity useful as a reporter of
promoter activity. Results of these experiments demonstrated that most of the
vir-lacZ fusions were inactive unless exposed to plant-derived phenolics, such as
acetosyringone (AS), that are associated with the wound response (StacHeL et al.
1985b). While the phenolics are critical signals necessary to activate the vir
genes, subseqguent investigations have demonstrated that hexoses and acidic pH
are also necessary for maximal induction. For example, phenolic induction of vir
gene expression is not observed, at least in wild-type bacteria, unless the pH is
acidic (e.g., 5.5) (StacHEL et al. 1986). Furthermore, the sensitivity of the phenolic
recognition system is increased by nearly two log orders when hexoses such as
glucose or arabinose are present in the induction medium (CangeLosi et al. 1990;
SHimopA et al. 1990).

The genetic basis of signal transduction controlling vir gene expression has
been extensively studied. virA and virG are necessary for induction of the other vir
genes, and, while these two genes are constitutively transcribed, they are also
auto-inducible in response to phenolics (StacHeL and ZamaRryski 1986; WinaNs et al.
1988). Both sequence and biochemical analysis of the vird/virG system indicated
it is homologous to the family of "two-component” regulatory systems usedin a
variety of different signal transduction pathways by both eubacteria and
archebacteria (Stock et al. 1990; Parkinson 1993). As with most two-component
systems, the working model is that the plant signals cause the membrane bound
“sensor” (VirA) to transfer a phosphate group from itself to the “activator” (VirG),
which in turn activates transcription of the virgenes (Fig. 1A). Additionally, genetic
evidence indicated that one of the chromosomal virulence genes (chvF) is
required for maximal phenolic sensitivity for vir induction, particularly in the
presence of hexoses, and encodes a protein homologous to sugar binding
proteins found in other systems (CangeLos! et al. 1990; Huana et al. 1990.).

3.2 Phenolic Perception

The putative phenolic sensor, VirA, has an approximate molecular weight of 92
kDa with two membrane-spanning domains (MEeLcHERs et al. 1989b; Winans et al.
1989). This divides the molecule into three discrete sections; a short, cytoplasmic
NH,terminal, a 20 kDa periplasmic domain, and a 68 kDa COOH-terminal, also
located in the cytoplasm (Fig. 1A). One fundamental question is: what proteins
interact with the signals (sugars, phenolics and pH) to provide information that
results in phosphate transfer from VirA to VirG? Analysis of other two-component
systems indicates the complexity of this issue: the actual ligand binding in these
different cases has been documented in only a few instances. Ligands can bind
directly to the sensor component or to other proteins which then interact with the
sensor, resulting in stimulation. For example, FixL is the sensor in a two-
component system that recognizes O, and, at low O, tension, activates
transcription of the nitrogen fixation (nif) genes in Rhizobium melilotithrough the
activator FixJ. FixL is a membrane-bound hemoprotein that can directly bind O,
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(Lois et al. 1993a,b). Recent studies have shown that FixL/FixJ mediated
transcription in response to anaerobic conditions can be demonstrated in vitro
(Acron et al. 1993). In contrast, many other ligands appear to bind to receptor
proteins other than the sensor, and the interaction of the receptor with the sensor
can be direct or indirect. A classic example of indirect signaling is the chemotaxis
system in Escherichia coli. In this case the sensor kinase {CheA) is actually a
soluble, cytoplasmic protein that is fed information from membrane-bound
methyl accepting proteins (MCPs, e.g., Tar). These proteins can either bind the
ligand directly (aspartate) or interact with other receptor proteins (sugar binding
proteins) in order to acquire information about signal concentration (PARKINSON
1993). Another well characterized two-component regulatory system in E. coli
controls phosphatase expression. PhoR is a sensor kinase that responds to the
inorganic phosphate (Pi) concentration, controlling alkaline phosphatase expres-
sion through the activator PhoB (Wanner 1993). The topology of PhoR is quite
similar to that of VirA, having two transmembrane domains, a periplasmic domain
and a large cytoplasmic domain. Pi recognition and binding is not mediated
directly by PhoR. Rather, Pi recognition requires the activity of pst7 which
encodes a periplasmic protein involved in Pi transport. This protein interacts with
other membrane-bound proteins, including PhoU, which ultimately interacts with
a cytoplasmic portion of PhoR (Wanner 1993).

The examples described above indicate the flexibility of the two-component
regulatory system: signal recognition by the sensor can be either direct or through
a series of protein-protein interactions. One strategy to characterize the parts of
VirA necessary for phenolic recognition has been to mutagenize the coding
sequence either by deleting large portions of the protein or constructing point
mutations in particular domains. Most of the mutations that, to date, have been
shown 1o affect phenolic recognition are mutations that actually affect the sugar
enhancement effect (see below). CHang and Winans (1992), however, did
demonstrate that the minimal VirA molecule necessary to respond to the
phenolics does not include either of the membrane-spanning domains or the
periplasmic domain. These results indicated that the “linker” domain of VirA (Fig.
1B) may be critical to phenolic recognition. This result is reminiscent of PhoB (see
above) which requires its cytoplasmic domain just inside the cytoplasmic
membrane to interact with other proteins involved in phosphate recognition
(WaNNER 1993).

Another method used to test the hypothesis that VirA may be the phenolic
binding protein has been to reconstruct the VirA/VirG signal control system in
heterologous hosts. For example, moving the Ti plasmid into the closely related
genus, Rhizobium, results in strains that are virulent and will induce the virgenes
in response to the phenolics (Hoovkaas et al. 1977; van Veen 1988). These results
indicate that virtually all of the chromosomal virulence genes of Agrobacterium
have homologues in Rhizobium. This has been proven in the case of certain genes
necessary for bacterial attachment to plant cells (CanceLosi et al. 1987). It is likely
that genes involved in signal perception are also conserved. The fact that the
virulence of Rhizobium strains carrying Ti plasmids is similar to wild-type Agro-
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bacterium suggests that they carry a functional equivalent to chvE. When the
VirANIrG system is moved to more distantly related bacteria, e.g., E. colj,
phenolics will not induce transcription from vir promoters (Winans, personal
communcation). This lack of response may, however, be due to problems other
than a lack of phenolic perception. For example, a constitutively active VirG (see
below) will not activate transcription from a virpromoter in E. coli(Han et al. 1992).
This suggests the interactions of the transcriptional machinery with activated
VirG at the vir promoter may be lacking.

Finally, early genetic studies showed that virA of limited host range (LHR)
strains of Agrobacterium was responsible for their inability to transform many
host plants that were susceptible to wide host range (WHR) strains (YAnoFsky et
al. 1985). One reason for this was the apparent inability of the LHR VirA to
recognize certain phenolics (LEroux et al. 1987). Later studies, however, demon-
strated that the LHR strains were capable of responding to high doses of the
same phenolics as the WHR strains (Turk et al. 1991). The molecular basis of the
poor response is due to the fact that the LHR virA did not exhibit auto-induction in
response to phenolics as was observed in case of the WHR virA. When the WHR
virA promoter was used to express the LHR virA coding sequence the resultant
chimeric gene elicited the WHR phenotype (Turk et al. 1993a). Thus, there is no
convincing genetic evidence which shows that VirA is the phenolic receptor.

An alternative approach to understanding phenolic recognition has been
through chemical analysis of the phenolic specificity of the system. An extremely
broad range of active phenolics, in terms of structure, has been noted by several
laboratories (Spencer and Towers 1988; MEeLcHERs et al. 1989a; Dusan et al. 1993).
This wide specificity is unusual for most ligand-receptor interactions. The
relationship between structure and vir inducing activity has been analyzed in
detail by Lynn and coworkers, who tested a model suggesting that certain
structural features were necessary for phenol binding (Dusan et al. 1993). The
results of these studies indicated that, in addition to such structural features, the
most active phenolics were those having the greatest hydrolytic reactivity. A
model was presented suggesting that the ability of the phenolic to transfer a
proton to the receptor is crucial (Hess et al. 1991; Dusan et al. 1993) (Fig. 2). This
model predicts that a proton is transferred from one region of the receptor to the
oxygen para to the phenolic hydroxyl group and that ionization of the resonance-
conjugated phenolic hydroxyl group causes proton transfer to a basic component
of the receptor. The protonation of this residue is predicted to result in confor-
mation changes in the receptor which then affects the downstream signaling
activities (see below).

The proton transfer model was examined by Hess et al. (1991), who tested for
the appearance of a strong nucleophilic residue (e.g., the carboxylate that
had donated the proton to the phenolic) by preparing and testing
a-bromoacetosyringone (ASBr). Such o-haloketones had been used earlier to
characterize acid-mediated enzymatic activities. They formed covalent bonds
with the carboxylate residue at the active site the enzyme, irreversibly inhibiting
its activity (Hartman 1971). Similarly, ASBr was shown to be an irreversible
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inhibitor of the virinduction process, but not of other inducible enzyme activities
or of growth (Hess et al. 1991). An analog of ASBr, 5-iodo a-bromo acetovanillone
(IAVBTr), was subsequently shown to be an irreversible inhibitor of vir induction
and could be prepared to high specific activity for use as an affinity label.
Unexpectedly, the results of such studies indicated that VirA did not incorporate
radiolabel in vivo orin vitro, even when VirA was overexpressed in Agrobacterium
(Lee et al. 1992). Rather, two low molecular weight proteins, p10 and p21, were
labeled by IAVBr. These proteins were found in the soluble fraction prepared from
agrobacteria either with or without the Ti plasmid.

The affinity labeling results suggest that proteins other than VirA may be the
phenolic receptor in the virinduction system. One problem with this possibility is
that searches for genes that are required for phenolic-dependent vir gene
expression have yielded only virA, virG and chvE. Certainly it is possible that the
genes encoding the putative phenol binding proteins have not been mutagenized:
genes required for virulence continue to be discovered, e.g. chvl, chvG (CHARLES
and NEesTer 1993; ManTis and Winans 1993) (see below). However, the fact that Lee
et al. (1992) observed two candidate phenolic binding proteins raises the
possibility that there is more than one phenolic receptor. Finally, it is possible that
the hypothetical phenolic binding protein has not been identified by genetic
means because it encodes an essential function.
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3.3 Sugar Perception

As described above, phenolic compounds alone are insufficient for maximal
induction of the virgenes in Agrobacterium. Various hexoses that are known to be
involved in plant cell wall synthesis (and, hence, wound repair) can enhance
sensitivity to the phenolics by at least two log orders in terms of concentration
(Srimopa et al. 1990). ChvE, a 31 kDa, chromosomally encoded, periplasmic
protein, has been shown to be responsible for this sugar effect (CANGELOSI et al.
1990a; Huang et al. 1990a). Since it is strongly homologous to E. coli periplasmic
ribose binding and galactose binding proteins and almost identical to a periplas-
mic galactose/glucose binding protein from A. radiobacter, ChvE is likely to be the
sugar perceiving element in this control system. CanceLosi et al. (1990a) showed
thatin the presence of low levels of AS, many sugars enhanced virgene induction
by wild-type strains of A. tumefaciens, whereas those strains with mutated chvE
did not induce at these AS concentrations.

The periplasmic domain of VirA mediates two types of responses related to
the sugar effect: phenolic sensitivity and maximal levels of induction. Sequence
analysis indicated that the VirA periplasmic domain contains a region homo-
logous to the sugar transporter protein binding domains of the transmembrane
protein, Trg, thatis involved in E. colisugar chemotaxis (CangeLosi et al. 1990). The
enhancement of phenolic sensitivity by sugars was eliminated when a mutated
form of VirA, missing the periplasmic domain, was used (CANGELOSI
et al. 1990a; SHimopa et al. 1990; Lee et al. 1992). These results indicate that
ChvE interacts with this domain of VirA to impart the sugar enhancement of
virinduction. Interestingly, in the absence of sugar, these mutants were: (1)
more sensitive to phenolics than wild type and (2) had significantly higher levels
of maximal vir induction than wild type (CanGgeLosI et al. 1990a; Lee et al. 1992;
MacHipa et al. 1993; Binns et al. 1993). Thus, these changes in the VirA molecule
seem to lock the protein in a conformation responsive to AS activation in the
absence of inducing sugars. Turk et al. (1993b) have also seen this effect when
the periplasmic domain of VirA is replaced with the periplasmic domain of the E.
coli chemoreceptor, Tar.

MacHipa et al. (1993) continued this line of investigation by comparing a series
of point and deletion mutations in the perplasmic domain of VirA. Several point
mutations resulted in forms of VirA that were insensitive to sugar. For example,
the single changes of Glu-210 to Val or Gly-211 to Asp were enough to make VirA
unresponsive to glucose. Point mutations closer to the second periplasmic
domain, GIn-229to Leu or Glu-235 to Val still altowed VirA to be sugar responsive.
Work in this laboratory demonstrated the importance of the Glu-255, a residue
conserved in the virA gene from four different Ti plasmids (Binns et al. 1993;
Banta et al. 1994). When this glutamate was mutated to either glutamine
or leucine all sugar enhancement was abolished. In contrast, the mutation
Glu-255 to Asp resulted in a wild-type phenotype suggesting that the acidic nature
of the residue at this position is critical for activity. This glutamate residue
lies outside the predicted site for ChvE interaction and thus may be necessary
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for conformational shifts in VirA after it interacts with ChvE. Two further
points can be made about the sugar insensitive point mutants. First,
contrasting with the large periplasmic deletions, in the absence of inducing sugar
these point mutations have a phenolic sensitivity near that of the wild type.
Second, in the absence of inducing sugar they induce maximal levels of virgene
expression that are significantly higher than wild type (MacHipa et al. 1993; Binns
et al. 1993). These results suggest that in the absence of sugar some there is
negative regulation of VirA and this is observed only in forms of VirA that are
responsive to sugar. Certainly this warrants further investigation. Finally, MacHiDA
et al. (1993) provided strong evidence for the direct interaction of VirA and ChvE
by selecting for point mutations in chvE that suppressed the effect of the point
mutations in the periplasmic domain of VirA. These suppressor mutations
restored sugar enhancement of AS induction in strains carrying the Glu-210 to Val
point mutation in VirA.

3.4 pH Perception

A pH of 5.5 or below is necessary for maximal vir induction in response to
phenolics (STacHEL et al. 1986). Given that wounding and active growth at the
wound site would each be expected to acidify the extracellular environment (KaHL
1982; Winans 1992), the ability of the bacterium to utilize this as a signal is not
surprising. Both VirG and VirA are involved in regulation of virinduction system by
pH. First, pH has a specific effect on virG expression. P2, one of two promoters
for virG, was originally thought to allow its constitutive expression. Work by
WinaNs and colleagues (Winans 1990; ManTis and Winans 1992) showed that this
promoter is primarily induced by acidic growth conditions. Since strains
expressing virG from a constitutive promoter still exhibit low pH dependence for
vir induction, it is unlikely that the pH effect on virG expression is the sole
mechanism by which pH exerts its effect. There is evidence for a direct effect of
pH on the VirG molecule. Three groups (Han et al. 1992; Pazour et al. 1992; JiN et
al. 1993) have reported that a VirG point mutation, Asnb4 to Asp, results in
constitutive activation of virgene expression in the presence or absence of VirA.
Interestingly, vir gene expression in strains carrying this mutant form of VirG is
greatly enhanced at low pH. The mechanism by which external pH affects the
cytoplasmic VirG protein is unknown.

VirA also plays a role in the pH effect. Turk et al. (1991) demonstrated that
strains with virA genes from different Ti plasmids (octopine, nopaline, agropine,
leucinopine), exhibited varying pH optima and these were dependent on the
source of VirA. For example, when the virA gene from an octopine type Ti plasmid
was moved into a strain carrying a virA deficient nopaline type Ti plasmid, the pH
optimum was that originally seen in the octopine type Ti plasmid. Substitution of
the periplasmic domain of VirA with the periplasmic domain of the E. coli
chemosensory protein Tar resulted in partial desensitization to pH (MEeLcHERs et al.
1989b). This data indicates that some, but not all, of the pH effect is generated in
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the periplasmic domain. However, a recent report from CHang and Winans (1992)
demonstrated that the entire periplasmic domain of VirA plus both trans—
membrane regions could be deleted without changing the pH effect on virgene
expression. Perhaps the Tar portion of the chimeric VirA-Tar hybrid described
above is capable of providing an effect on VirA that is normally dependent on pH.

3.5 Other Influences on vir Gene Expression

In addition to the signals described above, there are several other factors that
appear to influence vir gene expression. Mutation in the chromosomal ros gene
results in constitutive expression of virC and virD, whereas other vir genes are
unaffected (CLose et al. 1985, 1987; CooLey et al. 1991). These experiments
suggest that the ros gene product represses transcription from promoter regions
of virCand virD that would otherwise be active, even in the absence of phenolic
inducer. The relationship of this control to virulence is not known, except that ros
mutants are, in fact, virulent. Several molecules other than AS appear to have
positive effects on phenolic mediated vir transcription. For example, the opines,
produced by the transformed plant cells, can facilitate vir induction, though the
mechanism of this enhancement is not known (VELUTHAMBI et al. 1989).

An intriguing example of the complexity involved in vir expression is derived
from the observation that low phosphate can stimulate virG transcription even in
the absence of inducing phenolic (Winans et al. 1988; Winans 1990). Given that the
phoR/phoB two-component regulatory system is critical in sensing phosphate
status in E. coli (WanNER 1993) and that the PhoB protein can bind to a portion of
the virG promoter (Aovama et al. 1991), ManTis and Winans (1993) searched for
Agrobacterium phosphate regulatory genes. They screened an A. tumefaciens
cosmid library for a clone that would restore alkaline phosphatase activity in an E.
coli strain carrying a phoB mutation. An A. turmefaciens chromosomal gene, chvl,
was identified in this screen and shown to have 35% homology to phoB of E. coli.
A. tumefaciens strains carrying a chv/ mutation were avirulent, but, surprisingly,
still exhibited low phosphate induction of virG. These strains exhibited reduced
AS induction of vir gene expression and were susceptible to severe growth
inhibition by wound sap. The sensor of this two component system, chvG, was
independently isolated through an entirely different strategy (CHarLEs and NESTER
1993). This study showed that chvG and chv/ were both required for virulence,
and mutations in either of them caused reduced virgene expression and
severely constrained growth characteristics. Neither the genes regulated by the
ChvG/Chvl system nor the inducing signals have been identified. Nevertheless,
these experiments demonstrate the complexity of the virinduction process and
the fact that genes affecting it continue to be discovered.



130 A.N. Binns and V.R. Howitz

4 vir Gene Transcription Activation

Once the various vir-inducing signals are perceived, it is necessary to transduce
that information in a fashion that will activate vir gene transcription. Here the
activities of the cytoplasmic domain of VirA and VirG are critical. The COOH-
terminal cytoplasmic domain of VirA can be divided into three regions: the linker
domain, which is next to the second transmembrane domain; the kinase domain;
and the receiver domain (Fig. 1B) (CHanG and Winans 1992). The linker domain, as
described above, appears to be either directly or indirectly involved in phenolic
recognition. Similar to all sensor proteins of the two-component signal trans-
duction family, VirA has been found to have an autophosphorylation activity.
When provided with ATP, purified VirA readily phosphorylates itself in vitro at a
histidine residue conserved in sensor proteins (Huang et al. 1990b; Jin et al.
1990b; ParkinsoN 1993). The phosphate on this histidine, His-474, can then be
transferred to a conserved aspartate in VirG, thereby activating it (Jin et al. 1990a).

Sequence analysis has shown that the COOH-terminal “receiver” domain of
VirA is highly homologous to the region of the NH,-terminal domain of VirG thatis
phosphorylated. This feature is not unique to VirA. Other receiver domains have
been found among the sensor proteins in the two-component signal transduction
protein family (Arico et al. 1989; McCLeARY and Zusman 1990; Stout and GOTTESMAN
1990; Hraeak and WiLLis 1992). Enpon and Oxa (1993) overproduced and purified
two mutants forms of VirA in E. coli. one contained the kinase domain only and
the other contained the kinase and receiver domains. Both purified proteins,
when incubated with [Y*PJATP, became phosphorylated, showing that the
kinase domain, alone, can autophosphorylate, and this in vitro activity is not
affected by the receiver domain. A possible function of the VirA receiver domain,
based on its homology to VirG, is that it acts as a competitive inhibitor of the
phosphorylation of VirG by the kinase domain of VirA. Induction of VirA with AS
would then act by disrupting the receiver domain’s interaction with the kinase
domain. Removal of the receiver domain of VirA may accomplish the same effect.
CHang and WiNaNs (1992) showed that by deleting the receiver domain they
produced a mutant VirA whose activity was high and AS-independent, if con-
ditions were optimized for induction (pH 5.5, 5 mM glucose). However, ENpoH
and Oka (1993) reported a similar experiment that gave different results. Their
VirA molecule, without its receiver domain, was unable to induce vir gene
expression at all. Before we can understand and interpret this result it is
imperative to know that this version of VirA was, in fact, stable and present in
the bacteria.

Point mutations at four different sites in VirA have been found to cause vir
gene expression in the absence of AS (Pazour et al. 1991; ANkenBaUER et al. 1991).
The mutations were located in the first transmembrane domain, the kinase active
site, the putative nucleotide binding site and the COOH-terminal receiver domain.
In the case of the receiver domain, a mutation might result in a loss of inhibition
of VirA phosphorylation activity similar to that proposed for the deletion of COOH-
terminal domain (CHang and Winans 1992). This might also be true of the
mutations in the kinase domain and the putative nucleotide binding site.
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However, phosphate can be transferred in vitro from VirA to VirG when the
receiver domain of VirA is present (JiN et al. 1990a; EnpoH and Oka 1993), leaving
the role of the receiver domain still unresolved. The point mutations in the first
transmembrane domain could result in a conformational change that mimics the
conformation of wild-type VirA when it is induced with AS.

Before transcriptional activation can occur, VirG must first be phos-
phorylated by VirA (JIN et al. 1990a). As discussed above, VirA transfers a
phosphate from His-474, in its kinase domain, to Asp-52 in the NH -terminal
receiver domain of VirG. Asp-52 is conserved in all regulators in the protein family
of two-component regulatory system and acts as the phosphate acceptor in al]
systems thus far studied (Stock et al. 1990). If this aspartate is changed t0
asparagine through mutagenesis, VirG no longer becomes phosphorylated and
loses its ability to activate vir gene transcription (JiN et al. 1990a). The NH,-
terminal region of VirG is homologous to CheY, one of the best characterized
regulators. The crystal structure of CheY has been determined and it shows
that this conserved aspartate is involved in a series of hydrogen bonds or salt
bridges with other residues. Phosphorylation disrupts this network causing
conformational changes. Mutations that disrupt these interactions would be
expected to affect VirG’s activity. This is seen in the creation of VirA-independent
constitutive mutations of VirG. A single change of either Asn-54 to Asp or lle-106
to Leu is enough to cause this effect (Han et al. 1992; Pazour et al. 1992; Jin et al.
1993). These mutations might act by forcing the VirG molecule into the same
active conformation caused by the phosphorylation of Asp-52.

Activated VirG is thought to initiate vir gene transcription as a result of
sequence specific interactions with the virgene promoters. It binds to a cis-acting
regulatory sequence (TNCAATTGAAAPY) called the vir box which is found in the
5'-noncoding region of vir genes (Das et al. 1986; PoweLL et al. 1989; Jin et al.
1990c). The COOH-terminal domain of the 26 kDa VirG protein specifically binds
to this sequence (JiN et al. 1990c¢). Of interest to the present discussion is that
nonphosphorylated forms of VirG can bind to the vir box (Jin et al. 1990c; Pazour
and Das 1990), but nonphosphorylated VirG, even when overexpressed in
Agrobacterium, does not activate vir gene expression to high levels (Pazour and
Das 1990). This suggests that only phosphorylated VirG can interact and activate
other components of the transcriptional machinery.

5 Systems Necessary for Physical Interaction
Between Plant and Bacterial Cells

5.1 Chemotaxis

The abilities to sense and then move toward a wound site are properties that
vastly increase the chance of Agrobacterium to physically associate with
competent plant cells. Agrobacterium has peritrichous flagella and is capable of
swimming towards a variety of substances, including sugars and phenolics (PArke
et al. 1987; AsHBy et al. 1988; Loake et al. 1988; CangeLos! et al. 1990a), both of
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which are indicative of a wound site. Mutants lacking motility or chemotactic
capabilities inoculated into the soil were unable to colonize and transform pea
plants, though they were capable of transforming the plant if supplied directly to
the wound (Hawes and Smith 1989). There is evidence that chemotaxis towards
sugars occurs in Ti plasmidless strains (Loake et al 1988) and may be at ieast
partially mediated through the ChvE protein already discussed in terms of its role
in vir gene expression (CANGELOS! et al. 1990a; PaLver and SHaw 1992). The ChvE
homologs in E. coli are sugar receptors involved in chemotaxis as well as sugar
uptake. CanceLosi et al. (1990a) showed that strains which carried Tn5
mutagenized chvE were deficient in chemotaxis toward D-galactose, D-glucose,
L-arabinsose, D-fucose, and D-xylose, when compared to wild type. The ability to
move toward other sugars remained intact. It is not known whether ChvE
mediates it chemotactic effects through the VirA/NirG or other systems,
analogous the MCP-CheA-CheY system of E. coli.

SHaw and colleagues (AsHBy et al. 1988; SHaw et al. 1988; PaLmMer and SHaw
1992) showed that strains cured of their Ti plasmid, but carrying virA, virG, virB,
and virC, showed a chemotactic response to AS at concentrations that do not
induce virulence. Interestingly, these experiments were carried out at a pH (7.0)
at which vir gene expression cannot be induced. If either virA or virG were not
present, no chemotaxis towards AS was observed. In addition, if the residues
which become phosphorylated during virulence induction, His-474 on VirA and
Asp-52 in VirG, were mutated to GIn and Asn, respectively, the chemotactic
response was lost. Taken together, these observations imply that low levels of
AS are sufficient to cause phosphorylation of VirA and VirG, that the process
mediated has a different pH dependency than that of virgene induction, and that
phosphorylation is necessary for this response to occur. One case has been
published suggesting that chemotaxis towards some phenolics is
chromosomally encoded (Parke et al. 1987), but these investigators noted no
movement towards AS. While experimental protocols and bacterial strains varied
slightly, the reasons for the apparent discrepancies are not clear.

5.2 Attachment of Bacteria to the Plant Cell

Once the bacteria reach the wound site, the next physical step necessary for
transformation is the attachment of the bacteria to the plant cell. Mutant bacteria
unable to bind to plant cells are avirulent (DouacLas et al. 1982, 1985; CANGELOSI et
al. 1987; MaTtTHysse 1987; THomasHow et al. 1987). The products of three A.
tumefaciens chromosomal loci, chvA, chvB, and exoC (pscA) involved in the
synthesis and transport of B-1,2- glucans are required for attachment (ZORREGUIETA
et al. 1988; CanceLos! et al. 1989; UTTaro et al. 1990). Mutations at these loci also
drastically reduce virulence, though occasional tumors do develop. Interestingly,
functional equivalents of chvA and chvB exist in R. meliloti. the Rhizobium
versions of these genes complement mutations in Agrobacterium (CanGeLOS! et
al. 1987). While the production and export of B-1,2-glucan is necessary for
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attachment of A. tumefaciens to plant cells, its role in the attachment process is
unclear. One known role of periplasmic B-1,2-glucan is osmotic protection,
suggesting that loss of the glucan might indirectly affect virulence by reducing the
activity of cell surface virulence proteins under suboptimal osmotic conditions
(CangELos! et al. 1990b). This seems unlikely since these chvmutants continue to
exhibit the avirulent phenotype under high osmolarity conditions in either leaf
explant or protoplast cocultivation transformation assays (CanceLosi et al. 1990b;
Binns 1991).

Since the chv mutants do bind, albeit inefficiently, to plant cells, one
possibility is that the B-1,2-glucan in the periplasm helps other proteins (or
polysaccharides) involved in attachment find or interact with the plant attachment
site. Several other attachment deficient mutants (atf) have been identified by
MaTtHysse (1987). The mutations identified to date map to a single 12 kilobase
chromosomal EcoRlfragment distinct from the chvA, chvBand exoCgenes. The
attmutants exhibit greatly reduced attachment and are avirulent on carrot cells. In
contrast to the chvA and chvB mutants the membrane protein profiles of the att
mutants differs from wild-type cells only in the loss of only a few distinct
membrane proteins (MatHysse 1987). The role these proteins have in bacterial
attachment to plant cells is unknown.

Several studies have shown that attachment of bacteria to plant cells is
saturable (NerFr and Binns 1985; GurLiTz et al. 1987) suggesting that specific plant
cell wall components are involved. The attachment process occurs in two steps:
a reversible interaction between bacterium and plant cell is followed by an
irreversible attachment. After the second phase is complete, bacteria cannot be
easily washed off the plant cell (Nerr and Binns 1985). Bacteria also often
aggregate to each other at and around the attachment site. The plant components
involved in these processes are not known, although cellulose microfibrils from
the bacteria appear to be important (MatTHysse 1987). In certain cases, treatment
of bacteria with various plant cell wall fractions will inhibit their ability to attach,
resulting in an inability to transform the plant cells (Nerr and Binns 1985; Nerr et al.
1987). Recently, evidence has been presented indicating that vitronectin-like
protein in the plant cell wall may play an important role in attachment. Treatment
of bacteria with vitronectin blocks their ability to attach and transform, and
treatment of plant cells with antivitronectin renders them incapable of attaching
bacteria (Waaner and MaTTHYsse 1992). The bacterial components with which
vitronectin may interact and the role vitronectin plays in the attachment process
are unknown.

One of the problems confronted by agrobacteria is that the extracellular
environment of the wound site is expected to result in vir induction whether or
not the bacteria are attached to the plant cells. This results in the production of
both the T complex and the membrane bound components of what is proposed
to be the T complex transport apparatus. Yet several workers have not been able
to detect any T complexes, or components thereof, in vitro in induction media (J.
Ward; E. Dale; P. Christie, personal communications). These results suggest that
as yet undescribed signals, possibly generated at the attachment site, are critical
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for the initiation of transport or for the construction of competent transport
complexes at the attachment site.

6 Concluding Remarks

The signaling activities necessary for Agrobacterium to initiate and complete the
DNA transfer process are complex and only partially understood. While much of
the signaling necessary to initiate the expression of the virgenes revolves around
conserved two-component regulatory systems, the mechanism of signal
recognition and transduction are vibrant areas of inquiry. The recent studies
concerning signal perception indicate that the concept of a two-component
regulatory scheme may be confining. Rather, it appears that these represent
ancient and conserved components in a regulatory scheme that can be integrated
through a series of other proteins into a system that recognizes and responds to
the environmental stiumuli in question. Analysis of the physical interaction of
bacterium with the plant cells and the signaling activities generated by bacterial
attachment to the plant cell are less advanced, yet represent a critical aspect of
the pathogenic interaction that is under discussion. Clearly, the combination of
chemical, biochemical and molecular genetic approaches will play a critical role in
unraveling these issues.
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1 Overview

Nodule development begins when the first cell division of a mitotically quiescent
cortical cell is induced by Rhizobium (sensu lato) in the root of its host plant. This
cell division brings about a change in cortical cell fate; the derivatives of these cell
divisions form a new organ, the nodule. Prior to the initial anticlinal cell division in
the root cortex, numerous interactions between the host and symbiont have
already taken place, including the chemotaxis of rhizobia to the legume root, the
induction of rhizobial nod genes by plant-derived flavonoids, the production of
Nod factor—a substituted lipo-oligosaccharide—root hair deformation, and
shepherd’s crook formation (the formation of a 360° curl). The latter two
responses are the first visible signs of the interaction. The bacteria enter the
curled root hair, presumably by degrading the plant cell wall (CALLAHAM and TORREY
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1981; see also Dart 1977), and evoke the formation of an infection thread, in
which the bacteria are contained. The infection thread, formed from an
invagination of the plant membrane and the deposition of cell wall material,
extends into the root cells toward the nodule primordium. The nodule primordium
originates from cortical cell divisions that take place in advance of the extending
infection thread (Newcowms et al. 1979). Eventually, bacteria, which have multiplied
within the matrix of the infection thread, are released from its end, and become
enclosed within a host-derived membrane, designated the peribacteroid
membrane. The bacteria, enclosed within this membrane, differentiate into novel
forms, bacteroids capable of nitrogen fixation. They remain surrounded by host
cell membrane until either the plant or bacteroid cells senesce. In response to the
interaction with rhizobia, the plant expresses nodule-specific proteins (nodulins;
Lecocki and VErmA 1980), which have been classed as early (those involved in
nodule morphogenesis) and late (those involved in nodule maintenance and
function) (Govers et al. 1987). Rhizobium infection and nodule development
(Fig. 1) have been recently reviewed by Brewin (1991), Kiune (1992), and HirscH
(1992).

The interaction of rhizobia and the host during nodule development and the
similarity of some of the host responses have given rise to the idea that
Rhizobium evolved from a parasitic or pathogenic microorganism (see reviews by

INFECTION THREAD
PENETRATION

SHEPHERD'S

NODULE
CROOK PRIMORDIUM
FORMATION INITIATION
ATTACHMENT

meristem

MATURE NODULE

Fig. 1. The major stages of alfalfa nodule development illustrated for convenience at the same level in
the root. Note that the stele, here shown as tetrarch, is normally triarch
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Vance 1983; DyornJevic et al. 1987; Long and Staskawicz 1993). During the initial
stages of the interaction, when they are invading the plant and before nitrogen
fixation takes place, rhizobia colonize their hosts, but in a restricted manner. This
colonization is considered to be similar to the ancestral condition in which bacteria
lived saprophytically and nonspecifically on plant exudates or remains (LonG and
Staskawicz 1993). However, other manifestations of the interaction are
reminiscent of a pathological interaction. These include the infection thread,
which resembles the appositional wall structures formed during penetration by
fungal pathogens (see references in Vance 1983), and the induction of the early
nodulins, many of which are proline-rich proteins (Franssen et al. 1987; ScHeRres et
al. 1990; LoeLer and HirscH 1993), along with the enzymes of the phenylpropanoid
biosynthetic pathway. Furthermore, when the symbiosis fails, as when infection
threads abort in effective associations or when ineffective (non-nitrogen-fixing)
nodules are formed, a “hypersensitive response,” a term normally applied to
plant-pathogen interactions, has been said to occur (DJORDJEVIC et al. 1988; VassE
et al. 1993).

The closest relative of Rhizobium and Bradyrhizobium is the plant pathogen
Agrobacterium, suggesting that rhizobia have similar characteristics. However,
Agrobacterium is a unique pathogen. Although crown gall and hairy root
syndromes are classified as diseases (see Long and Staskawicz 1993),
agrobacteria, unlike typical plant bacterial pathogens, do not cause extensive
host necrosis. Like their symbiotic cousins, A. tumefaciens and A. rhizogenes
elicit cell divisions that result in hyperplasias. And, in contrast to other plant
diseases, neither the tumors nor the hairy roots are inhabited by agrobacteria. The
Agrobacterium-induced hyperplasias are transformed. A segment of bacterial
DNA, the T-DNA, is transferred to the host cell nucleus where it resides. The
details of the plant-Agrobacterium interaction can be found in reviews by WiNaNs
1992; ZamsRryski 1992; LonG and Staskawicz 1993; and the chapter by Binns and
Howrz in this volume.

A major difficulty with the hypothesis that Rhizobiumis a highly sophisticated
pathogen is that it assumes that modern-day plant pathogens serve as the
ancestral paradigm. instead, prokaryotic plant pathogens today represent highly
derived groups that are evolutionarily distinct from the Rhizobiaceae (Fig. 2). We
believe that the plant-pathogen interaction is an unsatisfactory model for
describing the Rhizobium-legume association even though ineffective rhizobia
provoke a host response that superficially resembles encounters with an
incompatible pathogen. As we shall see, many of the host responses are
consistent with the occurrence of a nonspecific biotic interaction or with abiotic
stresses such as wounding or senescence.

Before we review the evidence for and against Rhizobium' s ability to provoke
a response resembling that elicited by a plant pathogen, we will define the gene-
for-gene recognition system and what is meant by the term hypersensitive
response. We will then apply these concepts to the symbiotic association,
focusing on two major points in nodule development (1) the initial stages (the first
5 days); and (2) the mature nodule (2-3 weeks postinoculation). We wiill
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Fig. 2. Evolutionary relation-
ships of modern day plant-
interacting bacteria and their
presumed saprophytic an-
cestor

concentrate, for the sake of convenience, on the association between fast-
growing rhizobia (Rhizobium sensu stricto) and legumes that form indeterminate
nodules; however, we will bring in examples of determinate nodules where
appropriate. We will pay particular attention to the role of the phenylpropanoid
biosynthetic pathway in nodulation because its products are typically involved in
host defense. Finally, we will suggest some other ways of visualizing the
Rhizobium-legume téte-a-téte.

2 The Hypersensitive Response

The conceptual framework for plant-pathogen interactions rests on the
pioneering work of FLor (1955) on race-specific resistance to fungal pathogens
and the presentation of evidence for the gene-for-gene hypothesis. This concept
can be applied to viral, bacterial, and fungal pathogens. In brief, in an incompatible
interaction, if a host has a single dominant resistance (R ) gene and the pathogen
has a single dominant avirulence (A or avr) gene, the pathogen is recognized by
the host and elicits a defense reaction, part of which is characterized by the hyper-
sensitive response (HR), a localized, relatively rapid (less than 24 h) death of host
cells at the point of infection (KLement 1982). Potential product(s) of R are
currently being investigated; most are assumed to be receptors for or part of the
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signal elicitors encoded by transduction chain avirulence genes (see review by
Keen 1992). In a compatible reaction, if the susceptible host lacks an A gene or if
the pathogen lacks an avirulence gene, the virulent pathogen is not recognized by
the host and causes a disease.

The HR is thought to be an important part of disease resistance; its outcome
is the formation of water-soaked lesions that undergo necrosis. Changes in
respiration and membrane permeability resulting in electrolyte leakage occur
within hours after infection (or within minutes after addition of elicitor) (KLEMENT
1982; Lams et al. 1989). The water-soaked lesions become lignified, impeding the
progression of the pathogen into plant tissues. Phytoalexins, low molecular
weight antimicrobial compounds, are also produced in the infected tissue. These
latter responses are often called defense responses and involve induction of
mRBNAs for enzymes of the phenylpropanoid biosynthetic pathway. Polymers
with structural roles such as callose and hydroxyproline-rich glycoproteins
(HRGPs) as well as enzymes like peroxidases for increasing the cross-linking of
cell walls and PR (pathogenesis-related) proteins such as glucanses and
chitinases that damage the pathogen are also produced (see reviews by BowLEs
1990; Keen 1992). The responses of the host to elicitors, incompatible, and
compatible bacteria as well as the approximate timing of appearance of the
various host reactions are illustrated in Fig. 3.

Bacterial genes involved in the hypersensitive reaction and pathogenicity (hrp
genes) control the ability of pathogens to elicit an HR on non-host and resistant
cultivars, as well as to generate disease symptoms on susceptible cultivars (see
chapters by CoLuver and Bauer, and Bonas in this volume and reviews by WiLLis
et al. 1991; Long and Staskawicz 1993). Mutations in hrp genes result in bacteria
that can no longer induce these host responses (LINDGREN et al. 1986, 1988).
Recently, Jakosek and Linpgren {1993) reported that the HR can be separated from
defense gene transcription. Using a Hrp~ mutant of Pseudomonas syringae pv.
tabaci, these investigators found that transcripts for enzymes of the
phenylpropanoid biosynthetic pathway, phenylalanine ammonia lyase (PAL),
chalcone synthase (CHS), and chalcone isomerase (CHI), as well as transcripts for
chitinase, accumulated in infiltrated bean leaves even though an HR did not occur.
The timing of transcript accumulation was similar to that seen with a wild-type
strain in which the HR took place. Furthermore, inoculation with various
bacteria—Escherichia coli (nonpathogenic bacteria, like E. coli, do not elicit an
HR), P. fluorescens, heat-killed P. syringae pv. tabaci, and P. syringae pv. tabaci
that had been treated with protein synthesis inhibitors—led to accumulation of
defense transcripts and phytoalexin production without the ensuing HR.
Treatment with water or P. syringae pv. phaseolicola, a compatible pathogen, did
not lead to transcript accumulation (Jakosek and LINDGREN 1993). These results
suggest that defense transcripts are induced nonspecifically, while the HR
involves a different specific mechanism. Moreover, these findings imply a strict
definition for the HR: the HR is limited to the host responses brought about by
infection with incompatible pathogens that have either avirulence or hrp genes
(Jakosek and LINDGREN 1993).
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3 The Initial Stages of the Symbiotic Interaction—
Bacterial Point of View

3.1 Rhizobial nod Genes

The relative ease of performing genetic studies on rhizobia has led to a much
greater understanding of the bacterial genes involved in nodulation compared to
the plant genes. Early events in nodulation are mediated by the nodulation (nod)
genes. These are categorized as “common nod genes” (for example, nodABC
genes, which can be complemented by genes of heterologous rhizobia) and host-
specific nod genes (for example, nodEFGH genes in R. meliloti, which cannot be
complemented by genes of heterologous rhizobia) (Downie and JoHnsTON 1986). In
fast-growing Rhizobium species, the nod genes are present on plasmids called
symbiotic plasmids (pSym), and in slow-growing Bradyrhizobium species, the
nod genes are on the chromosome.

Analysis of how the products of the nod genes mediate nodulation events
has focused on studying the phenotypes of rhizobial mutants blocked at different
steps in nodule development (see review by Long 1989). The nod genes were
initially identified by mutations that eliminated nodulation. Other mutations were
subsequently identified that either delayed nodulation or changed the host range
of the bacterium. Nodulation genes are present in all rhizobial species and are
clustered in several operons that share common promoter features, including a
consensus sequence called the “nod box.”

The nodD gene regulates the other known nod genes via NodD binding to the
nod boxes in the promoters of the nod gene operons. Some rhizobial species
have a single nodD gene, for example, R. leguminosarum bv. trifolii and R.
leguminosarum bv. viciae (DJorbJevic et al. 1985; Downie et al. 1985), whereas
others have more than one nodD and may have a complex regulatory circuit for
controlling nod gene expression (MuLLican and Long 1989). R. meliloti, with three
nodD genes, nodD1, nodD2, and nodD3(GoTTrerT et al. 1986; Honma and AUsUBEL
1987), as well as the nodD homolog syrM (MuLuican and Long 1989), has been
thoroughly studied. Each copy of nodD appears to be regulated independently
(Honwma et al. 1990; MuLuigan and Long 1989). NodD1 activates nodABC in the
presence of crude seed exudates, plant washes, or the flavonoid luteolin (see
review by RoiLre 1988). The major NodD2-activating compounds have been
identified as the betaines, trigonelline and stachydrine (PHiLLIPs et al. 1993). These
NodDs are hypothesized to regulate transcription by undergoing a conformational
change brought about by the inducers (ScHiaman et al. 1992). By contrast NodD3
is unaffected by inducers and causes a basal level of nodABC gene expression.
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3.2 Nod Factor Triggers the Host's Response—ls It an Elicitor?

Early studies on the nodulation genes supposed that the nod gene products were
themselves involved in initiating the symbiosis. Now, it has been shown that
most of the known nod genes contribute to the synthesis of a complex signal
molecule, a lipo-oligosaccharide known generically as Nod factor (Lerouce et al.
1990; RocHe et al. 1991a,b; Sraink et al. 1991; ScHuLze et al. 1992; Sansuan et al.
1992; Price et al. 1992; MaRTINEZ et al. 1993; MERGAERT et al. 1993). Each rhizobial
species synthesizes a family of related molecules, based on a (glucosamine),
backbone with a fatty acid side chain on one end and various substitutions on the
reducing end. The major R. meliloti Nod factor, called NodRm-IV(S), is a sulfated
B-1,4-tetraglucosamine with three amino groups acetylated and one acylated with
a C,s bi-unsaturated fatty acid (Lerouct et al. 1990). Some investigators have
noted the resemblance of the glucosamine backbone to chitin elicitors produced
by fungal pathogens (EHRHARDT et al. 1992; NieHaus et al. 1993). However, fungal
elicitors are nonspecific and can often induce an HR on a large number of hosts,
whereas Nod factor is extremely host-specific, affecting only the legume that the
particular Rhizobium species nodulates. Therefore, Nod factor is not an elicitor in
the same sense as the elicitors derived from plant pathogens.

4 The Initial States of the Symbiotic Interaction—
Plant Point of View

4.1 Is There an R Gene in the Legume Host?

If Rhizobium evolved from a pathogen, one might expect to find a system
analogous to the gene-for-gene interaction in the legume-Rhizobium symbiosis.
The resemblance of Nod factor to chitin elicitors has already been noted, so it
seems reasonable to assume that there is a receptor or other plant gene product
that interacts with the Nod factor. Genetic analysis indicates that a potential R
gene is dominant. The Nod™ genotype in legumes results from a recessive
mutation. Some 25-30 loci may be involved in producing a Nod* pea plant (see
review by PHiLLIPs and TEuser 1992), making it difficult to predict the identity of the
gene product of each locus. However, only one mutant gene could produce a
Nod~ phenotype.

There are several examples of what appears to be a gene-for-gene interaction
in the Rhizobium-legume symbiosis. Trifolium subterraneum (subclover) cv.
Woogenellup is not nodulated by several R. leguminosarum bv, trifolii strains,
including TA1, which effectively nodulates other T. subterraneum cultivars.
Mutations in the nodMNX operon on pSym or in the gene csn-1, located on the
chromosome, restore nodulation on T. subterraneum cv. Woogenellup to TA1,
indicating that these genes function as negatively acting host-range determinants
(Lewis-HenpDersoN and DJorpJevic 1991a). In contrast, nodT from strain ANU843 is
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a positively acting determinant, enabling TA1 to nodulate T. subterraneum cv.
Woogenellup. A single recessive host gene, termed rwt1, confers the inability to
be nodulated by TA1 {Lewis-HenDERsON and Duorpuevic 1991b).

In soybean, single dominant genes, the Rj2-4 genes, are involved in limiting
nodulation by specific rhizobial strains (see review by TriPLETT and Sapowsky
1992). A single gene has also been found in plant introduction (Pl) genotypes of
soybean that specifically exclude nodulation by certain competitive members of
B. japonicum serocluster 123 (Keyser and Crecan 1987). On the bacterial side,
nolA has been identified as a gene, the product of which enables members of
serocluster 123 to nodulate the Pl genotypes (Sabowsky et al. 1991). Thus, gene-
specific nodulation (GSN) in soybean parallels the gene-for-gene recognition
system in that dominant genes are present in both the plant and the restricted
bradyrhizobia. However, defense transcripts did not accumulate after infection of
Rj4 soybeans by USDA 61, the restricted strain (STokkerRMANS et al. 1992).
Moreover, bradyrhizobial strains that nodulate Rj4 soybeans have a different
profile of Nod factors than the restricted strains (STokkeErRMANS et al. 1992).

One of the best known examples of the gene-for-gene interaction in
symbiosis is the R. leguminosarum bv. viciae TOM-Pisum sativum cv.
Afghanistan interaction (Lie 1971). Afghanistan pea is not nodulated by European
strains or R. leguminosarum bv. viciae that lack the nodX gene found in strain
TOM (Davis et al. 1988). Firman et al. {1993) have shown that NodX is an O-acetyl
transferase responsible for the production (along with other nod operon gene
products) of a novel nodulation factor—NodRIv-V (Ac, Ac C18:4). The inability to
nodulate on the plant side is conditioned by a gene symZ2. Peas with the sym2
allele can no longer be nodulated by western R. leguminosarum bv. viciae strains
unless they contain nodX. The TOM-Afghanistan pea symbiosis, like the others
described above, is suggestive of a gene-for-gene recognition system and implies
that the novel Nod factor produced by TOM is recognized by a symZ-encoded
receptor. However, as FIrRmaN et al. (1993) have pointed out, the genetic data do
not fit this model because symZ2 is recessive, meaning that there has been a loss
of gene function rather than a modification of a potential receptor for strain TOM’s
Nod factor.

In summary, the gene-for-gene recognition system in plant-pathogen
interactions is not the same as the symbiotic recognition system. Although
dominant genes are involved, nod for the rhizobia and an unknown “R" for the
plant, the outcome upon recognition is nodule formation and not failure to
nodulate. Thus, as RecourT et al. (1992a) have observed, the nod genes can be
thought of as being involved in a compatible reaction and represent virulence
genes. This differs from the plant-pathogen interaction, in which elicitors, which
trigger an HR—an incompatible reaction—are encoded by avirulence genes. Also,
although recognition of the symbiont involves recognition of Nod factor, a “com-
patible” and highly host-specific elicitor, it is likely that other cell surface
molecules are recognized by the plant as well (see below).



148 H.I. McKhann and A.M. Hirsch
4.2 Host Responses from Zero to Twenty-Four Hours

One of the earliest responses to Nod factor is the initial depolarization of root hair
cell membranes (EHRHARDT et al. 1992). Addition of 107 M Nod factor results in a
rise in proton efflux from the root hair cell within 5 min (Cox et al. 1993). These
early changes in membrane dynamics in response to Nod factor are in some ways
similar to an HR. However, as stated earlier, in contrast to elicitor, Nod factor,
which generates the change in the host's membrane potential, results from an
effective or “compatible” reaction (RecourT et al. 1992a).

Other early responses to Nod factor and Rhizobium inoculation include the
expression of the early nodulin genes, particularly ENOD12 (PicHon et al. 1992;
VN etal. 1993; Fang, Asad, and Hirsch, unpublished results) and ENOD40 (VN et
al. 1993; Fang, Asad, and Hirsch, unpublished results). Even though the ENOD
genes are induced within 3-6 h after addition of rhizobia or Nod factor, their
expression is not correfated with the “pathogenic” nature of Rhizobium: ENOD
gene expression does not increase following inoculation with ineffective rhizobia.
Moreover, not only do wild-type and mutant bacteria elicit the expression of
ENOD12 and ENODA40, but cytokinin does also (Fang, Asad, and Hirsch,
unpublished results), suggesting that these early nodulins are related primarily to
nodule development and secondarily to the interaction with rhizobia.

Induction of mRNAs for the enzymes of the phenylpropanoid biosynthetic
pathway is, by contrast, correlated with the presence of bacteria. Using gene-
specific probes and sensitive RNAse protection assays, we found that transcripts
for two members of the large CHS gene family in alfalfa increased in abundance
within 6 h after inoculating alfalfa roots with wild-type R. meliloti compared to
uninoculated plants (McKhann, Fang, Paiva, Dixon, and Hirsch, submitted). A
similar increase was seen for CHI transcripts, but unlike CHS, CHI is encoded by
only one or two genes in alfalfa (McKrann and HirscH, 1994). RecourT et al. (1992a)
found that CHS is expressed at higher levels in vetch roots 12 h after inoculation,
with a peak at 24 h, using wild-type R. leguminosarum bv. viciae, and Lawson et
al. (1994), using PCR to analyze total CHS gene expression in clover, detected
elevated levels of transcripts within 6 h after inoculation with R. leguminosarum
bv. trifolii.

In contrast to RecourT et al. (1992a), we found that the 6 h symbiotically
enhanced CHS peak also appeared following inoculation with rhizobia that are
defective in nodulation. Exo™ R. meliloti mutants as well as heat-killed wild-type
rhizobia induced the accumulation of CHS transcripts over the uninoculated
controls (McKhann, Fang, Paiva, Dixon, and Hirsch, submitted). The induction of
CHS gene expression by mutant and heat-killed rhizobia is reminiscent of the
experiments of Jakosek and LiINDGReN {1993) and suggests that the initial 6 h burst
in CHS gene expression is a nonspecific plant response.

Another approach to determine whether Rhizobium elicits “defense” trans-
cripts is to infiltrate leaves with rhizobia as is typically done for a plant pathogen.
This experiment resulted in the observation that very little cell necrosis occurred
(McKhann, unpublished results; R. Esnault, personal communication). In addition,
no fundamental difference was detected between rhizobia or nonpathogenic
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bacteria in the levels of defense transcripts accumulated in response to infiltration
(R. Esnault, personal communication). The kinetics of transcript accumuiation in
response to rhizobia and nonpathogenic bacteria also differed significantly from
the kinetics exhibited in response to incompatibie bacteria (EsnaucT et al. 1993),
further indicating that the plant responds to rhizobia and nonpathogenic bacteria
in the same, nonspecific way.

Early changes in peroxidase gene expression and activity also take place after
inoculation. Northern blot analysis with a gene-specific probe showed that mRNA
levels of a specific peroxidase from Medicago truncatula increased within 3 h,
with maximal expression at 4 h, after inoculation with R. meliloti (K.
Vandenbosch, personal communication). Total peroxidase activity was also found
to increase in clover root hairs 6 h after inoculation. However, SaLzwepeL and
Dazzo (1993) observed a greater increase following inoculation with the
heterologous R. leguminosarum bv. viciae than with the homologous A.
leguminosarumbv. trifolii. In the latter interaction, the onset of peroxidase activity
was delayed. Also, in the heterologous relationship, staining for peroxidase was
localized over the entire deformed root hair, especially the tip, whereas in the
homologous combination, staining was found only where the infection thread
was initiated, even 5 days after inoculation. Similarly, total peroxidase staining
increased significantly in subclover root hairs inocuiated with strain TA1, whereas
strain ANU843 caused a little staining at the point of entry (M. de Boer and M.J.
Djordjevic, personal communication).

Although no difference was found between restricted and nonrestricted B.
japonicum strains in the level of CHS transcript accumulation in Rj4 soybean,
Stokkermans et al. (1992) observed that there was an increase over the controls
6 h after inoculation. Using a sensitive radioimmunoassay, ScHmipT et al. (1992)
found that inoculation of soybean with a wild-type strain of B. japonicum caused
an increase of up to 50-fold in glyceollin |, a soybean phytoalexin, in root exudates
as compared to root exudates of uninoculated seedlings. Maximum levels were
reached within 10 h after inoculation. A lower level of glyceollin | was observedin
root hairs at the same period. However, the levels detected in root exudates were
much lower than those observed in pathogen-inoculated root exudates, leading
the authors to suggest that wild-type B. japonicum suppresses the host's
reaction (see below). Glyceollin I accumulation was also seen in response to the
addition of supernatant, a suspension of autoclaved cells, or the supernatant of
broken cells of B. japonicum. Cell extracts of R. meliloti and R. fredii induced
glyceollin | accumulation in treated seedlings to relatively high levels after 20 h of
incubation, but R. leguminosarum cell extracts did not. No correlation was found
between glyceollin | accumulation and ability to nodulate soybean. ScHmipT et al.
(1992) also found that inhibition of flavonoid synthesis using an inhibitor of PAL,
(R)-(1 amino-2-phenylethyl) phosphonic acid, during the first 20 h of the
interaction led to a decrease in nodule number, contrary to what would be
predicted if the glyceollin | accumulation were related to a defense response.

In summary, some of the earliest responses of the plant to rhizobial
inoculation mimic a plant-pathogen interaction in that defense-related genes are
transcribed. However, the accumulation of defense transcripts soon after
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Rhizobium inoculation appears to be a nonspecific response. The earliest (6 h)
induction of the genes for the enzymes of the phenylpropanoid biosynthetic
pathway is elicited by either live or dead rhizobia, and the slightly later (10-20 h)
increase in glyceollin | production is also induced by autoclaved or broken bacterial
cells. In any case, defense transcripts accumulate to low levels compared to
inoculation with an incompatible pathogen. We propose that the earliest
expression of genes for enzymes of the phenylpropanoid biosynthetic pathway
occurs as a nonspecific response similar to what Jakosek and LINDGREN (1993)
reported for Hrp™ mutants of P. syringae. Furthermore, we propose that the
response to rhizobia is not related to defense. A similar conclusion has already
been reached by RecourT et al. (1992a). However, the situation for peroxidase is
still equivocal. Heterologous rhizobia or ineffective strains appear to elicit more
peroxidase activity than homologous wild-type strains. However, as is the case in
CHS gene expression, inoculation with the homologous strain results in an early
(<6 h) elicitation of specific peroxidase gene expression.

4.3 Forty-Eight Hours to Five Days: The Ini Response

In addition to the flavonoids that activate the expression of rhizobial nod genes,
there is evidence that a positive feedback occurs so that inoculation of legumes
with Rhizobium leads to increased flavonoid excretion from the root. This is
termed the Ini—increase in nod gene inducing activity—response, which was
originally observed in the root exudate of Vicia sativa subsp. nigraafterinoculation
with R. leguminosarum bv. viciae, but not in response to inoculation with
heterologous rhizobial strains {Van BrusseL et al. 1990). The Ini response has also
been reported to occur in reponse to rhizobial Nod factor (Recourt et al. 1992a). In
some cases, flavonoids other than the nod gene-inducing flavonoids are also
produced as part of the Ini response. These are thought to result from de novo
synthesis because inoculation with R. leguminosarum bv. viciae leads to 1.5- to
2.0-old increases in PAL activity, CHS mRNA level, and eriodictyol methyltrans-
ferase activity (REcourT et al. 1992a,b).

An Ini response also appears in alfalfa after inoculation with wild-type R.
meliloti (Dakora et al. 1993; McKhann, Fang, Paiva, Dixon and Hirsch, submitted).
Dakora et al. (1993) identified formononetin 7-O-(6"-O-malonyl-glycoside) (FGM)
as well as aglycone and glycoside forms of the alfalfa phytoalexin medicarpin in
root exudates from inoculated alfalfa. These compounds were not found in
uninoculated alfalfa root exudates. However, alfalfa root exudate from plants
inoculated with a heterologous Rhizobium strain, R. leguminosarum bv. phaseoli,
also showed that an Ini response had occurred, although at lower levels
than when exudates from R. meliloti-inoculated plants were examined (65% vs
200% increase in nod gene inducing activity; Dakora et al. 1993). Correlated with
the Iniresponse is an increase in CHS and CHI gene expression that occurs at the
same time as the release of flavonoids, 2-4 days after inoculation (McKhann,
Fang, Paiva, Dixon, and Hirsch, submitted). Using in situ hybridization, we
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observed that CHS transcripts accumulated in epidermal and root hairs cells of
spot-inoculated roots (McKhann, Fang, Paiva, Dixon and Hirsch, submitted).
Moreover, we found that alfalfa roots inoculated with exo-mutants produced both
medicarpin and FGM, which were not secreted into the exudate.

In soybean, there is conflicting evidence for an increase in flavonoids or for
differences in gene expression following inoculation with B. japonicum. GRAHAM
(1991) studied the nod gene-inducing activity of root exudates from uninoculated
roots and found that conjugates of the nod gene inducers daidzein and genistein
were selectively excreted from roots as well as from seeds in a continuous,
saturable process. Crxo and Harper (1991) found similar levels of isoflavonoids in
root extracts from uninoculated wild-type, hypernodulating, and non-nodulating
soybean seedlings. This is consistent with the results of MATTHEWS et al. (1989),
who found that there was no difference in nod gene-inducing flavonoids among
root exudates obtained from 3-day-old uninoculated wild-type, non-nodulating, or
supernodulating plants. SutHERLAND et al. (1990) demonstrated that root extracts
from uninoculated 12-day-old seedlings of non-nodulating, supernodulating, or
wild-type plants had nod gene-inducing activity that was similar to the activity of
extracts from inoculated wild-type plants. In contrast, CHo and HarpPer (1991)
found increased concentrations of isoflavonoids, some of which were Ini
flavonoids, 9-12 days after inoculation in root extracts of hypernodulating
soybean mutants compared to the wild-type soybean. Moreover, the non-
nodulating cultivar, when inoculated, was shown to contain more flavonoids than
the wild-type control (CHo and Harrer 1991). These differences in results may be
related to the fact that two cultivars—Bragg vs Williams—were studied. In any
case, rhizobial inoculation provokes the production of flavonoids in roots that form
determinate nodules, but the flavonoids do not appear to be excreted into the root
exudate. Also, they are produced later during development of determinate
nodules than of indeterminate nodules.

WINGENDER et al. (1989) examined CHS expression in soybean and found that
B. japonicum inoculation did not cause a change in CHS transcript levels up to 10
h after inoculation. Inoculation with Agrobacterium tumefaciens, however,
induced CHS expression in soybean roots and cell cultures within 2 h. Elevated
levels of CHS transcripts were observed 16 and 28 days postinoculation in both
uninoculated and inoculated roots. CHS expression was not enhanced in the roots
exclusive of nodules until 19-30 days after inoculation and in nodules 19-23 days
after inoculation. In contrast, EstaBrook and SENGUPTA-GOPALAN (1991) examined
gene expression leading to flavonoid biosynthesis in soybean roots using specific
probes for PAL and CHS and found evidence for enhanced expression of specific
gene family members of PAL and CHS at 4 days and 1-2 days, respectively, in
response to B. japonicum inoculation. This effect was enhanced in a
supernodulating mutant of soybean.

In summary, these results indicate that in indeterminate nodules the increase
in defense-related transcripts is related to the Ini response. New flavonoids do not
appear to be secreted into the medium by inoculated soybean seedlings, but are
detected in root extracts. In addition, the plant responds to inoculation by turning
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on genes, and in the two cases studied, a specific subset of genes, for enzymes
of the phenylpropanoid pathway, suggesting that this is a normal response of
alfalfa and soybean to rhizobial inoculation. Although phytoalexins are detected in
the exudate, the levels are significantly below those present after pathogen
infection. These results imply that a defense response does not occur during
this stage of the symbiosis, at least in response to inoculation with wild-type
rhizobia. Not enough studies have been done to generate conclusions about the
consequences of inoculating with mutant or heterologous rhizobia.

5 What Happens When Nodulation Fails?

Infection threads are not visible within root hairs until more than 12 h after
inoculation. Moreover, because not all infections associated with cortical cell
divisions develop into mature nodules, regulation must occur at some step prior
to nodule primordium formation, Examination of the number of infection threads
associated with cell division in alfalfa indicate that only a small percentage of
infections are successful (Woob and Newcowms 1989). In soybean, the number of
infections is also much greater than the number of nodules eventually formed.
Development was found to be arrested prior to the formation of nodule primordia.
Furthermore, a large proportion of potential primordia had localized regions of
cortical cell division, but lacked infection threads and were designated
“pseudoinfections” (CALvErT et al. 1984). The mechanism for this control is
unknown, but a defense-type response may be involved.

Vasse et al. (1993) reported the presence of a hypersensitive reaction in alfalfa
in unsuccessful infection events—those which do not lead to nodule formation.
Between 1 and 2 weeks after inoculation with wild-type R. meliloti, certain
cortical cells become pigmented, turning light yellow to black. Approximately
90% of the pigmented cells were found to contain the end of an infection thread.
These investigators hypothesized that the host plant may restrict development
of some infection threads by undergoing a hypersensitive-like reaction.
Immunolocalization of plant defense proteins, including PAL and CHS, showed
that these proteins were localized in the necrotic and adjacent cortical cells.
Moreover, the infection threads that terminated in a pigmented cell were lined by
wall appositions. The bacteria within these threads underwent necrosis, further
suggesting that an HR had occurred.

In ineffective associations, the expression patterns of genes involved in
flavonoid biosynthesis as well as the products of the pathway have also been
investigated. Elevation of CHS transcript levels during ineffective interactions has
been used to support the hypothesis that inoculation with certain mutant
Rhizobium strains leads to a defense-related response or even an HR. Estasrook
and SEnGUPTA-GoPALAN (1991) showed in soybean that specific PAL and CHS gene
family members are induced during the symbiotic interaction. They also deter-
mined that inoculation with a Fix mutant of B. japonicum led to an increase in
transcripts of PAL and CHS gene family members different from those induced by
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wild-type B. japonicum. However, induction began 12 days postinoculation, at a
point when nodules are already developed. Moreover, it was not determined
whether the transcripts of PAL and CHS expressed during this ineffective
association eventually led to phytoalexin production in the nodules.

An early response to inoculation with mutant rhizobia was observed in siratro
(Macroptilium atropurpureum) (DsorpJevic et al. 1988). Here, a mutant strain, with
pleiotropic effects (it overproduces polysaccharide, is an adenine auxotroph, and
is Nod™ on siratro), of the broad-host-range Rhizobium NGR 234 induced the rapid
(within 20 h) accumulation of osmiophilic droplets at potential sites of infection.
By 48 h, the droplets were observed in the epidermal cells near the site of
infection; eventually these cells died. These authors stated that this reaction was
similar to an HR, but it is not known which of the many defects of this Rhizobium
strain are responsible for the elicitation of the defense symptoms.

WERNER et al. (1985) were among the first to report that phytoalexin synthesis
could occur in response to an ineffective strain of B. japonicum. Ineffective
soybean nodules contained ten-fold higher levels of glyceollin | than did control
root tissue or nodules elicited by wild-type B. japonicum. The ineffective nodules
were distinguished by premature peribacteroid membrane breakdown. The level
of glyceollin | in these mature nodules was similar to that in roots of soybean 24
h after inoculation with the pathogen Phytophthora megaspermaf. sp. glycinea.
Another Fix~ mutant and two Fix* strains did not lead to glyceollin | accumulation,
leading the authors to conclude that an intact peribacteroid membrane was
necessary for preventing the host plant defense response. A nifA mutant was
also found to lead to glyceollin | accumulation (Parniske et al. 1991). Nodules
induced by nifA mutants at first develop normally, but early senescence,
complete loss of cellular compartmentalization, and death of cells at the infection
site take place, leading the authors to suggest that an HR had occurred. A so-
called HR was also observed in the interaction between Glycine soja and B.
japonicum (Parniske et al. 1990). In this interaction, there is an enhanced
accumulation of glyceollin | in the 30-day-old nodules.

An increase in CHS transcript levels was observed in alfalfa nodules by
Grosskorr et al. (1993) in response to the Fix-mutant AK1540 of R. meliloti. Using
a CHS probe from soybean, these researchers examined CHS gene expression in
several different nodule types by in situ hybridization and northern analysis. Roots
and nodules induced by wild-type R. meliloti or the Fix™ strain TF178 showed
similar, but low levels, of CHS. In contrast, AK1540-induced nodules had
increased levels of CHS, but only when the nodules were devoid of bacteria.
When nodules were partially invaded, CHS transcript levels also dropped. The
transcripts were located primarily in the outermost cells of the empty nodules and
were present at maximum level at 18 days postinoculation. Five times more
phenolic compounds were present in the empty nodules than in nodules induced
by wild-type R. meliloti; however, the phytoalexin medicarpin was not detected.

We examined CHS and CHI expression in alfalfa and determined that
transcript levels are elevated in nodules induced by a broad spectrum of defined
Fix- mutants of R. meliloti, including those defective in exopolysaccharide
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synthesis (exoB) and nitrogenase regulation (nif4) (McKhann, Paiva, Dixon and
Hirsch, unpublished). We also examined the effects of inoculation with A.
tumefaciens transconjugants carrying either one or both R. meliloti symbiotic
plasmids (Finan et al. 1986; HirscH et al. 1992) and found that CHS transcript
accumulation was also increased in these nodules. Associated with the elevated
transcript levels is an increase in the level of FGM. Also, low levels of medicarpin
and medicarpin glycosides were detected in these ineffective nodules (McKhann,
Paiva, Dixon and Hirsch, unpublished).

Nevertheless, CHS gene expression was not elevated in “spontaneous”
nodules—the Nar* (nodulation in the absence of Rhizobium) phenotype (TRUCHET
et al. 1989; CaeTano-ANoLLES et al. 1992), nor in NPA-induced nodule-like struc-
tures (Hirsch et al. 1989). CHS transcript levels were comparable to wild-type R.
melilotrinduced nodules, indicating that the increase in CHS mRNA accumulation
is not correlated with the ineffective state of the nodule. We believe that the
induction of CHS mRNAs in the bacterial-induced nodules is related in part to
nodule senescence, which occurs prematurely in these nodules and also to the
fact that these nodules are at least partially infected. Evidence for the importance
of senescence in flavonoid accumulation is provided by the study of Vance (1978),
who examined 60-65-day-old wild-type R. melilotFinduced alfalfa nodules.
Nodule tissue was found to contain 120% more total phenolics than root tissue
and 70% greater PAL activity. But what makes senescence in the presence
of Rhizobium different from senescence that occurs in the nodules of plants
with the Nar* phenotype orin the NPA-induced structures? why does infection,
even partial infection, lead to the accumulation of defense-related transcripts?

Under normal conditions, rhizobia are retained outside the plant cell
cytoplasm by being either encapsulated within an infection thread or surrounded
by peribacteroid membrane. An analogy to nodules and Rhizobium exists in
humans through our relationship with E. coli and other commensal microbes that
live extracellularly in our guts. These organisms normally remain in their
respective places in the body and do not harm their host unless the host becomes
immuno-compromised (like AIDS sufferers) or dies. When this happens, the
microorganisms are released from confinement and rapidly overrun their host's
barriers to cytoplasmic invasion. This model can be applied to the Rhizobium-
legume interaction, with the caveat that only the nodule dies and not the entire
host. Maintaining rhizobia in a nodule is an energetically expensive undertaking
for the plant. This can be seen in ineffective nodules that accumulate massive
guantities of starch. If nodulation fails, the rhizobia become a liability. Nodule
senescence takes place, and probably at the same time, defense-related
transcript accumulate. Eventually, both nodule and rhizobial cells die. The trigger
for the plant’s defense-related response may be increased ethylene production.
Ethylene is known to induce PAL, 4-coumarate CoA ligase, and CHS gene
expression (Ecker and Davis 1987). In any case, the later stages of an ineffective
symbiosis can be considered as most similar to a host defense response. It is at
this stage in the process that rhizobia may be recognized as intruders. However,
such possibilities do not explain the fact that not all Rhizobium mutants elicit a
defense-type response (WERNER et al. 1985; GrosskorF et al. 1993).
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In summary, infection thread abortions in effective symbioses and
ineffective associations appear to share features of a plant's response to
incompatible bacteria in that defense-related transcripts are elevated and
phytoalexins accumulate. However, the timing of the failed symbiotic interaction
is significantly different from that in response to an incompatible pathogen (Fig.
3). Furthermore, based on the definition established earlier in this review, the
failed interaction cannot be properly called an HR. Although one could argue that
the difference between the plant's response to plant pathogens vs rhizobia is
merely due to differences in timing, we think this is unlikely. Effective rhizobia
provoke a number of host reactions early in the nodule development pathway in
contrast to compatible plant pathogens which do not elicit any response from a
susceptible host until more than 120 h after infection (Fig. 3). These interactions
suggest that the plant continually communicates with its symbiont. However,
this does not preclude the idea that wild-type rhizobia are intruders and have
evolved mechanisms to avoid recognition by the host.

6 Do Effective Rhizobia Suppress or Evade the
Host Responses as Nodules Develop?

In many host-pathogen interactions, defense gene transcription and phytoalexin
accumulation occur in both compatible and incompatible interactions, but with
altered timing: phytoalexin accumulation is delayed in the compatible interaction
compared to the incompatible interaction (BELL et al. 1986; BonHOFF et al. 1986;
EBEL 1986). Some evidence suggests that differences in the timing of phytoalexin
synthesis are the result of suppression of defense gene activation by pathogen-
produced suppressors. For fungi, these suppressors have been identified as low
molecular weight glycopeptides (Yamapa et al. 1989), glucans (Doke et al. 1980),
or glycoproteins (Kessmann and Barz 1986; ZieGLER and PonTzen 1982). The lack of
induction of PAL, CHS, and CHI (up to 120 h) in bean after infiltration with P.
syringae pv. phaseolicola, the compatible pathogen, also appears to be due to an
active suppression mechanism by the bacteria (JakoBek et al. 1993). This
suppression requires active metabolism, but so far the identify of the suppressor
is unknown.

As we have seen so far, wild-type and mutant Rhizobium inoculation elicits
an early (6 h) burst in CHS expression. Some 2-5 days after inoculation, the Ini
response takes place and with it, another increase in CHS gene expression.
Neither of these host responses can be classified as a defense reaction.
Moreover, once mature nodules develop, effective nodules accumulate very low
levels of defense-related transcripts compared to ineffective nodules. Are the
host’s responses suppressed?

Exopolysaccharide (EPS I) has been proposed to act as a suppressor of the
plant defense responses (NieHaus et al. 1993). Exo™ mutants of R. meliloti induce
the formation of bacteria-free nodules in which infection threads abort in the
peripheral cells (Finan et al. 1985). Nienaus et al. (1993) have shown that these
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nodules accumulate phenolic compounds and that the host cell walls are thick
and encrusted with autofluorescent material as well as callose. After prolonged
incubation, however, some normal, nitrogen-fixing nodule lobes formed from the
bacteria-free nodule, but the rhizobia maintained their Exo™ genotype (NIEHAUS et
al. 1993). It is not known, however, how the plant’s defense responses were
suppressed in these nodule lobes. Interestingly, addition of low molecular weight
oligosaccharides of EPS to R. melilot exoA mutants restored their ability to induce
normal, nitrogen-fixing nodules (BatmisTi et al. 1992). This suggests that some
component of EPS may function as a suppressor.

An important question is how the distinction between “friend or foe” vs “no
recognition” is made in plant-microbe interactions. If there is a suppressor
produced by wild-type Rhizobium, what is it? If no suppressors are produced and
yet Rhizobium avoids the host response, is it because recognition is delayed? If
so, are there determinants, as postulated by Dazzo and HuggeLL (1975), on the
rhizobial surface that are similar either in structure or confirmation to the plant cell
surface? If they are either lipopolysaccharide (LPS) or EPS, then some explanation
is required as to why neither seems to be universally required for complete
nodule development. LPS is essential for normal invasion of Bradyrhizobium into
hosts that form determinate nodules, whereas EPS is required for proper
Rhizobium invasion of hosts that form indeterminate nodules (see references in
HirscH 1992). However, perhaps a part of LPS or EPS serves as a signal. Some cell
surface component or released molecule must be involved in triggering the
earliest, 6-10 h, nonspecific host responses because both living and dead rhizobia
are able to induce them. Alternatively, enclosure by the infection thread and later
the peribacteroid membrane may protect the rhizobia from being recognized by
the host (SmiTH 1979).

7 Conclusions

Although there have been proposals that the Rhizobium-legume symbiosis
represents a modified pathogenic interaction (Vance 1983; DJorbJevic et al. 1987),
as we have pointed out, there are some major conceptual differences between
the symbiotic and plant-pathogen interactions. The induction of defense
transcripts and the accumulation of phytoalexins during the Rhizobium-legume
symbiosis has been highlighted as evidence to consider Rhizobium as a
controlled pathogen. We believe that the earliest increases in PAL, CHS, and CHI
transcripts ({those coincident with an HR) that occur after inoculation with rhizobia
result from a general, nonspecific plant response, which could be brought about
by wounding, various abiotic stresses, or the presence of ethylene. In contrast,
the Ini response appears to be specifically related to effective rhizobia and the
correct Nod factor. However, more studies using mutant or heterologous rhizobia
at this stage in the interaction are required. Following infection by wild-type
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rhizobia, phytoalexin production by the plant’s nodules is low, indicating that a
classic host defense response does not occur. However, the increases in CHS
and CHI transcripts and phytoalexin production observed in ineffective nodules
are more likely to be defense-related. Thus, we propose that the plant’s earliest
responses to Rhizobium should not be thought of as a defense reaction, but rather
as part of the host's generalized program of response to mechanical stress or to
nonspecific microbial interactions. Moreover, the term HR should not be applied
to the Rhizobiumlegume symbiosis and should be restricted to the responses
elicited by incompatible plant pathogens. The later stages of an ineffective
relationship may be considered in the broad sense as a host defense reaction.

Areader could argue that these are just “words, words, words " (SHAKESPEARE,
Hamlet II: 2), but words set the framework for ideas. By concentrating on the
similarities between rhizobia and plant pathogens and attempting to fit symbiosis
into an inappropriate model, our focus has veered away from the fact that
Rhizobium invades the plant root, induces cell divisions so that
a new organ is formed, and then takes up residence within host cells where the
bacterial cells remain until they or the nodule senesces. So far, the mechanistic
details of how Rhizobium invades the plant cell remain elusive. Nod factor is
probably not the sole Rhizobium molecule required for the invasion process, but
yet few clues exist as to how many molecules are necessary and what they are.
Is the rhizobial surface cloaked in molecules that mimic plant cell wall
components? Do EPS and LPS perform these roles or is there some other surface
component(s) required? In addition, how does Rhizobium manipulate the host to
form an infection thread? Do the bacterial (or plant) cells actually produce
hydrolytic enzymes to degrade the cell wall in order to enter the root hair ceil? Or
does Rhizobium subvert the host cell wall synthesizing machinery and
cytoskeleton to invade much like a Yersinia cell invades a mammalian cell (see
chapters by Cornelis and by Parsot, this volume; BLiska et al. 1993)? Do rhizobia
bind to integrin-like proteins or other plasma membrane proteins like mammalian
bacterial pathogens to initiate invasion? These questions get at the foundation of
the interaction between microbe and host, and so far we have too few answers.
To understand root hair invasion by rhizobia, we should reconsider the plant-
pathogen paradigm for the Rhizobium-legume symbiosis and replace it with a
new model, perhaps looking to the mammalian cell pathogens, as reviewed in
this volume, for inspiration.
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1 Introduction

179

“Salmonellae are among the most resourceful and successful of human
pathogens, and as such have long beguiled microbiologists, epidemiologists, and
clinicians” (RusiN et al. 1977). And they continue to do so! However, we have
begun to gain insight into some of the mechanisms used by these pathogens to
cause disease. These mechanisms reveal that the bacterium must possess
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several traits which are needed for each stage of the infection, allowing the
salmonellae to establish an intimate relationship with the host. As a result,
whenever Salmonella pathogenesis is being studied, the contribution of the host
also needs to be considered. Thus, throughout this review emphasis will be
placed on both the bacterial components and host contributions to these in-
teractions. Work in this field has revealed several unexpected findings about
bacterial and host cell mechanisms that are applicable to other systems. Much of
the basic bacterial machinery is conserved between many plant and animal
pathogens. However, despite this enthusiasm, it has also reinforced how little we
really know about these interactions and the bacterial and host processes
involved.

2 Pathology and Clinical Manifestations
of Salmonella Infections

A brief introductory overview of the pathology and clinical manifestations of
Salmonella infections is presented here, since this knowledge is essential in
understanding the basic mechanisms of pathogenicity used by Salmonella
species. This subject is reviewed in detail elsewhere (Rusin et al. 1977; GOLDBERG
and Rusin 1988).

2.1 Pathology

Given that there are a wide variety of serotypes of Salmonella, it is not surprising
that there are also several syndromes caused by salmonellae in humans. How-
ever, as a rule, particular clinical manifestations are usually associated with
particular Salmonella species. Nearly all Salmonella infections occur from oral
ingestion of bacteria. A sufficient dose is required to overcome host degenses
such as gastric acidity, normal flora, and peristaltic movements. The infectious
dose in humans ranges from approximately 10° to 10° organisms for most
serotypes, including S. typhi. This dose is significantly decreased if the stomach
acidity is buffered or the transit time through the stomach is decreased, indicating
that these organisms are sensitive to the low pH found in the stomach.
Salmonella species do not appear to colonize the stomach, but instead move to
the lumen of the small intestine.

The bacteria multiply in the lumen of the small intestine, in apparent compe-
tition with the normal flora. Salmonella penetrate the mucosa at the distal ileum
of the small intestine and the proximal large bowel. It is thought that the bacteria
penetrate through specialized ileal epithelial cells called M cells which are found
overlaying Peyer’s patches. The mechanism and site of Salmonella invasion are
discussed in detail later. The organisms rapidly penetrate the intestinal mucosa
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andreach the mesenteric lymph follicles where they multiply. Most infections do
not proceed beyond the local lymph nodes. However, more invasive strains such
as S. typhiand S. choleraesuis spread to deeper tissue over a period of a few days.
They infect the thoracic lymph, thereby spreading into the circulatory system.
This bacteremic phase leads to infection of the liver, spleen, gall bladder, and bile.
Infected bile can cause a secondary intestinal infection approximately 2 weeks
after the initial ingestion, especially with S. typhi. They may also infect other
distant sites such as bone and other tissues.

There is marked hyperplasia and hypertrophy of the reticuloendothelial
system, indicating an active involvement of the phagocytic cells in this system.
The intestinal lymphoid tissues, liver, and spleen all become enlarged. Salmo-
nellae are actively phagocytosed by host cells, including macrophages and
polymorphonuclear leukocytes, which presumably leads to the prominent en-
largement of the reticuloendothelial system. There is ileal inflammation which
may cause intestinal bleeding and perforation later in the infection, especially with
S. typhi.

2.2 Clinical Manifestations

2.2.1 Gastroenteritis

There are four main clinical syndromes caused by Saimonella species. Although
each species can cause any one of the four manifestations, particular species
usually cause a given syndrome. Gastroenteritis is usually caused by S. enteritidis
and most of its subspecies such as S. typhimurium. Gastroenteritis (food poison-
ing) is usually a non-life threatening disease characterized by nausea and vomiting
8-48 h after bacterial ingestion. Diarrhea, abdominal pain, and often fever follow
later in the infection. Immunocompromised individuals often have a more severe
and longer course of diarrhea.

2.2.2 Enteric Fever

Although any serotype of Salmonella can cause enteric fever, this disease is
usually caused by S. typhi or S. paratyphi. Enteric fever is characterized by
prolonged fever, sustained bacteria in the bloodstream (bacteremia), activation of
the reticuloendothelial system, and multiple organ dysfunction. The incubation
period for this disease is longer than that for gastroenteritis (usually 1-2 weeks),
and the disease lasts longer.

2.2.3 Bacteremia

Once Salmonella have penetrated the intestinal barrier, they can enter the
bloodstream, resulting in a sustained bacteremia which can then affect many
body sites. S. choleraesuis is the most common Salmonella species which
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causes bacteremia. Blood infections with this species often occur without any
apparent intestinal manifestations.

2.2.4 Carrier State

The fourth symptom caused by Salmonella species is the chronic carrier state.
Salmonella can persist in stool samples (10%-10° organisms/gram) for periods
exceeding a year. The carrier state may occur after a symptomatic disease, or it
may establish without any symptomes. It usually occurs after ingestion of a small
innoculum of bacteria. The site of bacterial multiplication and persistence is
usually the bile duct, although other chronic sites have been described.

3 Salmonella in the Stomach

The low pH of the stomach plays a critical role in determining the outcome of a
Salmonella infection. As mentioned above, if the pH of the stomach is increased
(due to achlorhydria, antacid buffering, or gastric resection), amuch lower dose of
Salmonella can cause an infection. If the transit time through the stomach is
decreased (as is often seen with waterborne outbreaks), again the infectious
dose is lowered. Given this critical role of acidic pH, one would suppose that the
bacteria should possess mechanisms to enhance its survival at low pH.

Both S. typhimurium and E. coliencode an adaptive acid tolerance response
(ATR) that enables the organisms to survive at a decreased pH after exposure to
low pH (Foster 1991). Despite the effectiveness of this system for enhancing
survival in vitro, the role of the ATR in virulence remains questionable. For
example, S. typhimurium carrying mutations in atp, which encodes an ATPase
needed for the ATR, are avirulent in the mouse typhoid model (Garcia peL PorTiLLO
et al. 1993). However, if the stomach is buffered with bicarbonate, the atp
mutants still remain avirulent when delivered orally, suggesting that stomach pH
is not the major reason for the attenuation. Fur is an Fe*-binding regulatory
protein which also regulates many proteins involved in the ATR. Mutants in fur
were attenuated orally, yet were completely virulent by the intraperitoneal route.
Addition of bicarbonate prior to oral infection of the fur mutant caused a 1 log
decrease in its LD,,. Collectively, this work indicates that separate ATR genes
may have different roles in S. typhimurium virulence.

Itis possible that Salmonella does not possess special genes that are needed
for survival in the stomach and instead rely on small numbers of organisms from
a large dose to survive and proceed to the intestine. Alternatively, they may have
some genes that enhance survival in the stomach slightly. Whatever the case,
Salmonella species are unlike Shigellaand enteroinvasive E. colias these bacteria
appear to be able to withstand the low pH of the stomach and a very small
infectious dose is needed.
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4 Salmonella-Induced Diarrhea

The mechanisms whereby Salmonella species cause diarrhea are poorly
understood. It is generally believed that salmonellae must interact with the
intestinal mucosa and trigger an influx of polymorphonuclear leukocytes (WAaLuis
etal. 1986). in neutropenic animals, or in infections with bacterial strains which do
not trigger this influx, fluid secretion does not occur (WaLLs et al. 1989). This
infiltration then presumably triggers the production of prostaglandins, since
indomethacin, an inhibitor of prostaglandin synthesis, blocks fluid secretion
(GIANNELLA et al. 1975). Prostaglandin synthesis then leads to activation of
adenylate cyclase and increase in fluid secretion (GIANNELLA et al. 1975). Bacterial
invasion is not correlated with diarrhea, since there are invasive strains which do
not trigger fluid secretion (GianNELLA et al. 1975), and invasion precedes fluid
secretion by several hours (WaLuss et al. 1986).

The bacterial factors responsible for diarrhea also remain poorly charac-
terized. It has been established that S. typhimurium encodes a cholera-like
enterotoxin. (Prasap et al. 1990; CHorra et al. 1991). When cloned into E. colithis
enterotoxin exhibits enterotoxin-like activity (Prasap et al. 1992). However, the
role of this toxin in Salmonella diarrhea remains to be established. S. typhimurium
also produces an outer membrane protein that inhibits host protein synthesis and
cytotoxic activity (ReimveYer et al. 1986). Additionally, given the inflammatory
nature of diarrhea, bacterial lipopolysaccharide (endotoxin) may contribute to
diarrhea. It has been demonstrated that Saimonella can disrupt tight junctions
(FiNnLaY et al. 1988). It is possible that such disruptions in the gut could contribute
to ionic imbalance and diarrhea. Finally, as discussed below, S. typhimurium may
trigger the production of arachadonic acid and other prostaglandins as it invades
epithelial cells (PAce et al. 1993). Although extremely speculative, it is possible
that these inflammatory mediators may contribute to fluid secretion.

5 Salmonella Interactions with Nonphagocytic Cells

5.1 The Intestinal Barrier

The intestinal barrier is a relatively impermeable barrier comprised mainly of
epithelial celis tightly linked to each other by tight junctions. There are several
types of epithelial cells exposed to the lumen of the intestine, including columnar
epithelial cells, goblet secreting cells, and M celis. Salmonella species appear to
have the capacity to penetrate this barrier, although the precise portal of entry into
their host is not certain. There is mounting evidence that M cells within Peyer's
patches are probably the site that are preferentially invaded by Salmonella
species, although the model system that is used appears to influence this
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conclusion. For example, in a classic descriptive study, TakeucHi (1967) found that
S. typhimurium uniformly penetrated the intestinal epithelium, including both
columnar epithelial cells and M cells of the guinea pig. However, KoHsaTa et al.
(1986) found that S. typhi preferentially invaded and destroyed M cells in mouse
ligated ileal loops. PoriscHIL et al. (1990) found that S. typhimurium did not have
any predilection for intestinal epithelial type in infected swine, yet S. choleraesuis
was located preferentially in ileal M cells within Peyer's patches. Collectively this
data would suggest that although Salmonella species have the capacity to invade
any intestinal epithelial type, larger numbers enter through M cells within Peyer's
patches. The contribution to disease of each of these sites remains to be
determined. The differences in the intestinal invasion sites between Salmonella
species and host types may contribute to the observed host specificity of
different salmonellae.

More recently, polarized epithelial monolayers have been used to examine S.
typhimurium and S. choleraesuis interactions with epithelial cells as a model for
intestinal penetration (FiNLAY et al. 1988; FinLay and FaLkow 1990). These cell lines
{of canine kidney and human intestinal origin) form well developed microvilli and
tight junctions, have defined apical and basolateral domains, and mimic a
columnar epithelial cell barrier. When salmonellae are added to the apical (top)
surface of these cells, they cause morphological alterations identical to that
observed with infected intact intestinal epithelium (described below). The
bacteria also invade these cells and penetrate through the monolayers. The
bacteria depolarize these barriers by disrupting tight junctions and subsequently
cause significant cytotoxic effects on these epithelial cells. Thus these systems
provide a defined in vitro system to study Salmonella penetration of columnar
epithelial cells. Unfortunately, at present there are no M cell lines to further
examine bacterial interactions with this cell type.

5.2 Invasion

5.2.1 Morphological Description

In 1967, TakeucH described a detailed morphological description of S.
typhimurium interacting with and invading guinea pig ileal intestinal epithelial
cells. This description is representative of Salmonella interactions with most
nonphagocytic cells and has been documented by other workers (for examples
see PorieL and TurnsuLL 1985; KonBaTA et al. 1986; Finiay and Fakow 1990;
Francis et al. 1992). Prior to initial bacterial contact with the intestinal epithelium,
the brush border remains intact. However, when the bacterium comes close to
the epithelial surface (less than 350 A), microvilli in the immediate vicinity begin
to degenerate through elongation, swelling, and budding. There are often long
fibrous structures linking the organism with the apical surface, although the
organism always retains space between the bacterial and host surfaces. As this
process progresses, the apical cytoplasm close to the organism begins to bleb
and swell, distorting outwards. As the cytoplasm is distorted, the organism is
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internalized within a membrane bound vesicle, often surrounded by the
cytoplasmic extrusion (Fig. 1). Accompanying this extrusion is a marked increase
of localized endocytic activity, resulting in internalization of many vesicular
structures. For unknown reasons, bacteria preferentially infect certain cells of the
monolayer. It is common to see several bacteria following another organism into
one cell, yet the neighboring cells (and even distant areas of the same cell}) remain
unaffected. TakeucH also reported organisms passing through tight junctions
between cells, apparently resealing after bacterial entry. Initially, each invading
organism is internalized within an individual vacuole, although at later times these
vacuoles may fuse. Although several regulatory factors are involved in Salmonella

Fig. 1. Transmission electron micrograph of Salmonella typhimurium entering polarized Caco-2 human
intestinal epithelial cells. Note the microvilli distortions and that the bacteria are localized within
membrane-bound inclusions. Bar, 1 um
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invasion (see below), once the bacteria are committed to invade, the entire
invasion process occurs within minutes (Francis et al. 1992).

5.2.2 Bacterial Factors Involved in Invasion

Several invasiveness loci have been identified in various Salmonella species by
several groups. Unfortunately, of those characterized, nearly all loci are involved
in regulation of invasion, secretion of products to the bacterial surface, or motility.
Alarge region of S. typhi DNA has been cloned into E. coliand shown to facilitate
a low level of invasiveness by this normally noninvasive bacterium (ELSINGHORST et
al. 1989). However, homologous sequences from S. typhimurium are unable to
confer invasiveness to E. coli, and this locus remains uncharacterized. Tnb muta-
genesis of S. typhiresulted in the identification of four nonmotile mutants which
are unable to invade cultured epithelial cells (Liu et al. 1988). Mutations resulting
in defects in lipopolysaccharide (LPS) decrease S. typhi and S. choleraesuis
invasiveness (MRroczenski-WiLDEY et al. 1989; FinLay et al. 1988), but not S.
typhimurium. TnphoA mutagenesis of S. choleraesuis led to the identification of
six classes of mutants with decreased invasiveness that are unable to penetrate
polarized epithelial monolayers (FinLaY et al. 1988) although no motility mutants
were detected. Two of the four invasiveness mutants which did not affect LPS
structure were avirulent in mice, while the other two remained virulent. TnphoA
mutagenesis of S. enteritidis resulted in the identification of six classes of
noninvasive mutants which had different invasion phenotypes with different cell
lines (Stone et al. 1992). Similarly, TnphoA mutagenesis of S. abortusovis
identified several mutants that were defective for adherence, but had varying
degrees of virulence (Rusino et al. 1993). One Tn 70 mutant in S. typhimurium has
been identified that has reduced adherence and invasiveness in both cultured
epithelial (Caco-2) and cultured macrophage (J774) cells (GaHrinG et al. 1990).
Four classes of mutants in S. typhimurium were identified that had decreased
invasion levels, although three classes were still virulent in mice (BeTts and FiNLaY
1992). Several other nonmotile noninvasive mutants were also identified in that
study. It has been suggested that S. typhimurium invasion is affected by the
direction of flagellar rotation and the physical orientation of flagella around the
bacteria (Jones et al. 1992) and the requirement of motility in invasion can be
bypassed by centrifuging bacteria onto the monolayer (Finay and Falkow 1989).

There is currently only one well characterized invasion locus from Salmonella.
This region (inv) has been cloned and characterized from S. typhimurium (GaLaN
and Curmiss 1989) and maps at approximately 59 minutes on the chromosome.
Lesions in these genes result in a slight decrease in virulence when the bacteria
are delivered orally, but not when they are administered intraperitoneally. There
appear to be several genes in this locus that are required for adherence and/or
invasion. Initially, three sequential genes, invA-C, were identified that were
involved in invasion (GaLaN and Curmiss 1989), and invA has been further
characterized (GaLan et al. 1992). Immediately upstream of invA is invE, another
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invasion locus that is required for triggering the uptake of S. typhimurium into
epithelial cells (GinoccHio et al. 1992), and two other loci, invF and invG (ALTMEYER
et al. 1993). Upstream of invF, and transcribed in the opposite direction, is invH,
a locus that is involved in adherence and is strongly conserved between
Salmonella species (ALTMEYER et al. 1993). However, this locus is not needed for
virulence, since it was originally identified as a virulent class 6 TnphoA mutant in
S. choleraesuis (FinLAY et al. 1988). It was subsequently also disrupted in three
noninvasive TnphoA mutants of S. enteritidis (class |) (STone et al. 1992).

The number of genes needed for Salmonella invasion is large. However,
recent results indicate that the bacterial products needed for invasion are similar
to virulence factors in other pathogens, thereby suggesting roles for some of
these products. The first indication of such homology came from invA. This gene
encodes a predicted protein that shared homology with LcrD from Yersinia, MxiA
from Shigella flexneri, and other proteins (GALAN et al. 1992; Van GlUsEGEM et al.
1993). LerD is a membrane-bound calcium regulator involved in Yersinia
pathogenesis, while MxiA is involved in secreting Shigella invasion antigens to
the bacterial surface (see chapters by Cornelius and Parsot in this volume).
Furthermore, it has recently been shown that several plant pathogens have
similar secretory systems, including HrpO from Pseudomonas solanacearumand
HrpC2 from Xanthomonas campestris pv. vesicatoria (Van GluseGem et al. 1993;
related chapterin the volume). A recent paper by Groisman and OcHman (1993) has
extended this homology for most of the inv locus of S. typhimurium. They
sequenced the region downstream of invB and found at least nine predicted open
reading frames. Furthermore, these genes share significant homology to the S.
flexneri spa genes which, like mxiA, are needed for secretion of Shigellainvasion
antigens to the bacterial surface (Table 1). They also found that at least one of the
Shigella genes (spaZ4) could complement noninvasive mutants containing
mutations in the homologous gene of S. typhimurium (spaP). Collectively, these
results suggest that the complex machinery needed to transport virulence
proteins to bacterial surfaces is conserved in Yersinia, Shigella, and Salmonella,
andis also conserved in flagella export machinery and in various plant pathogens.
However, the actual antigens that are ftransported and the regulatory
mechanisms that control these systems vary. These results help reconcile the
numerous invasion genes that are found in Salmonella. Unfortunately, they also
imply that the actual Salmonella invasins that are being exported by this
machinery remain to be discovered.

S. typhimurium invasiveness is regulated by several factors, including
anaerobic growth, growth state, and calcium concentration (ErRnsT et al. 1990;
ScHieManN and SHope 1991; Lee and FaLkow 1990; NieseL and PeTerson 1987). The
invlocus in S. typhimuriumis regulated by changes in DNA supercoiling affected
by osmolarity (GaLan and CurTiss, 1990). Additionally, a “hyperinvasive” locus has
been identified, and mutations in this locus appear to uncouple invasion from its
traditional regulators, yielding constitutive invadors (Lee et al. 1992). This locus
(hil) maps to 59.5 minutes, which is very near the invregion. Interestingly, unlike
Shigella and Yersinia, Salmonella invasion is not regulated by temperature.
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Table 1. Examples of homologous loci between pathogenic bacteria®

Yersinia Shigella flexneri Salmonella Pseudomonas
enterocolitica typhimurium solanacearum
YscL HrpF
YscJ MxiJ Hrpl
YscC MxiD HrpH
VirF HrpB
LerE MxiC InvE
LerD MxiA InvA HrpO
Spal15 invB
Orfé Spad7 InvC/SpaL HrpE
SpaM SpaM
Spa32 SpaN
Spa33 Spa0 HrpQ
Spa24° SpaP® HrpT

® For details see text, GROISMAN and OCHMAN (1993), and VAN GIJSEGEM et al.
(1993).

®Spa24 from S. flexnerican complement a SpaP~ S. typhimurium mutant for invasion
(GROISMAN and OCHMAN 1993).

5.2.3 Host Factors Involved in Invasion

Uptake of Salmonella into epithelial cells requires host cell metabolism and
energy (KiHLsTrom and NiLsson 1977). This observation suggests that Salmonella
uptake into non-phagocytic cells is an active process, and, given the
morphological alterations that occur, that the bacteria is capable of transmitting a
localized signal at the host cell surface which mediates bacterial uptake. Several
lines of evidence suggest that such a process occurs.

It is becoming increasingly clear that host actin containing micro-filaments
are required for Salmonella uptake. Treatment of cultured cells with
cytochalasins, which disrupt actin filaments, blocks Salmonella uptake in several
systems (for example, KiHLsTrRom and NiLssoN 1977; FinLay and FaLkow 1988),
although inhibitors of microtubules do not affect bacterial invasion. Additionally, it
has been shown that S. typhimuriumtriggers rearrangement of polymerized actin
and other micro-filament related proteins including a-actinin, tropomyosin, talin,
and ezrin (FiNLay et al. 1991). This rearrangement consists of loose “strings” of
actin filaments accumulating in the vicinity of the invading organism. This
rearrangement is also closely correlated with invasion, and, once the bacteriumis
internalized, the cytoskeleton returns to its normal distribution (FinLay et al. 1991).
This rearrangement again suggests signals are being transmitted through the
host membrane to mediate cyto-skeletal rearrangement.

As with most invasive enterics, there appear to be several signals that are
transduced in the host cell that are involved in Salmonelia uptake (reviewed in
RosensHine and FinLay 1993; Buiska et al. 1993). Given the marked cytoskeletal
rearrangement triggered by S. typhimurium and the role intracellular Ca* plays in
cytoskeletal rearrangements, it was not unexpected to find that S. typhimurium
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triggers a Ca** flux in cultured epithelial cells (Ginoccrio et al. 1992). Mutations in
invE (which encodes a putative secretory machinery product) were unable to
trigger the intracellular Ca* flux or actin rearrangement, although they could be
rescued in trans by adding the parental strain. Additionally, chelators of intra-
cellular Ca?*, but not extracellular Ca®*, block S. typhimurium entry into cultured
epithelial cells (RuscHkowski et al. 1992). Release of intracellular Ca?* is often
mediated by fluxes in the inositol phosphate IP,, and it has been shown that S.
typhimurium also triggers fluxes in inositol phosphates, and this closely
correlates with invasion (Ruscrkowski et al. 1992).

Further information about the signal(s) used by S. typhimurium to enter
cultured cells came from work by GaLan et al. (1992) that described the activation
of the epidermal growth factor receptor (EGFR) by invading S. typhimurium in
Henle-407 cells. These workers showed that S. typhimurium triggered tyrosine
phosphorylation of the EGFR, and invA mutants (another putative secretory
machinery product) were unable to induce such activation. Addition of EGF to
cells increased the invasiveness of the invA mutation. These workers then
extended their findings and proposed a complex sequence of events that mediate
S. typhimuriuminvasion (Pace et al. 1993). This sequence order was: activation of
the EGFR; EGFR activates MAP kinase; MAP kinase activates phospholipase A,
(PLA,); PLA, generates arachidonic acid; arachidonic acid is converted into
leukotriene LTD, by 5-lipoxygenase; LTD, opens Ca** channels; and influx of
extracellular Ca** causes membrane ruffling, cytoskeletal rearrangements, and
bacterial uptake. i

This model has several appealing features. EGFR activation is known to
trigger membrane events similar to those seen with S. typhimurium. It also
causes Ca** fluxes and several other signals. However, despite the appeal of this
pathway, there are several unexplained and contradictory results that have arisen.
For example, this pathway does not invoke any role for intracellular Ca?, nor is
there any involvement of phospholipase C, which presumably generates the
inositol phosphates seen during S. typhimurium invasion (RuscHkowski et al.
1992). Additionally, cells which are lacking the EGFR are still invaded efficiently
(GaLan et al. 1992), and cells treated with potent inhibitors of the EGFR tyrosine
kinase do not affect S. typhimurium invasion (ROSENSHINE et al. 1992), although
they block EGF mediated signal transduction. Furthermore, another study of
EGFR activation by S. typhimurium indicated that the EGFR was not activated by
S. typhimurium in Henle-407 cells, or other cells expressing various amounts of
EGFR, although receptor activation was observed with EGF (I. Rosenshine et al.,
unpublished observations). Further supporting evidence that the EGFR does not
participate in S. typhimurium invasion comes from two recent studies. The first
demonstrated that inhibition of rac and rho, two host proteins that are essential in
EGF mediated cytoskeletal ruffling, are notinvolved in S. typhimurium mediated
ruffling (Jones et al. 1993). These workers also found that complete down-
regulation of the EGFR had no effect on S. typhimurium invasion. In another
study, this group found that Salmonella promoted ruffling and bacterial uptake via
an EGF-independent mechanism, and S. typhimurium could trigger ruffling in cell
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lines that do not possess the EGFR (Francis et al. 1993). They concluded that S.
typhimurium invades via an EGFR-independent pathway.

The role of the bacteria in invasion is also controversial. It has been reported
that addition of bacterial protein or RNA synthesis inhibitors blocks Salmonella
adherence and invasion (FiNLAY and FaLkow et al. 1989). However, if bacteria are
grown under appropraite inducing conditions, it has been suggested that S.
typhimurium can invade cells in the presence of chloramphenicol (Lee and FaLkow
1990). Prolonged inhibition of bacterial protein synthesis inhibits S. typhimurium
invasion, indicating that the bacterial products may be rapidly turned over
{(MacBeTh and Lee 1993). However, addition of chloramphenicol after bacterial
invasion has commenced blocks further bacterial invasion, suggesting that
invasion may indeed be an active process. [t has been reported that invading
Shigella must be metabolically active to enter cultured epithelial cells (HALE and
Boventre 1979). Given the conservation of invasion secretion machinery between
Salmonella and Shigella species (see above), one can speculate that energy may
be required for these invasion/secretion systems to function for both these
pathogens, despite differences in invasins and receptors.

5.3 The Intracellular Environment

Nonphagocytic cells such as epithelial cells are inefficient at killing intracellular
bacteria. However, since Salmonella spends at least some time within such cells
as it penetrates the intestinal mucosa, it is worth examining some of the features
of this environment, and how this impacts intracellular Sa/monella. A discussion
of Salmonella inside phagocytic cells occurs later in this review.

There is general agreement that Salmonella species reside within a
membrane-bound vacuole within both phagocytic and nonphagocytic cells.
However, the targeting of this vacuole has only recently been examined. We have
examined the targeting of S. typhimurium within cultured epithelial cells and
found that the vacuole containing S. typhimurium contains the lysosomal markers
lysosomal glycoprotein (Igp) and lysosomal acid phosphatase (Garcia del Protillo
et al. 1993, unpublished). It also contains MHC class | heavy chain and B,
microglobulin. However, it does not contain any mannose-6-phosphate receptor
which is necessary for transport of certain lysosomal enzymes to lysosomes.
Fluid phase markers such as lucifer yellow and the lysosomal marker rhodamine
ovalbumin rarely colocalize with intracellular S. typhimurium (Garcia del Portillo
and Finlay, unpublished). Collectively these data suggest that S. typhimurium
enters into a vacuole which contains cell surface molecules with low
internalization rates and bypasses the late endosomal pathway, proceeding
directly to lysosomal fusion.

There have been no bacterial factors identified that are needed for enhanced
survival within epithelial cells, although this is not surprising, since even
laboratory strains of E. coliare capable of surviving within this environment (Leung
etal. 1992). However, some attempts have been made to further characterize the
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intracellular environment by using bacterial reporter genes (GARciA DEL PorTiLLO
etal. 1992). Measurement of B-galactosidase activity of various facZfusions using
a fluorescent substrate led to the conclusion that the concentrations of free Fe?*
and Mg?* in the vacuole of epithelial cells are low, that the vacuole has a mild
acidic pH, and that lysine and oxygen are present within the intracellular
environment. This work demonstrates the utility of using bacterial gene fusions to
measure genes that are expressed intracellularly. Improvement of reporter
systems (such as by using chemiluminescence) will enhance this technique.

5.4 Intracellular Replication

Salmonella species have the capacity to muitiply within vacuoles in
nonphagocytic cells after an initial lag of approximately 4 h (Fintay and FaLkow
1988; GaHRING et al. 1990; Yokovama et al. 1987). This lag period would indicate
that some process must occur prior to bacterial replication, and specific bacterial
genes may be required for replication in this unique niche, since nonvirulent E. coli
does not replicate within epithelial cells. The intracellular replication process is not
dependent on vacuole acidification, since endosome acidification inhibitors have
no effect on intracellular replication (FinLAY and FaLkow 1988).

Several mutants in Salmonella have been identified which are unable to
replicate intracellularly. One mutant of S. choleraesuis survived within
macrophages yet was unable to grow in epithelial cells, although vacuoles
containing this mutant fused (FinLay et al. 1991). This mutant was not an
auxotroph and was completely avirulent when administered orally or
intravenously to mice. Unfortunately, the transposon used to generate this
mutant was not linked to this phenotype and the locus involved remains
uncharacterized. Additional nonreplicating mutants in S. typhimurium were
obtained by treating epithelial monolayers infected with pools of transposon
mutants with a B-lactam, cefotaxime (LeunGg and Finay 1991). This treatment
identified 13 mutants, ten of which were auxotrophic (purine, pyrimidine, purine/
methionine, and valine/isoleucine). The auxotrophic mutants could be
complemented by adding the appropriate nutrients to the tissue culture media.
The three prototrophic mutants were highly attenuated for virulence in mice, yet
persisted within livers and spleens for at least. 3 weeks. Collectively, the
identification of these three mutants and the S. choleraesuis mutant suggests
that there are genes that are needed for intracellular replication and these are
essential for virulence.

A possible function for these genes has recently been reported (GARciA DEL
PorTiLLO et al. 1993). As mentioned above, S. typhimurium is localized within
vacuoles that contain lysosomal glycoproteins. However, 4-6 h after invasion,
intracellular Salmonellainduce the formation of stable filamentous structures that
contain Igps that are connected to the vacuoles containing bacteria (Fig. 2) (Garcia
DEL PorTiLLO et al. 1993). The kinetics of formation of these Igp-rich structures
paralleled closely the kinetics of intracellular replication. Filament formation



176 B.B. Finlay

Fig. 2. Fluorescent micrograph of filamentous structures in Hela epithelial cells infected with
Salmonella typhimurium . Cells were infected for 6 h, then fixed and labelled with antibodies to a
lysosomal glycoprotein (Igp). Bacteria within Igp-rich vacuoles are marked by solid arrows, and open
arrows mark blebs often associated with the filamentous structures. Bar, 10 um

requires viable intracellular bacteria and .is blocked by endosome acidification
inhibitors or microtubule disrupting agents. These unique structures are never
present in uninfected cells, nor those infected with Yersinia species, although all
Salmonella species tested trigger their formation. All four of the prototrophic
avirulent Salmonella mutants (three from S. typhimurium and one from S.
choleraesuis) that are unable to multiply inside cells are also completely defective
for triggering formation of these filamentous structures. Thus it appears that
Salmonella have specific loci which are responsible for triggering filament
formation, and these same loci are needed for intracellular replication. The role of
these filaments in intracellular replication has yet to be defined.
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6 Salmonella Interactions with Phagocytic Cells

6.1 The Intracellular Environment

Salmonellae are rapidly taken up by macrophages underlying the intestinal
mucosa, presumably following penetration of the intestinal epithelial barrier.
Bacterial invasins appear to significantly enhance uptake into phagocytic cells
such as macrophages, since noninvasive S. typhimurium mutants have
decreased levels of invasion into cultured macrophages (GaHriNG et al. 1990;
Betts and Finay 1992). Whether entering via an invasin mediated pathway or a
classical phagocytic pathway affects the intracellular targeting of the organism
remains to be determined. Once inside macrophages, salmonellae remain within
membrane-bound vacuoles, similar to non-phagocytic cells. It also remains to be
determined if Salmonella trigger extensive membrane ruffling and cytoplasmic
extrusion in macrophages.

Several investigators have begun to characterize the intracellular targeting
and environment of S. typhimurium inside macrophages. A previous report
indicated that S. typhimurium resides within phagosomes that have fused with
lysosomes (CarroL et al. 1979). Other workers recently concluded that S.
typhimurium inhibited phagosome-lysosome fusion within several types of
mouse derived macrophages (BucHMEIER and HerFrRON 1991; IsHiBASHI and ARIA
1990). It was also suggested that viable intracellular bacteria are needed for this
inhibition (Buchmeier and HerFron 1991). It has been reported that phagosomes
containing S. typhimurium are acidified slowly, and it takes 4-5 h before the pH
drops below 5.0 (ALpucHE et al. 1992). In contrast, vacuoles containing killed
organisms were rapidly acidified (pH < 4.5 within 1 h). This data would suggest
that viable organisms are either needed for inhibition of acidification, or are
needed to invade via a bacterial mediated pathway which delivers the organism to
an intracellular location which is acidified slower than a phagocytic pathway. It
was also found that fluid phase markers fused with internalized bacteria, which is
different for that seen with epithelial cells. ALpucHe et al. (1992) concluded that S.
typhimurium resides within a fused lysosome, yet is capable of blocking
endosome acidification. It is also possible that the organisms reside within an
intracellular environment which contains some of the lysosomal markers, yet this
environment is not a “classical” phagolysosome.

Although there is conflicting data, it appears that Salmonella, especially S.
typhimurium, does not actively grow within most macrophages (CarroL et al.
1979; Buchmeier and Herrron 1989). Mutant strains that are unable to grow within
epithelial cells are unaffected within macrophages (Leung and Fineay 1991).
However, it has recently been proposed that two populations of S. typhimurium
exist within macrophages: one which is static, and the other which is rapidly
growing (AssHIRe and NEeipbHARDT 1993). The existence of these two pools may
perhaps explain the conflicting data regarding lysosome fusion and intracellular
growth within phagocytic cells.
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6.2 Bacterial Factors

The past few years have seen the identification of several bacterial factors that
enhance S. typhimurium survival within macrophages. In a classic study of
microbial pathogenesis, FiELDbs et al. (1986) screened transposon mutants in S.
typhimuriumfor survival in macrophages. They found numerous mutants that had
decreased capacity to survive within macrophages, and these mutants were
avirulent in the mouse model, suggesting that the capacity to survive within
macrophages is essential for S. typhimurium virulence. Further characterization
of these loci has led to the identification of several factors that enhance
intracellular survival in macrophages. These survival factors are macrophage-spe-
cific, since these mutants survive equally well within non-phagocytic cells
(GaHRING et al. 1990).

The best characterized of these loci is the PhoP/PhoQ system. This is a two
component regulatory system that activates at least five bacterial products (pag)
and represses others (prg ) (reviewed in MiLLErR 1991). One of the phenotypes that
PhoP/PhoQ regulates is the capacity to survive bacterial cationic peptides which
are thought to be involved in killing intracellular bacteria (FIELDs et al. 1989; MILLER
et al. 1989), although resistance to such antimicrobial peptides appears to have a
broaderrole in S. typhimurium pathogenesis (Groisman et al. 1992). It has recently
been demonstrated directly (by measuring B-galactosidase fusions) that the
PhoP/PhoQ system is induced by low pH within macrophages, and inhibition of
endosome acidification blocks activation of the PhoP/PhoQ system. One of the
PhoP/PhoQ activated genes, pagC, encodes a protein which is homologous to a
Yersinia enterocolitica invasin, Ail, and appears to enhance resistance to
complement, although it does not directly mediate invasion or resistance to
cationic peptides (MILLER et al. 1992; PuLkkiNeN and MILLER 1991).

Other bacterial products may also contribute to intracellular survival within
phagocytic cells. For example, a 59 kDa outer membrane from S. typhimurium
has been reported to provide protection from oxidative killing within
polymorphonuclear leukocytes (STINavAGE et al. 1990). Additionally, mutations in
recAand recBCin S. typhimurium are avirulent, and are sensitive to the oxidative
burst of macrophages, indicating that the ability to repair DNA damage is
essential for survival within macrophages and virulence (BucHMEIER et al. 1993).
Recently a Tn5mutant of S. typhimurium has been described that lacks the ability
to block phagosome-lysosome fusion (IsHiBasHI et al. 1992). Interestingly,
although this mutant was susceptible to intracellular killing, it was still virulent in
mice.

6.3 The Virulence Plasmid

It has been well established that species of Salmonella other than S. typhicontain
a plasmid that is essential for virulence (reviewed by Guuic et al. 1993). Further
work by many investigators has shown that a region of the plasmid encoding five
genes (spvA-D and spvR) is sufficient to restore virulence to plasmidless
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Salmonella strains (see Guuc et al. 1993 for details). However, the virulence
functions of these genes remains undefined: currently it is thought that these
genes enhance growth within the host, probably within host cells (Guue and
DovLe 1993), although no in vitro assay has been developed that measures the
function of these genes.

The regulation of the spv genes has been characterized and provides clues
about their function. SpvR is a regulator of the other four spv genes and is
regulated by growth phase and starvation conditions (GuuG et al. 1993), with
maximal expression occurring during stationary phase. Fane et al. (1992) have
demonstrated that the alternate o factor KatF regulates the spv operon. KatF
regulates many genes that are induced during starvation and the stationary phase
of bacterial growth. They also showed that KatF mutants of S. typhimurium are
avirulent in mice. Regulation by these factors has led to the suggestion that the
spv genes are be needed for survival within phagocytic cells. Recent evidence
indicates that these genes are expressed inside macrophages (J. Fierer et al,,
submitted). Thus it seems that these genes may be needed for some mechanism
which enhances intracellular survival in some host cell which is related to
Salmonella virulence.

7 Is Salmonella an Intracellular Pathogen?

Most sources consider Salmonella species to be facultative intracellular
pathogens. This assumption is based on two concepts: (1) the induction of cell
mediated immunity and (2) microscopic observation of bacteria “surviving”
within phagocytic cells. However, Hsu (1989) has presented an analysis of the
information leading to this assumption, and, in the murine model of
salmonellosis, it was concluded that S. typhimurium should not be considered an
intracellular pathogen. Although the role of cell mediated immunity in
salmonellosis is beyond the scope of this review, there is increasing evidence to
suggest that salmonellae must spend at least some of their life within host cells
during an infection.

Perhaps the most persuasive argument in favor of Salmonella being
classified as a facultative intracellular pathogen comes from the phenotypes of
specific Salmonella mutants. For example, as discussed above, mutants in both
S. choleraesuis and S. typhimurium that are unable to replicate within epithelial
cells are completely avirulent in the mouse model. Other evidence comes from
the generation of mutants in S. typhimurium that are defective for survival within
macrophages (see above). Again, all of these mutants are avirulent, suggesting
that the capacity to survive within macrophages is critical for S. typhimurium
virulence. There is also a report that S. typhimurium resides within an intracellular
"safe site” in the liver and spleen, protected from antibiotics that are unable to
penetrate host cells (DunLap et al. 1991), again suggesting that S. typhimurium
survives within phagocytic cells.
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A collective overview describing Salmonelia (at least S. typhimurium) could
be as follows: (a) it has the capacity to replicate within nonphagocytic cells such
as epithelial cells; (b) it has the capacity to survive (but not replicate) within
phagocytic cells such as macrophages, and (c) it is doubtful that it has the
capacity to survive within polymorphonuclear leukocytes. If the definition of a
facultative intracellular pathogen includes replication within macrophages, S.
typhimurium does not fit that description. However, if a more liberal definition
which only specifies that a facultative intracellular pathogen must pass through
(i.e., survive) inside a host cell is used, there is ample evidence to suggest that
salmonellae belong to such a classification. It is this author’'s opinion that the
more liberal definition be used.

8 Regulation of Salmonella Virulence Factors

When one considers the pathogenesis of salmonellag, it is immediately apparent
that, during the course of infection, the organism will pass through many different
environments, including the stomach, intestinal lumen, inside epithelial cells,
inside macrophages, inside polymorphonuclear leukocytes, and perhaps even
free in the blood. One of the fundamental tenants emerging in microbial
pathogenesis is the strict regulation of bacterial virulence factors such that they
are expressed only in certain defined environments (reviewed by MekaLANOS
1992). This theme is exemplified clearly by S. typhimurium.

The profile of proteins produced by S. typhimurium within macrophages is,
not surprisingly, quite different than that of extracellular bacteria. For example,
BucHmElEr and HerFroN (1990) found that at least 30 proteins are induced when S.
typhimurium infects macrophage, including the heat shock proteins GroEL and
DnaK. A similar analysis by another group saw the intraceliular expression of at
least 40 bacterial proteins induced and approximately 100 repressed when
compared to extracellular bacteria (AesHIRE and NeipHARDT 1993). Although they
did not see the above heat shock proteins being induced, they found some
overlap with other proteins associated with various environmental stresses.
However, the macrophage induced response in S. typhimurium was not a
collective sum of individual stress response proteins. There is a significant
amount of information regarding regulation of various extracellular stresses on S.
typhimurium, including various starvation conditions, anaerobiosis, heat shock,
and acid shock (for example, see Spector et al. 1986). However, application of this
knowledge to the stresses encountered in the host is just beginning. For
example, as discussed earlier, the role of the ATR in virulence is complex.

Differential regulation of specific Salmonella virulence factors is critical for
pathogenesis. Continuing with the example of S. typhimurium inside
macrophages, as discussed above, the PhoP/PhoQ system is a regulatory
mechanism that appears specific for bacterial survival inside macrophages.
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However, if this system is uncoupled by making a constitutive mutation in phoP,
the virulence of S. typhimurium is attenuated (MiLLEr and MexaLanos 1990). This
work emphasizes the strict control of virulence factors needed as the bacterium
moves between environments

Another example of such regulation can be found with S. typhimurium
invasion. As discussed above, invasion is regulated by many environmental
parameters including growth phase, osmotic levels, and oxygen ievels. A similar
theme is found with KatF regulation of the virulence plasmid genes (see above).
The capacity of Salmonella to sense a specific environment and convey this
information leading to expression of certain virulence factors is the hallmark of a
successful pathogen.

Recent progress has been made in measuring S. typhimurium gene
transcription inside a host cell by measuring reporter gene fusions. The utility of
this technique was demonstrated by determining a few environmental
parameters of the S. typhimurium containing vacuole in epithelial cells (GARcIA DEL
PortiLLO et al. 1992) and by measuring PhoP expression inside macrophages
(ALpucHE ARaNDA et al. 1992). Although these studies used /acZ fusions, other
workers have begun to use [ux fusions such that light production can be
measured {Francis and GaLLacHer 1993). The advantage of this system is that the
host cells do not need to be disrupted, and measurements can be obtained with
the same sample over a prolonged time. Applications such as these will further
enhance cur knowledge of the parameters that affect regulation inside host cells.

An alternate approach has recently been taken to identify S. typhimurium
genes that are expressed within a host but that are not expressed when grown in
vitro (MaHan et al. 1993). This powerful and elegant technique relies upon the
mouse to provide selective pressure to enrich for cloned promoters that are
induced inside a mouse, thereby enhancing recovery from the mouse. These
workers showed that defects in all of these induced genes are attenuated for
virulence, again emphasizing the necessity for regulation of virulence factors.

9 Concluding Remarks

Salmonella pathogenesis is complex. Although many bacterial virulence factors
have been identified for several stages of infection, most of these factors have yet
to be characterized. The recognition that regulation plays a key role in virulence
and the development of several new technigues to study genes induced inside
host cells and the host will facilitate this work greatly. As is painfully obvious,
nearly all of the basic work on Salmonella pathogenesis has been done on S.
typhimurium, presumably because there is a well developed animal model and
the molecular genetic tools are available. However, key insights can be made by
studying other Salmonella species. Fundamental questions such as what
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determines host specificity and what factors determine which disease await
investigation. Molecular pathogenic studies with S. typhi are surprisingly few for
such a major pathogen. As exemplified throughout this book, conservation of
basic mechanisms between pathogens and how they interact with their host
provides many clues for future lines of investigation. The future is bright indeed
for the study of Salmonella pathogenesis!
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1 Introduction

Listeria monocytogenes was first characterized in 1926 following an outbreak of
listeriosis in laboratory animals (Murray et al. 1926). However, it was not until the
1980s that an unambiguous link was established between the human disease
and the consumption of Listeria-contaminated foodstuffs (ScHLecH et al. 1983).
Immunosuppressed individuals, pregnant women, foetuses and neonates are
most susceptible to Listeriainfection. Human listeriosis is characterized by a high
mortality rate, with clinical features including meningitis or meningo-encephalitis,
septicemia, abortion, and perinatal infections (Gray and KiLLinger 1966). If
diagnosed early, listeriosis can be successfully treated by the administration of
high doses of antibiotics, most frequently ampicillin or penicillin, either alone orin
combination with aminoglycosides.

L. monocytogenes is a gram-positive, non-spore-forming, facultative
intracellular bacterium. It is the best characterized of the six species of the genus
Listeria, which is closely related to the genera Brochothrixand Bacillus (CoLLINs et
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al. 1991). These six species are considered to represent two closely related, but
distinct, lines of descent, with L. monocytogenes, L. ivanovii, L. innocua, L.
seeligeri, and L. welshimeriforming one grouping and L. grayithe other (CoLLINS
et al. 1991; Jones 1992). Only L. monocytogenes and L. ivanovii are pathogenic.
However, unlike L. monocytogenes, L. ivanovii is exclusively an animal pathogen,
accounting for approximately 10% of listerial infections in animals, and is not
associated with human disease (Coorer and Dennis 1978).

Following the pioneering work of Mackaness in the early 1960s (MackaNess
1962), murine infection by L. monocytogenes has been used as a model to study
T cell-mediated immunity (reviewed by Kaurmann 1993). Resistance to L.
monocytogenes infection is independent of humoral defense mechanisms as
the passive transfer of immune serum fails to protect the host against listerial
infection. Recovery from a primary Listeria infection, resistance to reinfection,
and protective immunity are mediated by anti-Listeria-specific T cells. The
activation, clonal expansion and mobilization of anti-Listeria-specific T cells (CD8
and CD4) is due to the ability of L. monocytogenes to survive and replicate in
resident macrophages (Kaurmann 1993). Survival in phagocytic cells is considered
to be a major virulence determinant of L. monocytogenes pathogenesis and a
prerequisite to successful infection by this pathogen. Recently, the ability to
reproduce certain aspects of the human disease in the mouse mode! of infection
after inoculation by a variety of routes (including conjunctival, nasal, respiratory,
gastrointestinal, intravenous and intra-peritoneal) has facilitated the molecular
genetic analysis of L. monocytogenes virulence determinants (CossarT and
MEeNnGauD 1989).

Recent outbreaks of listeriosis following the ingestion of Listeria-
contaminated foodstuffs have emphasized the importance of the oral route in
natural infections and a number of studies have sought to identify the site of entry
of L. monocytogenes into the host organism following oral or intragastric
inoculation. MacDonalb and Carter (1980) have suggested that L. mono-
cytogenes specifically penetrates the specialized epithelial cells (M cells)
overlying the Peyer's patches. They observed that L. monocytogenes could be
cultured from the Peyer's patch-containing intestinal mucosa of mice infected by
the intragastric route, but not from intestinal mucosa from which Peyer's patches
had been removed (MacDonab and CarTer 1980; Marco et al. 1992). The
penetration of L. monocytogenes into intestinal epithelial cells in vivo was
observed by electron microscopy (Racz et al. 1970, 1972, 1973). Thus, entry into
the host may occur via different cell types including epithelial cells and the M cells
covering the Peyer’s patches. Indeed, in vitro studies have shown that L. mono-
cytogenes can penetrate and multiply within various epithelial and fibroblast-like
cells (see Cossart and Mencaub 1989).

Following translocation across the intestinal barrier, bacteria can be observed
in phagocytic cells present in the underlying lamina propria (Racz et al. 1972,
1973). In murine infections the bacteria spread via the bloodstream, with
considerable accumulation occurring in the liver and in the spleen. In the liver the
bacteria are rapidly phagocytosed by resident macrophages and most of the
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inoculum is destroyed during the first 6 h. Thereafter, the survivors grow
logarithmically, reaching a maximum 2-3 days after infection. In mice, the
hepatocyte is the major site of intracellular bacterial multiplication (ConLan and
NorTtH 1991; Rosen et al. 1989). These infected cells appear to be the target of
neutrophils in the early stages of infection and later of mononuclear phagocytes,
both cell types expressing complement receptor type 3 (CR3). This early killing in
the liver serves to reduce infection to a level which may be resolved by
subsequently acquired resistance mechanisms (Concan and NortH 1991, 1993;
reviewed by PorTnoy 1992). Depending on the immune response of the host, the
bacteria will either be eliminated, or they will undergo further hematogenous
dissemination to the brain (or placenta). Macrophages appear to be very
heterogeneous with regard to listericidal activity. In listericidal macrophages, CR3
acts as the major receptor of Listeria by binding to serum complement
component C3 deposited on the bacterial surface. In macrophages unable to kill
Listeria, receptors other than CR3 seem to mediate most phagocytosis (DReVETs
and CampBeLL 1991; DReveTs et al. 1992).

Detailed analysis of Listeria-infected cell cultures has revealed a complex
series of host-pathogen interactions culminating in the direct dissemination of L.
monocytogenes from one infected cell to another (GaiLLARD et al. 1987; MOUNIER
et al. 1990; Tiney and Portnoy 1989; TiLNey and TiLney 1993 and references
therein). Host cell infection (Fig. 1 and summarized in Fig. 2) begins with the
internalization of the bacteria either by phagocytosis, in the case of macrophages,
or by induced phagocytosis, in the case of nonphagocytic cells. The bacteria are
rapidly incorporated into a membrane-bound vacuole which they lyse after about
30 min. In the cytoplasm, the bacteria multiply with a doubling time of
approximately 1 h (GaiLLarp et al. 1987) and become associated with actin
filaments. After about 2 h, these filaments are rearranged into tails which mediate
bacterial movement through the cytoplasm to the cell periphery. This movement
is rapid, reaching speeds of about 1 um/s (Dagiri et al. 1990), and is independent
of known cellular motor molecules like myosin Il. Measurements of the rate of
actin tail formation suggest that the force for propulsion is provided by the actin
polymerization itself (SANGER et al. 1992; TherioT et al. 1992). When moving
bacteria contact the plasma membrane they induce the formation of pseudopod-
like protrusions of the membrane. Contact between these protrusions and
neighboring cells results in the internalization of the bacteria-containing
protrusion. In the newly infected cell the bacterium is surrounded by two plasma
membranes which must be lysed to initiate a new cycle of multiplication and
movement. Thus, once Listeria has entered the cytoplasm it can disseminate
directly from cell to cell circumventing such host defenses as circulating antibody
and complement. This ability to disseminate in tissues by cell-to-cell spreading
provides an explanation for the early observation that antibody (although induced
and abundant) is not protective (Mackaness 1962) and that anti-Listeria immunity
is T cell-mediated (reviewed by Kaurmann 1993).

Since the first two early reviews on this subject (CHAkrABORTY and GOEBEL
1988; CossarT and Mencaup 1989), considerable progress has been made in the
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Fig. 1A-H. For caption see p. 192
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Fig. 2. The infectious process. The genes required at each step of the process are indicated. (Adapted
from TILNEY and PORTNOY 1989)

identification and characterization of the bacterial factors required at each stage of
the infectious process (Fig. 2). Recently, a common nomenclature for the
identified L. monocytogenes virulence genes has been adopted by the various
groups working in the field (PorTnOY et al. 1992b). The purpose of this review is to
summarize the molecular genetic analysis of these bacterial virulence factors.
(See also Cossart 1994 and CossarT and Kocks 1994).

2 Host Cell Infection

2.1 Entry

Epithelial cell invasion is a key virulence mechanism of many bacterial pathogens
and has been extensively studied in gram-negative bacilli, including members
of the genera Shigella, Salmonella, and Yersinia. The genetic determinants

Fig. 1A-H. Thin sections of macrophage-like J774 cells at 0.5-5.5 h of infection with Listeria
monocytogenes strain LO28. A Intracellular bacterium surrounded by a vacuolar membrane after uptake
by the host cell. B, € Cross- and longitudinal sections through dividing bacteria which are covered by
host-cell derived actin filaments (electron-dense filamentous material on the bacterial surface). D
Moving bacterium with an actin “comet” tail. E, F Bacteria incorporated into cell surface protrusions that
are invading neighboring cells. G Protrusion with a bacterium in the cytoplasm of the new host cell. The
bacterium is completely surrounded by two cytoplasmic membranes. H Lysis of the two plasma
membranes in the cytoplasm of the new host cell. (Electron micrographs were obtained in collaboration
with Pierre Gounon and Héléne Ohayon, Station Centrale de Microscopie Electronique, Institut Pasteur)
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promoting bacterial penetration vary considerably among these pathogens and
have been reviewed recently (BLiska et al. 1993; Fakow et al. 1992; SANSONETTI
1992; see chapters by Parsot, FiNLAY, and CornELs, this volume). As suggested by
the electron microscopic studies of Racz et al. (1970, 1972, 1973) invasion of
epithelial cells by L. monocytogenes may constitute an important early step in
infection. To date, two surface proteins, internalin and p60, have been implicated
in the induced internalization of L. monocytogenes by nonprofessional
phagocytic cells.

Entry into epithelial cells is mediated by internalin, a surface protein of
approximately 90 kDa, encoded by the gene infA (GaiLLArD et al. 1991). Internalin
was identified by screening a library of Tn 7545 mutants of L. monocytogenes for
loss of invasiveness into the intestinal epithelial cell line Caco-2. Three such
mutants were obtained. These mutants were unable to adhere to Caco-2 cells
and were defective for entry in a variety of epithelial cell lines. In all mutants the
transposon had inserted into a region upstream from two open reading frames,
inlA and in/B. Transcription of these two genes was abolished in the noninvasive
mutants. inlA encodes an 800 amino acid protein whose characteristic features
include a signal sequence (recently recognized after the detection of a
sequencing error, see Drawmsi et al. 1993b), two regions of repeats (one of which
is rich in leucine residues), and a COOH-terminal hydrophobic region (Fig. 3)
which may be a membrane anchor. The first region of repeats (region A, see Fig.
3) is made up of 15 highly conserved successive repeats of a string of 22 amino
acids which display a periodicity of hydrophobic residues and have the consensus
sequence 1-NQISDITPL..LTNL..L.L..-22 (where dots represent any amino acids).
The second region of repeats (region B, Fig. 3} is formed by three successive
repeats, the first two of 70 amino acids each and the third of 43 amino acids. In the
region common to the three repeats, the same amino acid is found in 27 out of 49
positions. Region B contains no periodicity of nonpolar residues and is dissimilar

Tni545
inlA T inlB T2

Promoter

Internalin InlB

signal peptide

[] repeats
membrane-anchor
vV LPTTGD

Fig. 3. Structural organization of the inlAB locus. Transcription of the locus proceeds from left to right.
The transcriptional termination signals (T1, T2) are indicated as is the position of the Tn 7545 insertion in
the promoter region of the operon. The major structural features of the proteins internalin and InIB are as
described in the legend
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to region A. The putative membrane anchor is preceded by the hexapeptide
LPTTGD, considered to be a signature of gram-positive surface proteins (FiscHeTTI
et al. 1990). When inlA is expressed in L. innocua it confers invasiveness on this
otherwise noninvasive, nonpathogenic Listeria species. Thus, in the genetic
background of a closely related Listeria species, internalin expression is sufficient
to promote the entry into epithelial cells. Recent results indicate that internalin
can be released into the culture supernatant (Drawmsi et al. 1993b). Maximal
invasivity is obtained with exponential cultures, corresponding to the growth
phase during which the cell-wall associated form of internalin is most strongly
expressed. This finding suggests that the cell-wall associated form of internalin
plays a crucial role in invasion, but cannot rule out an involvement of the released
form. IniB, located downstream from and cotranscribed with in/A, encodes a 630
amino acid protein which is structurally analogous to internalin, except for the
absence of a hydrophobic COOH-terminal region. The in/B gene product contains
eight leucine-rich regions with homology to those of internalin. /n/B seems to
play no role in epithelial cell invasion (Dramsi and Cossart, unpublished).

Low stringency Southern blot analysis demonstrated that several other DNA
sequences with homology to /n/A are present on the chromosome of L.
monocytogenes and all Listeria species (GAILLARD et al. 1991). Five other genes
with homology to inlA (in addition to in/B) have been cloned and sequenced (S.D.,
P.D., and P.C., unpublished results). The role of this multigene family is currently
under investigation with the hypothesis that the in/repertoire may encode surface
proteins with different cellular tropisms. Interestingly, internalin and the proteins
of the internalin family are structurally analogous to a number of repeat proteins
from gram-positive bacteria (including the F and M proteins of Streptococcus
pyogenes and the fibronectin-binding proteins of Staphylococcus aureus) which
are involved in cell contact or cell recognition (Dramsi et al. 1993a; WesTerLunD and
KorHONEN 1993).

p60, a major extracellular protein, has been suggested to play a role in the
invasion process. Spontaneously occurring mutants of L. monocytogenes which
produce greatly reduced levels of p60 display a rough colony morphology and
reduced adherence and invasiveness into certain cell types (Kunun and GoeseL
1989). Such mutants form long chains in which the bacteria are separated by
double septa. The gene coding for p60, jap, has been cloned. It encodes a protein
of 484 amino acids with a signal sequence but contains no further hydrophobic
sequences which might serve as membrane spanning domains (Busert 1992;
KoHLER et al. 1990, 1991). About 75% of the protein is found in the culture super-
nantant and the remaining 25% is associated with the cell wall (RunLanD et al.
1993). p60 has bacteriolytic activity and, on the basis of amino acid sequence
homologies, is thought to possess a murein hydrolase activity required for a late
step in cell division (WuenscHeR et al. 1993). p60 is an essential protein and
deletions of iap are lethal. It remains to be shown whether p60 plays a direct role
in adhesion and invasion, or whether the effect of its reduced expression on
adherence and invasion can be explained by the altered morphology of the p60
defective mutants.
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Among invasive bacteria, the invasin of Yersinia pseudotuberculosis is the
only protein demonstrated to mediate (by itself) entry of bacteria into mammalian
cells (FaLkow et al. 1992). In the case of Salmonellaand Shigella, the entry process
is clearly multifactoral (Faikow et al. 1992; SansoneTTi 1992). Internalin is the first
invasion factor identified in gram-positive bacteria. It remains to be established
whether internalin can mediate entry by itself or whether it forms complexes
with other bacterial components such as the in/B gene product or the proteins
encoded by the genes of the internalin superfamily.

2.2 Escape from the Vacuole and Intracellular Multiplication

Subsequent to internalization, L. monocytogenes escapes from host vacuoles
and enters the cytoplasm, where rapid growth ensues. Convergent studies have
shown that listeriolysin O (LLO), the first identified virulence factor of L.
monocytogenes, plays a crucial role in this step (for review see CossarT and
Mencaub 1989). This 58.6 kDa secreted protein is a member of a family of pore-
forming thiol-activated cytolysins, of which streptolysin O is the prototype (SmyTH
and Duncan 1978). These hemolysins share immunological cross-reactivity and
are irreversibly inactivated by cholesterol, their putative membrane receptor.
Their lytic activity in vitro involves two steps: a temperature-independent binding
of the toxin to the membrane followed by an oligomerization process leading to
pore formation and membrane lysis.

The role of LLO in lysis of the phagosomal membrane was established by
genetic analysis of nonhemolytic mutants. In these mutants, insertion of various
transposons into the LLO structural gene (hly ) resulted in production of inactive
truncated proteins (CossarT et al. 1989; GaiLLasD et al. 1986; Kunn et al. 1988;
Portnoy et al. 1988). The hly gene was shown to be a monocistronic unit that,
when introduced into such LLO defective strains, restored the wild-type
phenotype (CossarT et al. 1989; Mencaup et al. 1989). Electron microscopic
studies revealed that the mutants were not affected in their capacity to enter
human intestinal epithelial cells {Caco-2 cells) but remained within the
phagosomal vacuole, could not gain access to the cytoplasm and were thus
unable to grow intracellularly (GaiLLarp et al. 1987). In all cases, virulence of the
mutants was strongly affected with an increase in the LD, of about five orders of
magnitude. In the cases in which revertants were obtained, recovery of the
hemolytic phenotype correlated with the recovery of virulence.

Further evidence for the role of LLO in the lysis of the phagosomal membrane
was obtained from an experiment in which hly was cloned into the noninvasive
soil bacterium Bacillus subtilis and expressed under the control of an IPTG-
inducible promoter (BieLecki et al. 1990). In the presence of IPTG, this strain
exhibited hemolytic activity and, following internalization by a macrophage-like
cellline, lysed the phagosomal membrane and grew rapidly and extensively in the
host cell cytoplasm. In the absence of IPTG the bacteria stayed trapped in the host
vacuoles where they could survive for several hours but could not replicate.
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All thiol-activated cytolysins contain a unique cysteine residue in the COOH-
terminal part of the proteins (with the exception of that produced by L. ivanovii,
ivanolysin, which contains a second cysteine residue; Haas et al. 1992). This
unique cysteine is contained within an undecapeptide ECTGLAWEWWR which is
conserved in all thiol-activated cytolysins sequenced so far, except for a single
amino acid change in seeligerolysin (an LLO-like cytolysin produced by L.
seeligeri; Haas et al. 1992). Mutational analysis studies showed that conservation
of the undecapeptide is important for hemolytic activity, although surprisingly, it
is not the cysteine residue but the surrounding tryptophane residues that seem
to be required for activity (MicHeL et al. 1990). The study of isogenic mutants
affected in single amino acid positions in LLO established a direct correlation
between hemolytic activity and virulence. However, there seems to be no
correlation between the hemolytic activity of various L. monocytogenes strains
and their virulence (KatHARIOU et al. 1988).

LLO and the related toxin produced by L. ivanovii are the only examples of
thiol-activated toxins produced by intracellular bacteria. In addition, unlike other
thiol-activated hemolysins, LLO has an acidic pH optimum and is relatively
inactive at neutral pHs (Georrroy et al. 1987). These properties led to the
suggestion that the low pH optimum of LLO represented a Listeria-specific
adaptation to maximize cytolysin activity within acidified phagolysosomes.
However, the IPTG-regulated expression of perfringolysin O in B. subtilis allowed
this organism to escape from the host cell vacuole and to replicate intracellularly
(PorTnOY et al. 1992c¢). Such bacteria were observed to cause greater damage to
the host cells than B. subtilis expressing LLO. This may suggest that the low
activity of LLO at neutral pH may provide a mechanism whereby the host cell is
protected fom the potentially deleterious effects of this protein in the cytoplasm.

Nonhemolytic mutants of L. monocytogenes are still able to grow (although
to a lesser extent) inside the human epithelial cell line Henle 407 and the human
fibroblast cell line WS1 (PortNnoY et al. 1988). These results suggest that factors
other than LLO may be involved in escape from the phagosomal compartment. L.
monocytogenes produce a phosphatidylinositol-specific phosphoplipase C (PI-
PLC; (GoLpriNe and KnoB 1992; LEIMEISTER-WACHTER et al. 1991; MenGAuD et al.
1991a). This enzyme is a 36.3 kDa secreted protein encoded by the p/cA gene
and homologous with the B. cereus, B. thuringiensis, and eukaryotic PI-PLCs. Itis
atype Il PI-PLC as it is a soluble enzyme that hydrolyses phosphatidylinositol (P1)
and glycosyl phosphatidylinositol (GPI) moieties, by which many eukaryotic
membrane proteins are anchored to the membrane, but it is unable to hydrolyse
Pl-4-phosphate (PIP) or PI-4,5-bisphosphate (PIP.,) (GoLoFine and Knos 1992).

The role of PI-PLC in phagosomal membrane lysis and virulence could not be
clearly defined by analyzing transposon insertion mutants as insertions into p/cA
had a polar effect on the downstream regulatory gene prfA (MENGAUD et al.
1991a,b). Recently, an in-frame deletion mutant in the p/cA gene was con-
structed (CamiLLi et al. 1993). This mutant was only slightly affected in virulence on
the basis of its LDy, in mice, but the absence of PI-PLC clearly correlated with
decreased efficiency of host vacuole lysis in primary cultures of murine
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macrophages (but not in the macrophage-like cell line J774; CamiLLi et al. 1993).
The PI-PLC displays a relatively broad pH optimum, ranging from pH 5.5 to pH 7
depending on the assay conditions (GoLpbriINE and Knos 1992). It is possible that
the PI-PLC acts in concert with LLO within the acidified phagosome to mediate
lysis of the vacuolar membrane: the PI-PLC, by hydrolysing Pl and GPl-anchored
proteins present in the extracytoplasmic leaflet of the phagosomal membrane,
may facilitate access to, and lysis of, the membrane by LLO.

Two other genera of bacterial pathogens, Rickettsiae and Shigellae, follow
the same general pathway as Listeria through the host cell, i.e., escape from the
phagosome and intracellular multiplication in the cytoplasm. In both cases a
hemolytic activity has been associated with the ability to gain access to the host
cytoplasm. It has been proposed that a phospholipase A of rickettsial origin is
responsible for entry of Rickettsiae into the cytoplasm (SiLvermaN et al. 1992;
WinkLER 1990). In the case of Shigella the protein IpaB plays a key role, both in
triggering cytoskeletal rearrangements to induce phagocytosis and in the lysis of
the phagosomal vacuole (HigH et al. 1992). This protein exhibits contact hemolytic
activity but has no sequence homology with any of the known hemolysins. In
common with LLO, its hemolytic activity is higher at low pH (5.5) than at neutral
pH. It has been hypothesized that IpaB would undergo a conformational change
in the phagolysosome which would allow full expression of the hemolytic activity.

L. monocytogenes mutants which are incapable of phagolysosomal lysis do
not replicate intracellularly, suggesting that the phagolysosomal milieu is
inherently nonpermissive for™ Listeria growth. In contrast, several lines of
evidence suggest that the cytoplasm of eukaryotic cells readily supports bacterial
multiplication. In a recent study, Marauis et al. (1993) demonstrated that a variety
of auxotrophic mutants of L. monocytogenes replicate in the cytoplasm of J774
:macrophages and Henle 407 human epithelial cells. For most of these mutants,
the doubling times of the auxotrophic strains were similar to that of the wild-type
strain, although there was some variation depending on the cell line used, with
the Henle 407 cells being more restrictive for auxotrophic growth than the J774
macrophage-like cells. In the case of S. flexneri, purine and aromatic amino acid
auxotrophies do not affect the ability of the bacteria to grow intracellularly or to
spread from cell to cell (FormaL et al. 1971; LinpeerG et al. 1988). In addition,
following phagolysosomal lysis, B. subtilis expressing LLO (BieLecki et al. 1990)
and E. coli harboring the Shigella virulence plasmid (SansonETTI et al. 1986) grow
and multiply intracellularly, suggesting that survival in the eukaryotic cytoplasm
does not require the expression of genes or functions specific to intracellular
bacteria.

To identify L. monocytogenes genes induced by the intracellular
environment, a library of Tn977-lac transposon fusion mutants was screened
for fusions which were preferentially expressed during intracellular growth.
Five such genes were identified, displaying up to 100-fold higher expression of
B-galactosidase during growth in J774 macrophages than during growth in rich
laboratory broth (BHI; KLarsreLD et al., in press). Four of these genes encode
proteins involved in purine (purH and purD) and pyrimidine biosynthesis {pyrE),
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and in the transport of arginine acids via an ABC-type system (Hicains 1992)
which we have called Arp for ABC arginine permease. The isolation of these
genes suggests that nutrients such as nucleotides, although not limiting for
intracellular bacterial growth (see below), are at sufficiently low concentrations to
induce bacterial genes which are repressed in laboratory media. In addition, a
transcriptional lacZfusion to the p/cA promoter (CDI5; Mencaup et al. 1991b) was
found to be preferentially expressed during intracellular growth. The PurH, PyrE
and Arp mutants were tested in the mouse model (following intravenous
injection) and were shown to be less affected in virulence than CD15. Only the
Arp mutant was affected in its LD, (a two-fold increase relative to wild-type).
Nonetheless at 48 hours postinfection, Arp and PurH, but not PyrE mutants,
displayed 10-20-fold reduced bacterial loads in the liver with respect to wild type
bacteria. Although the inactivation of the pur and pyr genes results in purine or
pyrimidine auxotrophy, respectively, all mutants grow intracellularly reinforcing
the view that the eukaryotic cytoplasm is permissive for bacterial growth.

2.3 Intracellular Movement and Cell-to-Cell Spread

Cell-to-cell spreading by L. monocytogenes is a complex biological process. It
requires the induction and regulation of fundamental host cell-derived functions
like actin assembly coupled to intracellular movement, association with the
plasma membrane, formation of pseudopod-like protrusions, recognition and
phagocytosis of these protrusions by the neighboring cell, and breakdown of
the two membranes that surround the invading bacteria after uptake by the new
host cell (MouNiEr et al. 1990; Titney and Portnoy 1989). The ability of L.
monocytogenes to spread within host tissues by direct cell-to-cell spreading
constitutes an essential pathogenicity determinant. It is reflected by the
pathogen’s ability to form plaques, i.e., zones of destroyed cells on fibroblast
monolayers that are covered by a bactericidal overlay to prevent extracellular
multiplication (HaveLL 1986). L. monocytogenes mutants which are unable to
form plaques display strongly attenuated virulence in mice, although these
mutants are still able to invade cells, to multiply in the cytoplasm, and even to
replicate transiently in spleen and liver of infected mice (Goossens and MiLoN
1992; Kocks et al. 1992; Domann et al. 1992; Kurn et al. 1990). To date, three
genes, mpl, actA and plcB, have been implicated in cell-to-cell spreading. These
genes are part of the lecithinase operon which is located downstream from hfyon
the chromosome and includes, downstream of plcB, three small open reading
frames of unknown function (Vazauez-BoiLanp et al. 1992; see Fig. 4).
Lecithinase production is, like LLO secretion, a characteristic phenotype of L.
monocytogenes (Fuziand PiLus 1962). To understand the role of lecithinase in the
pathogenesis of Listeria, transposon-induced, lecithinase-negative mutants were
analyzed. One such mutant was strongly affected in virulence and defective in
plague formation due to the inability to polymerize actin (Kocks et al. 1992). The
transposon insertion in this mutant mapped to actA, the second gene of the
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prfA él plcA <—-| I—> hly |—> mpl I—a» actA plcB ORFX ORFz
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Fig. 4. The coordinate regulation of virulence gene expression by PrfA in Listeria mono-cytogenes. The
principle features of this model are described in the text. (Adapted from DRAMSI et al. 1993b)

lecithinase operon. Plasmid insertion mutagenesis in the downstream genes
showed that the insertion in actA was solely responsible for the lack of actin
assembly (Kocks et al. 1992) and that the lecithinase-negative phenotype of the
actA mutant was due to a polar effect of transposon insertion on transcription of
plcB. Actin polymerization by L. monocytogenes is thus dependent on the
expression of the actA gene (Domann et al. 1992; Kocks et al. 1992). The
lecithinase encoded by plcB also plays a role in cell-to-cell spread (see below).

actA encodes a surface protein with an apparent molecular weight of 90 kDa
which migrates aberrantly on SDS-PAGE gels. The protein is thought to be
anchored in the bacterial membrane by its COOH-terminal end, since insertion
mutations in the coding region lead to secretion of nonfunctional truncated
molecules that are not associated with the cell wall (DomanN et al. 1992; Kocks et
al. 1992). At least two thirds of the protein molecule protrudes from the cell wall
with the potential to interact with components of the cytoskeleton (Kocks et al.
1993). In addition to the membrane-bound form, some ActA can be detected in
the culture medium (Domann et al. 1992; NiesuHr et al. 1993).

Sequence data bank searches have not revealed striking similarities with
known proteins, but weak similarity could be detected to the actin-binding protein
caldesmon (20% identity in the NH,-terminal 243 amino acids) and to human
microtubule-associated protein 4 (20% identity in 196 amino acids; for references
see Kocks et al. 1992, 1993). However, the sequence similarity to caldesmon was
in the spacer region, separating the known actin and tropomyosin-binding
domain. The NH.,terminal domain of ActA contains a motif (64-LKEKAE-70)
similar to the presumptive actin binding site of caldesmon (498-LKEKQQ-503) and
to hexapeptide LKEAET which can induce actin polymerization in vitro
{VancomperNoOLLE et al. 1992). A short motif present twice in the ActA protein (237-
PPPTDEEELRLAL-250 and 272-283) is similar to a region in mouse elongation
factor 1a (237-PPRPTDKPLRLPL). This similarity may be of interest as
Dictyostelium ABP-50, a protein that cross-links actin filaments, has recently
been identified as elongation factor 1a. In addition, ActA shares short regions of
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similarity with the cytoskeleton protein vinculin. One such region is motif 394-
DRLADLRDRGTG-405 similar to residues 333-344 of chicken vinculin
(DOLADLRARGQG). The central part of the ActA contains several proline- and
glutamic acid-rich repeats which share similarity to a region of vinculin which is
rich in proline, aspartic and glutamic acid. The ActA repeat motif harbors several
consensus phosphorylation sites for a cellular protein kinase, casein kinase Il.

The mechanism by which ActA mediates actin assembly is not known (see
review by Cossart and Kocks 1994). In order to generate forward propulsion, one
would expect that actin filament formation should be initiated on the bacterial
body in an asymmetric way. ActA is indeed asymmetrically expressed during cell
division, resulting—after division—in absence from one end (the newly formed
end) and abundance towards the other (older) end (Kocks et al. 1993). In the
cytoplasm of infected cells, the protein localizes precisely to the site of actin
filament formation on the bacterial surface (Kocks et al. 1993). It cannot be
detected in the actin tails (Kocks et al. 1993; NiesuHr et al. 1993). This localization
pattern suggests that ActA somehow triggers the actin polymerization process,
either by directly interacting with actin or indirectly by inducing actin
polymerization through a cellular nucleator (THeriOT and MiTcHISON 1992; THERIOT et
al. 1994). The activity of ActA may be modulated by phosphorylation, since in the
cytoplasm ActA gets phosphorylated by an as yet unidentified host cell-derived
kinase (Brunpage et al. 1993). In addition to ActA, comet tail formation and
movement may require further bacterial factors. Evidence for the latter possibility
comes from the phenotype ef a nonmotile mutant that is severely affected in its
capacity to form comet tails, but still induces actin polymerization and becomes
surrounded by actin filaments (Kunn et al. 1990). In this mutant, both the level of
expression and the distribution of ActA are indistinguishable from wild type (C.K,
P.C. unpublished data).

The third gene of the lecithinase operon, plcB, encodes the L. monoc-
ytogenes lecithinase (PC-PLC; Vazauez-BoLanp et al. 1992). Lecithinase is a
secreted PLC with a pH optimum between 5.5 and 8. This enzyme catalyzes the
hydrolysis of a broad spectrum of phospholipids. It is active on
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, to a lesser
extent on sphingomyelin and very weakly on phosphatidylinositol (GEorFroY et al.
1991; GowpriNe et al. 1993). Through the analysis of a p/cB insertion mutant,
evidence has been obtained that this lecithinase contributes to the breakdown of
the two plasma membranes that surround L. monocytogenes after cell-to-cell
spread (Vazauez-BoLanp et al. 1992). On fibroblast monolayers plcB mutants form
significantly smaller plaques than wild-type bacteria, and in an electron
microscopic study such mutants were found to accumulate in two membrane
vacuoles in the cytoplasm of the new host cell. The broad spectrum specificity of
the purified L. monocytogenes PC-PLC is consistent with arole in lysis of the two
leaflets of the plasma membrane, which are known to display phospholipid
asymmetry. However, that such mutants remain capable of making plaques
suggests that lecithinase is not the only factor involved in the escape from this
compartment and it remains possible that LLO may also play a role.
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Lecithinase is secreted in an inactive form that can be detected as a 33 kDa
doublet band on western blots (Georrroy et al. 1991; NiesuHr et al. 1993). Genetic
evidence indicates that the predicted mp/ gene product, a 57-kDa polypeptide
with a signal sequence and propeptide sharing homologies with
metalloproteases from other bacterial pathogens (Domann et al. 1991; MencauD et
al. 1991a), cleaves the PC-PLC proenzyme in L. monocytogenes broth cultures,
resulting in the mature, active 29 kDa form of the phospholipase (NieBuHr et al.
1993; PovarT et al. 1993; Raveneau et al. 1992). It is not clear whether cleavage
occurs at the bacterial surface or in solution. The mp/product has been detected
in L. monocytogenes culture supernatants as a 60 kDa polypeptide,
corresponding to an immature, presumably inactive, proform of the enzyme. In
only one strain (NCTC 7973) could the mature form of the protein and protease
activity be detected (Domann et al. 1991).

The analysis of the roles that mpl, actA and plcB play in virulence has been
hampered by their genetic organization in an operon. Transcription in this operon
is complex and is initiated from two promoters (CHAKRABORTY et al. 1992; DomanN
et al. 1991; LEiMEISTER-WACHTER et al. 1992; MencauD et al. 1989, 1991c¢; Vazauez-
Bovanp et al. 1992). One promoter is situated in front of mpl, giving rise to either
a long polycistronic transcript spanning all genes of the operon or to a small
transcript covering only the mp/gene. A second promoter lies in front of actA; the
transcripts from this promoter are less well characterized. Insertion mutations
into mplexert a partial polar effect on the transcription of actA and plcB (MenGauD
etal. 1991c¢; PovarT et al. 1993; Raveneau et al. 1992), and insertion mutations into
actA eliminate plcB expression (Kocks et al. 1992; see above). Therefore, precise
assignment of the roles of these genes in virulence requires the construction of
in-frame deletions of individual genes, creating mutants in which transcription of
the other genes of the operon is not affected. Thus far, only an actA in-frame
deletion mutant has been constructed. Its LD, in mice is more than three orders
of magnitude increased when compared to wild type (BRUNDAGE et al. 1993).

Shigellae and the spotted fever group (SFG) Rickettsiae also use actin
polymerization and direct cell-to-cell spreading to within infected tissues
(BernARDINI et al. 1989; Heinzen et al. 1993; Tevsseire et al. 1992). Although the
three parasites cause different clinical syndromes (L. monocytogenes:
meningoencephalitis and abortions; Shigella: dysentry; SFG Rickettsia: spotted
fever), they probably use similar strategies to exploit the various host cell
functions involved. While a molecular genetic analysis of the mechanism of
Rickettsiae pathogenesis has not been performed, two of the genes directly
involved in cell-to-cell spreading have been isolated in Shigella. icsA (also called
virG; LeTT et al. 1989) is a 120 kDa outer membrane protein which is exposed on
the Shigella surface (GoLbsera et al. 1993). Itis partially released owing to COOH-
terminal cleavage giving rise to a 95 kDa form. In contrast to ActA, the protein can
be detected in the bacterially induced actin tails. A weak ATPase activity has been
demonstrated for IcsA, but the significance of these findings for the actin
assembly process is not known. IcsA harbors a phosphorylation site for cAMP-
dependent protein kinase which down-regulates the plaque-forming capacity of
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S. flexneri. It has been proposed that phosphorylation of IcsA by this host cell
kinase represents a defense mechanism of the host cell (D’"HauTeviLLE and
SansoneTTi 1992). jesB (ALLaoui et al. 1992) is a protein of 54 kDa whose molecular
activities are unknown. It is necessary for efficient escape from two membrane
vacuoles after spreading. IcsA and lcsB have no sequence similarities to the
Listeria proteins ActA and PC-PLC and it is not clear whether they are functionally
equivalent.

3 Regulation of Virulence Factors

As detailed above, the successful penetration of, survival within, and
dissemination throughout the host requires the elaboration of a variety of Listeria
proteins. The coordinate regulation of these virulence determinants was first
hypothesized following the identification of conserved palindromic sequences in
the hly promoter and in the promoter regions of the flanking virulence-related
operons (Mengaup et al. 1989). In addition, several mutations with pleiotropic
effects on virulence gene expression were isolated (KatHariou et al. 1990;
Mengaup et al. 1991b; Sun et al. 1990). Subsequently, molecular genetic analysis
of the type strain SLCC-53, which is nonhemolytic and avirulent, demonstrated
that the strain contained an intact, but transcriptionally silent, hly gene (LEIMEISTER-
WACcHTER et al. 1990). The defect in hly expression in this strain coincided with the
presence of a small deletion located immediately downstream of the plcA gene
(GorMmLEY et al. 1989; LemeisTER-WACHTER et al. 1989). Cloning and sequence
analysis of the corresponding DNA from wild-type strains resulted in the
identification of an open reading frame, designated prfA, which encodes a protein
of 27 kDa (LemmeIsTER-WACHTER et al. 1990; MencauD et al. 1991b). Introduction of
the cloned prfA gene into strain SLCC53 restored hemolysin production by this
strain, thus providing the first direct evidence that prfA regulates hly expressionin
L. monocytogenes. Subsequently, detailed complementation analysis and the
study of transposon or insertion mutants demonstrated that prfA is a pleiotropic
regulator of virulence gene expression (Fig. 4) and activates transcription from the
hly, plcA, actA, and mpl promoters (CHAKRABORTY et al. 1992; MEencauD et al.
1991b). Most recently, prfA has been shown to be required for expression of the
invasion-associated, inlAB locus (Drawmsi et al. 1993b).

Until recently, the deduced amino acid sequence of the protein encoded by
prfAwas believed to display little overall homology to other prokaryotic regulatory
proteins (LEiMEISTER-WACHTER et al. 1990; MencauD et al. 1991b). However, recent
data bank searches (R. EBRIGHT, personal communication) have shown that PrfA
exhibits similarity throughout its length to the Escherichia coli cAMP receptor
protein, CAP (20% identical residues; 39% similar residues; Aisa et al. 1982;
CossarT and GicaueL-Sanzey 1982) and to CAP-related proteins from the gram
positive bacterium Lactobacillus casei, FLP (26% identical residues; 44% similar
residues; [RvINE and GuesT 1993) and the cyanobacterium Synechococcus, NtcA
(20% identical residues; 35% similar residues; Veca-PaLas et al. 1992). If this
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-35 -10
ATAACATAAGTTAA| TTCTTTTTTTTGGAAAAATAGTTATTATTATTTA-397bp-GTG P2inlA
Ay g e
TTAACAAATGTTAA| TGCCTCAACATAAAAGTCACTTTAAGATAGGAATA-24bp-TTG PplcA
P e

TTAACATTTGTTAA| CGACGATAAAGGGACAGCAGGACTAGAATAAAGCTAT-130bp-ATG P2hly
B S _—l

TTAACAAATGTAAA| AGAATATCTGACTGTTTATCCATATAATATAAGCA~150bp-ATG Pmpl
- 7 N~

TTAACAAATGTTAG| AGRAAAAATTAATTCTCCAAGTGATATTCTTAAAAT~148bp-GTG PactA
7 S —% —

PrfA-binding site

Fig. 5. Comparison of the 14 bp palindromes present in the -35 regions of the prfA-regulated virulence
genes. The transcriptional start points (bold letters) and the -10 regions {underlinea) of the various
promoters are shown. Nucleotide substitutions with respect to the hly palindrome are indicated.
(Adapted from DRAMSI et al. 1993b)

similarity is functionally significant, then PrfA would be predicted to have a helix-
turn-helix motif at amino acid 171-191 (with a possible 1 amino acid insertion in
the turn) or from 173-191 (with a possible 1 amino acid deletion in the turn).
Recently, Frermac et al. (1993) have used gel retardation analysis with purified PrfA
to demonstrate that PrfA is a site-specific DNA-binding protein. The PrfA protein
specifically retarded the mobility of DNA fragments containing the 14 bp
palindromic sequence located between the divergent hly and p/cA promoters.
Significantly, PrfA-dependent activation of hly transcription in B. subtilis is
abolished by point mutations in this palindrome (Freitac et al. 1992). Similar
sequences of dyad symmetry are found in the —=35 regions of the mp/ (MeneauD et
al. 1989), actA (Vazauez-Boranp et al. 1992), and the internalin locus promoters
(Dramsi et al. 1993b) (Fig. 5), suggesting that PrfA activates gene expression by
binding these target sequences and interacting directly with RNA polymerase.
The actA and mp! palindromes each contain a single base change relative to the
hly sequence while that preceding the in/A promoter contains two base
differences relative to the hly palindrome (Fig. 5). These observations and
evidence that the activation of actA, inlAand mp/ expression by PrfAin B. subtilis
is less efficient than that observed for hly and plcA (SHeeHan and CossART,
unpublished) suggests that a hierarchy of palindrome binding affinities by PrfA
does exists. Such a system could facilitate the temporal activation of virulence
genes, with high affinity promoters being activated at low PrfA concentrations,
whereas low affinity promoters would require relatively higher levels of PrfA
(FrRermaG et al. 1992; Mencgaup et al. 1989).

Transcription of prfA is not constitutive and there are two maxima of prfA
transcription during the growth cycle in vitro; these peaks coincide with increased
LLO expression in the culture supernatant (MenGaup et al. 1991b). The first occurs
in early exponential phase when prfAis cotranscribed with plcAas part of a 2.2 kb
transcript. Production of this bicistronic transcript requires transcription through a
putative rho-independent terminator-like structure at the 3' end of the p/cA gene.
The second peak of prfA transcription occurs at the end of exponential growth
when the major prfA-specific transcript is 1 kb and originates from a promoter
region located immediately 5' to the prfA gene. Both transcripts appear to be
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required to ensure sufficient PrfA production for wild-type plaque formation in
monolayers of L2 cells (CamiLLi et al. 1993). As prfA stimulates transcription of
plcA, prfA activates its own synthesis, at least in early exponential phase. During
the stationary phase of growth, transcription of prfA and other genes of the prfA
regulon decreases suggesting that PrfA may also play a role in negatively
regulating its own synthesis (MENGAUD et al. 1991b).

Recent studies have confirmed a role for PrfA in the repression of
transcription initiation at the prfA structural gene promoters. Transcripts initiated
from the prfA-specific promoters prfAp1 and prfAp2 were more abundant in a
prfA mutant strain than in the isogenic wild-type strain 10403S (FrermaG et al.
1993). The palindrome which may serve as a recognition sequence for PrfA
binding is not present in the prfA-specific promoter region. Thus, repression of
transcription initiation at these promoters may result from the direct interaction of
the PrfA protein with other sites in or near the promoter, or through the activation
of arepressor by PrfA. It is worth noting here that there appears to be a degree of
strain-dependent variability in the number and positioning of the prfA promoters
which lie in the 273 bp intergenic region between the p/cA and the prfA structural
genes. Strain LO28 contains two prfA-specific promoters, P1 and P2, located at
positions =113 bp and ~143 bp, respectively, from the AUG initiation codon of prfA
(MENGAUD et al. 1991b). In strain 10403S, two promoters prfAp1 and prfAp2 are
found at —113 bp and =30 bp, respectively, while strain EGD appears to contain
only the promoter at—113 bp (FReiTaG et al. 1993; LemmMEeISTER-VWACHTER et al. 1992).

Virulence determinants of many pathogenic bacteria are subject to
environmental modulation and evidence suggests that similar strategies are
employed by Listeria to optimize gene expression within the host. The transition
from ambient temperature to that of the human body induces pleiotropic
alterations in gene expression in a variety of pathogens including Escherichia coll,
Bordetella pertussis, Shigella and Yersinia species, and Vibrio cholera (reviewed
by MekaLanos 1992). In L. monocytogenes optimum virulence gene expression
occurs at 37°C (LemmeiSTER-WACHTER et al. 1992). Northern blot analysis has
demonstrated that this thermoreguiation is effected at the level of transcription
with fewer transcripts corresponding to the virulence-related genes hly, plcA,
mpl, and inlA occurring at temperatures below 37°C. Interestingly, transcription of
the smaller prfA-specific mBNA appears to be unaffected by the growth
temperature, suggesting that PrfA may act in concert with other regulatory
proteins (that are themselves thermoregulated) or that PrfA may require
posttranscriptional modification for activity (LEIMEISTER-WACHTER et al. 1992).

Recently, Park and KroLL (1993) have described a negative effector molecule
of virulence gene expression in L. monocytogenes. Using transcriptional fusions
between the hly and p/cA promoters and the /uxAB reporter genes, the authors
observed that the expression of luciferase by these fusions was specifically
repressed by the plant-derived disaccharide cellobiose. This molecule is
considered to be present in significant quantities in the soil and decaying
vegetation that constitute the primary habitats of L. monocytogenes. Cellobiose
may thus act to repress virulence gene expression in the saprophytic
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environment. Although the low, residual level expression of hly and plcA in prfA
mutants was not greatly affected by cellobiose, it is not yet clear if this molecule
exerts its effect via the prfA regulatory system. Interestingly, like the effect of
temperature described above, regulation of hly and plcA transcription in the
presence of cellobiose is not coupled to the levels of monocistronic prfA mRNA
(KLARsFELD et al. 1994).

Stress conditions such as heat shock and nutrient stress result in the
preferential synthesis of prfA-regulated proteins in vitro. LLO and at least four
other prfA-dependent proteins (which may include ActA and PI-PLC) are
preferentially synthesized when bacteria are grown at 48°C (heat shock
conditions; SokoLovic and GoegeL 1989; SokoLovic et al. 1990, 1993). Moreover, at
least 12 proteins are specifically labeled by [**S] methionine in wild-type, but not
PrfA-defective, strains, when bacteria were incubated in a medium (MEM)
containing low concentrations of essential amino acids and iron and which did not
support bacterial growth (SokoLovic et al. 1993). Included among these stress-
induced proteins are a number of previously characterized prfA-regulated proteins
(ActA, LLO, Mpl, PI-PLC, and PC-PLC) and their proteolytically processed
derivatives. The five remaining stress-induced, PrfA-regulated, proteins represent
novel surface-associated products whose role in virulence, if any, remains to be
determined. Similar experiments revealed the presence of a 64 kDa surface-
located protein, the expression of which is repressed by PrfA, suggesting that
PrfA, in common with many other bacterial regulators, may act both as an
activator and as a repressor of target gene expression.

While the prfA regulation of virulence gene expression occurs primarily at the
level of transcript initiation, there is evidence that other regulatory controls exist
to modulate expression of prfA-dependent genes. Gene regulation by transcrip-
tional antitermination has been documented in other gram-positive organisms
including B. subtilis (see review by KLier et al. 1992 and references therein). In L.
monocytogenes, transcriptional antitermination has been suggested to occur at
the putative terminater located in the intergenic region between the p/cA and prfA
genes, resulting in the production of the bicistronic mRNA during the early stages
of growth (Mencaup et al. 1991b) and in the intergenic region between the inlAand
inlB genes (Dramsi et al. 1993b). It remains to be determined if the same
mechanism of antitermination operates in both operons.

4 Other Potential Virulence Determinants

In addition to those described above, a number of other Listeriagenes have been
identified which may contribute to the infectious process. These include genes
encoding a superoxide dismutase (BrRexm et al. 1992), a protein homologous to
the cholera toxin of Vibrio cholerae (Garcia peL PortiLLO et al. 1992; VIcenTe et al.
1989) and the L. monocytogenes flagellin protein (Dons et al. 1992). Furthermore,
regulatory genes which may contribute to the virulence of L. monocytogenes
have been identified (WReN et al. 1992).
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Oxidizing agents such as the superoxide radical and hydrogen peroxide
exhibit potent antimicrobial activity and the ability to counteract these products
may contribute to the intracellular survival of L. monocytogenes. The L.
monocytogenes superoxide dismutase-encoding gene, Imsod, has recently been
cloned and sequenced (Brenm et al. 1992). Superoxide dismutase (SOD) converts
superoxide radicals to hydrogen peroxide as the first step in the elimination of
these toxic metabolites from the cell. While a role for SOD in the pathogenicity of
faculative intracellular bacteria such as Nocardia asteroides (BeamaN and Beaman
1990) and Shigella flexneri (FrRanzoN et al. 1990) has been proposed, the role of the
Listeria SOD in intracellular survival has yet to be demonstrated. Similarly,
catalase production by L. monocytogenes has been suggested as a virulence
factor which contributes to bacterial defense against the products of oxidative
metabolism. However, transposon-induced, catalase-deficient mutants of L.
monocytogenes were not affected in virulence when tested in mouse models of
infection (LeBLOND-FRANCILLARD et al. 1989).

Recently, afragment of a L. monocytogenes gene with homology to the ctxA
gene of the gram-negative pathogen Vibrio cholerae has been cloned and
sequenced (GARcla DEL PoRrTILLO et al. 1992; VIcenTE et al. 1989). The V. cholerae
ctxAB operon encodes the A and B subunits of the ADP-ribosylating enzyme
cholera toxin, which is largely responsible for the diarrheal syndrome associated
with V. cholerae colonization of the intestinal mucosa. The role of the L.
monocytogenes ctxAB homologue in virulence is currently unknown. It should be
noted that sequences hybridizing to a ctxAB probe are present in all, including
nonpathogenic, Listeria species (Gouin and Cossart, unpublished).

A relationship between bacterial motility and virulence has been reported for
several pathogens including Helicobacter pylori, Salmonella typhi and Vibrio
cholerae (Eaton et al. 1992; Liu et al. 1988; RicHarpson 1991). In all cases, loss of
motility correlated with decreased virulence in in vitro or in vivo models of
infection. Strains of L. monocytogenes grown at low temperatures (20°-25°C)
possess flagella and are motile. In contrast, Listeria grown at 37°C are only poorly
flagellated and non-motile. The flagellin-encoding flaA gene has recently been
cloned and sequenced and the NH,-and COOH-terminal regions of flagellin show
considerable homology to other flagellin proteins (Dons et al. 1992). In northern
blot experiments the flaA-specific mMBRNA was undetectable at 37°C, suggesting
that the thermoregulation of flagellin production occurs at the level of
transcription. Southern blot analysis with a flaA-specific probe has demonstrated
that flaA homologues are present in all Listeria species (Dons et al. 1992). The
availability of the cloned flaA gene should allow the construction of isogenic flaA-
defective strains and the analysis of the role of flagellar expression and motility on
Listeria virulence.

A wide variety of bacterial adaptive responses, including the coordinate
regulation of virulence determinants in pathogenic microorganisms, are mediated
by the well characterized, two component, signal transduction systems (for
reviews see ParkiNsoN 1993; Stock et al. 1989, 1990). These systems contain two
classes of well conserved proteins; a sensor (generally a histidine protein kinase),
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which is involved in environmental signal detection, and a response regulator,
frequently a cytoplasmic transcriptional regulator. All response regulators contain
a conserved domain of approximately 100 amino acids which extends from the
NH,-terminal. Degenerate oligonucleotide primers which hybridize to this conser-
ved region have been used to amplify by PCR L. monocytogenes DNA fragments
with sequence homology to response reguiator proteins (WReN et al. 1992).

5 Genetic Map of Listeria monocytogenes

Until recently, most genes identified in L. monocytogenes encode proteins
involved in the pathogenesis of this organism. The majority of these are clustered
at a single 10 kb locus containing the hly gene and the flanking plcA-prfA and
lecithinase operons. As transducing phages are not available in Listeria, pulse
field gel electrophoresis was used to establish the current physical and genetic
map of L. monocytogenes (Fig. 6; MicHeL and CossarT 1992). Included on this map
are a number of recently identified listerial genes including cheR, (43% identity to

iap

motAB

cheR hly locus

flaA gyr
ImaAB
inlAB

rrn
kat

L. monocytogenes
strain LO28
3150 kb

recA

rrn CtxA

hil
purH

Fig. 6. Physical and genetic map of the Listeria monocytogenes chromosome. The outer intervals
correspond to Notl fragments, the intermediate to Sse8387| fragments, and the inner indicates the
location of the single Sfil site. The intervals where genes have been located are indicated by arcs outside
the circular map. The arrow indicates the precise location of the hly locus.
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the B. subtilis chemotaxis methyltransferase); motA and motB, (45% identity to
B. subtilis flagellar motor proteins) (Eric Michel, Sally Galsworthy, Jérome
Mengaud, Pascale Cossart, manuscript in preparation); flaA, (encoding the
L. monocytogenes flagellin protein; Dons et al. 1992), hi1, (homology to bacterial
histone-like protein-encoding genes; M. Sanchez-Campillo, J. M. Gomez, and
J.C. Perez-Diaz, personal communication), and purH, (de novo purine biosyn-
thesis; KLArsFeLD et al.1994). The location of the L. monocytogenes catalase gene,
kat has been determined by hydridization using sequences derived from the
cloned L. seeligeri kat gene (Haas et al. 1991).

6 Genetic Analysis of Other Listeria Species

Of the other members of the genus Listeria, only L. ivanovii is considered 1o be
pathogenic but, unlike L. monocytogenes, it is a pathogen of animals and is not
associated with human disease (Coorer and Dennis 1978). L. ivanovii infects a
variety of domestic animals causing abortion, neonatal sepsis, and enteritis.
Recent results obtained in in vitro tissue culture models of infection suggest that
L. ivanovii follows the same general pathway of entry, phagolysosomal lysis,
intracellular multiplication and cell-to-cell spreading as L. monocytogenes. L.
ivanovii can induce its uptake by epithelial cells and fibroblasts (GaiLLARD et al.
1987; Karunasacar et al. 1993; Kukn et al. 1988). Entry into the host cell is followed
by lysis of the phagolysoseme. L. ivanovii produces a thiol-activated cytolysin,
ivanolysin (ILO), which is closely related to LLO and which, by analogy with LLO,
may be required for phagolysosomal lysis (LemeisTER-WACHTER and CHAKRABORTY
1989; Haas et al. 1992). Once in the cytoplasm, L. ivanovii becomes associated
with host cell actin filaments which are reorganized to form comet tails similar to
those observed with L. monocytogenes (KaRUNASAGAR et al. 1993). The ability of L.
ivanovii to induce actin polymerization suggests the existence of an ActA
homologue in this species, but several early attempts to detect sequences
similar to actA in L. ivanovii have been unsuccessful (Karunasacar et al. 1993;
Vazouez-Bowanp et al. 1992). However, using different probes, Southern blot
analysis under low stringency conditions has now demonstrated that the
virulence locus of hly, plcA-prfA and the lecithinase operon, including the gene
actA, is present in the three hemolytic species of Listeria, L. monocytogenes, L.
ivanovii, and L. seeligeri (see Fig. 7; GouiN et al. 1994). In contrast, genes with
putative “housekeeping” functions such as ldh and prs (Fig. 7), which encode
proteins with homology to lactate dehydrogenase, and to bacterial and eukaryotic
phosphoribosyl-pyrophosphate synthetases, respectively, and which flank the
virulence locus, are found in all Listeria species. The chromosomal arrangement
of plcA, prfA and the ivanolysin gene is highly reminiscent of the arrangement of
the corresponding genes in L. monocytogenes (GoeBEL et al. 1994).
Interestingly, although electron microscopic observations suggest that L.
ivanoviiis capable of cell-to-cell spreading, it does not cause plagues in fibroblast
monolayers (Karunasagar et al. 1993). While the mechanism of cytotoxity in
Listeria species is not yet known, KarunasaGar et al. (1993) have suggested that
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L. ivanovii lacks a cytolytic activity which leads to the destruction of host cells by
L. monocytogenes and that this lack of cytotoxicity may account for lower degree
of virulence of L. ivanovii compared to L. monocytogenes.

L. seeligeri, a nonpathogenic Listeria species, displays a weak hemolytic
activity on blood agar plates (Georrroy et al. 1989). These bacteria are very weakly
invasive for epithelial cells and rarely escape from the phagosome (GaiLLARD et al.
1987). It is possible that this species lacks some virulence loci required for
L. monocytogenes and L. ivanovii virulence or, more likely, that some of the
genes hybridizing to the known virulence cluster, although present, may be not
functional or not sufficiently well expressed to confer virulence (Gouin et al. 1994).

7 Concluding Remarks

Considerable advances in our understanding of the infection of host tissues by L.
monocytogenes have occurred during the past decade. These have been made
possible by the development of techniques that allow L. monocytogenes to be
genetically manipulated and by the availability of in vitro and in vivo models of
infection. Beginning with the identification of hly as an essential virulence
determinant, many genes required for successful penetration, multiplication and
dissemination of this pathogen within host tissues have been described.
However, these genes are unlikely to represent the entire spectrum of L.
monocytogenes requirements for intracellular parasitism. For example, it is to be
expected that genes other than in/A are required for entry. In addition, bacterial
factors inducing the efficient phagocytosis of bacteria-containing protrusions by
neighboring cells during cell-to-cell spreading remain to be identified. While it is
becoming clear that intracellular Listeria do not express many specialized
metabolic functions for survival and multiplication in the host cell cytoplasm,
evidence suggests that these bacteria have evolved sophisticated strategies to
exploit componenis of the host cell cytoskeleton. Bacterially induced
phagocytosis and intracellular actin-based motility provide elegant examples of
this type of host pathogen interaction. Future research will undoubtedly focus on
the identification of the host cell receptor for internalin, on bacterially induced
signaling events and on the nature of the eukaryotic proteins recruited by Listeria
for actin tail formation and movement. The recent development of an in vitro
system for Listeria motility based on Xenopus oocyte extracts promises to make
Listeria an exciting tool for the investigation of actin-based moitility phenomena in
general (THeriOT and MiTcHisoN 1992; THERIOT et al. 1994).

Finally, although similarities can be observed between the behavior of the
gram-negative pathogen S. flexneri and L. monocytogenes in tissue culture
models of infection (i.e., cytoplasmic multiplication, actin-based movement, and
direct cell-to-cell spread), the clinical features of shigellosis and listeriosis are
quite different. This disparity between host cell infection at the cellular level and
the clinical manifestations of the resultant disease emphasize the need to
complement the in vitro analysis of bacterial pathogenesis with relevant in vivo
studies.
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Notes added in proof

Since this review was written a number of papers have been published with relevance to intracellular
movement and the regulation of virulence factors.

Pistor et al. (1994) have demonstrated that the expression of ActA in eukaryotic cells (in the
absence of other bacterial factors) is sufficient to induce actin nucleation. Southwick and PuricH (1994)
have shown that microinjection of a synthetic peptide analogous to one of ActA’s oligoproline repeats
into Listeria-infected cells blocks the formation of actin-filament tails and arrests bacterial movement.
Injection of this peptide also resulted in host cell membrane retraction.

BonNE et al. (1994) have shown that ActA, PC-PLC and LLO are the major PdPs synthesized when
L. monocytogenes is shifted from BHI to MEM. The preferential synthesis of PdPs in MEM requires de
novo transcription. FReTaG and PortnOY (1994) have demonstrated that the two prfA promoters which
occur in the intergenic region between picA and prfA are functionally redundant in vivo. Finally, LampiDis
et al. (1994 in press) have cloned sequenced the prfA homologue from L. ivanovii They have
independently identified the homology between the Listeria PrfA proteins and the Crp-Fnr family of
transcriptional regulators.
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1 Introduction

A century ago, Shiga isolated the etiologic agent of bacillary dysentery (SHica
1898). The genus Shigella is now divided into four species, S. boydii, S.
dysenteriae, S. flexneri, and S. sonnei. Shigellosis, whose clinical signs range
from mild diarrhea to severe dysentery with blood, mucus, and pus in the stool,
remains endemic throughout the world. Epidemiological studies indicate that
Shigella is transmitted by the fecal-oral route and sometimes by contaminated
food (WHarTON et al. 1990). Shigella are highly infectious organisms for humans,
since only a few hundred bacteria administered orally caused disease in 50% of
volunteers (DuPonT et al. 1989).

Shigellosis is caused by penetration of invasive bacteria into the intestinal
mucosa of the colon, where degeneration of the epithelium and a strong
inflammatory reaction indicate the sites of Shigella infection (LaBRrec et al. 1964).
Most of our knowledge on the pathogenesis of the disease is derived from
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studies using experimentally infected monkeys (TakeucHy et al. 1968). Injection of
bacteria into rabbit ligated ileal loops, which elicits fluid accumulation and
mucosal destruction (Gots et al. 1974), and infection of the corneal epithelium of
guinea pigs, which provokes keratoconjunctivitis (SEReNY 1957), are sometimes
used to assess Shigella virulence.

Since Shigellacan invade epithelial and nonepithelial cells in vitro (Gerser and
Watkins 1961; LABREC et al. 1964), the invasive process has been mainly studied
on cultured celllines. In vitro, this process consists of the integration of two steps,
entry and intercellular dissemination, and eventually leads to a cytopathic effect
that can be visualized by the formation of plaques on a confluent cell monolayer
{Oaks et al. 1985). The celiular biology and genetics of entry and intercellular
dissemination (reviewed by HaLe 1991 and by Sansonetn 1991) have been
performed mainly using S. flexneri, but most conclusions derived from these
studies apply to the other Shigella species as well as to enteroinvasive
Escherichia coli (EIEC) strains that cause a dysentery-like syndrome similar to
shigellosis (DuPonT et al. 1971).

The various aspects of Shigella pathogenicity were the focus of an issue of
this series (SANSONETTI 1992).

2 Cellular Biology of Entry and Intercellular
Dissemination

Following adhesion to the cell, a step that is quite elusive in the case of Shigella,
the bacteria are internalized by epithelial cells in a process similar to phagocytosis,
in that actin polymerization and myosin accumulation at the site of entry are
required (HALE et al. 1979; CLErc and SansoneTTi 1987). Infection of polarized cells,
which were differentiated from the human colonic epithelial cell line Caco-2,
indicated that S. flexnerienters through the basolateral pole rather than the apical
pole of epithelial cells (MouNIer et al. 1992).

Within a few minutes after entry, Shigella lyses the membrane of the
phagocytic vacuole and gains access to the cytoplasm of the cell where it
multiplies with a generation time of about 40 min (SansoNeTTi et al. 1986). Protein
synthesis of the infected cell is rapidly blocked {HaLe and FormaL 1981). Invasion
by S. flexneriof a murine macrophage cell line, J774, resulted in rapid killing of the
host cell (SansoneTTi and Mounier 1987). Wild-type Shigella induced apoptosis,
i.e., programmed cell death, in infected macrophages (ZycHLinsky et al. 1992).

While extracellular Shigella are nonmotile organisms, intracellular bacteria
move to occupy the entire cytoplasm of the infected cell and to spread from cell
to cell. Two apparently independent movements have been described in different
cell lines. In chicken embryo fibroblasts, which have a highly organized cyto-
skeleton, intracellular bacteria interact with and progress along stress fibers, a
movement that was designated Olm (for organelle-like movement) (VASSELON et
al. 1991). Amovement of the bacteria along the actin filament ring of the peri-junc-
tional area has also been observed in infected Caco-2 cells (VasseLon et al. 1992).
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The initial observation that Shigella moves into the cytoplasm of infected
cells came from phase contrast microcinematography studies; the movement of
the bacteria was random and sometimes led to the formation of structures
protruding from the cell surface and containing bacteria at their tip (Ocawa et al.
1968). This intracellular movement can be reversibly inhibited by treatment with
cytochalasin D which prevents polymerization of monomeric actin (G-actin) into
filaments (PaL et al. 1989; Bernaroini et al. 1989). The use of N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) phallacidin, which specifically binds to polymerized actin (F-actin),
showed labeling of intracellular bacteria and trails of F-actin at one pole of the
bacteria, confirming the involvement of actin in the movement of bacteria
(BernarDIN et al. 1989).

Electron microscopy studies have allowed a detailed ultrastructural analysis
of these protrusions, which have a diameter of about 0.5 um and a length up to 20
um (Kapurucamuwa et al. 1991; PrevosT et al. 1992; Sansonetmi et al. 1993).
Bacteria in these protrusions are located at the top of tightly packed actin
filaments which, in some instances, appeared to form a cylinder. Pictures
showing a protrusion extending from one cell and penetrating into the adjacent
cellindicated that these protrusions can allow passage of Shigellafrom cell to cell
without release of the bacteria into the extracellular medium. Genetic studies
{(see below) confirmed the importance of this movement, designated Ics (for
intra- and intercellular spread), in the dissemination of bacteria from the primary
infected cell to the adjacent cells. A movement based on actin polymerization and
bundling of actin filaments at one pole of the bacteria has similarly been described
for Listeria monocytogenes, an invasive bacteria that, like Shigella, is able to lyse
the membrane of the phagocytic vacuole (Tiney and Portnoy 1989, 1990;
Mounier et al. 1990; see the review by Sheehan et al. on L. monocytogenes in
this volume).

In addition to actin, several cellular proteins, such as vinculin and plastin, but
not myosin, are associated with the polymerized structure that trails behind the
intracellular bacteria (Kaburueamuwa et al. 1991; PrevosT et al. 1992). Using a cell
line which does not produce cell adhesion molecules and transfectants
expressing either L-CAM or N-cadherin, SansoNeTT! et al. (1994) have shown that
cell adhesion molecules are required for cell-to-cell spread of Shigella. Cadherin
was important for both the structural organization of the protrusion and the
internalization of a protrusion by an adjacent cell. Moreover, L-CAM, a-actinin,
vinculin, and o- and B-catenins were found to be associated with the protrusions
that initiated at the intermediate junctions.

3 Plasmid Genes Involved in Entry

Evidence for an essential role of plasmid determinants in invasion came from the
observation that a large plasmid of about 200 kb was present in all invasive
isolates of Shigelfa and EIEC strains and that deletions within or loss of this
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plasmid resulted in avirulence (SansonNeTTI et al. 1981, 1982; HARRis et al. 1982).
Hybridization studies indicated a high degree of relatedness between the large
plasmids carried by Shigella and EIEC strains (SansoNeTTi et al. 1983a). Moreover,
mobilization of the large plasmid from S. flexneri to E. coli K 12 gave rise 10 a
recombinant strain that was able to invade Hel.a cells (SansoneTT et al. 1983b).

The use of minicell-producing strains of S. flexneri, S. sonnei, and EIEC led to
the characterization of 15-20 proteins encoded by the virulence plasmid (HaLe et
al. 1983). Seven proteins common to S. flexneri and enteroinvasive E. coli 0143
were identified by two-dimensional gel electrophoresis and designated a—g (HALE
et al. 1985). Four of these polypeptides, a {78 kDa), b (62 kDa), ¢ (43 kDa), and d
(39 kDa), were found to be the predominant antigens recognized by the serafrom
humans convalescing from shigellosis, as well as by those of monkeys
experimentally infected with S. flexneri (HaLE et al. 1985; Oaks et al. 1986). The
generic term Ipa (for invasion plasmid antigen) was subsequently used to
designate these proteins and the corresponding genes (Buysse et al. 1987).

Two strategies, cloning into a cosmid and transposon mutagenesis, were
used to identify genes responsible for the invasive phenotype. A library of
cosmids containing 45 kb DNA fragments of the pWR100 plasmid from S. flexneri
5 was introduced into a Shigella strain lacking the virulence plasmid and the
recombinant strains were then screened for their ability to enter Hel a cells. The
inserts present in the cosmids that conferred entry contained a common region of
about 37 kb and allowed the expression of the IpaA, IpaB, IpaC, and IpaD antigens
(MAuREeLLI et al. 1985). A simiilar strategy was used to isolate the invasion region of
the S. sonnei virulence plasmid (Kato et al. 1989). Using a different approach,
Sasakawa et al. (1986) isolated over 300 independent Tn5 insertions in
pMYSHB000, the virulence plasmid of S. flexneri 2a, and screened the mutants
for their ability to invade LLC-MK2 cells. This led to the identification of a 30 kb
fragment, the integrity of which was required for invasion. The restriction map of
this fragment was very similar to that of the entry region characterized in S.
flexnerib andin S. sonnei. Since then, the combined effort of several laboratories
has resulted in the elucidation of the complete nucleotide sequence of the 30.5 kb
region that is necessary and apparently sufficient for entry of S. flexneri into
epithelial cells in vitro (ApLer et al. 1989; ALLaoul et al. 1992a, b, 19934, b, and
unpublished data; Anprews and MaureLLI 1992; Baubry et al. 1988; Buysse et al.
1990; Sasakawa et al. 1989, 1993; VENKATESAN et al. 1988, 1992; VENKATESAN and
Buysse 1991). As shown in Fig. 1, this fragment contains 33 genes clustered in
two regions which are transcribed in opposite orientation.

3.1 The mxi and spa Secretion Genes

The initial characterization of the proteins expressed by the virulence plasmid
indicated that several of them, including the IpaA, IpaB, IpaC, and IpaD antigens,
were associated with the outer membrane of the bacterium (HaLe et al. 1983). The
reactivity of monoclonal antibodies directed against IpaB and IpaC with whole
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Fig. 1. The Shigella flexneri invasion region

bacteria in an ELISA confirmed that these proteins were exposed on the surface
of virulent shigellae (MiLLs et al. 1988; Hromockys and MaureLLI 1989). Secretion
of IpaB and IpaC into the culture medium was demonstrated by AnpRews et al.
(1991), and analysis of concentrated culture supernatant fluids by SDS-PAGE and
Coomassie blue staining indicated that wild-type S. flexneri secretes about ten
polypeptides into the growth medium (ALLaour et al. 1992b). In addition to |paB
and IpaC, the two other Ipa antigens, IpaA and IpaD, have been detected in the
culture medium of S. flexneri (MenARD et al. 1993 and unpublished data).
Characterization of the phenotype of noninvasive mutants, obtained after
transposon mutagenesis or constructed by allelic replacement, led to the
identification of a locus that contains many genes whose products are involved in
the surface presentation and secretion of the Ipa antigens (ANDREwS et al. 1991;
ALLaoul et al. 1992b, 1993a, and unpublished data; VEnkaTEsaN et al. 1992;
Sasakawa et al. 1993). These genes were designated mxi (for membrane
excretion of invasion plasmid antigens) and spa (for surface presentation of Ipa
antigens). All the mxi and spa noninvasive mutants are probably defective in both
surface presentation and secretion of the four Ipa antigens as well as at least four
other proteins (ALLaour et al. 1992b). Since the IpaB, IpaC and IpaD proteins are
necessary for entry (see below), the noninvasive phenotype of the mxi and spa
mutants is most likely a consequence of their inability to secrete these antigens.
The entire region containing the mxiand spagenes is designated the mxrspa
secretion locus. This locus contains 24 genes which are organized in two
operons, one extending from jpgD to spa15 and the other from spa47to ORF10
(ANDREWS et al. 1991; Tose et al.1991; ALLaoul et al. 1993a; Sasakawa et al. 1993).
Complementation studies and construction of nonpolar mutants have indicated
that a few genes located in these operons, such as ipgD (ijpg for invasion plasmid
gene), ipgfF, spa15, and ORF10, were neither involved in secretion of the Ipa
proteins nor in invasion of Hel a cells (ALLaoul et al. 1993a; Sasakawa et al. 1993).
Preliminary studies and sequence analysis have indicated the location of
some of the Mxi and Spa proteins. For example, the NH,-terminal sequences of
IpgF, MxiD, MxiJ, and MxiM exhibit features characteristic of a signal sequence.
Mxid and MxiM were shown to be lipoproteins and proposed to be anchored in
the outer membrane by their NH,-terminal lipid moiety (ALLaour et al. 1992b).The
COOH-terminal moiety of MxiD, which has significant sequence similarities with
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the COOH-terminal domain of the Klebsiella oxytoca PulD protein (D'ENFERT et al.
1989) and of protein IV of filamentous bacteriophages (PeTers et al. 1985; Luiten
et al. 1985), may be involved in the targeting of MxiD to the outer membrane
(ALLaout et al. 1993b). MxiA has been detected in the inner membrane (ANDREwWS
et al. 1991) and sequence analysis suggests that this protein contains two
domains, a NH,-terminal domain composed of six transmembrane spanning
segments and a COOH-terminal domain located in the cytoplasm (AnDrews and
MaureLLt 1992). Similarly, the presence of internal, hydrophobic segments in
Spa9, Spa15, Spa24, Spa29, and Spa40 suggests that these proteins might also
be located in the inner membrane (VENKATESAN et al. 1992; Sasakawa et al. 1993).

Sequence comparisons have revealed extensive similarties between some
Mxi and Spa proteins and Yersinia proteins involved in the secretion of the Yop
proteins. For example, MxiD, MxiJ, and MxiH are homologuous to YscC, YscJ,
and YscF, respectively, three proteins encoded by the virC operon of Yersinia
enterocolotica (MicHiELs et al. 1991). As indicated in Table 1, several Spa proteins
also have homologues encoded by the Yersinia virulence plasmid (H. Wolf-Watz,
personal communication). Representatives of the Shigella Mxi and Spa proteins
are also present in Salmonella typhimurium where they are required for invasion
(GALAN et al. 1992; Groisman and OcHmaN 1993), in plant pathogens such as
Erwinia carotovora (MuLHOLLAND et al. 1993), Xanthomonas campestris (FENSELAU
et al. 1992; Hwang et al. 1992), and Pseudomonas solanacearum (ARLAT et al.
1992; GoucH et al. 1992, 1993) where they are involved in pathogenicity, andin E.
coliand Bacillus subtilis where they are involved in flagellar assembly (MaLakooT
et al. 1989; ALserTint et al. 1991; VoacLer et al. 1991; BiscHorr and OrbaL 1992;
BiscHorr et al. 1992; Careenter and OrbaL 1993). The phenotype of the Shigella
mxi and spa mutants, as well as that of the Yersinia ysc mutants, suggests that
these proteins form a secretion apparatus for the Shigella Ipa and Yersinia Yop
proteins, whose NH.-terminal amino acid sequences do not exhibit the features
characteristic of a signal sequence and which do not appear to be processed
during secretion.

3.2 The ipaB, ipaC, and ipaD Entry Genes

The genes encoding the IpaA, IpaB, IpaC, and IpaD antigens are clustered in a
locus that comprises eight genes in the order icsB, ipgA, ipgB, ipgC, ipaB, ipaC,
ipaD, and ipaA (Fig. 1). The transcriptional organization of this locus was analyzed
by northern blotting and S1 nuclease protection experiments, cloning into a
promoter probe vector, and by studies of the effect of polar insertions on the
expression of downstream genes (Baupry et al. 1987; VENKaTESAN et al. 1988;
Sasakawa et al. 1989; ALLaour et al. 1992a). In addition to the icsB promoter, a
promoter necessary for the full expression of the ipa genes was identified
upstream from jpgB, and internal, weaker promoters have been detected
upstream from ipgA and ipaD.
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The role of these genes in entry was first investigated using transposon
insertion mutants constructed either on the large virulence plasmid or on cosmids
that conferred entry (MAURELLI et al. 1985; Sasakawa et al. 1986; Baubry etal. 1987;
WaTANABE et al. 1990). Transposon insertions in jpgA, ipgB, ipgC, ipaB, ipaC, and
jpaD, but not in jpaA, abolished invasion of epithelial cells. Complementation
analysis using various recombinant plasmids indicated that ipaB, ipaC, and ipaD,
but not the upstream ipg genes, were involved in virulence, as evaluated by the
formation of plagues on a cell monolayer (Sasakawa et al. 1989). Recently, each of
the jpaB, ipaC, and jpaD genes carried by the large virulence plasmid of S. flexneri
5 was inactivated by allelic replacement with a gene mutagenized in vitro by
insertion of a nonpolar cassette (HicH et al. 1992; MEnArD et al. 1993). The ipaB,
ipaC, and ipaD mutants were each unable to enter into Hela cells, a phenotype
that could be complemented by recombinant plasmids carrying only a wild-type
copy of the mutated gene. Although the three mutants were not impaired in
adhesion to the cells, they were unable to induce actin polymerization at the site
of attachment of the bacteria to the cellular membrane.

Shortly after entry into the cell, Shigella lyses the membrane of the
phagocytic vacuole and gains access to the cytoplasm of the cell. This
membranolytic activity is reflected by the contact hemolytic activity expressed by
invasive Shigella (SansoneTTi et al. 1986). The jpaB, ipaC, and ipaD mutants were
nonhemolytic, suggesting that the three Ipa proteins were also involved in the
escape from the phagosome (HicH et al. 1992; Ménarp et al. 1993). The role of
each of the IpaB, IpaC, and IpaD proteins in the lysis of the membrane of the
phagocytic vacuole has been confirmed using a macrophage cell line which
allows internalization of noninvasive bacteria; the jpa mutants remained trapped
in the phagosome and were not cytotoxic (ZvcHLInsky et al. 1994).

Since the jpa mutants were defective in invasion but not in secretion of the
remaining Ipa proteins, which differentiated them from the mxiand spa mutants,
the IpaB, lpaC, and IpaD proteins appear to be potential effectors of Shigellaentry
into epithelial cells (Meénarp et al. 1993). The similar phonotype of the ipa mutants
suggests that IpaB, IpaC, and IpaD might act together in induction of
phagocytosis as well as in escape from the phagosome. An association of IpaB
and IpaC has indeed been detected in the culture supernatant of wild-type S.
flexneri (R. Ménard et al., in preparation). However, the mechanism of action of
the Ipa proteins in these processes remains to be elucided.

3.3 The virB and virF Regulator Genes

The invasive phenotype of Shigella is regulated by the temperature of growth;
strains which are invasive when grown at 37°C become noninvasive when grown
at 30°C (MaureLLI et al. 1984). The temperature-regulated expression of the ipa,
mxi, and spa operons is under the control of a regulatory cascade that involves
two transcriptional activators, VirB and VirF, which are encoded by the large
plasmid, and the product of a chromosomal gene, designated virR (see below).
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Transposon insertions in a gene located immediately downstream from the
ipaoperon (Fig. 1) led to a noninvasive phenotype (MAURELLI et al. 1985; Sasakawa
et al. 1988). This gene, which was designed virB in S. flexneri 2a (ADLER et al.
1989), ipaRin S. flexneri b (Buysse et al. 1990}, and invE in S. sonnei (VWATANABE et
al. 1990), encodes a 36 kDa protein homologous to ParB of plasmid P1 and SopB
of plasmid F, two DNA-binding proteins involved in plasmid partioning. The virB
(ipafR, invE) mutants, which did not produce the Ipa antigens, were altered in the
transcription of the ijpa, mxi, and spa operons. Overproduction of VirB from
recombinant plasmids led to an increased transcription of the invasion operons
even at 30°C (WaTANABE et al. 1990; Tose et al. 1991). The VirB binding site(s) on
the promoters of the jpa, mxi, and spa operons have not yet been identified.
Expression of the virB gene is itself positively regulated by VirF.

The virF gene is located about 40 kb away from the invasion region of the
virulence plasmid pMYSHG000 of S. flexneri 2a (Sakal et al. 1986a,b). Sequence
analysis indicates that the 30 kDa VirF protein belongs to the AraC family of
transcriptional activators. Transposon insertions in virF abolished transcription of
the virB gene, which resulted in the lack of expression of the invasion genes (Sakal
et al. 1988; ApLer et al. 1989; Tose et al. 1991). Deletion analysis indicated that
activation of the virB promoter by VirF requires a DNA segment extending 110 bp
upstream from the virB transcription start site (Tose et al. 1993). The virF gene is
expressed at 30°C, in contrast to virB which is transcribed only at 37°C. At 30°C,
overexpression of virF from recombinant plasmids did not enhance transcription
of virB (Toee et al. 1991); this is likely to be due to the binding of the
chromosomally encoded VirR protein (see below) on the virB promoter at 30°C
(Tose et al. 1993).

4 Plasmid Genes Involved in Intercellular Dissemination

Once they have reached the cytoplasm of the infected cell, i.e., after entry and
escape from the phagosome, wild-type shigellae are able to move and to occupy
the entire cytoplasm of the cell. Moreover, bacteria induce the formation of long
protrusions which consist of cellular membrane extensions that are filled with
actin filaments and contain a dividing bacterium or two bacteria at their tip. These
protrusions are involved in the dissemination of bacteria from cell to cell without
release into the extracellular medium, a phenotype that is reflected in vitro by the
formation of plagues on a confluent cell monolayer (the plaque assay) (Oaks et al.
1985) and in vivo by the induction of a keratoconjunctivitis in guinea pigs (the
Sereny test) (SERENY 1957).

4.1 The icsA (virG) and virK Genes

Transposon insertions in the virG gene, which is located 40 kb away from the
invasion region on the virulence plasmid pMYSHB000 of S. flexneri 2a, did not
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reduce the rate of invasion of cultured cells but abolished the ability of Shigellato
spread from cell to cell (Makino et al. 1986; Lett et al. 1989). A similar gene,
designated icsA has been characterized on the virulence plasmid pWR100 of S.
flexneri 5; the icsA mutant, which was unable to induce the formation of
protrusions, did not elicit the polymerization of actin filaments at the poles of the
bacteria which is seen with the wild-type strain (Bernarpini et al. 1989). For the
sake of clarity, this gene will be hereafter referred to only as icsA.

The icsA gene, whose expression is regulated by VirF (Sakai et al. 1988; ApLER
et al. 1989), encodes a 130 kDa protein which was first detected in the bacterial
outer membrane (LeTT et al. 1989; BernarDINI et al. 1989; p’HauTteviLLE and
SansoNeTTI 1992). Recently, it has been shown that about 50% of IcsA was
released into the culture medium as a 95 kDa molecular species (GoLDEBERG et al.
1993). Sequencing the NH,-terminal extremity of the 95 kDa secreted protein
indicated that the protein is cleaved after residue Ala-52, downstream from a
region that has the characteristics of a signal sequence. The difference in size
between the 95 kDa secreted protein and the 130 kDa gene product indicates that
a second cleavage should occur in the COOH-terminal portion of the 130-kDa
precursor. A polypeptide of 37 kDa, corresponding to the COOH-terminal part of
IcsA, has indeed been detected by western analysis of Shigella whole cell
extracts (Nakata et al. 1992, 1993).

Since IcsA is secreted by mxiand spa mutants (ALLaou et al. 1992b, 1993b;
VENKATESAN et al. 1992) and by an E. coli strain carrying a recombinant plasmid
expressing the icsA gene (GoLbgeRG et al. 1993), secretion of IcsA is independent
of the Mxi secretion apparatus and may not require determinants carried by the
virulence plasmid. Cleavage of the COOH-terminal portion of the precursor prior
to the release of the mature protein into the culture medium is reminiscent of the
secretion mechanism of Nesseria gonorrhoeae and Haemophilus influenzae IgA1
proteases. The COOH-terminal domain of the IgA1 protease is responsible for the
translocation of the 160 kDa periplasmic precursor across the outer membrane
and autoproteolytic cleavage allows the release of the 100 kDa mature protein
(PoHLNER et al. 1987; Grunpy et al. 1987). The role of the COOH-terminal moiety of
IcsA in the translocation of a periplasmic intermediate and the nature of the
protein involved in the cleavage remain to be determined. A possible function of
the COOH-terminal part of IscA in targeting to the outer membrane is supported
by sequence similarities detected between this region of IcsA and the COOH-
terminal part of AIDA-I, the adhesin involved in the diffuse adherence phenotype
of diarrhoeagenic E. coli (Benz and Scamipt 1992). AIDA-I is synthetized as a
132 kDa precursor whose COOH-terminal portion is cleaved to give rise to a
100 kDa mature protein. Whether mature AIDA-I is secreted is not known, but, in
contrast to the mature form of IcsA which is released in the culture medium,
at least a significant amount of the processed form of AIDA-I remains in
the outer membrane.

Mutations in the virk gene, which is also located on the virulence plasmid,
decreased the amount of the cell-associated 130 kDa lcsA protein, but not that of
the 37 kDa COOH-terminal fragment (NAkaTA et al. 1992). Like the jcsA mutants,
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the virK mutants were unable to spread from cell to cell, probably as a
consequence of their reduced ability to induce actin polymerization (NakaTa et al.
1992). The same phenotype has been recently described for Shigella strains
harboring a recombinant plasmid expressing the E. coli surface protease OmpT
(NakaTta et al. 1993). As in the case of the virK mutants, the Shigella strains
carrying the E. coliompTgene had a decreased amount of the cell-associated 130
kDa IcsA protein, but not of the 37 kDa COOH-terminal fragment. However, since
the amount of mature IcsA in the culture supernatant of the virK mutants, orin the
culture supernatant of the Shigella strains expressing the E. coli OmpT protease,
has not been determined, surface-exposed lcsA could be either degraded or more
efficiently processed and released in these strains. The latter hypothesis is
supported by the observation that IcsA expressed from a recombinant plasmid in
E. coli was not present in the outermembrane but released into the culture
medium as a 95 kDa species (GoLDBERG et al. 1993).

In bacteria grown in vitro, surface-bound IcsA is located at the distal poles of
dividing bacteria (GoLpBerg et al. 1993). This unipolar distribution was also
observed in intracellular bacteria after infection of Hela cells {GoLbBeRG et al.
1993) and correlates wih the unipolar reorganization of F-actin seen at the surface
of dividing bacteria (PrévosT et al. 1992). Moreover, labeling with an anti-lcsA
antiserum indicated that IcsA was also present in the actin tail that trails the
bacteria in the cytoplasm and in the protrusions extending from the cell surface
(GopeerG et al. 1993). This indicates that both the surface-bound and the
secreted form of IcsA interact with elements within the tail, possibly F-actin or
some actin-associated protein(s). Association of IcsA with actin or with an actin-
bundling protein was hypothesized from the phenotype of the icsA mutants
which were unable to elicit accumulation of polymerized actin on the bacterial
surface (BERNARDINI et al. 1989). The L. monocytogenes ActA protein, which, like
the S. flexneri IcsA protein, is involved in the actin-based movement of
intracellular bacteria (Kocks et al. 1992), has also been located at one pole of the
bacteria (Kocks et al. 1993). Despite the polarized localization of both lcsA and
ActA and the similar phenotype of the S. flexneriicsAand L. monocytogenes actA
mutants, there is no sequence similarity between the icsA and actA gene
products. The purified 130 kDa IcsA precursor bound and hydrolyzed ATP, which
suggests that ATP hydrolysis might be involved in bacterial movement (GoLbBERG
et al. 1993).

4.2 The icsB Gene

Once the protrusion extending from an infected cell is engulfed by an adjacent
cell, the bacteria within this protrusion are surrounded by two cellular
membranes, that of the protrusion itself and that of the cell into which the
protrusion enters. Lysis of these two membranes allows the bacteria to access
the cytoplasm of the newly infected cell, thereby completing the process of
intercellular dissemination. Inactivation of the icsB gene, which is located in the
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invasion region of the virulence plasmid (Fig.1), gave rise toa S. flexneristrain that
did not spread from cell to cell although, in contrast to the icsA and virkK mutants
described above, it was still able to induce actin polymerization and the formation
of protrusions (ALLacul et al. 1992a). The icsB mutant remained trapped in
vacuoles surrounded by two membranes. That the icsB mutant was able to lyse
the membrane of the phagocytic vacuole during the entry process indicated that
different membranolytic activities are required fo escape from the phagosome
and from the protrusion. A phenotype similar to that of the icsB mutant has been
described for a L. monocytogenes strain in which the plcB gene, encoding a
lecithinase, had been inactivated (Vasauez-Bolanp et al. 1992). However, no
lecithinase activity has been detected in S. flexneri and there is no sequence
similarity between the S. flexneri icsB and the L. monocytogenes plcB gene
products.

5 Other Plasmid Genes

The sizes of the Shigella virulence plasmids range from 180 to 230 kb (SANSONETTI
etal. 1981, 1982; Harris et al. 1982; Sasakawa et al. 1986), of which “only” 40 kb
or so have been implicated in either invasion (the ipa, mxi, and spagenes, virBand
virF) or intercellular dissemination (icsA, icsB, and virK). Although there is
considerable variations between the restriction patterns of the plasmids
extracted from different Shigella species, hybridization studies have shown a
high degree of relatedness between these plasmids (SansoneTT! et al. 1983a).
This, as well as the conservation of the size of the virulence plasmids, suggest
that other regions of the plasmid might play a role in virulence, even though they
have not yet been identified as such by the tests that have been used in the
laboratory. For example, with the exception of the virfF regulatory gene, no
determinant required to induce a positive Sereny test in the mouse mode! was
detected on a 90 kb fragment of the virulence plasmid pMYSHB000 of S. flexneri
2a (Sasakawa et al. 1986). In addition, 142 mutants carrying a transposon insertion
in any of ten different Sall fragments of pMYSHG00 did not show any defect in
invasion or in the Sereny test (Sasakawa et al. 1986).

The specific inactivation of such genes as ipaA (Sasakawa et al. 1989; MENARD
et al. 1993) and ipgD (ALLaoul et al. 1993a), which are likely to be relevant to
virulence in as much as these genes are present in the invasion region (Fig. 1) and
the encoded proteins are secreted by the Mxi-Spa secretion apparatus, did not
result in an inability to invade Hela cells or induce keratoconjunciivitis. This
suggests that these tests might not be sensitive enough to explore the full
spectrum of Shigella pathogenicity, which is not unexpected since shigellosis is
restricted to human beings and primates.

Inactivation of jpgF, which is also located in the invasion region (Fig. 1), did
not affect the invasion rate (ALLaoul et al. 1993a); the ipgF gene product, a
presumably periplasmic protein, is homologous to a protein encoded by a gene
located within the leader region of the F, R1 and R100 conjugative plasmids. The
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leader region is the first portion of these plasmids to enter recipient bacteria
during conjugation but is not itself essential for conjugative transfer (LoH et al.
1989). Likewise, the products of spa’5and ORF10, two genes of the mxi-spa
secretion locus (see Fig. 1), are not required for invasion (Sasakawa et al. 1993).
The ipaH gene was first identified by screening a library of Agt11 recombinant
phages using a polyclonal serum raised against a protein fraction enriched for the
virulence plasmid-encoded proteins (Buysse etal. 1987). An ipaH probe
hybridized to five different Hindlll fragments on the DNA of pWWR 100, suggesting
that multiple copies of this gene are present on the virulence plasmid of S. flexneri
5 (Hartvan et al. 1990). Moreover, multiple copies of jpaH have also been
detected on the chromosome (VenkaTEsaN et al. 1989). Sequencing four of the five
plasmid-borne jpaH copies revealed a puzzling arrangement of variable and
constant regions (HarTMAN et al. 1990; VenkaTesan et al. 1991a). Two adjacent
copies, designated, ipaH7.8and ipaH4.5, are located between the invasion region
and icsA and should encode 532 and 574 amino acid polypeptides, respectively.
These polypeptides have indeed been detected by immuneblot analysis. The two
other copies, ipaH1.4 and ipaHZ2.5, have not yet been mapped on the virulence
plasmid and appear to correspond to truncated genes which might not be
expressed. Analysis of the sequence deduced from ipaH7.8and jpaH4.5revealed
the presence of six and eight repeated regions, respectively; each of these

X-X-N-X (where X represents any amino acid residue) (VEnkatesan et al. 1991a).
This motif, designated LPX, is very similar to the consensus sequence derived
from the nine repeats detected in the sequence of the YopM protein from Y.
pestis (LeunG and StraLey 1989). YopM was shown to inhibit thrombin-induced
platelet aggregation and to be involved in the virulence of Y. pestis in a mouse
model (Leunc et al. 1990). Whether IpaH is secreted and its role on the virulence
of Shigella have not yet been determined.

6 Chromosomal Genes Involved in Virulence

As indicated by the invasive phenotype of E. coli transconjugants which have
received the virulence plasmid of S. flexneri, there is no Shigella chromosomal
gene required for invasion that does not have its counterpartin E. coli (SANSONETT!
et al. 1983b). However, the full spectrum of Shigella virulence in animal models
was not expressed by the E. coli transconjugants, in that they failed to elicit fluid
accumulation in rabbit ileal loops and provoke keratoconjunctivitis in guinea pigs.
Conjugal transfer of chromosomal material between E. coliand Shigellaand, later
on, construction or transduction of defined mutations as well as characterization
of transposon-induced mutants have allowed the identification of chromosomal
genes which are involved in virulence.
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6.1 Modulation of Gene Expression and Protein Stability

The virR gene was identified following transposon mutagenesis of a S. flexneri
strain carrying a transcriptional mxi-lac fusion {MaureLLl and SaANSONETTI 1988).
Since the invasion genes are expressed at 37°C but not at 30°C (MAURELLI et al.
1984), the parental strain could grow on lactose only at 37°C. A mutant carrying a
Tn10 insertion in a gene that was designated virR was selected for a Lac*
phenotype at 30°C. Transduction of the virR::Tn 70 mutation to wild-type Shigella
resulted in a strain that was invasive at both 30°C and 37°C, confirming that the
virR gene was involved in the temperature-regulated expression of the invasion
phenotype. The virR mutation was shown to be allelic to the osmZ, drdX, bglY,
and pilG mutations identified in E. coli{DormaN et al. 1990; GoranssoN et al. 1990;
HuLTon et al. 1990; May et al. 1990). The corresponding wild-type gene encodes
the histone-like protein H1 (H-NS) which may induce local change in DNA
supercoiling, thereby modulating gene expression (HuLTon et al. 1990). This
protein was recently shown to bind the virB promoter and repress its activity at
30°C (Tosgk et al. 1993).

In E. coli, the envZ and ompR genes encode a two-component regulatory
system that controls the transcription of the ompF and ompC genes in response
to change in osmolarity of the growth medium (Comeau et al. 1985). Modulation of
Shigellainvasion gene expression by osmolarity was investigated using a mxi-lac
transcriptional fusion (BernaRrDINI et al. 1990). Expression of this fusion was
enhanced three- to fourfold in high osmolarity conditions and reduced in envZand
AfompR-envZ) mutants. Transduction of these mutations to wild-type Shigella
gave rise to mutants that were less invasive than the wild-type strain and unable
to form plaques on confluent Hela cell monolayers (Bernarpini et al. 1990). The
respective role of the OmpC and OmpF porins in entry was then investigated after
transduction of ompC and ompF mutations from E. colito S. flexneri (BERNARDINI
et al. 1993). Whereas the resulting S. flexneri ompF mutant behaved like the
wild-type strain, the ompC mutant showed a reduced rate of invasion and was
unable to spread from cell to cell. Moreover, the AlenvZ-ompR) mutant was
restored to virulence by complementation with a plasmid expressing the E. coli
OmpC protein. Whether the phenotype of the ompC mutant is due to the lack of
direct interaction between OmpC and some cellular structure(s), or to an indirect
effect on the conformation or stability of other bacterial outer membrane
protein(s), because of the absence of OmpC, remains to be determined.

The kcpA locus was originally defined following replacement of the Shigella
purE region by the homologous region from E. coli. The resultant hybrid was
unable to provoke keratoconjunctivitis (FormAL et al. 1971), spread from cell to
cell, and showed a decreased production of IcsA (PaL et al. 1989). It has been
recently shown that the kcpA locus corresponds to the ompT gene carried by
a remnant lambdoid phage that is present in E. coli but not in Shigella (Nakata
et al. 1993). Expression of the OmpT outer membrane protease resulted in the
degradation {or perhaps the release, as discussed above) of IcsA, which probably
accounts for the intercellular spreading defect of Shigella strains carrying the
E. coli kepAlocus.
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A transposon insertion in the vacB gene (for virulence associated
chromosomal gene), which is located downstream from purA, resulted in a
tenfold decrease in invasion and an inability to spread from cell to cell (Tose et al.
1992). These two phenotypes can be correlated with the decreased amounts of
lcsAand IpaB detected in the vacB mutants. Since the transcription of the jpaand
icsA genes was not affected in this mutant, VacB might act at a
posttranscriptional level, such as on the stability of these and perhaps other
oroteins.

6.2 Bacterial Metabolism

The respective contributions to virulence of superoxide dismutase and catalase
activities, both of which may protect bacteria from oxygen toxicity, were
sxamined after transduction into S. flexneri of sodB and katF-katG mutations
constructed in E. coli (Franzon et al. 1990). The sodB and, to a lesser extent, the
katFG mutants were more sensitive than the wild-type strain to killing by
ohagocytes. The katFG mutant was still able to elicit a positive Sereny test and,
when tested in the rabbit ligated ileal loop mode, caused damage to intestinal villi
similar to that induced by the wild-type strain. In contrast, the sodB mutant was
negative in the Sereny test and produced little detectabie damage in ligated loops,
which indicates that the superoxide dismutase activity encoded by sodB may play
a critical role in pathogenesis. ~

S. flexneri utilizes a hydroxamate siderophore, aerobactin, for the transport of
ron. Synthesis of aerobactin and of its outer membrane receptor are specified by
the iucABCD and-the iutA genes, respectively (LLawLor and PAYNE 1984; GRIFFITHS
st al. 1985). The role of aerobactin in the virulence of S. flexneri was studied in
transposon-induced mutants (LawLor et al. 1987; NassiF et al. 1987). The mutants
did not show any alteration in their ability to invade Hela cells, grow
ntracellularly, or kill infected cells, indicating that sufficient amounts of iron were
aresent in the cytoplasm of infected cells to sustain bacterial growth in the
absence of siderophore production. However, an inoculum-dependent effect was
dbserved with the juc mutant in the Sereny test and in the rabbit ligated ileal loop
model, in that 10- to 100-fold more mutant bacteria were required to cause
alterations which were qualitatively similar to those caused by the wild-type
strain. This suggested that aerobactin was important for growth wihin tissues
-ather than in the intracelluiar compartment.

The S. flexneriloci involved in the biosynthesis of lipopolysaccharide (LPS)
are alleles of the E. coli rfband rfaloci which participate in the synthesis of the LPS
dasal core and group somatic antigen, respectively (FormaL et al. 1970; SANSONETTI
st al. 1983b; Okapa et al. 1991a; for a review see ScHnaTMan and KLena 1993). In
sontrast to S. flexneri, S. dysenteriae and S. sonnei require some plasmid genes
‘or LLPS biosynthesis (SansoneTTI et al. 1981; Watanage and Timmis 1984; VWATANABE
st al. 1984). Rough S. flexneri strains are still invasive but do not spread to
adjacent cells and are negative in the Sereny test (SansoNeTTI et al. 1983b;
OkamuRA et al. 1983; Oxapa et al. 1991b). How changes in the LPS affect the
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behavior of bacteria in the cytoplasm of infected cells remains to be elucidated.
The effect may be indirect, since, in E. coli, changes in the LPS core modify the
conformaion of outer membrane proteins, including the OmpF and OmpC porins
(Rep et al. 1990). Modifications of the Shigella LPS might thus affect the
conformation, stability, or localization of IcsA (or of OmpC, see above), thereby
accounting for the inability of the Shigella rough mutants to spread from cell to
cell.

To identify chromosomal genes involved in virulence, each clone of a bank of
over 9000 Tn&-induced mutants of S. flexneri 2a was screened for their ability to
induce the formation of plaques on a cell monolayer (Okapa et al. 1991b). Among
the mutants thus identified, 50 had a Tn&insertion in the chromosome and most
of them were affected in the structure of the core or of the LPS side chains, which
confirmed the importance of the integrity of the LPS for intercellular spread.
Determination of the site of insertion of Tn5 in the other mutants allowed the
identification of seven loci required for virulence; these loci were subsequently
located on a Notl physical map of the Shigella chromosome (Okapa et al. 1991a).
Although the nature of the genes, designated vac (for virulence associated
chromosomal gene), which have been inactivated in these mutants remains to be
elucidated, one mutant, which showed reduced intracellular survival, was found
to be a thymine auxotroph (Okapa et al. 1991b). Similarly, thyA and aroD mutants
were shown to be negative in the Sereny test (AHMED et al. 1990; LiNDBERG et al.
1988).

6.3 Production of Shiga Toxin

In contrast to the other Shigella species, S. dysenteriae expresses a potent
cytotoxin, Shiga toxin, that cleaves the 28s rRNA of eukaryotic cells (Enpo et al.
1988). The two subunits of this toxin are encoded by the stxA and stxB genes
which are almost identical to the genes specifying the Shiga-like toxin of E. coli
(KozLov et al. 1988; StockaInE et al. 1988). To evaluate the contribution of Shiga
toxin in pathogenesis, a S. dysenteriae Tox™ strain was constructed by allelic
replacement with a stx locus which had been inactivated by insertion of
a selectable fragment into the stxA gene (FonTainE et al. 1988). The Tox™ strain did
not show any reduction in the rate of intracellular growth or in the killing of the
infected cells, and no significant differences were observed between the
wild-type and the Tox™ strains in the Sereny test or after infection of rabbit ligated
ileal loops. Moreover, following intragastric inoculation of macagque monkeys,
both strains induced diarhea with pus and mucus in the stools. However, the
presence of blood in the stools was detected only in animals infected by the
toxigenic strain. The nature of the histopathological alterations, such as
destruction of capillary vessels within the connective tissue of the colonic
mucosa observed with the wild-type strain but not with the isogenic Tox™ strain,
suggests that Shiga toxin influences the severity of bacillary dysentery by
inducing colonic vascular damage.
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7 Conclusion

In vitro, infection of an epithelial cell monolayer by Shigellais a multistep process
involving; (1) adhesion of the bacteria to the cell surface, (2) entry by induced
phagocytosis, (3) escape from the phagosome, which completes the process of
entry, (4) intracellular multiplication, (5) polymerization of actin filaments and
reorganization of these filaments at one pole of the dividing bacteria to generate
a movement leading to the formation of protrusions, and (6) lysis of the two
cellular membranes surrounding the bacteria once the protrusions have entered
into adjacent cells, thus completing the process of intercellular dissemination. A
systematic genetic analysis has already shown that most of these steps can be
dissociated.

The protein(s) involved in adhesion have not yet been identified, but they are
probably encoded by the virulence plasmid, since a S. flexneri mutant that had
lost the virulence plasmid was tenfold less adherent to Hel a cells than the wild-
type strain (PAL and Hate 1989). The mxi and spa mutants are not invasive, a
phenotype that can be correlated with their inability to secrete the Ipa and a few
other proteins. The Ipa proteins do not have a signal sequence and do not appear
to be processed during secretion. Although several Mxi proteins have a
characteristic signal sequence, secretion of the Ipa proteins can be considered as
sec-independent. In contrast, the NH,terminal portion of IcsA is cleaved,
presumably during export to the periplasm. Recent studies indicate that, like the
Yop proteins of Yersinia (MicrieLs and CornELis 1991), the determinant(s) required
for secretion of IpaB and IpaC are located in the NH,-terminal extremity of these
proteins (R. Ménard et al., in preparation). Elucidation of the function of each of
the proteins encoded by the mxi-spa locus is a challenge for future research and
will certainly have implications beyond the field of Shigella pathogenesis, since
several of these proteins have homologues in other animal and plant pathogens.
The striking conservation of the genetic organization of the Shigella and
Salmonella spa loci (Groisman and OcHman 1993) suggests that these regions
were derived from a common ancestor, although their G+C content is quite
dissimilar, 35% G+C for the mxi-spa genes of Shigella vs 47% G+C for the
inv-spa genes of Salmonella.

The IpaB, IpaC, and lpaD proteins now appear as prime candidates for having
an effector role in the entry process. The jpaB, ipaC, and jpaD mutants are unable
to induce entry into Hela cells and, when internalized by macrophages, escape
from the phagosome. That these two activities, along with the contact hemolytic
activity, have not yet been genetically dissociated may indicate that they have the
same molecular basis. It is conceivable that insertion of bacterial proteins, such as
some of the Ipa proteins, into the cellular membrane might be involved firstin the
induction of phagocytosis and then in the disruption of the phagosome, as these
proteins accumulate in the membrane of the phagocytic vacuole.

The Ipa proteins have been detected on the surface of the bacteria and in the
culture supernatant, but the bulk of these antigens is located in the cytoplasm of
bacteria grown in vitro (ANDREws et al. 1991). Although the Mxi-Spa secretion
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apparatus is required for invasion, a direct role in entry of the fraction of the
Ipa present in the culture supernatant has not yet been determined; these
secreted proteins may represent some leakage of the Mxi-Spa secretion
apparatus which appears to be poorly active in bacteria grown in vitro. It is
tempting to speculate that the activity of the Mxi-Spa secretion apparatus might
be turned on upon contact of the bacteria with the cell surface, thereby allowing
the delivery of the Ipa proteins directly onto their target, the cellular membrane or
a membrane receptor.

The G-C content of the invasion region (30% G+C) is very different from that
of the Shigella chromosome (60% G+C), which suggests that this region came
from another genus. Accordingly, the involvment of chromosomal genes (virR,
ompR/envZ) in the modulation of invasion gene expression probably reflects the
adaptation to regulatory networks responsive to environmental changes that
already existed when the invasion genes were acquired by Shigella. From the
similarity between the Shigella and E. coli chromosomes (BRenNER et al. 1973;
Okapa et al. 1991a), the invasive phenotype of E. coli strains that have artificially
acquired the Shigellavirulence plasmid, and the natural occurence of EIEC strains
whose virulence plasmids are related to those of Shigella, E. coli appears as a
likely origin for Shigella. One may caricature a Shigella strain as a smooth E. coli
that has received the invasion plasmid and lost the ompT gene.

A striking feature of Shigella, which is shared with L. monocytogenes, is its
ability to use some of the cytoskeletal components, and especially to reorganize
actin, to move intracellularly and disseminate from cell to cell. The unipolar
localization of IcsA, which correlates with the reorganization of F-actin filaments
at one pole of the dividing bacteria during the onset of the bacterial movement,
and the detection of IcsA within the tail of actin that trails behind bacteria in the
protrusions strongly suggest that there is a direct interaction between IcsA and
some cellular protein(s). The recent demonstration that cellular adhesion
molecules are required in the cell-to-cell dissemination process, notonly for the
proper structure of the protrusions but also for the internalization of the
protrusions by the adjacent cells, suggests that the protrusions might be actively
endocytosed during intercellular spread (SansoneTTl et al. 1994). The nature of
bacterial components that may be involved in this other type of induced
phagocytosis remains to be determined.

To what extent do the data obtained on the mechanism of invasion of
cultured cells apply to the “real life” situation, i.e., the pathogenesis of
shigellosis? For obvious reasons, the effect of each mutation that has been
shown to alter virulence in vitro cannot be evaluated in volunteers or even in
monkeys. Noninvasive mutants appear avirulent in animal models such as the
Sereny test or the rabbit ligeated ileal loop model. Moreover, a S. flexneri 2a
strain, whose virulence plasmid had suffered deletions eliminating both the
invasion region and icsA (VENKATESAN et al. 1991b), was found to be safe in large
vaccine trials (METERT et al. 1984). The invasive phenotype and the ability to
escape from the phagosome are correlated with the ability of Shigella to induce
apoptosis in infected macrophages {(ZvcHuinsky et al. 1992, 1994), a mechanism
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that may be responsible for the death of inflammatory cells in the colonic mucosa
observed during shigellosis. The importance of the ability to spread from cell to
cell is illustrated by the very important decrease in virulence of icsA mutants
administered by intragastric inoculation in macague monkeys. In addition, the
combination of an icsA mutation with either an iuc or an AlenvZ-ompR ) mutation
led to strains that no longer produced diarrhea or dysentery symptoms (SANSONETTI
and AronDEL 1989; SansoNeTTI et al. 1991). It thus appears that factors which have
been identified in the laboratory as important for either invasion, intercellular
dissemination, bacterial metabolism, or Shiga toxin production in the case of S.
dysenteriae, have a key role in the pathogenicity of Shigella.

An intriguing observation of the in vitro studies was that Shigella binds and
enters into the enterocyte-like Caco-2 cells by the basolateral rather than the
apical pole of the cell (Mounier et al. 1992). The definition of the site of entry of
Shigellais of importance, considering that mucosal destruction and presumably
invasion occur only in the colon. Using the rabbit intestinal loop model, Wasser
et al. (1989) have shown that both invasive and noninvasive Shigella were
phagocytosed by M cells over lymphoid follicles of Peyer’s patches. The invasive
strain appeared to escape from the phagocytic vacuole and replicate
intracellularly. The M cell may thus serve as a preferential site of entry for Shigella,
from which the bacteria could either disseminate to the adjacent enterocytes by
expressing the Ics phenotype or, following transcytosis through or lysis of the M
cells, invade the enterocytes by their baselateral pole. This scheme is supported
by the observation that the small nodular abscesses, which were induced by the
icsA mutant in macaque monkeys, were located over lymphoid follicles
(SansoneTT et al. 1991). Since the icsAis unable to spread from cell to cell, the
sites of the tiny ulcerations should correspond to the sites of entry into the
epithelium. Transmigration of polymorphonuclear leukocytes across the
epithelium has recently been proposed as another means by which Shigella could
gain access to the basolateral pole of enterocytes (Perpromo et al. 1994).
S. flexneri was shown to induce migration of polymorphonuclear leukocytes
through a confluent monolayer of T-84 cells, a migration that appeared to be
necessary for the bacteria to enter into the monolayer and invade the T 84 cells.
That complex interactions between bacteria and two different cell populations
can be reconstituted (or mimicked) in vitro opens new perspectives for the
dissection of the Shigella infectious process.
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