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Facts AND MyTHS OF PROBIOTICS
IN NEw MILLENNIUM

S.S. KaNwAR, ApiT1 SoURABH AND M.K. Guprta

The concept of probiotics evolved around 1900, when Nobel Prize-winning Elie
Metchnikoff hypothesized that the long, healthy lives of Bulgarian peasants were the result
of their consumption of fermented milk products and later he was convinced that yogurt
contained the organisms necessary to protect the intestine from the damaging effects of
other harmful bacteria. In the late 19th century, microbiologists identified microflora in
the gastrointestinal (GI) tracts of healthy individuals that differed from those found in
diseased individuals. These beneficial microflora found in the GI tract were termed
probiotics.

The modern term ‘probiotic’ was first used by Fuller (1989), describing a live
microbial feed supplement which beneficially affects the host animal by improving its
intestinal microbial balance. Later it was demonstrated that heat-inactivated. bacteria or
fragments of bacterial DNA have positive effects as well. Marteau et al. (2002) defined
probiotics as ‘microbial cell preparations or components of microbial cells that have a
beneficial effect on the health and well being. Probiotics are also defined as non pathogenic
microorganisms that when administered in adequate amounts confer beneficial physiological
effect on host (Schrezenmeir and de Vrese, 2001; Reid et al., 2003; and Bujalance et al.,
2007). Although viable probiotics are generally recommended, health-promoting effects of
inactive probiotics have also been observed (Ouwehand and Salminen, 1999). The various
microorganisms used as probiotics are summarized in Table 1.

These organisms are non pathogenic, bile tolerant, technologically suitable for
industrial processes and produce antimicrobial substances like organic acid, hydrogen
peroxide, carbon dioxide, bacteriocins etc (Dunne et al., 1999). They have antioxidative
activity (Kullisaar et al., 2002), ability to adhere to gut tissue and to modulate immune
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responses (Saarela et al.,, 2000). The selected strains of these microorganisms used in
various products are generally regarded as safe (GRAS) and mainly belong to Lactobacillus
and Bifidobacterium genera (Salvodori, 1998; and Sanders and in’t Veld, 1999) which exhibit
various positive attributes in order to be called as probiotic strains.

TABLE 1
Microorganisms reported as Probiotics (Holzapfel et al., 2001)

Lactobacillus species  Bifidobacterium Other lactic acid Non lactic acid
species bacteria microorganisms ;
L. acidophilus B. adolescentis  Enterococcus faecalis Bacillus cereus var. toyo
L. amylovorus B. animalis Enterococcus faecium  Escherichia coli strain
nissle
L. casei B. bifidum Lactococcus lactis Propionibacterium
freudenreichii
L. crispatus B. breve Leuconstoc Saccharomyces cerevisiae
mesenteroides
L. delbrueckii subsp. B. infantis Pediococcus acidilactici  Saccharomyces boulardii
bulgaricus
L. gallinarum B. lactis Sporolactobacillus
inulinus
L. plantarum B. longum Streptococcus
thermophilus
L. johnsonii
L. paracasei
L. gasseri
L. reuteri
L. rhamnosus
FEATURES OF PROBIOTICS

A group of requirements and physiological effects for selection of an effective
probiotic are (i) human origin (ii) safety (iii) ability to adhere to intestinal cells and thereby
exclude or reduce pathogens adherence; (iv) ability to produce organic acids, hydrogen
peroxide, bacteriocins etc. (iii) ability to resist microbicides (v} ability to be safe, noninvasive,
noncarcinogenic, and nonpathogenic; (vi) to co-aggregate and form normal, balanced flora
(vii) to reduce gut pH; (viii) to produce some of the digestive enzymes and vitamins (ix)
to reduce cholesterol and bile salt deconjugation (x) to stimulate host immune response
(xi) be present as viable cells, preferably in large numbers (xii) antioxidative activity (xiii)
be stable and capable of remaining viable for periods under storage and field conditions
or in delivery vehicles (xiv) be capable of surviving e.g. resistance to low pH, organic
acids and influencing metabolic activities in the gut environment such as vitamin
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production, cholesterol assimilation etc. (xv) be associated with health effects (Fuller, 1989;
Reid, 1999; Holzapfel and Schillinger, 2002; Grajek et al., 2005 and Nguyen, et al., 2007).
Thus probiotics have multiple mechanisms of action, including prevention of pathogenic
bacterial growth, binding to or penetration of pathogens to mucosal surfaces, stimulation
of mucosal barrier function, production of antimicrobial agents or altering
immunoregulation, decreasing proinflammatory and promoting protective molecules (Sartor,
2005; Novak and Katz, 2006).

The above properties have consequently become an important selection criteria for
new probiotic strains. Recently, genes induced upon exposure to acid (Azcarate-Peril ef
al., 2004; Azcarate-Peril et al., 2005) and bile salts (Bron et al., 2004) have been identified
that might confer important roles in GI tract survival to these microorganisms.

An essential determinant in the choice of a probiotic microorganism is its ability
to reach, survive, and persist in the environment in which it is intended to act. According
to the generally accepted definition of a probiotic, the probiotic microorganism should
be viable at the time of ingestion to confer a health benefit (Gilliland ef al., 2001). Although
not explicitly stated, this definition implies that a probiotic should survive GI tract passage
and, according to some, colonize the host epithelium. A possible exception to this rule
is the increasing number of examples in which probiotic cell components (e.g. CpG DNA),
rather than the living cells have been shown to exert sufficient measurable effect (Dotan
and Rachmilewitz, 2005). Thus not only viable or dormant bacteria administered to the
intestinal tract but also probiotic DNA is active, even if injected subcutaneously (Meier
and Steuerwald, 2005). Nonetheless, the requirement for viable cells also remains an
important factor for probiotic efficacy.

PROBIOTIC FORMULATIONS

Probiotics can be compounded in various ways depending on the sort of use
intended. Probiotics can be in powder form, liquid form, gel, paste, granules or available
in the form of capsules, sachets, etc. A probiotic may be made out of a single bacterial
strain or it may be a consortium as well. The advantage of multiple strain preparations
is that they are active against a wide range of conditions and in a wider range of animal
species.

Probiotic cultures for food applications are frequently supplied in frozen, or dried
form, either as freeze-dried or spray-dried powders. Most probiotic lactobacilli do not
survive well, during the temperature and osmotic extremes to which they are exposed
during the spray-drying process which leads to destruction of the properties and
performance characteristics of these cultures. One approach used by a number of workers
to improve probiotic performance in food systems is the addition of protectants for example
thermoprotectants such as trehalose, growth-promoting factors including various probiotic/
prebiotic combinations (Desmond et al., 2002; Corcoran et al., 2004) and granular starch
(Crittenden et al., 2001) to the media prior to drying to improve culture viability during
drying, storage and/or gastric transit. Encapsulation, as a means of protecting live cells
from extremes of heat or moisture, such as those experienced during drying and storage
is another technique that is increasingly used in the probiotic food industry.
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For successful delivery in foods, probiotics must survive food processing and storage
during product maturation and shelf-life. It is recommended that the probiotic culture must
be present in the product at minimum numbers of 107 CFU ml" and even higher numbers
have been recommended (Ishibashi and Shimamura, 1993; Lee and Salminen, 1995). In
addition, the probiotic food product should be regularly consumed in sufficient quantities
to deliver the relevant dose of live bacteria to the gut, keeping in mind the losses in cell
viability typically encountered during gastric transit (Ross et al., 2005).

CONCEPT OF PREBIOTICS

The concept of prebiotics is relatively new. A prebiotic is defined as “nondigestible
food ingredient that beneficially affects the host by selectively stimulating the growth and/
or activity of one or a limited number of bacteria in the colon that can improve the host
health”. In order to classify a food ingredient as prebiotic, it must (Gibson and Roberfroid,
1995):

e not be hydrolyzed or absorbed in the upper part of the gastrointestinal

tract;

® Dbe a selective substrate for one or a limited number of beneficial bacteria

commensal to the colon, which are stimulated to grow and/or are metabolically
activated;

¢ Dbe able to alter the colonic flora in favor of a healthier composition
e be able to induce luminal or systemic effects that are beneficial to the host health.

A number of poorly digested carbohydrates fall into the category of prebiotics
including certain fibres and resistant starches, but the most widely described prebiotics
are non-digestible oligosaccharides (NDOs). Prebiotics may be oligosaccharides;
fructooligosaccharides (FOS); galactooligosaccharides (GOS); raffinose, stachynose and
soybean oligosaccharides (SOS); and xylooligosacchrides (XOS) (Srivastava and Goyal,
2007). These are low molecular weight carbohydrates with 2-10 degrees of polymerisation,
which are poorly digested in the small intestine thus reaching the colon largely unaltered
and can act as a substrate for the colonic microflora (Burns and Rowland, 2000). A
prebiotic aims selectively to feed probiotic, indigenous to the human colon. One significant
advantage with prebiotics is that they are non-viable food ingredients. Probiotic products
are now available in different formulations in combination with prebiotic like
fructooligosaccharides (FOS). The basic assumption is that, these indigestible ingredients
reach the colon and can be utilized by the intestinal flora to stimulate those bacteria
(specifically Bifidobacteria) that are naturally part of the ecosystem in the colon (Rastall
et al., 2005). These dietary oligosaccharides are known to have intestinal effects, generation
of SCFAs (short chain fatty acids), inprovement in defecation, reduction of putrefaction,
prevention of colon cancer and improvement in mineral absorption.

The combination of probiotics with synergistically acting components such as
prebiotics that can promote their growth and enhance their survivability through the GI
tract, is termed as synbiotic. Alternatively, synbiotics are defined as a mixture of probiotics
and prebiotics that beneficially affects the host by improving the survival and implantation
of live microbial dietary supplements in the gastrointestinal tract, by selectively stimulating
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the growth and/or by activating the metabolism of one or a limited number of health-
promoting bacteria, and thus improving host welfare.

HEALTH BENEFITS AND THERAPEUTIC EFFECTS OF PROBIOTICS

The consumption of probiotic products is helpful in maintaining good health,
restoring body vigour, and in combating intestinal and other disease disorders. Probiotics
can enhance intestinal health which includes stimulation of immunity, competition for
limited nutrients with pathogenic micro-organisms, competitive blocking of adhesion sites
at epithelial and mucosal surfaces, and inhibition of epithelial invasion. General reported
health benefits of probiotics and their putative mechanisms (Sanders and in’t Veld, 1999;
Sanders, 2003) are summarized as below in Table 2.

TABLE 2
Summary of Health Benefits along with Postulated Mechanisms

Target Health Benefit Postulated Mechanism

Aid in lactose digestion Bacterial lactase hydrolyses lactose

Resistance to enteric pathogens  Secretory immune effect; Colonization resistance;
Alteration of intestinal conditions to be less favorable
for pathogenicity (pH, short chain fatty acids,
bacteriocins); Alteration of toxin binding sites;
Influence on gut flora populations; Adherence to
intestinal mucosa, interfering with pathogen
adherence; Upregulation of intestinal mucin
production, interfering with pathogen attachment to
intestinal epithelial cells

Anti-colon cancer effect Mutagen binding; Carcinogen deactivation; Inhibition
of carcinogen-producing enzymes of colonic microbes;
Immune response; Influence on secondary bile salt
concentration

Small bowel bacterial overgrowth Influence on activity of overgrowth flora, decreasing
toxic metabolite production; Alteration of intestinal
conditions to be less favorable to overgrowth flora
activities or populations

Immune system modulation Strengthening of non-specific defense against infection
and tumors; Adjuvant effect in antigen-specific
immune responses; Enhancement of secretory IgA

production
Allergy Prevention of antigen translocation into blood stream
Blood lipids, heart disease Assimilation of cholesterol within bacterial cell;

Increased excretion of bile salts due to deconjugation
by bile salt hydrolase; Antioxidative effect

Contd...
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Target Health Benefit

Postulated Mechanism

Antihypertensive effect

Urogenital infections

Infection caused by H. pylori

Diarrhea linked to antibiotics,
diarrhea caused by Rotavirus,
colitis caused by C. diffi cile,
nosocomial diarrhea

Hepatic encephalopathy

Intestinal inflammation, colitis,
Crohn’s disease, pouchitis

Lowering of blood cholesterol
Renal calculi

Peptidase action on milk protein yields tripeptides
which inhibit angiotensin 1 converting enzyme; Cell
wall components act as angiotensin converting enzyme
inhibitors

Adhesion to urinary and vaginal tract cells;
Colonization resistance Inhibitor production (H,0,,
biosurfactants)

Production of inhibitors of (lactic acid and others)
Helicobacter pylori

Competetive exclusion, translocation/barrier effect,
immune response promoted

Inhibition of urease-producing gut flora
Ulcerative Immune response downregulated

Deconjugation of the bile acids

Changes in the digestive flora influencing the
breakdown of oxalate

Probiotics exhibit a direct effect in the gut in the treatment of inflammatory and
functional bowel disorders (Camilleri, 2006). In one of the most common functional bowel
disorders such as irritable bowel syndrome, L. plantarum 299v and DSM 9843 strains have
been reported in clinical trials to reduce abdominal pain, bloating, flatulence, and
constipation (Motta et al., 1991; MacFarlane and Cummings, 2002).The summary of the
strain specific therapeutic effects of current probiotic bacteria are tabulated in the

Table 3.

TABLE 3

Strain Specific Therapeutic Effects of Probiotics as Reported by Various Workers

Strain Reported effects in clinical studies References

L. johnsonii LA1  Adherence to human intestinal cells, balances MacFarland, 2000;
intestinal microbiota, immune enhancement, Salminen et al., 1998
adjuvant in H. pylori treatment

L.acidophilus Lowering of fecal enzyme activity, decreasing  Fonden et al., 2000;
NCFB 1748 fecal mutagenicity, prevention of radiotherapy- Salminen and
related diarrhea, improvement of constipation = Gueimonde, 2004

Contd....
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Strain

Reported effects in clinical studies

References

L. rhamnosus GG
(ATCC 53013)

L. acidophilus
NFCM

L. casei Shirota

S. thermophilus;
L. bulgaricus

L. acidophilus La-5 Balancing intestinal microbiota, protection
against traveller’s diarrhea, immune

B. lactis

Lactobacillus
gasseri

L. reuten

Lactobacillus
acidophilus

Treatment and prevention of rotavirus diarrhea, MacFarland, 2000;

prevention of antibiotic associated diarrhea,
treatment of relapsing C. difficile diarrhea,
reduction of cystic fibrosis symptoms.

Lowering of fecal enzyme activity, high lactase
activity, treatment of lactose intolerance,
production of bacteriocins.

Prevention of intestinal microbiota
disturbances, balancing intestinal bacteria,
lowering fecal enzyme activities, positive
effects on reducing the recurrence of superficial

bladder cancer

No effect on rotavirus diarrhea, no immune
enhancing effect during rotavirus diarrhea, no
effect on fecal enzymes, strain-dependent
improvement of lactose intolerance symptoms

enhancement;

Treatment of viral diarrhea including rotavirus
diarrhea, balancing intestinal microbiota

Fecal enzyme reduction, survival in the

intestinal tract;

Carcinogenic-associated enzyme reduction
Colonizing the intestinal tract, shortening

of rotavirus diarrhea;

Shortened the duration of acute gastroenteritis;
Shortened acute diarrhoea;

Significant decrease of diarrhoea in patients
receiving pelvic irradiation;

Decreased polyps, adenomas and colon cancer
in experimental animals;

Prevented urogenital infection with subsequent
exposure to three uropathogens Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa;
Lowered serum cholesterol levels

De Rqos and Katan,
2000; Fonden et al.,
2000

Fonden et al., 2000

Salminen et al., 1998;
MacFarland, 2000;
De Roos and Katan,
2000;-

Fonden et al., 2000

Fonden et al., 2000

Fonden et al., 2000;
Macfarland, 2000

Fonden et al., 2000

Salminen et al., 1998;

De Roos and Katan,
2000; Fonden et al.,
2000

Marteau et al., 2001

Shornikova et al.,
1997a, 1997b

Marteau et al.,2001

Gorbach et al., 1987;
Parvez et al., 2006;

Sanders and
Klaenhammer, 2001;
Ouwehand et al.,
2002

Contd....
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Strain Reported effects in clinical studies References
Lactobacillus Beneficial Effect reported in patients with Sinn et al., 2008
acidophilus SDC  Irritable Bowel Syndrome

2012, 2013

Lactobacillus Reduced incidence of diarrhoea in daycare Vanderhoof, 2000
plantarum centres when administered to only half of the

L. helveticus and
Saccharomyces
cerevisiae

L. casei

Lactobacillus
rhamnosus

Lactobacillus
salivarius

Saccharomyces
boulardii (yeast)

childrens

Especially effective in reducing inflammation
in inflammatory bowel; e.g., enterocolitis in
rats, small bowel bacterial overgrowth in
children, pouchitis;

Reduced pain and constipation in irritable
bowel syndrome;

Reduced bloating, flatulence, and pain in
irritable bowel syndrome in controlled trial;

Positive effect on immunity in HIV+ children

Reductions in systolic and diastolic blood
pressure

Decreases in systolic and diastolic blood
pressure and héart rate of hypertensive
patients on administering powdered probiotic
cell extracts

Enhanced cellular immunity in healthy adults
in controlled trial

Suppressed and eradicated Helicobacter pylori
in tissue cultures and animal models by lactic
acid secretion

Reduced recurrence of Clostridium difficile
diarrhoea;

Shortened the duration of acute diarrhea,
accelerated recovery and reduced the risk of
prolonged diarrhoea;

Effects on C. difficile and Klebsiella oxytoca

resulted in decreased risk and/or shortened
duration of antibiotic-associated diarrhea;

Schultz and Sartor
2000; Vanderhoof,
2000

Vanderhoof, 2000
Nobaek et al., 2000
Walker, 2000

Hata et al., 1996

Sawada et al., 1990;
Nakamura et al.,
1995

Tomioka et al., 1992

Aiba et al., 1998;
Macf_"arlane and
Cummings, 2002

Pochapin, 2000;

Villarruel et al., 2007

Marteau et al., 2001;
MacFarland, 2000

Contd....
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Strain Reported effects in clinical studies References
Decreased only functional diarrhoea, but not
any other symptoms of irritable bowel
syndrome;
Interferes with H. pylori in colonized Gotteland et al., 2005
individuals
Barteroides species Effective in chronic colitis, gastritis, arthritis ~ Vanderhoof, 2000
Bifidobacteria Reduced incidence of neonatal necrotizing Caplan and Jilling,
species enterocolitis; 2000;
Prevention of viral diarrhoea Salminen et al., 1998
Bifidobacterium Prevents antigen-induced Th2 immune Takahashi et al., 2006
longum responses in vivo suggesting the role of
probiotics in preventing allergic disease
Enterococcus Decreased duration of acute diarrhoea from Marteau ef al., 2001
faecium gastroenteritis

NUTRIENT SYNTHESIS AND BIOAVAILABILITY

Probiotics antagonize pathogens through production of antimicrobial and antibacterial
compounds such as cytokines and butyric acid; reduce gut pH by stimulating the lactic
acid producing microflora; compete for binding and receptor sites that pathogens occupy;
improve immune function and stimulate inmunomodulatory cells; compete with pathogens
for available nutrients; other growth factors and modify toxins produced by pathogens
or toxin receptors found in the gut wall; or produce lactase which aids in lactose digestion.
Lactic acid bacteria are known to release various enzymes and vitamins into the intestinal
lumen. This exerts synergistic effects on digestion, alleviates symptoms of intestinal
malabsorption, lowers the pH of the intestinal content and helps to inhibit the development
of invasive pathogens such as Salmonella spp. or strains of E. coli (Mack et al., 1999).
Saccharomyces boulardii has been reported to synthesize a phosphatase that can
dephosphorylate endotoxins such as LPS from E. coli O55B5 and can partially inactivate
its cytotoxic effects (Buts et al., 2006). This mechanism may account for the protection
afforded in cases of sepsis (Czerucka et al., 2007). Bacterial enzymatic hydrolysis may
enhance the bioavailability of proteins and fats and increase the production of free amino
acids, short chain fatty acids (SCFA), lactic acid, propionic acid and butyric acid by lactic
acid bacteria. When absorbed, these SCFAs contribute to the available energy pool of the
host and may also protect against pathological changes in the colonic mucosa. The SCFAs
lowers the pH of the contents of the large intestine, which creates an environment that
prevents the growth of harmful bacteria (Topping & Clifton, 2001) and also aids the
absorption of minerals, such as calcium and magnesium (Miles, 2007).
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IMMUNE FUNCTIONS AND PROBIOTICS

The immune system is extremely complex, involving both cell-based and antibody-
based responses to potential infectious agents. Immunodeficiency can result from certain
diseases (e.g. cancer, AIDS and leukaemia) or to a lesser extent from more normal
conditions such as old age, pregnancy or stress and; autoimmune diseases (e.g. allergies
and rheumatoid arthritis) can also occur due to misdirectéed immune system activity. The
majority of evidences reported from in vitro systems, animal models, and humans suggest
that immune effects caused by probiotics are mediated through activating macrophages,
increasing the levels of cytokine production (such as Tumour Necrosis Factor-a, Interleukin-
12, Interleukin -18, and Interferon-g in human peripheral blood mononuclear cells),
increasing natural killer cell activity and/or increasing levels of immunoglobulins
(Perdigon and Alvarez, 1992; Ouwehand et al., 2002). Innate immune responses are
induced upon recognition of the conserved molecules produced by the probiotic
microorganisms. These molecules, known as microbial pathogen-associated molecular
patterns (PAMPs), are recognized by specific host pattern recognition receptors, which
include the toll -like receptors (TLRs) and nucleotide binding oligomerization domain
(Nod) proteins such as Nodl and Nod2 (Inohara, and Nunez, 2003). TLRs sense
extracellular PAMPs, whereas Nods recognize intracellular PAMPs (Girardin et al., 2002).
These receptors initiate NF-kB and MAPK (mitogen activated protein kinase) cascades,
which are defense-related transcriptional factors for the production of innate cytokines.
Consequently, NK cells are recruited to the site of infection and produce IFN-y
that promotes the activation of macrophages. Therefore, it is likely that the stimulation
of TLRs and/or other receptors of host cells by L. casei has important consequences
in the generation of an immune response that functions to protect the host (Kim et al.,
2006).

Furthermore, mechanistic events underlying these effects are now beginning to be
understood from in vitro studies of host intestinal epithelial or immune cell responses
to probiotic strains. Dendritic cells (DCs) play a key role in early bacterial recognition
and, consequently, in shaping T-cell responses (Marco et al., 2006). Several bacterial species
including known probiotics (VSL#3 and L. plantarum 299v) have been reported to
differentially induce in vitro maturation and cytokine expression of murine DCs, with the
possibility to favor T helper-1, T helper-2 or T helper-3 immune responses (Christensen
et al., 2002; Hart et al., 2004). These interactions with DCs appear to be at least partly
mediated by Lactobacillus binding to the pattern-recognition receptor (PRR) DC-SIGN (DC-
specific intercellular adhesion molecule 3-grabbing non-integrin) (Smits et al., 2005).
Lactobacillus interaction with DC-SIGN results in the development of regulatory T-cell
populations involved in the production of interleukin-10 (IL-10). These findings clearly
suggest that specific Lactobacillus strains can activate host immune components, however,
the exact mechanism by which host innate immunity is activated remains obscure. Clinical
testing has focused mostly on animal studies and that too at immune cell level, and not
on actual incidence of disease, therefore it is difficult to extrapolate the findings of immune
function studies of probiotics on human health.

LAB-containing functional foods are often included in the diet of immunocompromised
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patients, and it is known that agents with immunomodulatory activity may induce
contrasting effects in normal and immunosuppressed individuals. Animal models and
human studies (Table 4 below) provide a baseline understanding of the degree and type
of probiotic-induced immune responses (Sanders, 1999).

TABLE 4
Immune Effects Evoked by Probiotic Bacteria in Immunocompetent Humans
Test product Effect Reference
Fermented milk (ST) with T phagocytic activity + ‘Hughes et al., 1999

Donnet-Lactobacillus johnsonii

Lal (10%/d or 10%/d)

Yogurt (10" each ST with
LB/ d) (control: milk)

Lactobacillus GG powder
capsules (5 x 10);
placebo: microcrystalline
cellulose

Fermented milk (10''/d
Lactobacillus casei Shirota)
(control: milk)

Fermented milk with

L. johnsonii Lal (7 x 10'°)
or Bifidobacterium bifidum
Bb12 (10'%); no placebo

Lactobacillus brevis subsp.
coagulans (Labre) tablet,
live, and heat-killed, 1.5,
3, and 6 x 10%/d

Yogurt (10! each ST +
LB/d) (control: milk)

Fermented milk with

4 x 10%'%/d L. johnsoni
Lal and Bifidobacterium;
control: diet with no
fermented foods

Yogurt with 3 x 10'2/d
ST and LB

respiratory burst of peripheral
blood leukocytes no effect seen
at 10%/d

T 25’ A synthetase activity in
BMC (as more stable indicator of
IFN) in) yogurt group; no effect
on IFN-g, IL-1b, or TNF-a

T IgM secreting cells against:
rotavirus vaccine

Solis-Pereyra et al., 1997

Isolauri et al., 1995

No effect on natural killer cell
activity, phagocytosis or cytokine
production

No effect on lymphocyte subsets, Schiffrin et al., 1995
but T phagocytosis of Escherichia

coli compared to pre-feeding levels

Spanhaak et al., 1998

T a-IFN (as measured by 2-5 A Kishi et al., 1996
synthetase activity) in 3 and
6 x 108/d test groups

T 2'-5' A synthetase activity in  Solis-Pereyra and
BMC Lemonnier, 1993
1 serum IgA response to Link-Amster et al., 1994

Salmonella typhi vaccine
(adjuvant effect)

T serum IFN-g, B lymphocytes De Simone et al., 1993

and NK cell subset

Contd...
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..Contd.

Test product Effect Reference

Lactobacillus GG (2 x 10'%'') 7 rotavirus specific IgA antibody Kaila et al., 1992, 1995
secreting cells in rotavirus-

infected infants
2x10* CFU/day dried 1 IgA secreting cells; no change  Malin et al., 1996
Lactobacillus GG in clinical status of Crohn’s

disease patients.
Bifidobacterium lactis formula TIgA Fukushima et al., 1998

ST, Streptococcus thermophilus; LB, Lactobacillus delbrueckii subsp. bulgaricus; LA, Lactobacillus acidophilus;
B, Bifidobacterium spp.; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; Ig,
immunoglobulin; BMC, blood mononuclear cells.

Probiotic bacteria are also involved in down regulating inflammation associated
with hypersensitivity reactions in patients with atopic eczema and food allergy (Majamaa
and Isolauri, 1997; Murch, 2001; Isolauri, 2004). Probiotics enhances endogenous
barrier mechanisms of the gut and alleviate intestinal inflammation, providing a useful
tool for, treating food allergy (Kalliomaki and Isolauri, 2004; del Miraglia and De Luca,
2004).

The presence of immunomodulatory properties and the pattern of immunomodulation,
depends on the bacterial species involved, the individual strain, the use of viable or killed
bacteria, and the bacterial dose. Children with HIV infections have episodes of diarrhea
and frequently experience malabsorption associated with possible bacterial overgrowth.
However, administration of L. plantarum 299v strain to immunocompromised hosts has
shown a positive effect on immune response and its growth and development (Parvez
et al., 2006). The immune response may further be enhanced when one or more probiotics
are consumed together which work synergistically,’ for example the administration of
Lactobacillus in conjunction with Bifidobacteria.

CANCER AND PROBIOTICS

There are some evidences of primary studies reported by various workers that
probiotic bacteria reduce cancer risk possibly by counteracting mutagenic and genotoxic
effects (Sanders, 1999). In general, cancer is caused by mutation or activation of abnormal
genes that control cell growth and division. Most of these abnormal cells do not result
in cancer as normal cells usually out-compete abnormal ones. Also, the immune system
recognizes and destroys most of the abnormal cells. Many processes or exposures can
increase the occurrence of abnormal cells and among many potentially risky exposures,
chemical exposures are important one. Cancer-causing chemicals (carcinogens) can be
ingested or generated by metabolic activity of microbes that live in the GI system. It has
been hypothesized (Parvez et al., 2006) that probiotic cultures might decrease the exposure
to chemical carcinogens by:

(i) detoxifying ingested carcinogens;
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(i) altering the environment of the intestine and thereby decreasing populations
or metabolic activities of bacteria that may generate carcinogenic compounds;

(iif) producing metabolic products (e.g. butyrate) which improve a cell’s ability to
die when it should die (a process known as apoptosis or programmed cell
death);

(iv) producing compounds that inhibit the growth of tumour cells; or
(v) stimulating the immune system to better defend against cancer cell proliferation.

It is reported that probiotics might be helpful in suppressing the growth of bacteria
that convert procarcinogens into carcinogens, thereby reducing the amount of carcinogens
in the intestine. The conversion of procarcinogens into carcinogens is mediated by enzymes
like beta glucuronidase, azoreductase and nitroreductase etc., the activity of which have
been shown to be reduced in the presence of a probiotic strain like Lactobacillus acidophilus
both in humans and animals. One hypothesis for the prevention or delay of tumour
development by lactobacilli is that they might bind to mutagenic compounds in the
intestine (Isolauri, 2004), thereby decreasing the absorption of these mutagens.

RISKS OF PROBIOTICS

Treatment with probiotics is relatively safe, but not risk free. A recent report describes
3 patients with fungemia after intake of S. boulardii whose probiotic origin has been tested
by DNA fingerprinting (Munoz et al., 2005). Reports of infections of probiotic origin
emphasize the fact that these patients are usually immunosuppressed with multiple ports
of entry, such as venous and urinary catheter. Therefore, it is not recommended to give
probiotics to those patients who are at increased risk of translocation-related problems
(e.g. central venous catheters, artificial heart valves), those at high risk of developing sepsis
(e.g. low white blood cell count), very young infants or those with bowel immotility
problems (e.g. using D-lactic acid producing probiotics). The ability of specific probiotic
strains to survive gastric conditions and to adhere strongly to the intestinal mucosa
following oral administration may entail a risk of bacterial translocation, bacteraemia and
sepsis (Table 5) (Isolauri et al., 2004).

STATUS OF PROBIOTICS IN INDIA

In India, probiotics are often used as animal feed supplements for cattle, poultry
and piggery. This requirement is also met by importing probiotics from other countries.
It is rarely used for human beings. Sporolac, Saccharomyces boulardii, L. bulgaricus and L.
thermophillus are the most commonly tested probiotics. Sporolac is manufactured using
Sporolactobacilli. Lactobacilli solution is an example of a probiotic, usually given to
paediatric patients in India. The latest and recent addition to the list of probiotics in India
is ViBact (which is made up of genetically modified Bacillus mesentricus), which acts as
an alternate to B-complex capsules. In India, only sporulating lactobacilli are produced
and they are sold with some of the antibiotic preparations (Suvarna and Boby, 2005). Some
of the Indian companies have started incorporating probiotics in certain food products
like ice-cream (Amul-Prolife), fruit juices, drinks etc.
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TABLE 5
Potential Clinical Targets of Probiotic Intervention

Effect Potential mechanism Potential risks

Reduction in the duration of
rotavirus shedding, normalization
of gut

Nutritional management Degradation/structural modification Strains with proinflammatory
of allergic disease of enteral antigens, normalization effects/adverse effects on
Inflammatory bowel of the properties of aberrant innate immunity

disease indigenous microbiota and of gut Translocation/infection
barrier functions, local and systemic

inflammatory response, increase in

the expression mucins

Nutritional management
of acute diarrhoea

Permeability and microbiota
Risk related to host and
strain characteristics

Risk related to host and strain
characteristics

Reducing the risk
of infectjous disease

Increase in IgA-secreting cells
against rotavirus, the expression
of mucins

Reducing the risk Promotion of gut barrier functions, Directing the microbiota

of allergic/inflammatory
disease

anti-inflammatory potential,
regulation of the secretion of
inflammatory mediators, and

towards other adverse
outcomes/directing the
immune responder type to

promotion of development of the other adverse outcomes

immune system

TRENDS AND FORECAST

The increased worldwide interest in probiotics has set the stage for expanded
marketing of these products, even though much research remains to be done. It is known
that gut bacteria, including probiotic bacteria, play a pivotal role in determining both
quantitative and qualitative characteristics of mucosal immunity. To continue to use the
term ‘probiotic’ for those bacteria which promote health by ‘restoring mucosal T cell
balance’ would appear outmoded, out of step with contemporary thinking, and potentially
confusing when communicating about inmune-regulating bacterial species. It is suggested
that a new term ‘immunobiotics’, identifying those bacteria that promote health through
activation of the mucosal immune apparatus, is an appropriate evolutionary step as our
knowledge base expands regarding host-parasite relationships and their outcomes, as they
relate to health and disease. Recognition of bacteria that promote mucosal T cell function
as ‘immunobiotics’ may move probiotic biology forward by focusing on a mechanism of
outcome, i.e. Immunomodulation at distant mucosal sites. It does not, however, diminish
the need to heed longstanding concerns regarding the biology and the accreditation of
these bacteria as health enhancing agents.

The field of clinical research on probiotics is currently expanding to include studies
of effects on the skin, joints, liver disease and obesity. In the latter condition, for example,
very recent basic studies have shown that the conventional gut microbiota may induce
a number of changes in gene expression relating to body fat accumulation through
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interaction with the epithelial expression of a fasting-induced adipocyte factor, e.g.
angiopoietin like protein. This new identified factor inhibits lipoprotein lipase activity and
triglyceride storage in adipocytes and interferes with insulin sensitivity (Walker et al.,
2006). Much work remains to be done.

In addition to a therapeutic role, certain probiotics have also been shown to function
as effective prophylactic agents, being specifically engineered to function as novel vaccine
delivery vehicles. Stimulating both innate and acquired immunity, these strains lack the
possibility of reversion to virulence, which exists with the more conventional pathogenic
platforms currently in development. For instance, Guimaraes et al. (2005) described the
construction of a L. lactis strain which expresses inlA gene meant for coding internalin
A, a surface protein related to invasion in L. monocytogenes. This may act as a safe and
attractive alternative to attenuated L. monocytogenes which is being used as an antigen-
delivery vehicle in the intestine. Probiotic vaccine carriers administered by the mucosal
route mimic the immune response elicited by natural infection and can lead to long-lasting
protective mucosal and systemic responses (Holmgren and Czerkinsky, 2005). Mucosal
vaccine delivery (those administered orally, anally or by nasal spray) also offers significant
technological and commercial advantages over traditional formulations, including reduced
pain and the possibility of cross-contamination associated with intramuscular injection
and the Jack of a requirement for medically trained personnel to administer the vaccine

One exciting area of current research is chromosome sequencing of probiotics such
as Lactobacillus species, including L. johnsonii Lal and L. acidophilus. The information
gleaned from sequence data will provide opportunity to improve probiotic functionality
and expand understanding of mechanisms. A knowledge of the mechanism by which
defined probiotic strains contribute to health, allows the rational design of probiotic micro-
organisms through genetic engineering to improve probiotic efficacy by enhancing a
strain’s ability to cope with stress at the genetic level. In addition to improving probiotic
stress tolerance, recent studies have led to the development of ‘designer probiotics’ -
strains tailored to target specific pathogens and / or toxins. The most significant
application of designer probiotics to-date include the treatment of HIV (AIDS) and enteric
infections (Sleator and Hill, 2008). The design of the new probiotic should, therefore, be
such that safety is guaranteed often in its use. Furthermore, recent developments in
synthetic and systems biology, based on the rapidly advancing ‘omics’ technologies, may
continue to lead to the emergence of an ever-increasing number of novel genetic loci with
defined additional functions. This coupled with computer aided bioinformatics and novel
tools for genetic modification, may ultimately lead to the development of artificial micro-
organisms (Lartigue et al., 2007) and eventually to a new class of probiotics assembled
from the components of various origins and tailored to fulfill all the requirements of an
ideal therapeutic agent.

CONCLUSIONS

Today probiotics are available in a variety of food products and supplements.
Probiotics are gaining importance because of the innumerable benefits, e.g. treating lactose
intolerance, hypercholesterol problem, cardiac diseases and managing cardiac problems
like atherosclerosis and arteriosclerosis. With the current focus on disease prevention and
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the quest for optimal health at all ages, the probiotics market potential is enormous. Health
professionals are in an ideal position to help and guide their clients toward appropriate
prophylactic and therapeutic uses of probiotics that deliver the desired beneficial health
effects. There are many probiotic products at the market place and most have supporting
evidence behind the advertised health claims. However, if the positive evidence looks
promising, it has to admitted that there are some negative aspects that should not be
forgotten. Key message that could possibly be communicated to consumers on probiotic
products is: “probiotic bacteria contribute to the normal functioning and healthy microbial
balance of the digestive system’. However, different strains of probiotic bacteria exert
different effects, and this is likely to pose a challenge for the development of more specific
health claims. It is difficult to draw firm conclusions to substantiate health claims, because
the strains and dosages used in studies vary greatly (Santosa et al., 2006). Excessive intake,
apart from leading to slight intestinal upsets may pose a problem in exceptional
circumstances. Different strains have different actions in different clinical situations.
Probiotics play a definite role in a number of clinical situations, namely rotavirus
diarrhoea, post antibiotic diarrhoea and pouchitis. Their role in other clinical situations
is yet to be defined. There is a need for refinement of in vitro tests to predict the ability
of probiotics to function in humans. Many studies investigating the effects of probiotics
have been conducted in vitro or in animals, and it does not necessarily follow that the
same results will be found in humans. There is therefore a need for more randomised
controlled trials (blinded) in this area, particularly looking at dose-dependency and
duration of effect of specific probiotic strains. Compared with the efficacy of probiotics
in human trials, the work on mechanisms through which probiotics can work is better
understood. As probiotics work via multiple mechanisms, it is unlikely that resistance
against probiotics will develop, and they are unlikely to increase the incidence of antibiotic
resistance. New legislation governing the labelling of probiotics, such as indicating the
species, strain and number of bacteria present is likely to come into force in the near future.
Probiotics should not be considered a panacea for health, but can be incorporated into
a balanced and varied diet to maximize good health.
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As the human population increases, a large variety and quantity of waste products
is produced which can be consumed by animals but consequently the land available for
both housing and agriculture is reduced. The nutrient energy in most of these by-products
is not readily available and is not sufficient, even for the ruminant digestive system. This
is especially the case for cellulosic materials which Rave slower rates of digestion because
the cellulose is in a highly organized and complex form. Researchers are now trying to
manipulate the rate of digestion of various feeds to favour both humans and ruminants,
and to accelerate those rates that are slow, while delaying those with a high initial rate
of nutrient release which can cause digestive disturbances (McSweeney et al, 1999).
Theoretically, it is conceivable that up to 90% of ruminant feed could be made up of by-
products which have been modified to improve digestibility. In practical terms, the benefits
from the successful attainment of the objectives would be (i) to make underutilized by-
products available as ruminant feed, (ii) to improve the digestibility and efficiency of
utilization of these by-products for animal feed, and (iii) to reduce the requirement for
hay and animal feed products, thus freeing land for more valuable crops. In India,
ruminants are kept by small farmers on a small scale and the production systems are
closely integrated with farming systems. One of the limiting factors for the expansion of
production is the available feed resources, as under such farming systems, the farmers
do not have adequate feed resources or the capacity to increase available feed. Usually
agricultural by-products are utilized for feeding domestic ruminants. Given the present
decline in the area available for forage production, ruminants have to depend more and
more on fibrous residues and by-products for their energy sources. These by-products still
have problems to be solved and many of them cannot be used without some modifying/
detoxifying treatments. However, considering the quantities of the by-products and the
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fact that tropical ruminants are better converters of low quality feed into milk and meat
(Abdullah 1987), the by-products are likely to play an important role as potential feed
sources in ruminant nutrition. Hence, an increase in understanding of rumen microbial
ecology has the potential to make a major impact on feed utilisation in the parts of the
world where cellulosic roughages are likely to be the most important feed for ruminants
and in areas where higher quality supplements, e.g. brans and oilseed cakes, are scarce.
A better understanding of rumen ecology can lead to: i) a better strategic use of scarce
supplements so that they can be utilized not only as supplements in their own right but
also provide support for basal feeds; and ii) greater production of rumen microbial proteins
so that animals can grow better on basal feeds aione without a need for protein
supplements. Gene-based technologies have the potential to improve the nutritive value
of ruminant feedstuffs that are fibrous, low in nitrogen and contain antinutritive factors.
Until recently, our knowledge of rumen microbiology was primarily based on classical
culture based techniques (isolation, enumeration and nutritional characterization) which
probably only account for 10 to 20% of the rumen microbial population. Conventional
culture-based methods of enumerating rumen bacteria are being rapidly replaced by the
development of nucleic acid based techniques which can be used to characterise complex
microbial communities. The foundation of these techniques is rDNA (eg. 165 rRNA
sequences) sequence analysis which has provided a phylogenetically based classification
scheme for enumeration and identification of microbial community members. The 165
IRNA sequences in DNA extracted from a mixed digesta sample can be amplified by
polymerase chain reaction (PCR) and the diversity and identity of the amplified DNA
“can be further analysed by several molecular techniques including: 1) restriction enzyme
analysis of amplified polymorphic DNA (RFLP); 2) 16S rDNA based cloning, sequencing
and probing; and 3) denaturing gradient gel electrophoresis (DGGE), temperature gradient
gel electrophoresis (TGGE), and single strand conformation polymorphism (SSCP).
Quantitative estimates of microbial populations can also be performed by amplification
of rDNA with specific primers using real time PCR.

RUMEN AND ITS FIBROLYTIC MICROBES

Ruminants posses a complex stomach system, in which the stomach is divided into
four compartments, the first and the largest of which is the rumen followed by reticulum,
omasum and abomasum. The rumen is the dominant feature of the digestive tract of cattle.
This maintains a medium that supports a dense and varied population of microorganisms.
These organisms ferment feed materials to produce mainly short-chain organic acids or
volatile fatty acids, methane and carbon dioxide and the process provides substrate (feed)
and energy (ATP) for the growth of micro-organisms. It is here that continuous anaerobic
fermentation takes place by a complex community of microorganisms. The rumen is an
extremely complex community of many microorganisms, protozoa, bacteria, fungi and
probably other unknown microorganisms. The microbial mix in the rumen is complex and
highly dependent on diet. Although a definite reason has not been found, it is known
that some ruminants can utilize poor quality feed more efficiently. The main agents that
break down fibre, sugars, starches and proteins in the rumen are all anaerobic and include
bacteria, protozoa and fungi. The bacteria are the principal organisms that ferment plant
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cell-wall carbohydrates (Hungate, 1966) but the anaerobic phycomycetous fungi may at
times be extremely important (Bauchop and Mountfort, 1981).

The rumen harbours various types of bacteria which are active in degradation of
plant cell-wall components of the feeds. Some predominant ruminal bacterial species are
Fibrobacter succinogenes, Ruminococcus albus, Ruminococcus flavefaciens, Eubacterium ruminantium,
Ruminobacter amylophilus, Streptococcus bovis, Succinomonas amylolytica, Prevotella ruminocola,
Prevotella albensis, Prevotella brevis, Prevotella bryantii, Butyrivibrio fibrisolvens, Selenomonas
ruminantium, Megasphaera elsdenii, Lachnospira multiparus, Succinivibrio dextrinosolvens,
Anaerovibrio lipolytica, Peptostreptococcus anaerobius, Clostridium aminophilum, Clostridium
sticklandii, Wolinella succinogenes, and Methanobrevibacter ruminantium. It is natural to
assume that fibre-digesting bacteria in the rumen are of primary importance when
ruminants feed on poor quality material of which cellulose and hemicellulose can comprise
about 80% in roughly equal proportions (Kamra, 2005). The cellulolytic bacteria provide
fermentable energy sources both for themselves and other bacteria. These rumen bacteria
can ferment soluble and even poorly soluble hydrolysis products of cellulose (Russel,
1985), thus demonstrating the reliance of the non-fibre digesting bacteria on fibrolytic ones.
Fibrobacter succinogenes and the ruminococci are considered to be the most active in cellulose
digestion. The hemicellulolytic activity of F. succinogenes and Ruminococcus flavefaciens
appears to be directed mainly towards exposing cellulose through removal of hemicellulose
because the mono- and oligosaccharides of this fibre component cannot be utilised by
these bacteria and are available for others. In particular, F. succinogenes appears to occur
in high numbers (10% or more of ‘total culturable’ bacteria) in the rumen of animals feeding
on material containing highly crystalline forms of cellulose such as wheat straw or maize
straw (VanGylswyk and Van der Toorn, 1986). Butyrivibrio fibrisolvens can comprise more
than half of the more active hemicellulolytic bacteria in the case of the latter diet (Russel,
1985).

The rumen protozoa, first observed by Gruby and Delafond, (1843), belong to the
class ciliatea and are of two types: Entodiniomorphic and Holotrichous. The majority of
ciliate protozoa present in the rumen belong to entodiniomorphid group. Some of the major
genera are Entodinium, Eodinium, Metadinium, Epidinium, Diploplastron, Polyplastron etc.
They have a firm pellicle, and cilia are situated only on peristome and sometimes other
parts of the cell. However, holotrichous protozoa such as Isotricha, Dasytricha, Charonina,
Polymorphella etc., have cilia all over their body, but their numbers are very small. These
protozoa are widely distributed in the rumen of domestic and wild ruminants and hind
gut fermentors (Dehority and Orpin, 1996). However, only eight genera of ciliate protozoa
have been commonly observed in the rumen of cattle and buffalo fed on wheat straw and
concentrate mixture, e.g. Isotricha, Dasytricha, Metadinium, Diplodinium, Eudiplodinium,
Ophryoscolex, Entodinium, and Epidinium (Sahu and Kamra, 2001; Kamra, 2005). The
enzymatic profile of holotrich protozoa indicates that they have amylase, invertase, pectin
esterase and polygalacturonase in sufficiently large quantities for using starch, pectin and
soluble sugars as energy source. The enzymes responsible for cellulose and hemicellulose
degradation have also been reported in the holotrich protozoa but the levels are very low
compared to those present in the entodiniomorphid protozoa (Franzolin and Dehority,
1999).
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Rumen anaerobic fungi, discovered for the first time by Orpin (1975), also contribute
significantly to the prime function of the rumen, which is the digestion of plant cell walls
to provide fermentation products for the nutrition of the host animal (Nagpal et al, 2007a,
b, ¢). It is now well established that anaerobic fungi are extremely important for the
voluntary feed intake of poor quality, mature herbage by sheep (Gordon and Phillips,
1993). All the species of rumen fungi so far isolated are capable of fermenting structural
carbohydrates of plant cell walls. One of the characteristics of fungi is their rhizoidal
penetration into the plant material, colonising the schlerenchyma and vascular tissues,
eventually degrading the schlerenchyma (Ho et al, 1988). The rhizoidal system attaches
to the more recalcitrant vascular tissue, resulting in the fungus remaining attached to this
tissue despite the degradation of surrounding cells. In this way, the fungus remains
attached to the tissue and is not washed out of the rumen with the liquid phase of the
rumen contents. Together with the anaerobic bacteria and ciliate protozoa, they are
responsible for the production of hydrolytic enzymes which degrade dietary polysaccharides
and other carbohydrates and the fermentation of the resulting monosaccharides. An
important role for these unusual microorganisms in ruminant nutrition has been proposed
over the course of the past decade or so. The significance of this role is based largely
on in-vitro studies of anaerobic fungi (Lee et al, 2004; Thareja et al, 2006; Tripathi et al,
2007a). However, there is very little direct evidence from studies with animals to
support this position until recently (Dey et al, 2004; Paul et al, 2004; Tripathi et al, 2007b).
Hence, a considerable potential exists for the selection and intra-ruminal inoculation of
superior strains of anaerobic fungi obtained from either domesticated or wild herbivorous
mammals.

FACTORS AFFECTING RUMINAL DIGESTION OF FEEDS

Animal production is very reliant on natural pastures as well as on other plant
material often of poor quality. The role of fibre-digesting flora in the rumen of animals
feeding on such material is particularly important in releasing fermentable carbohydrate
both for themselves and other microbes. In many parts of India, natural grazing is often
the most important or even the sole source of nutrition for ruminants. Where available,
cereal straws are used as well as any type of plant material (shrubs and trees) including
crop residues. For large parts of the year, the grazing can be dry and of very poor quality,
characterized by high fibre content of low digestibility and very low protein content. Such
material cannot maintain the condition of ruminants. In periods of drought, even this
material is in short supply. Therefore, there is a need to look at some ways by whichk
such low quality material could be upgraded and related to the rumen ecology. An optimal
rumen environment generally ensures maximal microbial yield and energy utilization
(Orskov and Viglizzo, 1994). Since most of the ruminant livestock in developing countries
feed mainly on cellulosic crop residues, pasture, trees and bushes, it is important that
the fermentation process be unimpeded. Forages differ greatly in their composition and
structure. Temperate and tropical forages are covered on the outer surface by a thin waxy
cuticle, which contains a tough basal polyester layer. Inmediately below this is the plant
cell, in which the cell walls account for the bulk of the aerial portion of the plant. The
cell wall is composed primarily of cellulose and hemicellulose, with a small portion of
lignin (Van Soest, 1982). The cuticular surface layer presents a formidable barrier to
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invasion by rumen microorganisms. The cutin layer appears to be totally resistant to
microbial digestion within the rumen, except for some rumen fungi which may penetrate
it (Ho et al, 1988). The ester linkage of cutin is hydrolyzed by some fungi and some aerobic
bacteria. Most of the usable plant nutrients are internal. External plant tissues are only
poorly colonized by rumen microorganisms while the inner tissues are heavily colonized.
However, physical disruption (e.g. chewing) is necessary to allow optimal microbial access
to the inner tissues which are then avidly colonized (Cheng et al, 1990).

For the digestion of cellulose and starch, attachment to these insoluble substrates
is a pre-condition for rumen microbial population, if digestion is to proceed (McAllister
et al, 1990). When these substrates are placed in the rumen, they attach to substrates very
rapidly. Cheng and Costerton, (1980) postulated that rumen microorganisms can be
classified into three groups: (i) microorganisms attaching to the rumen wall;
(ii) microorganisms living freely in the rumen; and (iii) microorganisms attaching to feed
particles. In the rumen, as much as 75% of these microorganisms are attached to feed
particles. Microorganisms in the rumen have a variety of surfaces to which they may
attach, and a distinct population of microorganisms adheres to each different surface. From
an ecological viewpoint, bacteria with the ability to attach to feed particles have a great
advantage over non-attaching microorganisms, which can flow more quickly from the
rumen. The importance of the adhesion of microorganisms to substrates suggests that there
is a possibility for better feed efficiency if we can increase the attachment. Pure cultures
of cellulolytic bacteria and fungi digest cellulose in-vitro but digestion does not proceed
at a similar rate to that seen in the rumen unless consortia are formed with non-cellulolytic
Treponema bryantii, Butyrivibrio fibrisolvens and methanogenic bacteria. Cellulolytic bacteria
interact with non-cellulolytic bacteria to promote the digestion of cellulosic materials (Kudo
et al, 1987). Both protozoa and fungi may be active members of consortia (Kudo et al, 1990).
Thus, the microbial ecology of the rumen is obviously very complex, including many
interactions of microbial species and even though primary cellulolytic organisms may be
present in a system, many other factors may be required to facilitate actual cellulose
digestion.

SCOPE OF BIOTECHNOLOGY FOR BETTER RUMEN PERFORMANCE

Biotechnology is finding its way into many areas of agriculture and animal
production through feed and crop plants, through the genetic pool of animals, and through
manipulation of microbes that influence the growth and development of both animals and
plants. Agricultural biotechnology offers a collection of technologies that involve the
application of biologic processes and living organisms, or parts thereof (tissues, cells or
enzymes) in the livestock, pharmaceutical and chemical industries, as well as for
environment control (Falk et al, 2002). Rumen biotechnology applies the available
knowledge on forestomach fermentation and the use and management of both natural
and recombinant microorganisms to improve the efficiency of digestion of fibrous feedstuffs
by ruminants (McSweeney et al, 1999). Methods for manipulating ruminal fermentation
by biotechnology involve: microbial and anti-microbial feed additives (e.g., ionophores,
antibiotics and microbial feed additives), introduction of genetically modified microorganisms
in the rumen (cloning of genes from ruminal microorganisms, expression of foreign DNA
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in ruminal bacteria and establishment of new organisms in the rumen), implementing
molecular techniques, rumen defaunation, and the introduction of foreign microbial .
species (Dominguez-Bello and Escobar, 1997). The main applications of biotechnology in
ruminant nutrition have been for enhancing the nutritive value and quality of feeds, and
to optimize the nutrients in the intestinal tract by using enzymes, silage inoculants,
minerals, amino acids, hormones, and direct-fed microbials (DFM). Applications are being
developed for improving the performance of animals through better nutrition. Enzymes
can improve the nutrient availability from feedstuffs, lower feed costs and reduce output
of waste into the environment. Prebiotics and probiotics or immune supplements can
inhibit pathogenic gut microorganisms or make the animal more resistant to them (Nagpal
et al, 2007d). The direct genetic manipulation of microbes that inhabit the rumen may be
proposed as a possible mechanism for enhancing animal production. Nevertheless, the
application of molecular biological techniques is beginning to contribute to a better
understanding of the rumen through the precise methods now available for making in
vivo observations. Molecular techniques now allow individual micro-organisms to be
tracked in the rumen, and identification of organisms by genetic criteria is rapidly
becoming an essential part of taxonomy, and has greatly facilitated studies of their
populations in vivo (Gregg et al, 1993). Techniques are now available for addition of novel
genes to rumen bacteria, using plasmid vectors and electroporation. Hence, expectations
for the application of biotechnology are now considerably more confident. As studies of
ruminal ecology become more precise, the contribution of biotechnology methods to animal
production will become continually more significant. However, in the specific area of
rumen bacterial genetic manipulation, the most significant developments are very recent
and have so far made little impact upon how this technology is regarded.

BIOTECHNOLOGY FOR ENHANCED ANIMAL NUTRITION AND PRODUCTIVITY:
SOME APPLICATIONS REVIEWED

Limitations to ruminant production include poorly digestible fibrous plant material,
nitrogen losses and toxic compounds present in the feed. In tropical regions, these
limijtations can be so great as to become critical to the survival of ruminant animals in
that environment. The fibre content of many tropical grasses is high and digestibility of
the feed is low (McMeniman et al, 1981). Feed supplements are often unavailable or
expensive. Anti-nutritive components are also very prevalent in tropical plants and these
restrict the forage range for domestic livestock. Many of these limitations may be overcome,
or at least alleviated by manipulation of rumen microbial populations. The rumen can
be manipulated in two fundamental ways: firstly by the application of genetic techniques
to modify the functional capacity of specific bacterial species; and secondly, through
modification of rumen ecology by introducing novel bacterial species or by selectively
enhancing populations of existing species.

Direct-fed Microbials/Microbial Feed Additives

In recent past, the use of live microbial feed additives to improve the efficiency of
ruminant’s production has increased in light of demands for natural growth-promoting
agents. On these lines, direct-fed microbials (DFM) have been used to improve animal ..
performance either by manipulation of rumen environment or by directly altering the
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metabolic activities of microbes in the rumen microenvironment. Research on the effects
of DFM in young ruminants has mainly involved addition of Lactobacillus and Streptococcus,
as intestinal inoculants to suppress diarrhea and to improve the growth rate. The efficacy
of bacterial DFM has been extensively studied in the neonatal dairy calf. Bacteria based
DFM i.e. Lactobacillus, Enterococcus, Streptococcus, and Bifidobacterium, have been studied in
young calves, (Newman and Jacques, 1995) and the importance of these when fed to young
calves has been well established in maintaining normal rumen microflora. Jaquette ef al,
(1988) and Ware et al, (1988) reported increased milk production from cows when fed
L. acidophilus @ 1 x 10° cfu animal’ day™. They also reported that cows fed Lactobacilli
during transition period produced more milk, and had lower non-esterified fatty acids
and higher glucose in blood than controls. Ghorbani et al, (2002) reported that steers
receiving both lactate-utilizing Propionibacterium and Enterococcus had higher concentrations
of ruminal acetate indicating a reduced risk of metabolic acidosis. However, most of the
research work on DFM with lactating dairy cows has involved dietary supplementation
with either Aspergillus oryzae or Saccharomyces cerevisiae (Newbold et al, 1995). A. oryzae
mainly increases cellulolytic bacteria, changes volatile fatty acids fermentation favorably
and stabilizes rumen pH. S. cerevisige reduces rumen ammonia and increases growth of
rumen bacteria. Recently, experiments with feeding of anaerobic fungi have also been
shown to improve the fibre degradation (Paul et al, 2004; Dey et al, 2004; Lee et al, 2004;
Thareja et al, 2006; Tripathy et al, 2007a, b; Nagpal et al, 2007a, b, c). There were significant
increases in dry matter intake, body weight, growth rate, milk production, and milk fat/
protein percentage in some trials. The cause of the variable response may be related to
the type of DFM fed; and more research is needed to understand the exact mode of action
of these microbials.

Genetically Modified Microorganisms in the Rumen

There has been considerable reservation about the contributions that can be made
by manipulating the genetics of rumen bacteria (Beard et al, 1995), and the basis for this
reservation includes at least four areas of concern: i) Genetic manipulation of rumen
bacteria has not been demonstrated as a reproducible and reliable technique, ii) bacteria
grown in the laboratory are unlikely to retain their competitive features and are unlikely
to return successfully to the rumen, iii) genetic changes to bacteria are likely to impair
their competitive fitness, particularly if the changes do not directly benefit the bacterium
itself, and iv) addition of an artificially manipulated bacterium to the rumen may upset
the balance of the rumen, with detrimental effects on the host animal. However, data are
now being accumulated to indicate that, at least in some cases, these difficulties may have
been overestimated. There are now several systems by which new genetic material can
be introduced into rumen bacteria as plasmids, and many different approaches have been
made to the transformation of rumen bacteria, and most have shown very limited success.
The technique that has proven generally useful for inserting new DNA is that of
electroporation using an electrical pulse to generate openings in the cell wall, through
which DNA can enter (Dower et al, 1988). Combining this with plasmids originating from
the bacterial species to be modified has led to successful processes reported (Beard et al,
1995). The best example of the successful introduction of a new (but not genetically
modified) organism in the rumen was the introduction of bacteria that degraded 3-
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hydroxy-4(1H)-pyridone (DHP) into Australian ruminants (Dawson and Allison, 1988).
These animals were unable to use Leucaena leucocephala because the non-protein amino
acid, mimosine, was converted to DHP, but no further. The DHP then had toxic effects
in the host. However, when the animals were inoculated with ruminal fluid from goats
adapted to consume L. leucocephala, the DHP was further metabolized, thus avoiding the
toxicity of effects of DHP. Also of interest are reports that certain species of ruminal
organism can be used to inoculate the rumen to enhance rumen function. For example,
when Megasphaera elsdenii was added intraruminally, a large inoculum decreased the
severity of acute acidosis in cattle and smaller doses enhanced recovery of ruminal pH
(Robinson et al, 1992). Inoculation of lambs with culturés of the rumen fungus, Neocallimastix
frontalis, promoted rumen function and lead to earlier weaning (Theodorou et al., 1990).
In a study by Gregg et al, (1998), Butyrivibrio fibrisolvens, transformed with a gene encoding
fluoroacetate dehalogenase, was inoculated in the rumen of sheep, and the animals
showed markedly reduced toxicological symptoms of fluoroacetate poisoning.

With regard to fibre degradation in the rumen, much effort has been made in
developing genetically modified bacteria that would have better fibre-degrding abilities.
The construction of genetically modified bacteria has proceeded under the supposition
that the rumen microbiota does not produce the precise mixture of enzymes to maximize
plant cell-wall degradation. For e.g. Ruminococcus and Fibrobacter do not produce exocellulases
that are active against crystalline cellulose, so adding this activity would make them more
potent (Teather et al, 1997). An alternative approach could be to create recombinant becteria
that can degrade fibre at low pHs. It is well known that fibre digestion declines in animals
on high-grain diets because the pH of the rumen drops below 6.5 (Goad et al, 1998) and
Ruminococcus and Fibrobacter are sensitive to even mildly acidic pH (Russel and Dombrowshi,
1980). Hence, addition of fibrolytic activity to an acid resistant species such as Prevotella
would create an organism which would be far more competitive because it would be filling
an acidic niche which autochthonous cellulolytic bacteria are unable to fill (Russel and
Wilson, 1996). There have been many reports of genes being cloned from ruminal
microorganisms into other expression systems. Genes have been cloned from many of the
predominant species of ruminal bacteria as well as from the ruminal anaerobic fungi, by
Gilbert et al, (1992) giving fascinating insight into the variety of enzyme activities necessary
to digest plant fiber. It does seem, however, that there are factors governing the survival
of bacteria in ruminal fluid that has not been understood yet. Furthermore, genetic
modifications may themselves impose a metabolic burden on the host organism, making
it less competitive than the wild type. The presence of bacteriophages, mycoplasmas, and
bacteriocin-like toxins is well known (Klieve and Bauchop, 1988). What is much less clear
is the effect these have on the survivability of different strains and on the metabolic
inefficiency this may cause in ruminal fermentation. It may also be possible to devise a
selection strategy whereby an ecological niche is effectively created for the new organism
in vivo by adding certain materials to the feed. A further problem of using indigenous
ruminal bacteria as vehicles for manipulating ruminal fermentation is their obligately
anaerobic physiology. Growth and inoculation with a suitable culture, while straightforward
in the anaerobic microbiology laboratory, would not easily lend itself to farm practices,
particularly if repeated inoculation proved necessary. Thus, there are several problems
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to be solved associated with introducing and establishing modified ruminal organisms
that will grow and produce new gene products in vivo.

Exploitation of Rumen Microbial Enzymes to Benefit Animal Production

The rumen is increasingly being recognized as a particularly promising source of
superior fibrolytic enzymes. Cellulases and xylanases produced by ruminal fungi are
among the most active fibrolytic enzymes described to date (Trinci et al, 1994; Thareja
et al, 2006; Tripathi et al, 2007a). The quest to elucidate the mechanisms of fibre digestion
and to find more efficacious enzymes for industrial applications, and technological
developments which now allow the genetic manipulation of rumen microprganisms have
inspired the cloning of a growing number of genes from ruminal bacteria and fungi. At
least 75 different genes, the majority of which encode enzymes with a role in fibre digestion,
have been cloned thus far from ruminal microorganisms. Most of these have been isolated
from a small number of bacterial species, including R. albus, R. flavefaciens, F. succinogenes,
Butyrivibrio fibrisolvens and Prevotella ruminicola (Wallace, 1994). Researchers have only
recently turned to the study of the genetics of anaerobic fungi isolated from the rumen.
Enticed by their powerful fibrolytic activity and ability to utilise the most recalcitrant of
plant cell wall polymers, researchers have cloned at least 27 genes from four fungal species.
The cloned genes include five cellulases.(Black et al, 1994; Xue et al, 1992a, 1992b; Zhou
et al, 1994) and three xylanases (Black et al, 1994; Gilbert et al, 1992; Tamblyn Lee et al,
1993) from Neocallimastix patriciarum, an endoglucanase from Orpinomyces joyonii, eight
cellulases, four xylanases and five mannanases from Piromyces sp. (Ali et al, 1995) and
a phosphoenolpyruvate carboxykinase from N. frontalis (Reymond et al, 1992). As competition
in the livestock industry increases, producers are actively seeking technological advances
through which to increase their production efficiency. Supplementation of animal diets
with fibrolytic enzymes, such as cellulases, xylanases and glucanases, increases their feed
conversion efficiency and growth rate. These enzymes enhance the release of sugars from
plant cell wall polymers, thereby increasing their availability to the animal and eliminating
some of their naturally occurring anti-nutritional effects. Consequently, such enzyme
supplementation can produce significant improvements in ruminant production, even
though the rumen microbial population is known to produce an extensive array of potent
endogenous fibrolytic enzymes. Over the last decade, advances in recombinant DNA
technology have significantly improved microbial production systems. In addition, the
rumen has been recognised as a rich, alternative source of genes for industrially useful
_enzymes and novel strategies are being developed for effective delivery of these gene
products. Thus, the biotechnological framework is in place to achieve substantial
improvements in animal production through enzyme supplementation. There is a growing
trend in the livestock industry to supplement diets with fibrolytic enzymes. Amending
rations with cellulases and/or xylanases increases the feed efficiency of livestock.
Enzymatic hydrolysis of cellulose and xylan to simple sugars (e.g. glucose and xylose)
provides the animal with carbon sources that are normally not made available by intestinal
enzymes. Furthermore, enzymes eliminate certain forms of these polymers (e.g. arabinoxylan,
found in wheat and rye; _-glucan, in barley and oats) that may have deleterious effects
on nutrient absorption and promote intestinal disturbances by pathogenic enteric
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microorganisms. Enzymes produced by other microorganisms, including aerobic fungi and
protozoa, also contribute to fibre degradation.

Introduction of Transgenic Plants and Animals

Recent advances in plant biotechnology may revolutionise the commercial enzyme
industry by offering alternative, cost-effective methods of enzyme production. Large
quantities of plant biomass can be produced inexpensively through the use of existing
agricultural infrastructure. Expression of enzymes in plant species commonly used for
animal feed will minimise downstream processing as the whole or parts of the producing
plants are fed directly to livestock. The expression of a xylanases in tobacco plants has
been reported, as has the expression of a phytase in tobacco and soybean (Russell, 1994).
Herbers et al, (1995) achieved the constitutive expression of a truncated Clostridium
thermocellum xynZ gene encoding a thermostable, high specificity xylanase in tobacco via
the cauliflower mosaic virus (CaMV) 35S promoter. In similar experiments, transgenic
tobacco plants were made to express phytase encoded by the Aspergillus niger phyA gene
(Pen, 1994). Feeding trials demonstrated that transgenic tobacco seeds were as effective
at promoting growth of broilers as was a commercial A. niger phytase product or inorganic
phosphorus (Pen, 1994). In addition to providing an efficient alternhative to traditional
microbial systems, transgenic plants offer the added advantage of a safe and stable
formulation system in the form of seeds.

Moreover, technological developments enabling introduction of genetic material into
domestic animals (Briskin et al, 1991) have validated the concept of direct expression of
these glucanases and xylanases in the animal itself as an option to adding microbial
enzymes to the feed. To be of benefit to the animal, the enzymes should be expressed
in the appropriate tissue, secreted into the lumen of the gastrointestinal tract, resistant
to proteases, and active in environmental conditions (e.g. pH, temperature, osmolarity)
prevailing in the lumen (Hall et al, 1993). Expression of fibrolytic enzymes in a non-
ruminant animal was first demonstrated by Hall et al, (1993). A truncated endoglucanase
gene from Clostridium thermocellum was expressed in the exocrine pancreas of transgenic
mice. Carboxymethylcellulase activity was detectable in small intestinal contents,
demonstrating that the recombinant enzyme was secreted from the pancreas. The obvious
potential of this approach is a powerful incentive for continued efforts in this field of
research. The potential for improvement of the efficiency of ruminant livestock feed
utilisation by enzyme supplementation is widely recognised. However, the cost of this
technology has inhibited its widespread application in the industry. Reducing the cost
of feed enzymes through improved enzymes and more efficient production systems is the
focus of much research in this area. Microbial isolates from the rumen produce a wide
array of enzymes and comprise an immense and under-utilised gene pool. As exploration
of this enzymological and genetic resource progresses from domestic ruminants to those
adapted for survival in diverse habitats worldwide, the isolation of even more potent
enzymes is certain.

Improving Ruminant Diets

In the 1960s, several studies were conducted to examine the efficacy of adding
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enzyme preparations to diets for ruminants. Clark et al, (1961) found that enzyme
supplementation improved average daily gains by as much as 20%. Improvements in
fermentation technology and the biotechnological development of more defined enzyme
preparations have prompted a renewed interest in the use of enzymes in ruminant diets.
More recent studies have attempted to define the conditions in a given feed that are most
likely to result in a favourable animal response to enzyme supplementation (Feng et al,
1992). Factors such as substrate specificity of the enzymes, moisture level of the feed, the
time required for enzyme-substrate interaction and temperature at time of treatment are
all likely to influence the extent to which enzymes enhance the utilisation of feeds by
ruminants. The binding of enzymes to their appropriate substrates is an absolute
prerequisite for the digestion of plant cell walls in the rumen (McAllister et al, 1994). It
follows, then, that treatment methods enabling adequate interaction between enzyme and
substrate prior to feeding are most likely to improve animal performance. The enhanced
degradation in enzyme-treated forages may be related to the increase in passage rate and
reduction in the retention time of forage particles in the rumen of cattle as observed by
Feng et al, (1992). Developments in biotechnology make it feasible to engineer enzyme
cocktails for xylanase and _-glucanase, but the technology for specific production of many
of the other enzymes (e.g. ferulic acid esterase, acetylxylan esterase, arabinofuranosidase)
required for cell wall digestion is lacking. In the short term, then, improvements in
ruminant performance arising from enzyme treatment of forages will most likely be the
result of treatment of the forage with broad spectrum crude enzyme extracts from
cellulolytic microorganisms (e.g. Aspergillus spp., Trichoderma reesei).

Improving Fibre Digestion through Genetic Assortment of Forage Crops

Fibre digestion in the rumen is constrained by retention time, digestion rate and
the magnitude of the indigestible fraction (Orskov, 1991). These constraints could be
alleviated by improving the environmental conditions in the rumen or increasing the
fibrolytic capacity of the rumen microbes. The constraints to fibre digestion in the rumen
are determined by the chemical and physical nature of the fibre, which in turn depends
on the genetic make-up of the plant and the environment where it grows. Therefore the
selection of cultivars that produce high levels of grain and better quality residues offer
possibilities for improving fibre breakdown in the rumen (Orskov, 1991). Three possible
avenues for improving fibre digestion through plant selection may be, (i) the exploitation
of wvariation across varieties in cereal crops and forage legumes,
(ii) introduction of genetically controlled quality related traits, and (iii) identification of
geographic locations that could produce higher quality trees.

Biotechnology in Methane Mitigation from Rumen

A large proportion of the global ruminant population are located in tropical
environments, where animals feed predominantly on low quality highly fibrous forages.
Recent studies in respiration chambers have confirmed that methane emissions from
ruminants fed on fibrous diets are higher than outputs from better quality temperate
forages. The excretion of methane from the rumen can represent a loss of up to 15% of
the digestible energy depending on the type of diet. Therefore, reducing methane
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production could benefit the ruminant energetically, provided the efficiency of ruminal
metabolism is not compromised. Animal trials involving agents that specifically inhibit
microbial enzymes associated with methane production probably provide the most reliable
data for interpretation of the effects of inhibition of methanogenesis on digestive and
animal performance parameters, indicating that a reduction in methanogenesis in the
rumen can be associated with improvements in feed conversion efficiency without affecting
intake (Cheryl et al, 2003). Furthermore, any attempt to reduce methane emissions from
livestock is unlikely to be adopted unless production efficiency is at least maintained if
not enhanced. The challenge therefore is to devise strategies, which reduce methane
emissions from ruminants and improve production efficiency. By recombinant DNA
technology, a derivative of wild type E. coli W3110 was constructed by replacing self
promoter of nirBD operon encoding nitrate reductase by tac promoter which makes it
constitutive and shows higher expression of nirBD. By using E. coli nir Ptac, the methane
production was markedly decreased by addition of nitrate and nitrite as the nitrite
reductase activity was approximately twice in E. coli nirPtac as compared to wild type.
Thus it has been concluded that anaerobic cultures of E. coli W3110 and E. coli nir Ptac
may decrease methane production in rumen (Sar et al, 2005). Therefore RT-PCR and
oligonucleotide probes targeting the respective 16S TRNA of the methanogenic archaea,
and the major fibrolytic bacteria (Fibrobacter succinogenes, Ruminococcus albus and R.
flavefaciens) in the rumen would be a robust approach to quantifying the effect of reduced
methanogenesis on important functional microbial groups. The molecular based ecology -
techniques are also likely to provide better insight into the interactions between methanogens
and the other rumen microorganisms. All this information should assist in the development
of strategies for improving production by reducing methanogenesis.

Silage and Silage Inoculants

Some commonly ensiled plants (e.g. grasses) are low in soluble carbohydrate and
therefore often ensile poorly. The inclusion of cellulase and endoxylanase enzyme mixtures
from a variety of fungi or bacteria during ensiling increases the amount of free soluble
carbohydrate available for fermentation (van Vuuren ef al, 1989). Consequently, conversion
of carbohydrate to lactic acid is more extensive, resulting in a lower pH in enzyme-treated
silage as compared to untreated silage (Chen et al, 1994). In some instances, enzyme
treatment has increased the intake (DM basis) of silage by dairy cows and improved milk
production, but these responses are less pronounced for cereal silages or silages with a
high dry matter content (Chen et al, 1994). Enzyme treatment of grass silages has increased,
decreased and had no effect on the apparent whole-tract digestibility of organic matter
(Jacobs and McAllan, 1992). A novel ensiling process using a silage additive containing
Lactobacillus plantarum, commercial cellulase enzyme and molasses, also resulted in rapid
lactic acid production and degradation of cellulose (Singh et al, 1990). In a single study,
different enzyme preparations were found to increase and decrease the digestibility of
organic matter in sheep (Chamberlain and Robertson, 1989). These inconsistencies
emphasise the need for more precise definitions of enzyme preparations and of the forage
properties for which a given enzyme treatment is most likely to elicit a positive response
in animal performance. The cost and inconvenience of adding enzymes prior to the
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ensiling of forages low in carbohydrates could be avoided if the bacterial species in the
inoculant were also capable of producing the enzymes required to release soluble sugars
from plant cell walls. Genetically modified Lactobacillus strains have now been developed
which express cellulase and xylanase genes isolated from other organisms (Baik and Pack,
1990) and which have, in at least one case, been shown to exhibit competitive growth
in silage (Sharp et al, 1994). Persistence of newly developed recombinant lactobacilli
beyond their target environments is an important, but under-studied phenomenon. In a
single study, Sharp et al, (1994) demonstrated the rapid loss of both unmodified and
recombinant L. plantarum silage inoculants from the rumen. Elimination of these strains
was attributed to predation by protozoa and other undefined factors (e.g. turnover rate,
cell death). These findings are also relevant to the use of these genetically engineered
microorganisms (GEMs) as probiotic feed additives, in which case it is essential that they
establish and persist in the gastrointestinal tract. Factors influencing environmental
persistence must be identified and taken into consideration during selection of microbial
strains for genetic manipulation.

Producing Food from Ruminants through Biotechnology Interventions

Several methods are available to alter end-products of the rumen fermentation. These
include glycopeptides which increase propionate and amino acids and decrease methane
and ammonia nitrogen production. Monensin increases propionate and decreases methane
and acetate production. Isoacids (e.g. isobutyrate) increase acetate and decrease ammonia
production. Virginiamycin increases propionate production and, in some studies, decreases
butyrate, acetate and lactate. The changes in rumen fermentation products brought about
by these chemicals can have positive effects on animai production depending on whether
growth, fattening or milk production is the desired product. The effect of these chemicals
at the molecular level on the rumen ecosystem is poorly understood. Understanding their
mechanism of action can lead to better methods for controlling rumen fermentation. Of
equal importance in improving food production by ruminants is a knowledge of utilisation
of rumen fermentation products at the molecular level. It is critical to understand gene
regulation in adipose, muscle and the mammary gland. Identifying the important genes
regulating metabolism in food producing animals is in its infancy. It may be that the
activity of some genes should be increased while for others it should be lowered. Some
current genes of interest are fatty acid synthase (fat deposition) and calpastatin (muscle
metabolism).

FUTURE PROSPECTS AND CONCLUSION

While the efficiency and viability of ruminant production is important to the
economies of some industrialised countries, the importance for developing nations like
India with less overseas purchasing power are more far-reaching. Where ruminants fill
essential needs for food, fibre and draught power, improvements in production and
maintenance efficiency contribute directly to the living standards of a high proportion
of the population. Much of the nutritional improvement possible through supplementation
or processing of animal feed may be difficult to implement in these situations. It is vital,
therefore, that improvements in ruminant production should make maximum use of the
feed sources currently or potentially available, rather than depend on adding new elements
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that need to be purchased. Where a high proportion of animal feed is the residue from
grain or other crops, digestibility is frequently the limiting factor in ruminant production.
In those cases where crops leave residues with feed potential, there may be serious
limijtations created by the secondary compounds present in that material. There may be
considerable value, therefore, in systems that help in fibre breakdown or that detoxify anti-
nutritive-factors. The capability of genetic manipulation to make rumen microbes digest
plant fibres more efficiently remains to be proven. For this aim, there may be greater and
more immediate gain in examining how different feed plants can be combined to
supplement each other and optimise microbial growth and nutrient yield within the
rumen. Microbes isolated from the fermentative organs of non-domestic animals (e.g.
giraffes, camels, monkeys etc.) may be directly adaptable if they are able to colonise
domestic ruminants. However, attempts to transfer microbes between animal species will
be facilitated by the precise molecular methods now available to track individual
organisms within complex mixtures. The development of molecular mechanisms for
ruminant studies, including methods for microbial strain identification, estimation of
population numbers and measurement of changes, has now reached a stage where less
developed nations should be able to benefit from them. Future research will indicate which
of the possible applications for genetic manipulation of rumen microbes are likely to be
successful.
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INTRODUCTION

Antibiotics are defined as low-molecular-weight organic natural products of micro-
organisms that are active at low concentrations against other micro-organisms (Demain,
1981). Antibiotics are one class of antimicrobials, a larger group which also includes
anticancer, arti-viral, anti-fungal, and anti-parasitic drugs (Vandamme, 1984). But today
the definition has been expanded to include the natural/synthetic compounds with
obscure functions like anti-tumor, immunosuppressant, hypocholestrimic and antihelmintic
etc (Berdy, 2005).

The selective action exerted by microbial secondary metabolite (penicillin) on
pathogenic bacteria ushered in the antibiotic era. The “golden era” in discovery of new
antibiotics of microbial origin (1950-1965) saw the discovery and introduction of penicillins,
cephalosporins, rifamycins, streptomycin, chloramphenicol, tetracycline kannamycin,
theinamycins, amphotericin B, nystatin, ksugamycins, bleomycins, mitomycin C,
actinomycins, sakomycin, pristinamycins, virginiamycins and many more antibiotics and
the age of chemotherapy came into full being (Kumazawa and Yogisawa, 2002). Two Nobel
prizes for the discovery of antibiotics were given to Alexander Fleming, Chain and Florey
in the 1940s for discovery and synthesis of penicillin and to S.A. Waksman in 1944 for
the discovery of Streptomycin. (Peleczar et al., 1993).

"‘However, it was realized (for review, see Demain, 1983) that compounds which
possess antibiotic activity also possess other activities, that some of these had been quietly
exploited in the past, and that such broadening of scope should be exploited and expanded
in the future. Much of this emphasis was brought about by Patil et al., 2000, who pointed
out the potential importance of chitinases as drugs.
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NEED FOR THE SEARCH FOR NEW ANTIBIOTICS

The need for new and useful compounds to provide assistance and relief in all
aspects of human condition is ever growing. Today, only one third of all diseases can
be treated efficiently (Muller et al., 2000). There is an urgent need for new drug entities
due to:

1. Indiscriminate and overuse of antibiotics for human and veterinary use resulted
into appearance of MDR micro-organisms. The dramatic appearance of antibiotic resistance
in pathogenic Shigella sp. during epidemics of intestinal infections in Japan in the 1950s
is yet another example of the rapid response of bacteria to the threat of antibiotic use.
Clinical isolates of penicillin-resistant Streptococcus pneumoniae, the most common cause
of bacterial pneumonia, increased in the US from 1987 to 1992 by 60 folds. MRSA infections
have increased to an alarming extent throughout the world. About 90% of natural
antibiotics fail to inhibit gram negative organisms such as E. coli.

Emergence of resistances against some important antibiotics has been given in Table
1. First significant pathogen, that influenced the use of streptomycin against M. tuberculosis,
developed resistance as the result of mutations affecting the target site of the antibiotic.
One of the first consequences of antibiotic usage in agriculture was the transfer of
resistance genes from animal isolates (e.g., Salmonella typhimurium) to human pathogens.
Microbes have the genetic flexibility to develop resistance (or tolerance) to any antimicrobial
agent; this applies to bacteria, fungi, protozoans, and viruses also. Cross-resistance to
tinidazole has been demonstrated with metronidazole- resistant Giardia strains (Upcroft
and Upcroft, 2001). Cancer cell lines have also been found to show resistance for
anthracycline antibiotics e.g. doxorubicin, once considered to be miraculous for cancer
treatments (Lown, 1993).

2. Appearance of new diseases like SARS (Severe Acute Respiratory Syndrome),
Ebola and Hanta viruses, Cryptosporidium, Leigonaries’ disease, Lyme disease etc.

3. Other factors are the toxicity and side effects of the available drugs or low
therapeutic index i.e. the ratio of the toxic dose to the therapeutic dose (Mazela and Davies,
1999). The toxicity of some of the current compounds limits their usage in chemotherapy.
Fungal pathogens are becoming resistant to most of the antifungal antibiotics (Polyenes
and azoles). More over fungal cells are complex organisms that share many biochemical
targets with other eukaryotic cells. Therefore, new agents that interact with fungal targets
not found in eukaryotic cells are needed (Randhawa and Sharma, 2004).

4. The recurring problems with disease in persons with organ transplants.

5. The existence of naturally resistant bacteria (e.g. Pseudomonas aeruginosa in cystic
fibrosis), (Demain, 1999).

In last ten years, in spite of the discovery of the great numbers of new compounds,
less totally new type of structures were discovered than in the previous decades. After
1970, the rate of discovery of useful compounds declined progressively, although several
important agents nevertheless came to light, including the antihelmintic avermectin, the
immunosuppressants, rapamycin and tacrolimus (FK506), and the natural herbicide
bialaphos. In fact, the total number of known biologically active molecules continued to
grow steadily after the end of the Golden Age (Demain & Fang, 2000).
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NATURE AN INEXHAUSTIBLE SOURCE OF BIOACTIVES

There is a general call for new antibiotics, chemotherapeutic agents, and agrochemicals
that are highly effective, possess low toxicity and have least impact on environment
quality. New bioactive drug lead compounds may be prepared by chemical syhthesis or
may be isolated from the nature. In early antibiotic era scientists started working as per
their field of interest preferably in two branches. One which leads to chemical synthesis
of these agents in laboratory and second which leads to isolation of these compounds
from micro-organism (natural compounds). The largest users of natural medicines are the
Chinese, with more than 5,000 plants and plant products in their pharmacopoeia (Bensky
and Gamble, 1993).

TABLE 1

Dates of Deployment of Representative Antibiotics, and the
Evolution of Resistance (Palumbi, 2001)

Antibiotic Year deployed Resistance observed
. Sulfonamides — 1930s 1940s
Penicillin 1943 1946
Streptomycin 1943 1959
Chloramphenicol 1947 1959
Tetracycline 1948 1953
Erythromycin 1952 1988
Vancomycin 1956 1988
Methicillin 1960 1961
Ampicillin 1961 1973
Cephalosporins 1960s late 1960s

The pharmacological industry until now has synthesized several millions (according
to some estimations about 3 to 4 millions) new organic chemical structures, but only a
negligible part of them (no more than one from several ten-thousands, ~ 0.001%) became
accepted drugs. From the ten thousands of known microbial metabolites about 150 ~ 160
(~ 0.2 ~ 0.3%) compounds were practically utilized as therapeutic agents (Berdy, 2005).
Natural products usually show new mechanisms of action and exhibit novel therapeutic
activities with higher probability than the synthetic or combinatorial compounds. In fact,
the world’s best known and most universally used medicine is aspirin (salicylic acid),
which has its natural origins from the glycoside salicin which is found in many species
of the plant genera Salix and Populus (Grabley and Thierick, 1999).

These plant products, in general, enhanced the quality of life, reduced pain and
suffering, and provided relief, even though an understanding of the chemical nature of
bioactive compounds in these complex mixtures and how they functioned remained a
mystery. It was not until Pasteur discovered that fermentation is caused by living cells
that people seriously began to investigate microbes as a source for bioactive natural
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products. Then, scientific serendipity and the power of observation provided the impetus
to Fleming to usher in the antibiotic era via the discovery of penicillin from the fungus
Penicillium notatum. Since then, people have been engaged in the discovery and application
of microbial metabolites with activity against both plant and human pathogens. In fact,
the world’s first billion-dollar anticancer drug, paclitaxel (Taxol), is a natural product
derived from the yew tree (Wani et al., 1971).

Natural products have been proved to serve as promising entities for chemotherapy
because of following advantages:

e Natural products offer unmatched chemical diversity with structural complexity
and biological potency (Verdine 1996).

e Natural products have been selected by nature for specific biological interactions.
They have evolved to bind to proteins and have drug-like properties (Nisbet
and Moore 1997).

e Natural products are the main source of pharmacophores having multiple
activities. Cyclosporins, such as cyclosporin A and FK-506, are active not only
as immuno-suppressants but also as antiviral and anti-parasitic agents (Bram
et al., 1993).

e Natural product resources are largely unexplored and novel discovery strategies
will lead to the development of novel bioactive compounds. Natural product
extracts are complementary to synthetic and combinatorial libraries. About 40%
of the natural product diversity is not represented in synthetic compounds
libraries (Henkel et al., 1999).

¢ Research on natural products has led to the discovery of novel mechanisms
of action, for example, the discovery of the role of guggulsterone (Urizar et al.,
2002).

¢  Natural products are powerful biochemical tools, serving as “pathfinders” for
molecular biology and chemistry and in the investigation of cellular functions
(Hung et al., 1996).

Natural products can guide the design of synthetic compounds (Breinbauer
et al., 2002).

Natural products and their derivatives have historically been invaluable as a source
of therapeutic agents. It is true that the structural variations, the unique combinations
of rare moieties and skeletons of natural products due to the extremely versatile
biosynthetic capacity (extensive branching, series of alternative reactions, isomerization,
condensations, polymerization, oxidation, alkylation) of the microbes, especially
actinomycetes, are inexhaustible. Natural products usually show new mechanisms of
action and exhibit novel therapeutic activities with higher probability than the synthetic
or combinatorial compounds. It is important to realize that the primary purpose of
combinatorial chemistry should be to complement and assist the efforts of natural-product
drug discovery and development, not to supersede it. The natural product often serves
as a lead molecule whose activity can be enhanced by manipulation through combinatorial
and synthetic chemistry. Natural products have been the traditional pathfinder compounds,
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offering an untold diversity of chemical structures unparalleled by even the largest
combinatorial databases.

In 1977, Ist case of vancomycin resistant S. aureus was reported from Japan and it's
repeated emergence requires some novel compound to treat such resistant strains.
Teicoplanin, produced by Streptomyces sp., is a drug of choice for vancomycin resistant
Staphalococcus aureus (VRSA) but till now not licensed in U.S.A. (Bardone et al., 1978).
Ramoplanin, a fermentation product of Actinoplanes spp., is a promising clinical candidate
for treatment of vancomycin resistant Enterococcus (VRE) and methicillin resistant
S:aphalococcus aureus (MRSA) infections (Chen et al., 2000; Mazela and Davies, 1999). This
is an excellent example of the fact that natural products are the ultimate solution of the
problem of drug resistant pathogens. A renaissance of natural products-based drug
discovery is coming because of the trend of combining the power of diversified but low-
redundancy natural products with systems biology and novel assays. Increasing the
quality and quantity of different chemical compounds tested in diverse biological systems
should increase the chances of finding new leads for therapeutic agents.

Most of the important antitumor compounds used for chemotherapy of tumors are
microbially produced antibiotics. These include actinomycin D, mitomycin, bleomycins,
and the anthracyclines, daunorubicin and doxorubicin. The recent successful molecule
taxol (=paclitaxel) was originally discovered in plants, but has also been found to be a
microbial metabolite. It is approved for breast and ovarian cancer and is the only antitumor
drug known to act by blocking depolymerization of microtubules. Due to the development
of novel target- directed screening procedures at Merck, the discoveries of new effective
antibiotics active against bacterial cell-wall biosynthesis became commercial successes in
the 1970s and 1980s. These include cephamycins, fosfomycin, and thienamycin.
Thienamycin is the most potent and broadest in spectrum of all antibiotics known
today.The unique activity of thienamycin is due to several factors: (1) It permeates the
gram-negative outer cell membrane through porin channels at 10+20 times the rate of
classical 4-lactams. (2) It is not destroyed by the &-lactamases of the periplasmic space.
(3) It binds to and inhibits all penicillin-binding proteins (PBPs) but is principally active
against PBPs-2 and -1b rather than PBP-3, which is attacked by conventional penicillins
and cephalosporins (Demain, 1999).

WHY STILL TARGET MICROBES IN THE SEARCH FOR ANTIBIOTICS?

Prokaryotes are a well known source of bioactive molecules. Over 17,000 active
molecules have been described from prokaryotes. Only 1% of bacteria in the environment
have been cultured. The remaining 99% of uncultured bacteria are thought to make many
more novel secondary metabolites. Molecular tools are now available to access to genes
of the environmental microbes which are difficult to cultivate in laboratories. In nature,
all organisms need to compete in order to survive in their habitat. This biological task
can be achieved by the development of competitive mechanisms such as the production
of toxins, enzymes and antimicrobial agents like antibiotics. The most well known
examples of natural product are microbial secondary metabolites, the antibiotics (Demain,
1999). Research has demonstrated that these metabolites are most likely produced by fungi
and bacteria. The actinomycetes are a group of prokaryotic filamentous soil microorganisms
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which are known to be the top producers of antimicrobial agents, especially Streptomyces
(Demain, 1999). Microbial natural products have also been developed as anti-diabetic
drugs, hormone (ion-channel or receptor) antagonists, anti-cancer drugs, and agricultural
and pharmaceutical agents. According to a study, 84 of a representative 150 prescription
drugs in the United States fell into the category of natural products and related drugs
(Grifo et al., 1997). By the end of 2002 over 150 natural compounds were in clinical use.
Out of which bacteria, actinomycetes and fungi produced 10, 70, and 35 % respectively
(Berdy, 2005). Few microbial natural products which are under clinical trials are given
in Table 2.

TABLE 2
New Drugs in Clinical Trials (Chin et al., 2006 and Butler, 2005)

Drug Natural/semisynthetic Producer Bioactivity against
or synthetic organism
Tigecycline 2005, Wyeth  Semisynthetic product of Streptomyces tetracycline-resistant
tetracycline aureofaciens bacteria
Telithromycin 2004 Semisynthetic product of Saccharopolyspora macrolide resistant
(Aventis) erythromycin A erythraea G+ve bacteria
Cefditoren 2001, Semisynthetic derivative Cephalosporium  &-lactamase producing
(Spectracef TAP) of cephalosporin species G+ve and G-ve
bacteria
Ertapenem, 2001 (Merck) Analog of thienamycin  Streptomyces Enterobacteria
cattleya
Biapenem, 2002, Analog of thienamycin  Streptomyces &-lactamase producing
(Wyeth Lederle) cattleya G+ve and G-ve
bacteria
Daptomycin, 2003, Natural lipopeptie Streptomyces G+ve bacteria (MRSA,
(Cubist) roseosporus VRE)
Pimecrolimus, Novel analog of Streptomyces Filamenous fungi
2001, (Novartis) ascomycin hygroscopicus var
ascomyceticus

Caspofungin acetate, 2001 Derivative of Glarea lozoyensis Unicellular and
(Merck) pneumocandin B filamentous fungi
Micafungin sodium, 2005 Natural echinocandin type Coleophoma Azole-resistant
(Fujisawa) empetri Candida sp., and

Aspergillus sp.
Everolimus, 2004 Derivative of rapamycin Streptomyces Immunosuppressive
(Novartis) hygroscopicus
Amrubicin hydrochloride, Derivative of doxorubicin Streptomyces Tumor xenografts of
2002 (Sumitomo Pharm. peucetius var breast, lung and
Co) caesius gastric cancer.
Miglustat, 2003 (Zavesca, analog of nojirimycin Streptomyces type I Gaucher disease

Actelion) lavendulae
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NOVEL ANTIMICROBIAL AGENTS ACTING ON DIVERSE NEW TARGETS OF
PATHOGENS '

Advances in deciphering the genome of a variety of microbes will further help the
development of agents against them by providing a wider selection of potential targets
(Chin et al., 2006). Specific microbial target enzymes will continue to attract attention for
novel antimicrobial discovery. The fungal cell wall is a unique target that fulfills the criteria
for selective toxicity. Cell wall acting agents are a new class of antifungal antibiotics with
a novel mechanism of action and are inherently selective and fungicidal in nature. Fungal
cell wall consists of fibrilldr layer, mannoprotein, B-glucans, chitin and plasma membrane
(Wills et al, 2000). Accordingly antifungal agents can be grouped as:

(a) B-1,3 glucan synthetase inhibitors: The B-1, 3-glucan polymer, an essential
component of the fungal cell wall, is not present in mammalian cells. Echinocandins, B-
1, 3 glucan synthetase inhibitors are produced by various fungal and Streptomyces cultures.

(b) Chitin Synthase inhibitors: Chitin is a major structural component of the cell
walls of fungi. It is a (1-4)-B-linked homopolymer of N-acetyl-D-glucosamine, and is
produced by chitin synthase from the nucleotide UDP-GIcNAc. Polyoxins and nikkomycins
produced by Bacillus and Streptomyces spp. are two structurally related groups-of secondary
metabolites that act as specific inhibitors of chitin synthases.

(c) Chitin hydrolyzing enzymes, chitinases : Chitinases are produced by various
plants, bacteria and fungi. These are hydrolyzing enzymes which degrade the chitin
homopolymer into its N-acetyl-D-glucosamine units. Bacteria produce chitinase to digest
chitin, primarily to utilize it as a carbon and energy source. Several chitinolytic enzymes
have been identified in various Bacteria, Streptomyces and fungi including Bacillus circulans,
Alcaligens sp., Pseudomonas sp., Serratia sp., S. antibioticus, S. griseus, S. plicatus, S. lividans,
Streptomyces venezuelae, Streptomyces halstedii and Trichothecium roseum ( Patil et ak, 2000).

(d) Mannan binding antifungals, inhbitors of mannoprotein synthesis : Mannose
constitutes a major portion of the cell wall of many fungi, as well as the glycoproteins
that form the protective capsule in C. neoformans. Mannopeptimycins are mannose binding
antibiotics produced by Streptomyces hygroscopicus LL-AC98 (Wills et al., 2000).

(e) Sphingolipid inhibitors: Sphingolipids are essential components of all eukaryotic
plasma membranes and modulation of them exerts a deep impact on cell viability. Several
natural products including sphingofungins, myriocin, lipoxamycin, viridiofungins,
khafrefungin and aureobasidin A which inhibit the Spt enzyme (serine palmitoyltransferase)
involved in sphingolipid biosysnthesis and possess in vitro antifungal activity have been
discovered from microorganisms (Wills et al., 2000).

(f) Plasma membrane ATPase inhibitors : Bafilomycin A1 is a macrolide antibietic
that inhibits the vacuolar H+-ATPase (V-ATPase) in several organisms (Wills et al., 2000).

(g) Protein synthesis inhibitors: Several well characterised compounds are known
to inhibit the RNA polymerases and elongation factors required for transcription and
protein synthesis. Sordarin blocks the elongation cycle at the initial steps.

(h) Inhibitors of signal transduction pathways: Cyclosporin A (CsA), rapamycin,
wortmannin and geldanamycin are inhibitors of signalling cascade.
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(i) Inhibitors of electron transport and membrane integrity: are produced by micro-
organisms. With respect to mitochondrial electron transport inhibitors, a series of related
antifungal agents UK2A, UK3A, and the structurally related antimycin A have been
isolated from different species of Streptomyces (Ueki et al., 1996).

(j) Peptide deformylase inhibitors: Peptide deformylase is a critical bacterial enzyme
discovered almost 30 years ago, but it has not been possible to target it effectively until
recently because it is an unstable enzyme. Peptide deformylase removes the formyl group
from the amino-terminal formylmethionyl residue in bacterial proteins. It is a
metallopeptidase that is an essential gene product in many bacteria and for which potent
inhibitors have recently been described (Chen et al., 2000).

DISTRIBUTION OF BIOACTIVE METABOLITES IN NATURE

The diversity of microbial life is enormous and the niches in which microbes live
are truly amazing, ranging from simple rainforests, agricultural fields, rhizosphere, toxic
industrial effluents, highly contaminated (sewage and hospitals) waters with pathogenic
multiple drug resistant (MDR) organisms to extreme environments like polar ice, geothermal
vents, dark caves, deep sea. Microbes must have evolved mechanisms to acclimatize to
these specific unfavourable conditions leading to generation of metabolic pathways and
primary & secondary metabolites. Along with these diverse habitats with unique ecosystems
such as tropical forests soils, the deep sea, sites of extreme temperature, salinity or pH
should also be explored (Waterman, 1998).

Such habitats often harbour novel microorganisms with unique metabolic pathways
and many provide potential bioactive compounds. Microbes isolated from thermophilic/
hyperthermophilic environments offer an amazing array of metabolisms involving unique
enzymes (Chin et al, 2006). Recently, thermostable polymerases e.g. Taq DNA polymerase,
which laid the foundation for molecular biology were discovered from a thermophilic
bacterium Thermus aquaticus. This bacterium has evolved to grow in hot springs at
temperatures which kill most other species. These enzymes allow the amplification of as
little as one molecule of DNA into a large amount by means of repeated cycles of melting,
primer annealing & extension by the enzyme which is not destroyed by the high
temperatures used in this process (Harvey, 2000).

Endophytes, symbionts, marine microbes & extremophiles such as acidophiles (from
acidic sulfurous hot springs); alkalophiles (from alkaline lakes); halophiles (from salt
lakes); baro- and thermophiles (from deep-sea vents); and psychrophiles (from arctic and
antarctic waters, alpine lakes) are continually reported as sources of bioactives.

Symbionts

Atine ants are known to colonize an ascomycetus fungus of the genus Escovopsis
(Ascomycotina). Third mutualist in this symbiosis, a filamentous bacterium (actinomycete)
of the genus Streptomyces that produces antibiotics specifically targeted to suppress the
growth of the specialized garden-parasite Escovopsis (Cameron, 1999).

Endophytes
Endophytes, include bacteria, actinomycetes, and fungi that spend part or all of their
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life cycle colonizing either inter or intra cellularly, the healthy tissue of a plant, are
relatively unstudied and potential sources of novel natural products for exploitation in
medicine, agriculture, and industry. It is noteworthy that, of the nearly 300,000 plant
species that exist on the earth, each individual plant is host to one or more endophytes.
Only a few these plants have ever been completely studied relative to their endophytic
biology.

In addition, it is noteworthy that some plants generating bioactive natural products
have associated endophytes that produce the same natural products. Such is the case with
paclitaxel, a highly functionalized diterpenoid and famed anticancer agent that is found
in each of the world’s yew tree species (Taxus spp.). In 1993, a novel paclitaxel-producing
fungus, Taxomyces andreanae, from the yew Taxus brevifolia was isolated and characterized
(Strobel et al., 1993).

Endophytic microbes have produced novel secondary metabolites, e.g. cryptocandins,
coronamycins, munumbicins, pseudomycins, kakduamycins active against MDR bacterial,
fungal mycobacteria, Plasmodium sp. and even cancer cell lines (Cragg and Newman, 2000).
A potent antifungal strain of Serratia marcescens was recovered from Rhyncholacis pedicillata
and was shown to produce oocydin A, a novel antioomycetous compound having the
properties of a chlorinated macrocyclic lactone. Currently, oocydin A is being considered
for agriculture use to control the ever-threatening presence of oomyceteous fungi such as
Pythium and Phytophthora (Strobel et al., 1999).

A sample of the snakevine, Kennedia nigriscans, from the Northern Territory of
Australia was selected for study since its sap has traditionally been used as medicine
for many years. In fact, the plant contained a novel endophyte, Streptomyces sp. strain
NRRL 30562, that produces wide-spectrum novel peptide antibiotics called munumbicins,
active against gram-positive bacteria such as Bacillus anthracis and multidrug-resistant
Mycobacterium tuberculosis as well as a number of other drug-resistant bacteria (Castillo
et al., 2002). Cryptosporiopsis quercina was isolated as an endophyte from Tripterigeum
wilfordii, a medicinal plant native to Eurasia produced Cryptocin, a unique tetramic acid,
possesses potent activity against Pyricularia oryzae and is being examined as a natural
chemical control agent for rice blast. The ecomycins are produced by Pseudomonas
viridiflava (Li et al., 2000), a member of a group of plant-associated fluorescent bacteria.
The ecomycins represent a family of novel lipopeptides and have molecular weights of
1,153 and 1,181 (Miller et al., 1998).

Phomopsichalasin, a metabolite from an endophytic Phomopsis sp., represents the
first cytochalasin-type compound with a three-ring system replacing the cytochalasin
macrolide ring and activity against Bacillus subtilis, Salmonella enterica serovar gallinarum
and Staphylococcus aureus (Horn et al., 1995). Another Colletotrichum sp., isolated from
Artemisia annua, produces bioactive metabolites that showed varied antimicrobial activity
as well. A. annua is a traditional Chinese herb that is well recognized for its synthesis
of artemisinin (an antimalarial drug) and its ability to inhabit many geographically
different areas (Lu et al., 2000). Two novel human cytomegalo virus protease inhibitors,
cytonic acids A and B, have been isolated from the solid-state fermentation of the
endophytic fungus Cytonaema sp. (Guo et al., 2000)
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A nonpeptidal fungal metabolite (L-783,281) was isolated from an endophytic
fungus (Pseudomassaria sp.) collected from an African rainforest near Kinshasa in the
Democratic Republic of the Congo. This compound acts as insulin mimetic and, unlike
insulin, is not destroyed in the digestive tract and may be given orally (Zhang et al., 1999).
A hugely beneficial immunosuppressant, cyclosporine was isolated from the fungus
Tolypocladium inflatum (Borel et al., 1991).

Marine Microorganisms

With more than 70% of the planet’s surface covered by water, the oceans are
probably the most promising habitat to explore for novel microbial biodiversity. It has
been estimated that the biological diversity in marine ecosystems, such as the deep sea
floor, is higher than in tropical rain forests. Since the 1970’s more than 15,000 NPs have
been isolated from marine microbes, algae and invertebrates. A team, including Prof.
Russell Hill of the University Of Maryland Biotechnology Institute (UMBI), Australia and
Nicole Webster of the Australian Institute of Marine Science (AIMS) used molecular
techniques to identify the actinomycetes found living in coral reef sponges and sediments
from the Great Barrier Reef. Surprisingly, approximately 25 percent of the bacterial
gene pieces found was from newly discovered actinomycetes. This is an unexpectedly
high proportion and indicates that marine sponges may be a good source of novel
actinomycetes. Specific populations of marine adapted actinomycetes such as Salinospora
spp. and Marinophilus spp. have been discovered and described recently. Sokoloff et al
(1982), have isolated two antibacterial antibiotic, prianicins A & B from red sea sponges
which were active (10 times more potent than tetracyclines) against beta hemolytic
Streptococcus.

However, at the same time temperate ecosystems should not be excluded especially
if novel isolation strategies such as metagenome cloning are used. Among others the
cyclosporins and penicillins were isolated from fungi collected in temperate regions. Even
cold regions can be rich in fungal diversity leading to a high hit-rate of novel psychrophilic
or psychrotolerant species. A number of these species have recently been investigated and
found to produce several bioactive cyclic peptides. These findings support the hypothesis
that fungi from colder climates may be just as chemically prolific (and perhaps just as
diverse) as those from tropical climates, the latter which are much more often cited as
targets for biodiversity sought in screening programs (Chin et al., 2006).

Soil

Soil still remains an important source because it carries a higher population of
microbes than any other habitat In one study, approximately 107 bacteria were counted
in 1 g soil, but as few as 0.1% were cultivable, using standard culture techniques. The
other 99.9% of the population may represent novel genetic diversity (Bubnoff, 2003). Soil
is a complex ecosystem. In soil, where a large variety of antagonistic organisms are present,
competition has probably selected for strains able to promote their own survival by
excreting toxic metabolites. Over 5 decades, soil micro-organisms have been utilized as
a rich source of therapeutically important molecules. By the end of 2002 over 22000
bioactive secondary metabolites were published in the scientific and patent literature



52 VANDANA PRAVEEN AND C.K.M. TRIPATHI

(Berdy, 2005). Nearly 75 % of the world’s antibiotics are produced by the Streptomyces
spp. (=actinomycetes belonging to order actinomycetales). Soil is the most common habitat
of Streptomyces. Streptomyces comprise 1-20 % of the total viable count and 64-97 % of the
cultivable actinomycetes. Soil-based actinomycetes produce over 70 percent of naturally
occurring antibiotics (Berdy, 2005).

Common characteristics of the Streptomyces spp are formation of substrate and aerial
mycelium on solid media, their Gram-positive character, presence of spores, and a high
G+C content of the DNA (60-70 mol%). Streptomyces spp are undoubtedly the largest
producers of bacterial secondary metabolites (Anderson and Wellington, 2002). They are
common in soil, but also found in sediments, composts and fodder, aquatic habitats, and
buildings. Genomic studies have confirmed it: the ability to produce secondary metabolites
is not uniformly distributed within the bacteria. The diversity of secondary metabolites
from Streptomyces spp. is unrivalled and unmatched in medical significance (Anderson
and Wellington, 2002). Among the antibiotics produced exclusively from actinomycetes
are: glycopeptides antibiotics, macrolides, polyene antibiotics, aminoglycosides,
anthracylines, polyether antibiotics; the novobiocin related glycosidic antibiotics,
streptothricins, actinomycins and echinomycin; elfamycins, glutarimides, orthosomycins.
The predominant part of the large, 18 to 60 membered macrocyclic lactone derivatives
(including over 1000 compounds), ansa lactones (~150), benzanthraquinone derivatives
(~200), thiostrepton-line thiazolyl peptides (140), cyclopolylactones (~40) are also derived
from various actinomycetales species (Berdy, 2005).

MANIPULATING MICROBIAL PHYSIOLOGY TO ACTIVATE MICROBIAL PRODUCT
FORMATION MACHINERY

The biochemistry involved in the production of antimicrobial agents is complex. All
environmental factors such as pH, nutrient availability, soil chemistry and biological
populations influence their production. In order to exploit the true potential of
microorganisms, the physiological growth conditions used for generating extracts need
to be diversified. The physiology of secondary metabolism has often been neglected. As
antibiotics are not needed by the microbe to complete its life cycle, secondary metabolites
(antibiotics) are produced in very low concentrations.

Secondary metabolites, including antibiotics, are produced in nature and serve
survival functions for the organisms producing them. According to one definition,
microbial secondary metabolites are substances that are not needed for the growth or other
essential processes in the cell. The production of secondary metabolites is controlled by
the availability of nutrients. Deregulation is brought about by nutritional as well as
classical and molecular/genetic manipulations to by pass/or remove negative regulatory
mechanisms and to enhance positive regulatory mechanisms. Secondary metabolism is
brought on by exhaustion of a nutrient, biosynthesis or addition of an inducer and/or
when growth rate decreases. These events generate signals that affect a cascade of
regulatory events resulting in chemical differentiation (secondary metabolism) and
morphological differentiation (Morphogenesis). The signal is often low molecular weight
inducer which exerts negative control, i.e. by binding to and inactivating a regulatory
protein (repressor protein) which normally prevents secondary metabolism and
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morphogenesis during rapid growth and nutrient sufficiency. Nutrient/ inducer presumably
activate a “master gene” which either acts at the level of translation by encoding a t-
RNA or by encoding a positive transcription factor. Feedback control also regulates
metabolism with the accumulation of fermentation products (Bubnoff, 2003).

Carbon Regulation

In general, biosynthesis of different secondary metabolites (antibiotics, etc.) was
inhibited by rapidly fermentable carbon sources. In fermentation experiments, the production
of antibiotics is increased by the presence of a non preferred carbon source, or by
phosphate starvation. Streptomyces species produce extracellular enzymes such as agarase
(S. coelicolor), 4-amylase (S. rimosus, S. kannamyceticus, S. venezuelae), protease, cellulase,
chitinase, xylosidase, endosidase and &-galactosidase (S. peucetius var. caesius). Their
production is also regulated by Carbon Catabolic Repression (CCR). An additional way
to increase the production of a compound subject to CCR is by limiting the repressive
carbon source concentration supplied to the fermentation (Sanchez and Demain, 2002).
Since many of the secondary metabolites produced by microbes are extremely toxic, it seems
sensible that they should suppress the formation of such compounds until rapid growth
is nearing completion. Catabolic regulation of secondary metabolite synthesis could offer
the cells a survival advantage. Perhaps for this reason, glucose suppresses the production
of a wide range of secondary metabolites and secondary metabolic processes (Praveen
et al., 2007).

Nitrogen Regulation

The exact mechanism of nitrogen regulation of secondary metabolism is little
understood but one reason for such control could be that many secondary metabolites,
especially antibjotics contain at least one nitrogen atom, indicating that precursor
molecules must include amino acids and/or nucleotides. Production of some aminoglycoside
antibiotics e.g. neomycin and kanamycin is unfavouably affected by ammonium. Among
the mineral nitrogen sources, ammonium was known to be needed in catabolite regulation
of the secondary metabolism (Sanchez and Demain, 2002). Catabolite repression by the
ammonium ions can regulate the secondary metabolites by inhibiting or by repressing
enzymes, thereby allowing or not the biosynthesis of the precursors.

Phosphate Regulation

In natural environments, inorganic phosphorus is commonly the major growth
limiting nutrient. In B. subtilis, phosphate starvation has been shown to stimulate 10 to
30 folds extracellular enzyme production in chemostat cultures, notably alkaline
phosphodiesterase and acid phosphatases. Regulation by phosphorus sources includes
both specific and general controls. A specific negative effect of inorganic phosphate arises
from its ability to inhibit and/or repress phosphatases. Phosphate has been shown to
regulate the synthesis of antibiotics belonging to widely differing biosynthetic classes
including peptide antibiotics, polyene macrolides, tetracyclines and biosynthetically
complex antibiotics. Industrial fermentation of these antibiotics is carried out at growth
limiting\ concentrations of phosphate (Sanchez and Demain, 2002).
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MEDIUM OPTIMIZATION FOR MAXIMUM ANTIBIOTIC PRODUCTION

For an economic production of antibiotics, the production and growth parameters
e.g. temperature, agitation, aeration and concentration of nutrients can be optimized to
give maximum yields out of minimum investment of time, energy and money. In order
to access the effect of media components on the antibiotic yield, one has to design the
experiment in such a way that each media component is uniformly distributed through
out the sample space. There are a large number of techniques available to design culture
media. They can vary from the traditional one-variable-at-a time method to more complex
statistical and mathematical techniques involving experimental designs such as full and
partial factorials, Plackett-Burman Designs (PBD) and Central Composite Designs (CCD).
Each technique has advantages and disadvantages, and specific situations where they
are best applied. No one ‘magic bullet’ technique exists for all situations. However,
considerable advantage can be gained by logical application of the techniques, combined
with good experimental design (reviewed by Kennedy and Krouse, 1999).

Plackett Burman Design

Application of statistical methods (CCD) requires information about the factors that
are suitable for maximum antibiotic production. This idea can be achieved by classical
method or with the help of PBD design, which is also a statistical design but it does
not give any idea about the interaction effects among the medium components. It gives
an idea about positive or negative effect of fermentation parameters. The PBD proposed
by Plackett and Burman, is a two-level multifactorial design. These authors give a series
of designs upto 100 experiments using an experimental rationale known as balanced
incomplete blocks. The key to this technique is forming various combinations (assemblies)
of the medium components with varying concentrations. With help of this design, up to
N-1 components can be studied in N assemblies, where N must be a multiple of four
(Plackett and Burman, 1946).

Central Composite Designs

The next stage in medium optimization would be to determine the optimum level
of each key independent variable which has been identified by the PBD. This may be
done by using surface optimization techniques which were introduced by Box and Wilson
(Box and Wilson, 1951). Central composite designs are popular types of designs for fitting
second order models. There are a number of reports in which the PBD and RSM have
been used to screen the factors that have a crucial role in product formation (Chhatpar
etal, 2003; Sarra etal 1993), product could be an enzyme, biomass or antibiotic. Production
of penicillin by Penicillium chrysogenum was maximized using RSM and low concentrations
of sucrose (~4g/L) and high concentration of corn steep liquor (~57.4 mg/L) were found
to give higher yields (Oprime and Suazo,1997). Production of actinomycin-D, by an isolate,
Streptomyces sindenensis, was enhanced by 3.56 folds (80 to 365 mg/ L) using statistical
designs of PBD and CCD (Praveen et al., 2008).

STRAIN IMPROVEMENT FOR HYPER-PRODUCTION OF ANTIBIOTICS

Although micro organisms are extremely good in presenting us with an amazing
array of valuable products, they usually produce them only in amounts that they need
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for their own benefit; thus, they tend not to overproduce their metabolites. In strain
improvement programs, development of a stable strain producing high titer of the
metabolite in question is usually the desired goal. Micro organisms can generate new
genetic characters (‘genotypes’) by two means: mutation and genetic recombination.
Mutagenesis may be directed or random mutagenesis. In random mutagenesis, a gene is
modified either existentially (spontaneous mutation) or intentionally (induced mutation).
Applications of mutation have improved the productivity of industrial cultures (Diez et
al., 1997).

Techniques have been developed for enhancing the mutation rate of specific genes;
these techniques are collectively known as directed mutagenesis. A prerequisite for using
these techniques is, of course, knowledge of which genes to specifically mutate, and it
is also necessary to have means of directing the mutagenesis at the genes controlling
product biosynthesis. It has been reported that actively transcribing genes are more
mutable. So mutagenesis under conditions of maximum biosynthetic activity should
increase the probability of obtaining improved production mutants. At least five different
classes of genes control metabolite production: (i) structural genes coding for product
synthases, (ii) regulatory genes determining the onset and expression of structural genes,
(iii) resistance genes determining the resistance of the producer to its own antibiotic, (iv)
permeability genes regulating entry, exclusion and excretion of the product, and (v)
regulatory genes controlling pathways providing precursors and cofactors. Overproduction
of microbial metabolites is effected by (i) increasing precursor pools, (ii) adding, modifying
or deleting regulatory genes, (iii) altering promoter, terminator and/ or regulatory sequences,
(iv) increasing copy number of genes encoding enzymes catalyzing bottleneck reactions,
and (v) removing competing unnecessary pathways. Mutations leading to change in these
genes can shift the metabolic profile of microbes (Diez et al, 1997).

It is now over 60 years since the first superior penicillin producing mutant,
Penicillium chrysogenum X-1612, was isolated after X-ray mutagenesis. This heralded the
beginning of a long and successful relationship between mutational genetics and
industrial microbiology. Increased levels of mRNA corresponding to the three enzymes
of penicillin G biosynthesis were found in high-penicillin producing strains of P.
chrysogenum as compared to wild-type strains. High-producing strains contained an
amplified region; a 106-kb region amplified five to six times as tandem repeats was detected
in a high-producing strain, whereas wild-type P. chrysogenum and Fleming’s original strain
of P. notatum contained only a single copy. Streptomyces species produce a wide variety
of secondary metabolites, including the avermectins, which comprise a series of eight
related sixteen-membered macrocyclic lactones with potent antihelmintic and insecticidal
activity. The eight distinct but closely related compounds are referred to as Ala, Alb, A2a,
A2b, Bla, Blb, B2a, and B2b among the related avermectins, the Bl type of avermectin
is recognized as having the most effective antiparasitic and pesticidal activity, and is
therefore the most commercially desirable avermectin. Exclusive production of avermectin
B1 was attained by directed mutagenesis of aveR1 gene or the aveR2 gene, or both the
aveR1 and aveR2 genes of S. avermitilis (Adrio and Demain, 2006).

Random Mutagenesis

The most common method used to obtain high yielding mutants is to treat a
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population with a mutagenic agent until a certain ‘desired’ kill is obtained, plate out the
survivors and test each resulting colony or a randomly selected group of colonies for
product formation in flasks. The optimum level of kill for increased production of
antibiotics is thought to be in the range 70-95% (Adrio and Demain, 2006).

Mutagens are classically divided into two types: physical, e.g. ultraviolet, gamma
and X-irradiation, and chemical, e.g. ethyl methane sulphonate (EMS), nitroso-methyl-
guanidine (NTG) and mustards such as ICR 170. Much more important is the distinction
in the type of mutations induced, which depends on two factors: the type of DNA damage
caused by the mutagen, and the action of cellular DNA repair pathways on this damage.
Thus, for example, far UV gives a high proportion of pyrimidine dimmers, ionizing
radiation gives a high degree of chromosome breakage and EMS and NTG are alkylating
agents. DNA repair pathways themselves can be non-mutagenic (error free) or mutagenic,
depending on the enzyme mechanism involved. The non-mutagenic repair pathways
include photo reactivation, excision repair and recombination repair.

Strain improvement has been the main factor involved in the achievement of
impressive titers of industrial metabolites. The production titer of tetracycline as far back
as 1979 was reported to be over 20 g/ L, mainly due to strain improvement. Later, titers
of 30-35 g /L were reached for chlortetracycline and tetracycline. The productivity of
penicillin is 70 g/ L and that of cephalosparin C is over 30 g /L. High productivities
of tylosin and salinomycin have been achieved by mutagenesis (15 and 60 g/1). Mutant
isolation can be done by random and rational methods. Random methods involve picking
up the survival colonies from agar surface randomly with out any defined criteria. In
Rational screening mutants are isolated on the basis of the specific characteristics of the
survivors; accordingly mutants can be of following types; morphological, auxotrophic,
revertants of non-producing mutants: Mutants resistant to inhibition by antibiotics,
mutants growing on phosphate limited media and metabolic mutants showing qualitative
changes in the profile of metabolic products or mix of fermentation products (Adrio and
Demain, 2006).

Mutational Biosynthesis

Mutational biosynthesis has been used for the discovery of many new secondary
metabolites. The most well-known is the commercial antihelmintic agent doramectin, the
production of which employed a mutant of the avermectin producer S. avermitilis. New
anthracyclines and aglycones have been isolated from blocked mutants of the daunorubicin
and doxorubicin producers. A further use of mutants has been the elucidation of metabolic
pathways. Mutational biosynthesis has been exploited for the biosynthesis of tetracyclines,
novobiocin, erythromycin, neomycin, tylosin, other aminoglycosides, rosaramicin,
daunorubicin, other anthracyclines, actinomycin, carbapenems, ansamycins, patulin and
phenazines (Adrio and Demain, 2006).

SCALE-UP OF BIOPROCESS

Scale-up is the study off production in large bioreactor vessels (fermentors). It is
an essential process in industrial strain improvement. This is because most of the
production processes operate at a much larger scale than that found in various levels
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of screening. One of the biggest unknown during the screening is if the improved mutant
will perform well on scale-up. Often the correlation between titre performance on different
types of screens (plates, tubes, shake flasks, fermentors and pilot plan) can be rather poor.

Both physical (agitation, aeration, oxygen mass transfer, shear stress, rheology of
the vessel etc.) and biological factors (metabolism, growth etc.) are quite different in
fermentors and in shake flasks. Moreover, controls on the reaction in the shake flasks
are extremely limited while in the fermentor such controls are almost limitless. Although
different types of bioreacters are available e.g. Air lift, fixed bed, fluidized bed, stirred tank
reactors (Fermentors), most of the antibiotics have been produced by stirred tank bioreactors.
For example, the specific production rate of penicillin fermentation (gram per cell dry
weight) was over 50% less in a 6-L. CSTR (Continuous Stirred Tank Reactors) when the
rushton turbine was operated at 1000 rpm compared with 600 rpm (Justen et al., 1998).
Rifamycin production was enhanced to significant levels by optimizing aeration and
agitation of CSTR (El-Tayeb et al., 2004).

NEW APPROACHES FOR THE ISOLATION OF NOVEL DRUG LEADS

Uncultivable Soil Microbes: Metagenomics

It is estimated that we are able to culture only about 1% of all the microorganisms
present in a soil sample and often can not grow the microbial symbionts especially those
found in marine organisms, which are probably responsible for making most of the natural
products isolated from the marine world. The direct isolation of DNA should allow access
to these untapped resources of molecular diversity. The term metagenome can be defined
as the total genomic DNA present in a given environment. When trying to isolate new
antimicrobial producing microbes, standard microbiological techniques may lead to the
isolation and identification of previously identified antibiotics. By analyzing the soil
metagenome, the probabilities of finding new genes encoding for novel chemotherapeutic
agents are much higher, since there is no need for culturing the microflora present in
the soil. This technique has no limitation since it can be used to isolate genes encoding
for enzymes, proteins, antifungal agents, and antimicrobial agents.

Recently, scientists from the University of Wisconsin have isolated the antibiotics
Turbomycin A and Turbomycin B from a soil DNA metagenomic library, both antibiotics
exhibiting a broad-spectrum activity against gram-negative and gram-positive organisms
(Gillespie et al., 2002). Platensimycin, a member of a new class of antibiotics that can
kill MRSA in vitro (Abraham, 1986) were isolated from a South African soil sample using
metagenomics. The discrepancy between the number of microbes detected by molecular
methods and the number of strains in culture, demonstrate that there remains a relatively
untapped source of novel strains in all ecosystems (Harvey, 2000).

Most of the antibiotics are reported to be produced by at least more than one
microbial species. The cases of compounds restricted to single strains/species or to a few
strains of a given biological species are rare in comparison. The genomes of actinomycetes
(8 Mb), fungi (13-42 Mb) and myxobacteria (12 Mb) are much larger than needed for all
basic functions. Therefore, it is widely supposed that part of the genome may encode genes
for alternative metabolic pathways leading to the production of primary and secondary
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metabolites of our interest. Hence these organisms can produce an array of metabolites
depending upon the fermentation conditions available (Knight et al., 2003). For example,
Streptomyces coelicolor A (3) 2 is designated as a potent producer of secondary metabolites.
It produces methylenomycin, prodigiosin, actinorhodin, and other calcium-dependent
antibiotics. In addition, several formerly unknown gene clusters (polyketide syntheses type
I'and II, non-ribosomal peptide syntheses) have been found in its genome. In Streptomyces
avermitilis ATCC 31267, the producer of avermectin, 24 additional gene clusters have been
sequenced (Omura et al, 2001). New producer organisms for Enfumafungin, Actinomycin-
D and Rifamycins have been recently identified (Pelaez, 2000; Praveen et al., 2008; Kim
et al., 2006).

Combinatorial Biosynthesis

As mentioned earlier, only a tiny proportion of microbial diversity has been cultured
and many micro-organisms, particularly the marine micro-organisms, are difficult to
maintain under laboratory conditions. One potential solution to the problem of accessing
the chemical diversity of such inaccessible species is to remove the appropriate genetic
material that codes for the secondary metabolic pathways and to incorporate it into more
convenient organisms, such as Streptomyces. This strategy is being applied by Galilaeus
Oy (Kaarina, Finland) for novel anthracyclines and by Terragen (Vancouver, BC, Canada)
to access secondary metabolites from lichens and marine organisms. It is also being used
by Kosan Biosciences (Hayward, CA, USA) in attempts to produce large quantities of
epothilone (Harvey, 2000). The method has been particularly successful with polyketide
synthase (PKS) genes: derivatives of medically important macroiide antibiotics and
unusual polycyclic aromatic compounds have been produced by novel combinations of
the type I and type II PKS genes, respectively. This work was facilitated by the finding,
first discovered for the biosynthesis pathway of actinorhodin by Streptomyces coelicolor,
that in both bacteria and fungi the genes involved in antibiotic biosynthesis are organized
into compact clusters containing the structural genes specifying the numerous enzymes
that make up a secondary metabolic pathway, the genes providing self-resistance and
resistance to exogenous antibiotics, and very often the regulatory genes that coordinate
the expression of the other genes in the cluster.

Polyketides, from organisms such as actinomycetes, have been isolated and studied
for more than a 100 years and have produced some commonly used antibiotics (such as
erythromycin, oleandomycin and spiramycin), immunosuppressant (such as rapamycin
and FK506), the veterinary antiparasitic, avermectin, and the antifungal drug, candicidin.
The discovery of the enzyme systems responsible for their bio-construction has led to a
rejuvenation of the field. Many of the PKSs are multi-enzyme complexes that can be
manipulated to act as ‘factories’ for the production of new synthetic polyketides.
Daptomycin, a cyclic lipopeptide produced by Streptomyces roseosporus, is the active
ingredient of Cubicin (daptomycin-forinjection), a first-in-class antibiotic approved for
treatment of skin and skin-structure infections caused by Gram-positive pathogens and
bacteremia and endocarditis caused by Staphylococcus aureus, including methicillin-
resistant strains. Genetic engineering of the nonribosomal peptide synthetase (NRPS) in
the daptomycin biosynthetic pathway was exploited for the biosynthesis of novel analogs
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of daptomycin. One compound was more potent against an Escherichia coli imp mutant
which had increased outer membrane permeability (Kien et al., 2006).

Gene Shuffling

Many natural product genes are modular and produce multifunctional enzymes.
They have a high degree of plasticity. By interchanging and moving genes around within
these clusters, hybrid enzymes can be produced that are capable of synthesizing an
unlimited set of new molecules. Novel compounds were produced by gene transfer between
strains producing the isochromanquinone antibiotics actinorhodin, granaticin, and
medermycin. At a molecular level, DNA shuffling mimics, yet accelerates, evolutionary
processes, and allows the improvement of individual genes and sub-genomic DNA
fragments. An example of gene shuffling with four individual cephalosporine genes gave
a yield improvement of between 270 and 540-fold. The best clone had eight segments from
three of the four genes and 33 point mutations (Knight et al., 2006).

Transformation of S. galilaeus ATCC 31133 with plasmid pMC213 containing the
aklavinone 11-hydroxylase gene (dnrF, Streptomyces peucetius subsp. caesius ATCC 27952)
resulted in the production of hybrid aclacinomycin A, which showed highly specific in-
vitro cytotoxicity against leukemia and melanoma cell lines (Hwang et al., 1995).

CONCLUSIONS AND FUTURE PERSPECTIVES

However, only a small percentage of known microbial secondary metabolites have
been tested as natural-product drugs. Natural-product programs need to become more
efficient, starting with the collection of environmental samples, selection of strains,
metabolic expression, genetic exploitation, sample preparation and chemical dereplication.
A renaissance of natural products-based drug discovery is coming because of the trend
of combining the power of diversified but low-redundancy natural products with systems
biology and novel assays. Increasing the quality and quantity of different chemical
compounds tested in diverse biological systems should increase the chances of finding
new leads for therapeutic agents. The major growth seen in the biotechnology industry
in_recent detades has largely been driven by the exploitation of genetic engineering
techniques. The initial benefits have been predominantly in the biomedical area, with
products such as vaccines and hormones that have received broad public approval. In
the environmental biotechnology and industrial ecology sectors, biotechnology has the
potential to reduce agri-chemical usage or remediate polluted environments.

One prerequisite to natural-product discovery that remains paramount is the range
and novelty of molecular diversity. Currently, natural product chemistry is going through
a phase of reduced interest in the drug discovery field. However, new developments may
turn around this negative perception. Following points will be helpful to make the task
easier:

The systematic exploitation of selected ecosystems combined with the development
of new techniques and media for isolation of novel micro organisms will allow
the collection of representative strains from large parts of the micro-population.
This maximized biodiversity will deliver chemical diversity for a given ecosystem.
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é  The direct expression of environmental DNA in heterologous surrogate hosts
is progressing. There is a need for rapid and sensitive detection and
characterization of new metabolites as well as their corresponding gene clusters.

e  Manipulation of physiology should be based on experimental design and
measurement of secondary metabolism.

¢  Gene-shuffling coupled with the genetic engineering power of, for example, PKS,
will allow the generation of hybrid or unnatural microbial natural products.

e  Total synthesis of natural products with interesting biological activities is
paving the way for the preparation of new and improved analogs.

e In natural product chemistry, for rapid and accurate differentiation of chemical
compound profiles an on-line measurement by LC-ELSD, DAD, MS, and NMR
is essential.

Today, more than 30,000 diseases are clinically described, but less than one-third
of these can be treated symptomatically, and only a few can be cured (Schultz and
Tsaklakidis 1997). New chemical entities as therapeutic agents and for agricultural
applications are urgently needed. Natural products can continue to play a major role in
drug discovery. New strategits to natural-product based drug discovery will increase
chemical diversity and reduce redundancy. Maximizing the discovery of new compounds
and minimizing the re-evaluation of already known natural products will be crucial.
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FUNGI AS A SOURCE OF NOVEL
Bi1oACTIVE METABOLITES

APARNA Das AND SARDUL SINGH SANDHU

A conservative of the number of fungi on our planet is 1.5 million (Hawksworth,
2001). Due to their pharmaceutical potential, secondary metabolites of fungi have been
studied for more than seventy years.

Synthesis of secondary metabolites are rare in animals but abundant in green
plants, fungi and bacteria. They are produced in nature and serve survival function
for their producer organisms. The secondary metabolites can be toxins, pheromones,
antibiotics etc. The functions of secondary metabolites are: (1) Cleanse the immediate
environment of competing microorganisms. (2) Protect the dominant and initiated spore
from consumption by other microorganisms. (3) Slow down germination of spores until
a less competitive and more favourable conditions for growth exist (Demain aitd Fang,
2004).

Identification of microorganisms and evaluation of its potential to produce
bioactive compounds is of great interest in development of new molecules to fight
against many pathogens (Hara Kishore et al, 2007). A wide range of secondary
metabolites are produced by fungi which has high therapeutic value as antibiotics,
cytotoxic substances, insecticides, repellant etc (Demain, 1999). Secondary metabolites
produced from fungi vary in production, function and specificity to a particular fungus
(Keller et al., 2002). These metabolites are being exploited in different fields of medicine
and industries (Huisman and Ggray, 2002; Straathof et al., 2002). The search for new
drugs from fungi started with the discovery of penicillin by Alexander Fleming in
1929. It was produced by Penicillium notatum and functioned as a potent antibiotic
against gram +ve bacteria. The assumption is that certain physical and biological
situations in natural environment favour the production of diverse range of secondary
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metabolites (Dreyfuss and Chapela, 1994). This indicates that it might be more useful
to investigate fungal isolates from other ecological niches than soil in order to take
more direct approach towards creative and novel fungal groups. Some relatively
sparsely explored fungal groups derived from such ecosystems are; fresh water fungi,
marine fungi and endophytic fungi.

The secondary metabolites of marine fungus drives much interest due to
repertoire of chemical defense systems. These poisons often exhibited potent
pharmacological activities in assay systems used for search of new pharmaceuticals.
They had anticancerous and antifungal activities.

The search for secondary metabolites from filamentous fungi has led to the
discovery of many bioactive compounds. The versatility of microbial biosynthesis is
conspicuous and are capable of producing novel biologically active metabolites (Baker
and Alvi, 2004).

Many antibiotics in clinical use were developed from fungal metabolites. Of the
various secondary metabolites produced, the most vital and explored are the anublotlcs
which confer antimicrobial and biocontrol property to the producer.

The structural novelty and diversity of fungal metabolites make them a logical
source of new leads for drug discovery and development. The antibiotic era began
with the discovery of significant antibiotics viz. penicillin, actinomycin and tyrothricin
in 1939. Within the first 18 years of this era nearly 30 antimicrobials had come into
use, as cited by Selman Waksman, the discoverer of streptomycin. During the last
decade several pathogenic microbes developed resistance to available antibiotics.
Infections by multidrug resistant isolates of Candida sp., Staphylococcus epidermis,
Staphylococcus aureus, Streptococcus sp., Enterococcus sp. and Escherichia coli became more
and more frequent stimulating the search for new antibiotics with novel mechanisms
of action (Kotra and Mobashery, 1998; Morschhauser et al, 2000; Sandven, 2000;
Thomson and Moland, 2000).

Since antibiotics are produced by bacteria as well as fungi, the latter holds more
promising results, as humans and fungi share common antagonists and humans can
benefit from the natural defensive strategies of fungi that produce antibiotics to fight
infections. Fungi are well known to show antibacterial, antifungal, larvicidal, molluscicidal,
antioxidant and free radical scavenging activities (Keller et al., 2002). A vast number
of fungi have been utilized for biotransformation process and many more to be explored
for isolation of some potential compounds.

Entomopathogenic fungi are rich sources of bioactive compounds. Screening
results in selection of certain strains secreting high levels of extracellular antibiotics.
These substances are active against some bacteria and fungi.

Endophytic fungi are known to contribute to their host plants by producing a
plethora of substances that provide protection and survival values to the plant. These
compounds when isolated and characterized are known to be potential for use in
modern medicine, agriculture and industry. Novel antibiotics, antimycotics,
immunosuppressants and anti cancer compounds are few examples (Strobel et al., 2004).
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Mushrooms are known to be rich source of antibiotics. They are defined as the
fruiting body of a macrofungus (Soo, 2002). The number of mushrooms on earth is
estimated to be 1,40,000, yet only 10% are known (Wasser, 2004). They are rich in
vitamins viz., niacin, thiamine, riboflavin, biotin and ascorbic acid. They also contain
a wide variety of bioactive molecules including terpenoids, steroids, phenols, nucleotides
and their derivatives (Borchers, 1999). They are known to exhibit immune enhancing
properties and can combat bacteria (Kupra et al., 1979; Benedict and Brady, 1972),
viruses (Suzuki et al., 1990) and protozoa Plasmodium falciparum. Mushrooms are
claimed to exhibit antitumor, antiviral, antibiotic, anti-inflammatory, hypoglycemic,
hypocholesteromic and hypotensive activities (Chang and Miles, 1989; Breene, 1990;
Miles and Chang, 1997). Zhou et al. (2006), reported that triterpenes isolated from
Ganoderma mushroom exhibited anticancerous, antiviral, antioxidant, hepatoprotection
and cholesterol synthesis inhibition activities.

ANTIBACTERIAL PROPERTY OF FUNGI

Entomopathogenic fungi are known to inhibit pests and insects of crops. Their
antimicrobial property have also been reported by certain strains of Beauveria bassiana.
The screening of 15 B. bassiana mutants resulted in the selection of one isolate which
produced highest level of extracellular antibiotic activity. It was active against gram
+ve organisms and certain gram -ve organisms also proved sensitive (Champlin, 1981).
Kransoff et al. (2006) reported that metabolites NG-391 and NG393 produced by mutant
strain of entomopathogenic fungi, Metarrhizium anisopliae exhibited potent S9 dependent
mutagenicity against Salmonella sp.

47 typical entomopathogenic fungi were tested for their ability to produce
antibiotic activity and to establish cultivation conditions which helped to establish
production of bioactive compounds. 81% and 64% of these fungi produced either anti-
bacillus or anti-Staphylococcus compounds, indicating that the majority of the
entomopathogenic strains possessed the ability to produce antibacterial compounds.
At 26°C, Metarrhizium anisopliee HF 293, Nomuraea rileyi HF588 and Verticillium HF
238 strains produced clear antibiotic activity against Bacillus and Saccharomyces, but
only in presence of insect derived materials (Lee et al, 2005).

An asexual strain of entomopathogenic fungi, CY-8202 isolated from Cordyceps
sinensis showed strong inhibition of gram +ve bacteria including Bacillus subtilis,
Micrococcus tetragenus and Staphylococcus albus and gram-ve bacteria including
Proteus vulgaris, Salmonella typhi, Aerobacter aerogenes and Salmonella sp. (Wang et al.,
2002).

Yeon et al. (2007) reported growth inhibiting property of cordycepsin derived
from fruiting body of Cordyceps militaris cultured on Bombyx mori pupae (CM-1) and
pupae separated from the culture (CM-2). Methanolic extracts from CM-1 and CM-
2 strongly inhibited growth of Clostridium difficile ATCC 9689, Clostridium paraputrificum
ATCC 25780 and Clostridium perfringes ATCC 13124. The growth inhibiting principle
of cordycepsin was characterized by spectroscopic analysis and it may be produced
from fruiting body of C. militaris cultured on B. mori pupae and then transferred to
host insect and accumulated. Natural cordycepsin and its two analogues,
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2'deoxyadenosine and tubercidin functioned as potent antimicrobial agent against
various diseases caused by harmful intestinal bacteria such as Clostridia sp.

An endophytic fungus known as Muscudor albus obtained from small limbs of
cinnamon tree effectively killed certain human pathogenic bacteria by virtue of a
mixture of volatile compounds that it produced. The most effective class of inhibitory
compound was the esters, of which 1-butanol, 3-methyl acetate was the most active
biologically (Strobel et al., 2001).

Growth inhibition of pathogenic bacteria such as E. coli, B. subtilis and P.
fluorescens was shown by endophytic fungus isolated from Quercus variabilis. 20.9% of
strains showed strong inhibition to pathogenic bacteria and most active fungal strain
was Cladosporium sp. (Wang et al., 2007).

The secondary metabolites of fungus Cephalosporium sp. AL031 had broad
spectrum antibiotic activity against Shigells sonnei, Mycobacterium tuberculosis and
Streptococcus pneumonige (Yunmei et al., 2004).

Aspergillus niveus LU 9575 was investigated regarding the diversity of secondary
metabolites during screening programme for detection of novel bioactive metabolites
derived from endosymbiotic microbes isolated from arthropod hosts (Gebhardt et al.,
2002). This fungus was isolated form the gut of woodlouse. Methanol-acetone extract
of mycelium were named as Aspochalamins A-D and Aspochalasins D and Z.
Aspochalamins showed weak antibiotic activity towards gram +ve bacteria and
compound A was the most active. Aspochalasin D was active against several gram
+ve bacteria (Gebhardt et al., 2004).

Mygind et al.(2005) reported that saprophytic ascomycete fungus Pseudoplectania
nigrella produced a kind of defensin known as plectasin which is small cysteine rich
peptide and showed activity against bacteria, fungi and viruses. Its recombinant peptide
was produced with higher yield and purity. In vitro it inhibited S. pneumoniae and
its strains which were resistant to conventional antibiotics. Plectasin cured mice of
experimental peritonitis and pneumonia and showed extremely low toxicity in them.

Lentinula edodes or shiitake mushroom and its products are highly used in
traditional Chinese medicines (Soo, 2002) and is the second most commonly produced
edible mushroom in world. Shiitake’s immunomodulatory property includes imparting
increase in resistance of the host to bacterial infections. Lenthionine and Bis[(methyl
sulphonyl) methyl] from shiitake has antibacterial activity against S. aureus, B. subtilis
and E. coli (Hatvani, 2001). Antibacterial activity has also been seen in extracts of dried
mushroom against Streptococcus mutans and Prevotella intermedia (Shouji et al., 1999)
and even liquid cultures (Hatvani, 2001; Ishikawa et al.,, 2001) and chloroform, ethyl
acetate or other extracts of dried mushrooms (Hassegawa et al., 2005).

Lycoperdons and puffballs, members of phylum basidiomycota are large edible
mushrooms and are producers of antibiotics which can cure sores, abrasions, deep
cuts, haemorrhage and urinary tract infections as reported by Buswell and Chang in
1993. Its strains viz. L. pusilum and L. giganteum exhibited activity against E .coli, S.
aureus and Proteus vulgaris. This indicated their possession of broad spectrum
antimicrobial property against clinical isolates (Jonathan and Fasidi, 2003).
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Extracts and derivatives from mushrooms are promising medicines in modern
times as there is an increasing number of bacteria developing resistance to conventional
antibiotics like MSRA and Pseudomonas. Studies have shown that Ganoderma demonstrated
antimicrobial activity against gram-ve E. coli and Pseudomonas aeruginosa (Smania et
al., 2001).

ANTIMYCOTIC POTENTIAL OF FUNGI

Antimicrobial metabolites from selected strains of entomopathogenic fungi, such
as Paecilomyces gunii RCEF0866 and RCEF0857, Paecilomyces sp. RCEF0189, Beauveria
bassiana RCEF0285 and Nomuraea prasina RCEF0879 showed inhibition of Candida
albicans (Fenglin et al., 2005), the causative agent of candidiasis. It is an opportunistic
infection caused by fungi particularly in patients with compromised immune systems
eg. patients receiving organ transplant and cancer chemotherapy or those infected by
HIV are prone to such infections.

Fukuda et al. (2004) discovered fungal funicone related compounds named
actofunicone of fungal origin as potentiators of antifungal miconazole activity. The
compound reinforced miconazole activity against Candida albicans. Five beauvericins were
isolated from culture broth of fungal ‘strain Beauveria sp. FKI-1366. They were found
to be new, designated beauvericins D, E and F (Fukuda et al, 2004), although two
compounds were identified as beauvericin and beauvericin A (Nilanonta et al., 2002).

Antimycotic activity was shown by extracts of secondary metabolites produced
by Aspergillus fumigatus CY018, an endophytic fungus isolated for the first time from
the leaves of Cynodon dactylon. The extracts were subjected to in vitro bioactive assays
against human pathogenic fungi and C. albicans was inhibited (Liu et al., 2004).

Ascomycetes have been reported as active producers of antimicrobial compounds
with high therapeutic values (Quang, 2002). Among these, Glomerella cingulata has been
reported for the potential of biotransformation and production of many bioactive
compounds (Miyazawa et al., 1998; Miyazawa et al., 1995; Nankai et al., 1998). Potent
antifungal activities of crude extract of G. cingulata were found against Rhizopus oryzae,
Chyrosporium tropicum and Beauveria bassiana (Hara kishore et al., 2007).

Biologically active substances obtained from endophytic Pezicula strains, isolated
from living branches of deciduous and coniferous trees showed strong fungicidal effect
(Schulz et al., 1995). The compounds were identified as (R)-mellein, (-)-mycorrhizinA,
2-methoxy-4-hydroxy-6-methoxymethyl-benzaldehyde, (+)-cryptosporiopsin and 4-epi-
ethiosolide.

Mycelial growth of Botrytis cinerea was inhibited by metabolite produced by
effective antagonist Trichoderma. The metabolite 6-pentyl-_-pyrone (6PAP) was determmed
quantitatively by HPLC (Pezet et al.,, 1999).

Muscodor albus, a novel endophytic fungus discovered in rain forests of Central
America was reported to produce volatile compounds, that are inhibitory to wide range
of microbes. Exposure to gases of M.albus killed fungi like Rhizoctonia solani and Xylaria
sp. (Strobel et al., 2001). The range of microbes affected were oomycetes, basidiomycetes,
ascomycetes and deuteromycetes.
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The first instance of antimicrobial potential of endophytic fungi residing in
Q.variabilis was reported by Wang et al. (2007). An active antifungal strain I(R)9-2
Cladosporium sp., isolated from Quercus variabilis, displayed growth inhibition of atleast
one pathogenic fungi such as Trichophyton rubrum, Candida albicans, Aspergillus niger,
Epidermophyton floccosum and Microsporum canis. From the broth of selected Cladosporium
sp., a metabolite called brefeldin A was obtained.

An unique lipopeptide antimycotic, termed cryptocandin, was described from
Cryptocoriopsis cf. quercina, an endophytic fungus (Strobel et al., 1999). Cryptocandin
had inhibitory effect against isolates of Candida albicans, Trichophyton mentagrophytes
and T. rubrum.

The first investigations on potential of basidiomycetes as sources of antibiotics
were performed by Anchel, Hervey, Wilkins in 1941 (Sandven, 2000), when they
prepared extracts of fruiting bodies and mycelia culture from over 200 species. They
succeeded in the isolation and identification of pleuromutulin, a diterpene that is
especially useful for the treatment of mycoplasm infection in animals (Brizuela et al.,
1998) and served for the development of first commercial antibiotics of basidiomycete
origin. Several compounds that inhibit the growth of a large spectrum of saprophytes,
phytopathogenic fungi, bacteria, actinomycetes and other fungi were isolated from
basidiomycetes (Anke, 1989, 1995 and 1997).

Similar results were obtained by Rosa et al. (2003), while they isolated several
cultures of Brazilian basidiomycetes and screened their antimicrobial activity against
broad spectrum of organisms.

Some endophytic fungi from Garcinia plants are a potential source of antimicrobial
agents (Phongpaichit et al., 2006). 18.6% of 377 isolated fungi inhibited atleast one
pathogenic organism in agar diffusion method such as C. albicans, Microsporum gypseum
and some bacteria. Fungal molecular determination demonstrated that potent isolates
D15, M76 and N24 represented Phomopsis sp., Botryosphaeria sp. and an unidentified
fungal isolate respectively.

Jonathon and Fasidi (2003), reported that strains of Lycoperdons viz., L. pusilum
and L. giganteum showed antifungal activity against Microsporum boulardii, Candida
albicans, Aspergillus flavus, Aspergillus niger and Trichophyton concentrum.

Polypore mushrooms provide a protective immunological shield against a variety
of microbes (Chihara, 1992; Mizuno et al., 1995). Even the gilled mushrooms possess
intensive antifungal activities. The mycelium of the submerged gilled oyster mushroom,
Pleurotus ostreatus had shown effectiveness against Aspergillus niger (Gerasimenya et
‘al., 2001), one of the most aggressive of all molds and causative agent of aspergillosis,
that can pose serious threat to patients with compromised immune systems. The
extracellular metabolites and the heavy molecular weight cell wall polysaccharides of
mushrooms play a dual role in antimicrobial activity. The polysaccharide lentinan from
shiitake inhibits Candida albicans (Wasser and Weis, 1999).

ANTIVIRAL POTENTIAL OF FUNGI

Keeping in view the resistance shown by strains and the toxicity by drugs, new
substances whether synthetic or natural with antiviral activities are being developed.
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Novel anti-viral agents can be explored from marine derived fungus as they are
known to be tremendous sources of new biologically active metabolites (Dreyfuss and
Chapela, 1994). They represent an under explored resource for discovery of novel anti-
viral agents. Rowley et al. (2003) described a series of peptides designated halovirus
A-E(1-5) that were produced during the saline fermentation of marine derived fungus
of genus Scytalidium. These linear peptides were potent in vitro inhibitors of Herpes
Simplex Virus 1 and 2. Evidence presented that the halovirus directly inactivated herpes
virus and this mechanism of action can be applicable in the prevention of HSV
transmission.

The aqueous extract of Agaricus blazei showed antiviral effect against Herpes
Simplex Virus type-1(HSV-1) and Bovine Herpes Virus type-1 (BoHV-1) in HEp-2 cell
cultures (Bruggemani et al.,, 2006). The aqueous extract was more effective regarding
to virucidal activity for both viruses, than therapeutic action. HSV-1 is associated to
human’s oro-facial, ocular infection and encephalitis. BoHV-1 is responsible for infection
in bovines, such as those involved with the upper respiratory and genital tracts (Hinkley
et al., 1998; Nakamichi et al., 2002; Roizman et al., 2001). Roizman et al. (2001) showed
that the aqueous extract and fractions obtained from A. blazei Murill were able to inhibit
the cytopathic effect of Western Equine Encephalitis (WEE) virus, poliovirus and HSV
in cultures of Vero cells ( Sorimachi et al., 2001).

Compounds from basidiomycetes, Ganoderma pfeifferi and Rozites caperata
demonstrated antiviral activity for HSV (Mothana et al., 2003; Piraino and Brandt, 1999).

. The valuable biological activity of edible mushroom was shown by the addition

of a composition of alcohol precipitated hot water extracts of Lentinula edodes, Agaricus
blazei, Grifola frondosa, Coriolus versicolor, Ganoderma lucidum and two types of Cordyceps
sinensis extracts to conventional therapy in order to achieve greater effectiveness against
hepatitis infection in nine months, rather than by conventional therapy alone in more
than one year.

A study demonstrated that the human immunodeficiency virus showed some
weakness to shiitake extracts. Lentinan in combination with 3’-azide-3’-deoxythymidine
(AZT) suppressed the surface expression of HIV antigen more strongly than AZT alone
in vitro. It also enhanced the effect of AZT on replication of HIV in various human
hematopoietic cell lines in vitro (Jong and Birmingham, 1993). In another study several
fractions of LEM (an aqueous extract of shiitake and its solid culture medium) caused
inhibition of the infectivity and cytopathic effects of HIV.

A highly water soluble, low cytotoxic polysaccharopeptide (PSP) was isolated
from Trametes versicolor (turkey tail) mushroom and exhibited anti-viral activity by
inhibiting HIV replication (Collins and Ng, 1997).

ANTICANCEROUS POTENTIAL OF FUNGI

Takahashi et al. (1994) isolated nine(9) leptosins (A-I) from Leptosphaeria sp., an

epiphyte on the marine algae Sargassum tortile. Leptosins A and C exhibited significant

anti-tumor activity against sarcoma 180 ascites. Leptosins G, G;, G, H, I, J showed
cytotoxic activity towards cultured P388 cells.
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In an experiment by Gebhardt et al. (2004), metabolites Aspochalamins A-D and
Aspochalasin Z, produced by fungus Aspergillus niveus LU9575 showed cytostatic effects
in tumor cell lines. Aspochalamins Band C showed moderate cytostatic effects in all
cell lines tested viz., HM02, MCF7, Huh7 and HepG2. Aspochalamin A displayed a
moderate inhibitory potency on growth of HM02 and MCF7 cells. Aspochalasin Z
showed weak cytostatic effect in HepG2, MCF7 and HMO02 cells.

In an experiment by Borchers et al. (1999), shiitake mushroom’s ability of anti-
tumor activity was explored. He treated ICR mice with N-butyl-N’-butanolnitrosoamine
(BBN) and fed them with dried powdered shiitake increased the levels of macrophage
activity and mitogenic response of lymphocytes to concanavalin A to almost normal
levels, which were severely suppressed by BBN treatment. It also increased the cytotoxic
effect of lymphokine activated killer cells and natural killer cells. These accompanying
immunomodulatory effects may be the mechanism for anti-tumor effect.

The methanol extract of culinary medicinal mushroom, Pleurotus pufmonanus
showed significant regression of solid tumor (Jose et al., 2000).

Kawagishi et al. (1995) reported that Yamabushiitake (Hericium erinaceus) mushroom
showed effectiveness against aggressive He La cells. Similarly Agaricus blazei and
Cordyceps sinensis reported anti-tumor activity.

The anti-tumor effects of shiitake feed in murine system have been paralleled
by the effect of lentinan, which has been reported to prevent both chemical and viral
carcinogenesis. Lentinan has been reported to potentiate the effect of other drugs such
as 5-fluorouracil (5-FU) (Ogawa et al, 1999) and cis-diaminedichloroplatinum (II)
(CDDP) in cancer treatment. Lentinan has been described as host mediated anti cancer
drug and has been put through numerous clinical studies in Japan (Soo, 2002).

A medicinal mushroom called Coriolus versicolor (CV) has been widely prescribed
for prophylaxis and treatment of cancer and infection in China (Chu et al., 2002). Wide
spectrum of biological activity was demonstrated by aqueous extract of CV, like
inhibition of cancer growth and stimulation of immune system. The aqueous extract
has gained popularity over conventional cancer therapies. There has been a substantial
increase in interest in developing these extracts into efficacious oral proprietary
products.

HYPOCHOLESTEREMIC AND HYPOTENSIVE ACTION

Shiitake mushroom’s ability to lower blood cholesterol was first reported in
1960’s. The main active compound was defined and named as eritadenine. It lowered
all lipid components of serum lipoprotein in both animals and humans (Soo, 2002).
It proved as a boon for many people suffering from cardiovascular disease, as it is
a big cause of mortality worldwide and high blood cholesterol levels are an important
risk factor in development of cardio vascular problems.

Blood pressure increase was prevented in hypertensive rats by feeding them dried
shiitake. A decrease in both VLDL and HDL cholesterol levels were observed. Same
observations were exhibited in human testing models too (Soo, 2002).
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ANTIOXIDANT EFFECT

In a study conducted by Mau et al. (2002), three medicinal mushrooms viz.,
Ganoderma lucidum, Ganoderma tsugae and Ganoderma lucidum antler showed excellent
anti-oxidant activity. Total phenols were the major naturally occurring antioxidant
compounds found in methanolic extracts from medicinal mushroom.

Anti oxidant property was also shown by methanolic extracts of mushroom
Pleurotus pulmonnrius (Jose et al., 2002). The extract showed significant hydroxyl radical
scavenging and lipid peroxidation inhibiting activities.

INDUCTION OF APOPTOSIS IN CANCEROUS CELLS

Sphingoid bases from lactic yeast, Kluyveromyces lactis were found to induce
apoptosis in Caco-2-human colon cancer cells (Aida et al., 2004).

CONCLUSION

A rich fungal genome is an essential component of our natural heritage as natural
products are a huge resource for medicine as shown with the use of hundreds of plant
and microbial species in thousands of different pharmacetitical products. Therefore the
investigation of the medicinal value of fungi has become a matter of great significance
as they are society’s greatest protection against microbial diseases and other serious
health conditions.
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INTRODUCTION

Genomics is the study of the molecular organization of genomics, their information
. content, and products they encode. It is a broad discipline, which may be divided
into at least three general areas :

e Structural genomics : It is the study of the physical nature of genomes. Its
primary goal is to determine and analyze the DNA sequence of the genomie.

e Functional genomics : It is concerned with the way in which the genome
functions. That is it examines the transcripts produced by the genome and
the array of proteins they encode.

o Comparative gepomics : It is a area in which genomes from different

" organisms are compared to look for significant differences and similarities.
This helps identify important, conserved portions of the genome and discern
patterns in function and regulation.

The data also provide much information about microbial evolution, particularly
with respect to phenomena such a horizontal gene transfer. It should be emphasized
at the beginning that whole-genome sequence information provides an entirely new
starting point for biological research. In the future microbiologists will not have to
spend as much time cloning bones because they will be able to generate new questions
and hypotheses from computer analyses of genome data, then they can test their
hypotheses in the laboratory.

Microorganisms are the predominant form of life on the planet in terms of their
diversity, total mass and absolute numbers. As a collective population, microorganisms
are representative of all of the diversity that is found in higher eukaryotes and more,
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and have served as models for number of biological processes. We interact with
microorganisms on a continuous basis with both positive and negative outcomes.
Extending beyond their direct effects on our lives in terms of the foods that we eat,
disease that we might succumb to and the probiotic effects of certain microorganisms,
it have also interactions with all forms of life. Plants and animals also are engaged
in a variety of relationships with microorganisms.

Why Study Microbial Genomes?

Studies on whole genome sequences give us a complete genomic blue print for
an organism. We can examine how all the parts operate cooperatively to influence
the activities and behavior of an entire organism-a complete understanding of the
biology of an organism. Microbes provide an excellent starting point for studies of
this type as they have a relatively simple genomic structure compared to higher, multi-
cellular organisms. Studies on microbial genomes may provide crucial starting points
for the understanding of the genomics of higher organisms. Analysis of whole microbial
genomes also provides insight into microbial evolution and diversity beyond single
protein or gene phylogenies. Analysis of whole microbial genomes is also a powerful
tool in identifying new applications for biotechnology and new approaches to the
treatment and control of pathogenic organisms.

Microbial genome sequencing strategy
“Shotgun” sequencing
shear DNA into small fragments.
insert into vector
sequence in from vector.
computer aligns & assembles sequences based on overlap.
ordering of contigs.

e primer walking to complete sequence.
Genome Size (prokaryotes)
e Bacterial genome: 6 x 105 ~ more than 107

Smallest known: Mycoplasma genitalium (470 protein coding genes, 3 rRNA
genes, 33 tRNA genes.)

e Prokaryotes genome sizes are roughly proportional to gene numbers.
e Processes affect bacterial genome size.

Gene duplication, small-scale deletions and insertions, transpositions, horizontal
transfer, loss of genes in parasitic lines, etc.

Advantages of using microbial genomes
e Procaryotic genomes are much smaller than eukaryotic ones.
e No introns
e Little non-coding region between genes
e Most genes & gene function known
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o Comparative genomics can be done with many very similar genomes.
e Large numbers of sequenced microbial genomes available.
Genomic Insights

e Prevalence of gene clusters and gene islands (genomic islands). Horizontal
gene transfer between microbes, mediated by phage or phage-like elements,
appears to be common.

e Closely related bacteria can have significant differences in genome content
and structure.

Intra cellular bacterial genomes have reduced genome size e.g., Buchnera
Endosymbiont of aphids

50 million years of genetic isolation

only observe gene loss

T e o o o

.8-» Rickettsia-25% non coding (vs. 10% for most other bacteria)-evidence of
decay e.g., Mycobacterium leprae-massive decay.

E. coli O157:H7

e E. coli O157:H7 is a rare but virvlent strain of E. coli, which lives in the
intestinal tracts of mammals and man and causes serious and potentially fatal
diseases. '

e O157 can survive refrigeration and freezer storage. The major food sources
carrying this organism are undercooked hamburger and roast beef, raw milk,
improperly processed cider.

e Since 1982, there have been at least 16 major outbreaks in the US. Some
22 deaths have been recorded. CDC experts estimate there -may be as many
as 20,000 cases per year.

What makes E. coli O157:H7 so dangerous?

The pathogenicity (ability to cause damage) and virulence (degree of pathogenicity)
of O157:H7 depend on :

1. The genes encoding the so-called Shiga toxin, such as stx 1 and stx 2;
2. The small, circular DNA molecules that encode “virulence factors”.

3. Pathogenicity island-a section of chromosomal DNA containing many genes
that contribute to pathogenicity.

Genomics, which explores the biology of organisms through their genetic blue
prints, has profoundly affected the discipline of microbiology. It has led us to revise
our definitions of microbial entities, reconsider their capabilities and re-evaluate the
microbiological tool box of methods and approaches. In the breadth of its influence
on various sub disciplines of microbiology (e.g. metabolism, physiology, ecology, host-
pathogen relationships and industrial microbiology), and its interaction with other
disciplines (e.g. human and veterinary medicine, agriculture, evolutionary biology and
structural biology), the impact of genomics on microbiology is arguably unrivaled in
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this century. In this review, we discuss recent work in genomics that supports,
challenges, expands or otherwise affects some key concepts in microbiology.

Prokaryotic, Eukaryotic or Viral Microbe

Recent genomic studies have cast an interesting light on our division of the
microbial world into four groups : Bacteria, Archaea, Eukarya and viruses. Some of
the ultra structural and biochemical bulwarks that neatly separated these groups for
so many years- for example, the overall level of cellular complexity, cell size, genome
size, composition of ribosomes (where present), lipid type and behavioral complexity-
began to be chipped away in the pre-genomic era. But genomics has amplified the
effect, and has provided a deeper understanding of the rules and exceptions that
characterize the four microbial groups.

Giant Viruses

A good example is provided by recently reported genomic analysis of DNA
viruses. Mimivirus is a DNA virus that infects amoebae. It is an extremely large (400
nm) particle that stains gram-positive and has a genome size of 1.2 Mb. The genome
contains genes not previously reported in viruses, encoding proteins involved in
translation of proteins and components of metabolic pathways. Thus in its cell size,
genome size and gene content, this mini virus apex a small bacterium. In a recent
review, Desjardins et al. argue that the expansion in the viral definition provided by
mini virus is quantitative, but not qualitative, in nature. They attribute the latter trait
to the genome of the polydnavirus. Cotesia congregate bracovirus (CcBv). The minivirus
genome encodes proteins involved in transcription, translation and DNA replication;
very few of these are found in the genome of CcBv. In addition, many ‘typical’ viral
genes are absent from the CcBv genome. The fascinating life cycle of CcBv is tightly
associated with two eukaryotic species- parasitic bracovid wasps and their caterpillar
prey.

Expression of viral genes in the caterpillar obstructs the immune response and
helps ensure survival of the parasitic wasp. Genomic analysis of CcBv revealed oddities
such as extremely low coding density, the absence of genes predicted to encode DNA
replication proteins, and the high percentage (70%) of genes that appear to contain
introns. Collectively, these features resemble a segment of eukaryotic genomic DNA,
rather than a viral genome. However, these gene models have not yet been tested
in vitro (for example, by examination of cDNA sequences), and so their significance
cannot be fully evaluated.

Overlapping Genome Size and Content

These shifting boundaries between the microbial domains extend findings that
have emerged over the past 15 or so years that similarly complicated our microbial
definitions. In the realm of cell size, these findings inciuded the discovery of very
large (e.g. Epulopiscium) and very small (e.g. ultramicrobacteria and Nanoarchaeum)
bacterial cells. This has been paralleled by the report of bacterial genome sizes that
range from smaller than that of minivirus to larger than some fungal genomes. In
an analysis of the functional content of these larger prokaryotic genomes, konstantinidis
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and Tiedje demonstrated an over-representation of some categories of genes, such as
regulation of transcription and secondary metabolism. Conversely, other gene categories
such as translation and DNA processing contained relatively fewer members in larger
genomes. The lack of correlation with non-coding DNA and hypothetical open reading
frame content led the authors to conclude that genome expansion favors specific
functional classes. Some phylogenetic groups are over presented in this analysis,
therefore it will be interesting to observe whether or not these trends hold true as
a more diverse set of genomes becomes available.

Recent analysis of several fungi has revealed that they have minimized stream
lined genomes, some of which appear to have adopted elements of bacterial metabolism.
When the genome of the filamentous fungus Ashbya gossypii was published in 2004
it was the smallest (9.2 MDb) free-living eukaryotic genome to have been reported. It
appeared to be a very compact genome, exhibiting a short distance between genes
and only 221 introns. Its high level of homology and synteny with the genome of
Saccharomyces cerevisize and the presence of a similar number of proteins suggested
that A. gossypii represented a minimal genome size for a free-living fungus, and that
evolution of S. cerevisiae involved duplication or fusion of two related species.

Two cryptosporidium genomes also exhibited very streamlined metabolic pathways,
with a reliance on glycolysis for energy production. They were notably furnished with
enzymes that showed high similarities to bacterial counter parts, including nucleotide
conversion enzymes, fatty acid synthases and polyketide synthases. Finally, the much
larger (40 Mb) genome of Neurospora crassa was predicted to encode elements of red
light photo biology, including two putative phytochrome homologs that showed most
similarity to bacteriophytochromes. Eukaryal acquisition of bacterial metabolic
componen}s”is apparently not restricted to the fungi.

Thé recently published genome of Entamoeba histolytica, in common with the other
amito chondiral protist lineages represented by Giardia and Trichomonas, appears to
have reduced or eliminated most mitochondrial metabolic pathways and uses anaerobic
pathways associated with anaerobic, prokaryotes. The authors speculate that lateral
transfer of 96 genes from bacteria was the most probable mechanism for acquisition
of bacteria-like fermentation enzymes and glucose transporters, as well as oxidative
and nitrosative stress resistance proteins. On a more global scale, the 13.8 Mb genome
of Schizosaccharomyces pombe provided an early glimpse into the transition from
prokaryote to eukaryote, which have required more new genes than needed for the
transition from unicellular to multicellular. It was proposed that the distinction between
prokaryote and eukaryote depends not only on the number of genes but also on their
type and regulation.

Ever some prokaryotes clearly exhibit an affinity for ‘exclusively’ eukaryal or
rchaeal proteins, for example bacteriorhodopsins (light-driven proton pumps) were
previously known only in halophilic archaea but have been detected in a planktonic
gamma-proteobacterium, and were later found also in planktonic aipha proteo-bacteria.
Another example is provided by tubulins protein constituents of the eukaryotic
microtubule cytoskeleton that are predicted to be present in the genome sequence of
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Prostheocobacter dejongeii. For these, in vitro assembly and GTP hydrolysis have been
demonstrated. Tubulins were previously unknown in the Bacteria and Archaea of 347
eukaryotic signature proteins derived by Hartman and Fedorov, 10 were identified
in the genome of Prosthecobacter dejongeii and 17 in the genome of Gemmata sp. Wa-
1 which suggest that ancestral members of these phyla might have given rise to a
proto-eukaryotic organism.

The Nature of the Minimal Genome

Considerations of genome size naturally lead to questions of genome redundancy,
in other words, how much of the genome is absolutely required for life? A recent
high density mutagensis study suggests that the essential structural and metabolic
requirements of Mycoplasma tuberculosis are quite different from those of Haemophilus
influenzae. Some of these differences make sense in the context of the unique
mycobacterial cell wall type (e.g. the presence of rhamnose and lipid metabolism
machinery in M. tuberculosis) and the ability of H. influenzae to transport amino acids
that must be synthesized de novo by M. tuberculosis. In the genomes of aphid
endosymbionts, the theoretical minimal genome does not reflect the genetic complement
of any naturally occurring cell. These findings challenge the concept of a ‘universal’
minimal genome, and have led to the suggestion that shared orthologs do not define
the minimal gene set. The ability of genomically limited organisms to produce relatively
complex cell structures is also under investigation. Mycoplasma pneumoniae synthesizes
a terminal organelle that binds to the host epithelium. The polar nature of this structure
and its possession of cytoskeletal elements raise interesting questions about how its
replication and migration within the cell is accomplished using a sparse gene
complement.

Microbe-microbe Relationship

Recent reports have extended the field of symbiont genomics, previously firmly
entrenched in the bacterial and eukaryal domains, to archaea and viruses. The archaeal
genome of Nanoarchaeum equitans (a parasite of another archaeal organism) has the
smallest complete prokaryote genome (490 kb) published to date; this appears to have
undergone reductive evolution in the same manner as reported for bacterial parasites.
The genome seems to be relatively stable, without pseudogenes and non- coding region.
From this evidence, it is infer that the divergence of this parasite from other archaeal
lineages was an ancient event. Less amicable microbial relationships have also been
examined, for example the genome of Bdellovibrio bacteriovorus, which preys upon other
Gram-negative bacteria in a tightly coordinated attack.

An ingenious study of Escherichia coli bacteriophages has given us a glimpse into
how microbes interact with each other to adapt to two opposing selection pressures:
cooperation and competition. The scientist forced the phages to adopt a life cycle that
contained stages of both conflict and cooperation, by engineering each phage with a
separate antibiotic resistance gene and then imposing growth under selection of both
antibiotics, to promote the evolution of rapid conflict resolution. In a short time,
mediation was achieved as one of the phages drastically reduced its genome size
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through loss of genes encoding the virion, and the genomes of both phages were
packaged into the same protein coat. The co-packaging ties the fitness interests of the
phages together, the experimental demonstration of this conflict resolution mechanism
demonstrated that cooperation, needed for organism transition to a higher level of
biological complexity, can evolve rapidly.

Genomics has led us to revise our concepts not only of what a microbe is and
what it does, but also the best way in which to approach the study of these organisms.
The cultivation of microbes in pure culture, for decades the only path to microbial
identification and characterization, was somewhat eclipsed by the bright new star of
cultivation-independent methodology that began in the early 1990s. This approach,
which analyzed (principally) the small-subunit ribosomal RNA (rRNA) genes of mixed
microbial populations from environmental samples, revealed the diversity of the
previously uncultured prokaryotic world and provided the basis for early studies of
microbial biogeography. But exciting as.this new field clearly was, it provided only
a set of labels for the members of a microbial community, not an indication of their
activities and hence their ecological role in that community (with the exception of a
few taxa for which function can be extrapolated from taxonomy).

Functional prediction required access to the genome rather than a single gene,
and the technological advances of high throughout put sequencing provided that access.
This gave rise to the field of metagenomics (also known as community genomics,
ecogenomics or environmental genomics), the direct genomic analysis of microbial
communities that inhabit an environmental sample, without the need for prior
separation of an organism from its habitat, and maintenance in either pure or mixed
culture on artificial substrates.

This approach has been the subject of several recent reviews. Rather, we can
draw attention to a consequence or side-effect of metagenomic analysis, namely that
with the exception of studies that concern low complexity samples or in which the
authors have the resources to generate vast amounts of sequence data, assembly of
a complete microbial genome from metagenumic data remains a challenge. In part,
because of this current limitation, microbiologists are displaying renewed interest in
the art of microbial cultivation for many years. The scientist succeeded in growing
this through a combination of high throughput (microtiter plate) cultivation techniques
using dilute media, and rapid and sensitive screening using fluorescent probes specific
for the SAR11 cluster. Availability of these isolates will allow genome sequencing to
be performed, and therefore the genomic basis of their biology to be investigated. This
is of special interest given the extremely small cell size (0.01 cubic micrometers) of
these free-living organisms. This high-impact report was followed or accompanied by
several others in which membSers of ubiquitous microbial groups poorly represented
in our culture collections were isolated by tweaking of cultivation conditions even by
simple adjustments such as the use of solid vs liquid formulations of the same growth
medium or increasing incubation time.

Genomics might thus hold the distinction of being the only molecular methodology
to have facilitated or encouraged the development of both cultivation-dependent and
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cultivation-independent approaches to microbiology-approaches that were often regarded
by their proponents as rivals rather than complementary strategies. As genomic data
continue to accumulate from studies of both cultivated isolates and environmental
mixtures, it will be interesting to see how each approach could be used to in form
the other.

Bacterial Species

This question has vexed microbiologists and confounded biologists of ‘higher
organisms’ for yeard owing to the paucity of phenotypic characters available for
taxonomic use, the inability of our workhorse taxonomic molecule (rRNA) to adequately
resolve highly related groups, and the laborious nature and lack of reproducibility
of DNA:DNA hybridization- the gold standard for delineation of prokaryotic species.
The growing availability of genome data from multiple strains of a species promises
to provide a quantitative measure of genome relatedness and hence species status,
as has been recommended in the recent past and has recently been attempted. At the
other end of the taxonomic spectrum, analysis of representative members of poorly
represented phyla promises to provide a clearer picture of the true diversity of
microbial genomes and will allow us to better resolve phylogenetic relationships
between the phyla. The interface between microbial systematics, evolution and
genomics also provides an opportunity to re-evaluate the genome as a static entity,
particularly its susceptibility to acquire and lose genes by lateral gene transfer (LGT)
within and across the species boundary. Phylogenetic analysis of multiple strains of
Staphylococcus aureus indicated that diversification of the highly variable RD13 region,
which encodes putative pathogenesis-related proteins, probably occurred by LGT and
recombination. It has been suggested as Thermotoga maritime strains.

Some authors have proposed that such exchanges occur between even more
distantly related phylogenetic entities (up to phyla) and even between bacteria and
fungi or protests whereas other have urged caution in the use of compositional factors
to determine the phylogenetic origin of laterally transferred genes, arguing that these
factors do not reflect the genomic context of the original source, that rather an
association with mobile elements such as phages. The relative impact of LGT on
microbial evolution and diversification remains a fiercely debated topic, to the extent
that steps towards achieving consensus have been recommended.

It is probable that with the accumulation of more genome data, both from
cultivated isolates and from metagenomic sources, we will continue to observe
fascinating exceptions to the ‘rules’ that govern the identities and capabilities of
microbes. We can expect more complicated and interesting relationships between the
four microbial domain-level groups (Bacteria, Archaea, Eukarya and viruses), but also
in other realms, such as the autotroph-heterotroph, aerobe-anaerobe, and free living-
symbiont distinctions, which might come to more closely resemble spectra than
dichotomies. We can also look forward optimistically to a more quantitative and
rigorous genome-based taxonomy that can be achieved today with our handful of
molecular chronometers and phenotypic traits. It is doubtless that other genomic
challenges and enhancements to the concepts of microbiology remain to be discovered.
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This article reports the genome sequencing of a giant virus found in amoebae;
both the particle size and genome size of this virus distinguish it from other viruses,
together with the unusual presence of genes that encode components of the protein
translation apparatus'and DNA repair functions. The size and composition of the mini
virus genome raise interesting questions about how we distinguish viruses from cellular
parasites.

Analysis of this 0.6 Mb genome, which originated from a virus transferred by
a parasitoid wasp to its leptidopteran prey, revealed a segmented structural organization
-and features unusual in viral genomes, such as a wide range of coding density
and the presence of introns. As in the case of the minivirus genome, the
*polydnavirus genome challenges our assumptions of what constitutes a virus and a
viral genome.

First report of the use of shotgun sequencing to reconstruct the genomes of
uncultivated microbes. Two almost-complete genomes and three partial genomes were
assembled from an acidic biofilm that harbors a relatively low-diversity microbial
community.

Microbial Metabolomics

I

First attempt at extremely high-volume sequencing (of more than one billion base
pairs) from an environmental sample. More than 1.2 million genes were predicted from
the sequence data, estimated to originate from at least 1800 genomic species. This study
provided a large and important data set that continues to be mined for new findings.
First attempt at using quantitative genome data to establish a genome based species
definition for prokaryotes. Integrating metabolomics into systems biology framework
to exploit metabolic complexity: strategies and applications in microorganisms.

As an important functional genomic tool, metabolomics has been illustrated in
detail in recent years, especially in plant science. However, the microbial category also
has the potential to benefit from integration of metabolmics into system frameworks.
The application cases of metabolomics in microorganisms answer what the metabolomics
can do in strain improvements.

Since the first sequencing organism, Haemophilus influenzae, in 1995, genome
sequencing initiatives have been performed in over 200 organisms, including 23
archaeal, 236 bacterial, and 39 eukaryotic genomes. This genome information has greatly
facilitated the identification of open reading frames (ORFs) by combining other
technologies such as analyses at the level of gene expression (transcriptomics), protein
translation (proteomics), and bioinformatics. However, these applications are still not
enough to assign functions to the orphan genes and thereby understand the complete
and complex metabolic and regulatory networks in microorganisms. Metabolomics, as
the complement to transcriptomics and proteomics, has its own advantages. One of
the major advantages of metabolomics is that there are fewer metabolite types than
genes or proteins. Such advantages reduce the processing complexities. Moreover, with
the improved combined analytical platforms, the individual metabolites in the complex
mixtures can be identified with certainty. Such improvements will make the metabolic
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comparatives analysis more precise and efficient because the raw data of genome and
proteome must be explained based on the homology or homeology.

Finally, the dynamics metabolite levels in organisms must reflect the exact
metabolic phenotypes under different cultural and genetic conditions fundamentally.
Although we have not yet acquired concrete evidences on this, the current developments
are exciting. For example, it has been recently recognized that several cell functions
are mediated by and acted upon at the metabolome and metabolic network level (Fell
2001; Raamsdonk et al. 2001; Even et al. 2003; Mandal et al. 2003). Although some
environmental perturbations or genetic manipulations may not cause the changes in
transcriptome and proteome levels, they can and do have significant effects on the
concentrations of numerous individual metabolites. The origin and past metabolomic
research mainly focused on plant and biomedical science. The research group at
Taylor et al. (2002) has developed the analytical and the data processing method by
analyzing 433 metabolites in Arabidopsis. Compared with metabolomics in plant and
biomedical science, microbial metabolomics had its own advantages in systems biology
frameworks despite less effort being put in the microbial field, especially in strain
improvements.

We actually know much more information in microorganisms than plants
regarding the genome information, regulation information, metabolic networks and
other system information. Microorganism such as Escherichia coli and Saccharomyces
cerevisize had about 600 metabolites (Oliver et al. 1998) compared with 200,000
metabolites of plant (Fiehn 2002). This will accelerate the processing and applications
of metabolomic data in system biotechnology to improve microbial phenotypes the
metabolomic data in strain improvements are still big challenges faced by microbiologists
and biochemical engineers. Recently, many researchers had identified and illustrated
this issue from different researching perspectives (Lee et al. 2005, Werf 2005).

Metabolomic Research Developments

Definitions and concepts in the field of metabolomics, there are many emerging
widely used terms. However, the meanings of many of them are not always clear.
In particular, the term “metabolomics” had been widely used with different meanings
or-scopes. According to the existing publications (Nicholson and Wilson 2003: Oliver
2002; Fiehn 2003); the clear concepts and main characteristics were classified in
Table 1. Currently, it is not possible to quantify all the metabolites in one cell because
of the broad diverse chemical characters of metabolites. So, the term metabolomics
is usually used broadly to cover the researchers, the aim of which is to analyze the
global metabolism in the metabolite level with general experiment protocols. However,
the essence is performing metabolic target analysis or metabolite profiling. Research
developments and representative publications. The metabolic profiling research originated
from the 1970s, which is long before Stephen Oliver first suggested the word
metabolome in 1998 (Oliver et al. 1998). Soon afterwards, with the help of combined
analytical platforms, it developed to be one hot subject, and many scholars had made
great contributions to this field.
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Understanding Microbial Genomes

Genome sequencing projects completed over the past few years have revealed
unimagined genetic diversity in the microbial world. To capitalize on its investments
in these projects, the Department of Energy (DOE) in 2002 created the genomes to
life program- now renamed genomics: GTL- to link genomics and computational science
in the formidable task of deciphering the fundamental biology underlying all microbial
life. In a road map released in October 2005, DOE outlined plans to merge microbial
biological studies and computational models.

Genomics: GTL’ ultimate goal is to master microbial biochemistry and physiology
so well that scientists will be able to predict microbial behavior in different
environments based solely on genome sequence. With this knowledge, they will be
able to develop microbe based strategies for DOE interests like clean energy,
bioremediation, and climate change control, says Aristides Patrinos, associate director
of DOE's office of Biological and Environmental Research.

“Computational science is the hope for integrating across knowledge in a way
that you say something predictive,” says Grant Heffelfinger, deputy director for
materials science and technology at Sandia National Laboratories in Albuquerque, New
Mexico Heffel finger uses computational methods to study how protein complexes bring
ocean carbon dioxide into Synechococcus cyanobacteria cells and convert it into sugar.
Understanding this fundamental part of Earth’s carbon cycle may help scientists devise
ways to control atmospheric carbon dioxide released during fossil fuel consumption,
he says. Many GTL-funded scientists study microbial species that hold potential for
bioremediation.

They study géne expression, protein dynamics, and metabolic creations in the
lab, and then use this information to design computational models that predict how
microbes will function in varying environments- for example, with a different pH,
salinity, temperature, or nutrient concentration. Derek Lovley, distinguished professor
of microbiology at the University of Massachusetts-Amherst, is studying species of
Geobacter that convert soluble uranjum into an insoluble form that precipitates out
of soil. “We can’t possibly go to every site before deciding on a bioremediation
strategy”, Lovley says, so he and his coworkers are creating computational models
that will eventually tell them how to alter conditions or genetically engineer the bacteria
to convert uranium more efficiently. Geobacter can also produce energy from waste
by oxidizing organic matter and transferring electrons onto an electrode. The bacteria
create energy extremely efficiently, but also extremely slowly, so lovely is feeding high-
through put data into computer models that will predict how to get the microbes to
work faster. Models that allow this level of understanding will rely on development
of technologies in biology and computing that don’t yet exist, Patrinos says, and the
Genomics: GTL program has laid out four “very ambitious but very strategic goals”
for developing these technologies. The first three involve basic microbiology:
characterizing the genes, proteins, and multiprotein complexes that govern microbial
life; figuring out how these complexes interact in regulatory networks; and determining
the molecular basis of interactions in communities such as biofilms.
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The fourth goal is to develop computational methods to analyze these data and
to predict unknown microbial functions. Much of genomics: GTL research and
development will take place at four corner research facilities funded by DOE. Patrinos
says that DOE will soon issuer quests for funding proposals for the first facility, which
will produce and characterize proteins. The other facilities will focus on molecular
complexes within cells, proteomics, and cellular systems and community dynamics.
Eventually, these facilities will lead high-throughput study of microbial systems in much
the same way that designated sequencing facilities have led high-through put genome
sequencing, Patrinos says. All labs involved in Genomics: GT Ladhere to strict protocols
that ensure quality control and reproducibility, says Adam Arkin, assistant professor
of bioengineering and chemistry at the University of California-Berkeley, which means
that biologists will be able to compare results across different types of data. Arkin’s
lab is combining data on gene expression, protein interactions, and metabolism in the
sulfate reducer Desulfovibrio vulgaris to try to “get some idea of the cross-talk between
pathways”.

Creating open-access online data bases is also a big part of the project, says
Michelle Buchanan, associate laboratory director for physical sciences at Oak Ridge
National Laboratory in Oak Ridge, Tennessee. She is developing high through put
methods to analyze protein-protein interactions in microbial cells, and her results will
be deposited in databases that other scientists can access and annotate with their own
researck results. Other GTL scientists will create similar databases for metabolic
pathways, regulatory networks, and community interactions. The time line for realizing
specific biological or computational goals is “very sketchy [since] this is a basic science
program,” says Patrinos, but “we have already accomplished some early successes”.
Microbes’ potential to contribute to technological innovation in the 21 century is indeed
considerable, says Heffel finger. “We can learn a tremendous amount by a comparative
knowledge of the diversity of microbes”.

Metagenomics: Application of Genomics to Uncultured Microorganisms

Microbiology has explained a transformation during the last 25 years that has
altered microbiologists’ view of microorganisms and how to study them. The realization
that most microorganisms cannot be grown readily in pure culture forced microbiologists

fo question their belief that the microbial world has been conquered. We were forced
to replace this belief with an acknowledgment of the extend of our ignorance about
the range of metabolic and organismal diversity.

This change fomented a revolution in microbiological thought At the heart of
this revolution was the convincing demonstration that the uncultured microbial world
far outsized the cultured world and that this unseen world could be studied (105-
108). This change in thinking was prompted by another, equally important realization:
microorganisms under pin most of the geochemical cycles and many human health
conditions that were previously thought to be driven by inorganic processes and stress,
respectively. The glimmers of insight into the influence that microorganisms exert on
the world propelled microbiologists to pursue the uncultured world. In 1931, Waksman
optimistically believed that “a large body of information has accumulated that enables
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us to construct a clear picture of the microscopic population of the soil”, and in 1923
Bergey’s Manual stated categorically that no organism could be classified without being
cultured.

By the mid-1980s, however, microbiologists have lost this confidence, and the
language and practice of microbiology changed to accommodate the vast unknown
of uncultured life. Concepts, assumptions, images, and words needed to be replaced
when it became evident that they were based upon the premise that microorganisms
did not exist unless they could be cultured. Pace and colleagues highlighted the need
for nontraditional techniques to understand the microbial world: “The simple morphology
of most microbes provides few clues for their identification; physiological traits are
often ambiguous. The microbial ecologist is particularly impeded by these constraints,
since so many organisms resist cultivation, which is an essential prelude to
characterization in the laboratory.”

In the ensuring years, microbiologists dedicated intense effort to describing the
phylogenetic diversity of exotic and ordinary environments- ocean surfaces, deep sea
vents, hot springs, soil, animal rumen and gut, human oral cavity and intestine.

Many new lineages were classified based on their molecular signatures alone.
The next challenge was to elucidate the functions of these new phylotypes and
determine whether they represented new species, genera, or phyla of prokaryotic life.
This challenge spawned various techniques, including metagenomics, the genome
analysis of assemblages of organisms. In a few years, the study of uncultured
microorganisms has expanded question “What are they doing?” The outcomes of the
recognition of uncultured microorganisms are worthy of examination. One of these
outcomes, metagenomics, is further shaping microbiology. Metagenomics has already
opened new avenues of research by enabling unprecedented analyses of genome
heterogeneity and evolution in environmental contexts and providing access to far more
microbial diversity than has been viewed in the Petri dish.

HISTORY OF THE CULTURE DIVIDE

The current excitement about the uncultured world may make students of modern
microbiology wonder why this aspect of microbiology was largely ignored for so long.
It is worth tracing the origins of microbiology, which did not rely on culturing, and
examine the reasons for the shift to culturing and the subsequent discoveries that
rekindled interest in the uncultured world. This article will use the term uncuitured
microorganisms to capture the entire spectrum of organisms that are not cultured in
a specific experiment. These may include microorganisms that we have not attempted
to culture and those that have been resistant to culturing efforts but may submit to
culturing in the future.

Early Microbiology and the Microscope the roots of microbiology are firmly
associated with the microscope. The first record of a human being’s seeing a bacterial
cell is in 1663. Antonie van Leeuwenhoek watched bacteria that he recovered from
his own teeth through his homemade microscope. He was a keen observer and an
outstanding maker of microscopes, and his observations and detailed illustrations of
microbial life prompted many other observers (both scientists and nonscientists) to



MicroBiAL GENOMICS 91

take an interest in the microscopic world. His colorful descriptions of bacteria made
their study compelling; in his descriptions of the many shapes of the bacteria he
sampled from his teeth, he marveled that one “shot through the water like a pike
does through water”, firmly establishing that these tiny objects were, indeed, alive.
For 200 years, microscopy enabled microbiologists to view heterotrophs, autotrophs,
and obligate parasites alike.

Among the advances during this period of microbiology was the work of botanist
Ferdinand Cohn, who classified many bacteria and described the life cycle of Bacillus
subtilis based on his microscopic observations. Although mycologists such as Franz
Unger had understood the concept of pure cultures as early as the 1850s, it was in
large part the emphasis on disease causality that solidified pure culture as the standard
bacteriological technique for laboratory microbiology.

Robert Koch’s postulates and his own innovation in developing culture media
were instrumental in this shift, and from the 1880s forward, the microbiological world
was divided into the cultured and the uncultured. Microbiologists were attracted to
the power and precision of studies of bacteria in pure culture, and as a result, most
of the knowledge that fills modern microbiology textbooks is derived from organisms
maintained in pure culture.

Modern Microbiology- a pure culture is not enough because culturing provided
the platform for building the depth and detail of modern microbiological knowledge,
for a long time microbiologists ignored the challenge to identify and characterized
uncultured organisms. They focused instead on the rich source of discovery found
in the readily cultured model organisms, and this contributed to the explosion of
knowledge in microbial physiology and genetics in the 1960s to mid-1980s. Mean while,
the study of uncultured microorganisms remained in the hands of a few persistent
scientists who began to accumulate hints that fitted at the edge of the microbiological
consciousness, suggesting that culturing did not capture the full spectrum of microbial
diversity.

One of the indicators that cultured microorganisms did not represent much of
the microbial world was the oft-observed “great plate count anomaly” the discrepancy
between the sizes of populations estimated by dilution plating and by microscopy.
This discrepancy is particularly dramatic in some aquatic environments, in which plate
counts and viable cells estimated by acridine orange staining can differ by four to
six orders of magnitude and in soil, in which 0.1 to 1% of bacteria are readily culturable
on common media under standard conditions.

Brock and colleagues encountered microorganisms in yellowstone hot springs that
could not be cultured and others whose behavior in culture did not reflect their
activities in situ. Many of the organisms could not be cultured on agar medium because
their temperature requirements exceed the melting point of the agar. Therefore,
elucidating the physiological function of microorganisms without culturing them
required ingenuity. Brock’s central technique involved the immersion of microscope
slides in the spring for 1 to 7 days, followed by microscopic examination and often
staining with fluorescent antibodies raised against cultured members of the taxonomic
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groups suspected to inhabit the environment. This approach estimated in situ
population sizes and growth rates, which indicated, for example, that certain strains
of Sulfolobus grew in the hot springs at temperatures well below the optima in pure
culture (103). The expanding body of evidence indicating that it was imperative to
study physiology in the environment led Brock’s group to determine which organisms
in the hot spring were responsible for photosynthesis. To do so, they placed an opaque
cover over the spring for a week. The spring lost its pink color, leading them to infer
that the genus Synechococcus, typically pink in culture, was a major contributor to
photosynthesis.

Further evidence that drew attention to the uncultured world accumulated during
the 1970s and 1980s. A study of oligotrophs indicated that incubation times longer
than 25 days enhanced the recovery of certain organisms in culture.

The food industry generated intense interest in “injured bacteria” in food-live
organisms that cannot be cultured following stressful treatments such as heat, chilling,
or desiccation but represent a significant risk to human health. The concept of organisms
that were viable but not culturable emerged from the work of Colwell and colleagues,
who showed that strains of Vibrio cholerae were indeed alive and virulent when isolated
from aquatic environments but did not grow in culture until after ‘passage through
a mouse or human intestine.

The confluence of these and many other scientific and technical advances steadily
drew attention to the unculturable microbial world, but two discoveries figured
significantly in the sharpened focus. The first was work on the diversity of soil bacteria,
which demonstrated with DNA-DNA reassociation techniques that the complexity of
the bacterial DNA in the soil was at least 100-fold greater than could be accounted
for by culturing. This work suggested that the diversity of the uncultured world
exceeded previous estimates. The second discovery was the demonstration that
Helicobacter pylori causes gastric ulcers and cancer. Although spiral bacteria had been
observed in the gastric mucosa of dogs in 1893 and in humans in 1996, and correlations
between the appearance of the bacteria and peptic ulcers were noted in 1938, it was
not until H. pylori was cultured that its role in disease was accepted. Culturing was
accompanied by the satisfaction of koch’s postulates on a human volunteer, providing
definitive evidence for the causal relationship between the bacterium and ulcers.

Ironically, culturing was not that difficult. Plates accidentally incubated for 5 days
instead of 3 revealed colonies later shown to be H. pylori. The fact that strong
microscopic evidence for the role of H. pylori long preceded culturing and might have
served as the basis for successful treatment decades earlier, perhaps reducing human
suffering and mortality due to ulcers and cancer, did not escape the notice of
microbiologists, medical practitioners, and the public. Whereas the studies of the
complexity of the soil DNA demonstrated the diversity of the unknown world, the
connection of uncultured bacteria and ulcers provided a striking example of the power
of the undetected organisms. These discoveries provided compelling evidence that drew
microbiologists to wrestle with the daunting challenge of devising strategies to access
these organisms.
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THE PARADIGM SHIFT

In 1985, an experimental advance radically changed the way we visualize the
microbial world. Building upon the pioneering work of Carl Woese, which showed
that rRNA genes provide evolutionary chronometers, Pace and colleagues created a
new branch of microbial ecology. They used direct analysis of 5S and 16S rRNA gene
sequences in the environment to describe the diversity of microorganisms in an
environmental sample without culturing. The early studies were technically challenging,
relying on direct sequencing of RNA or sequencing of reverse transcription-generated
DNA copies. The next technical breakthrough arrived with the development of PCR
technology and the design of primers that can be used to.amplify almost the entire
gene. This accelerated the discovery of diverse taxa as habitats_across the earth were
surveyed by the new technique.

The application of PCR technology provided a view of microbial diversity that
was not distorted by the culturing bias and revealed that the uncultured majority is
highly diverse and contains members, that diverge deeply from the readily culturable
minority. Today, 52 phyla have been delineated, and most are dominated by uncultured
organisms. The application of phylogenetic strains-nucleic acid probes with fluorescent
labels that facilitate visualization of single cells in situ-led to a recrudescence of
microscopy as a central tool of microbiology and microbial phylogeny. Whereas
traditional microscopy provides little phylogenetic information and fluorescent antibody
studies require prior knowledge "and culturing of an organism or one closely related
to it to raise antibodies, phylogenetic stains require only an rRNA sequence, which
can be derived from an environmental sample without culturing. Phylogenetic strains
corroborated evidence from PCR-based studies but provided quantitative information
as well, because the findings are based on direct observation that is not subject to
the skewing of organism abundance potentially observed with PCR.

rRNA Analysis and Culturing

In addition to providing a universal culture-independent means to assess
diversity, 16S rRNA sequences also provided an aid to culturing efforts. Bacteria may
be recalcitrant to culturing for diverse reasons-lack of necessary symbionts, nutrients,
or surfaces, excess inhibitory compounds, incorrect combinations of temperatures,
pressure, or atmospheric gas composition, accumulation of toxic waste products from
their own metabolism, accumulation of toxic waste products from their own metabolism,
and intrinsically slow growth rate or rapid dispersion from colonies. Testing myriad
conditions requires focus on the critical variables, is challenging and laborious, and
can only succeed if there is a sufficiently quantitative assay available to determine
whether the organism of interest is enriched under a specific set of condlhons

Nucleic acid probes labeled with fluorescent tags provide such as assay,
facilitating quantitative assessment of enrichment and growth. As a result, culturing
efforts have intensified recently, and successes have included pure cultures of members
of the SAR11 clade, now termed the genus Pelagibacter, which represents more than
one-third of the prokaryotic cells in the surface of the ocean but was known only by
its 165 rRNA signature until 2002. The corollary to SAR11 in terrestrial environments
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is the Acidobacteria phylum. Acidobacteria are abundant in soil, typically representing
20 to 30% of the 165 rRNA sequences amplified by PCR from soil DNA, but until
recently only three members had been cultured.

Once again, the culture-independent indications that it ‘was prevalent in the
environment led to intensive efforts to culture members of the Acidobacteria phylum.
The current effortg to culture new microorganisms will be advanced by the information
that metagenomics can reveal about uncultured organisms. Given that many organisms
will not be coaxed readily into pure culture, a critical advance is to extend the
understanding of the uncultured world beyond cataloging 165 rRNA gene sequences,
and microbiologists have striven to devise methods to analyze the physiology and
ecology of these diverse, uncultured organisms.

METAGENOMICS-CULTURE-INDEPENDENT INSIGHT

Among the methods designed to gain access to the physiology and genetics of
uncultured organisms, metagenomics, the genomic analysis of a population of
microorganisms, has emerged as a powerful centerpiece. Direct isolation of genomic
DNA from an environment circumvents culturing the organisms under study, and
cloning of it into a cultured organism captures it for study and preservation. Advances
have derived from sequence-based and functional analysis in samples from water and
soil and associated with eukaryotic hosts.

The word metagenomics was coined to capture the notion of analysis of a
collection of similar but not identical items, as in a meta-analysis, which is an analysis
of analyses. (Community genomics, environmental genomics, and population genomics
are synonyms for the same approach). The idea of cloning DNA directly from
environmental samples was first proposed by Pace, and in 1991, the first such cloning
in a phage vector was reported. The next advance was the construction of a
metagenomic library with DNA derived from a mixture of organisms enriched on dried
grasses in the laboratory. Clones expressing cellulolytic activity were found in these
libraries, which were referred to as zoolibraries, a term that has not been used widely
in the field. The work of DeLong’s group defined the field when they reported libraries
constructed from prokaryotes in sea water. They identified a 40-kb clone that contained
a 16S rRNA gene indicating that the clone was derived from an archaeon that had
never been cultured. Construction of libraries with DNA extracted from soil lagged
due to difficulties associated with maintaining the integrity of DNA during its extraction
‘and purification from a soil matrix but eventually produced analyses analogous to
those from sea water.

APPROACHES TO METAGENOMIC ANALYSIS

Metagenomic analysis involves isolating DNA from an environmental sample,
cloning the DNA into a suitable vector. Phylogenetic stains. Fluorescent in situ
hybridization biofilm samples from Iron Mountain Mine, Calif. Nucleic acid probes
were labeled with indodicarbocyanine, and DNA was stained non specifically with
4, 6, diamidino-2-phenylindole. The nucleic acid probes are specific for (top left)
Sulfobacillus spp., (top right) Archaea, (bottom left) Archaea on fungal filaments, and
(bottom right) Eukarya.
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Functional Genomics-based Studies of the Microbial Ecology of
Hyperthermophilic Micro-organisms

Although much attention has been paid to the genetic, biochemical and
physiological aspects of individual hyperthermophiles, how these unique micro-
organisms relate to each other and to their natural habitat must be addressed in order
to develop a comprehensive understanding of life at high temperatures. Phylogenetic
16S rRNA-based profiling of samples from various geothermal sites has provided
insights into community structure, but this must be complemented with efforts to relate
metabolic strategies to biotic and abiotic characteristics in high-temperature habitats.
Described here are functional genomics based approaches, using cDNA micro arrays,
to gain insight into how ecological features such as biofilm formation, species
interaction, and possibly even gene transfer may occur in native environments, as
well as to determine what genes or sets of genes may be tied to environmental
functionality.

Microbial life as we know it depends on complex chemical, physical and biological
interactions, factors that are often ignored in determining the salient.metabolic and
physiological features of individual micro-organisms. It can be challenging enough to
understand how various metabolic pathways in an individual organism affect one
another, but even more so when considering the possibility that intra and inter species
interactions and other biological/abiological factors play a significant role. However,
as the post-genomic era unfurls, and a myriad of powerful functional genomic tools
have become available, holistic frameworks for complex biological phenomena can be
envisioned. Among the opportunities presenting themselves is the prospect of examining
comprehensive transcriptional and translational response patterns in a single organism
or in a microbial community to various environment-based biological and abiological
stimuli. While analyses based on 165 rRNA sequences have enabled the detection of
species in a particular environment, functional assessments must be used to understand
how species interact and what role specific micro organisms play in their particular
niche. Genetic systems for hyperthermophiles have yet to be developed, but genomic
based tools such as DNA micro arrays offer an alternative approach for deciphering
novel physiological and ecological phenomena underlying life at high temperature.

In order to understand how species interact in a natural environment, it is
important to look past the limitations of pure culture studies and instead examine
how mixed populations respond to stimuli. Among the issues that need to be examined
in high-temperature microbial ecology are why perthermophiles sense their biological
environment, how they interact with each other, and how they fulfil specific roles in
their environment. The ways in which specific phenotypes are regulated in
hyperthermophiles are not known, and this prompts a number of interesting questions
concerning intra-and inter species interactions in geothermal environments. What
trigger biofilm formation in hyperthermophiles and how does this relate to species
interactions within the sessile consortia? What mechanisms enable interspecies
transfer of metabolites and what synergistic interactions are formed to enhance such
exchanges?
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It has been suggested through analysis of sequencing data that massive lateral
gene transfer has occurred between certain hyperthermophilic species. If so, to what
extent is genetic material exchanged among currently extant hyperthermophiles and
how does such a process proceed? If in fact evolution occurs as a diverse biological
unit, the nature of interactions within that unit must be examined at the cellular and,
ultimately, the community level. If quorum sensing is used by hyperthermophiles, by
what mechanisms does communication take place? A challenge in conducting mixed
culture studies is that no tall species are culturable, and relatively few species have
been isolated and grown successfully under laboratory conditions. one approach is
to select representative model organisms to cultivate together to begin to understand
the interaction taking place. one classical example of hyperthermophilic symbiosis is
the pairing of a heterotroph with a methanogen.

Many hyperthermophilic heterotrophs produce hydrogen, and hyperthermophilic
methanogens utilize this hydrogen as an energy source for growth. Hydrogen is a potent
growth inhibitor for certain hyperthermophilic heterotrophs, so when the two
physiological types are paired together the heterotroph benefits from the abatement
of growth inhibition, while the methanogen secures a supply of its limiting growth
reagent. This defined coculture is an initial step towards gaining an understanding
of how species interact. While not a true representation of ecology in a natural setting,
it enables the observation of species interactions in a contrclled environment, a necessity
when utilizing molecular tools such as micro arrays where cross contamination between
species can be problematic.

The result of such a simple pairing can be dramatic, yielding such results a 10-
fold gain in maximum cell density for the mixed species when compared with the
pure culture, and high lighting drastic differences in global gene-expression patterns
(M.R. Johnson and R.M. Kelly, unpublished work). In addition, microbial interactions
in hyperthermophiles are not limited to synergistic relationships. Recently, an example
of the first parasitic relationship between a hyperthermophile with ageriome size of
only 0.5 Mb and an archaeal host has been described, opening up new questions as
to how the species perceives the presence of the host and subsequently attaches to
it.

Biofilms

Biofilms found in hydrothermal systems contain microorganisms that can form
a matrix and adhere to a suiface as a community. In general, biofilms often allow
co-operation among individuals and enhanced defence mechanisms. However, the
specific functions of biofilms in hyperthermophilic niches have yet to be understood.
In the better characterized mesophiles, biofilm cells have been shown to be involvgd
in cell-to-cell signaling, pathogenesis, communal feeding and the formation of a complex
biofilms secondary structure. Many questions remain about the roles, composition and
structures of hyperthermophilic biofilms as well as possible signaling processes that
may contribute to their formation. While biochemical analysis can yield information
about biofilm composition, it offers little insight into the pathways used to form the
biofilm, or how the biofilm is degraded or maintained. actively growing mesophilic
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biofilms first develop a matrix of growing cells, then expand the colony size, and finally
detach portions of the colony from the biofilm in order to form new bio films. If a
similar feature pattern of growth occurs in hyperthermophilic biofilms, by what
methods do they detach? If the biofilm is formed with a scaffold of polysaccharides,
then the gene-expression pattern of the cell’s hydrolase inventory could prove very
interesting. This information would not only offer insight into the genes needed for
biofilm sloughing, but also information on the types of chemical linkage present in
the biofilm material. Hyperthermophile-based biofilms have been observed for Pyrococcus
furiosus and Thermotoga maritime and inco-cultures of T. maritime and Methanococcus
jannaschii. The use of continuous culture (chemostat) is the method of choice for the
efficient and consistent growth of hyperthermophilic biofilms. This method allows for
the production of sufficient biofilm material for RNA extractions and has been used
in micro array maritime cultures (M.A. Pysz and RM. Kelly, unpublished work).
Polycarbonate filters have provided a useful surface in hyperthermophilic continuous
cultures for imaging biofilm growth by fluorescent microscopy, confocal laser scanning
microscopy, scanning electron microscopy, and environmental scanning electron
microscopy. Pairings such biochemical and image-based analysis of biofilm matrix with
transcriptionalt information offers great potential for characterizing the structures
formed by a hyperthermophilic biofilm community.

Genetic Transfer

With the complete genome sequences now available for a number of
hyperthermophilic micro-organisms, it has hecome clear that gene transfer has played
an important part in their evolution. As seen 4-24% of genes within genomes of
sequenced hyperthermophilics species are predicted to be the direct result of lateral
gene transfer. The mechanism underlying these gene-transfer events is unknown. Could
the transfer be via pili formed by the cells to transfer DNA (conjugation), bacteriophage
mediate transduction or transformation through direct DNA uptake? In the example
of T. maritime, which has an astonishingly large number of predicted laterally
transferred genes, no bacteriophage or conjugation-related genes have been identified
from genome sequence analysis. There is possibility that transformation could occur
via competence due to the presence of putative competence genes (drp A, com M,
com E, com EA, com FC) similar to a type II secretion pathway and a type IV pilin-
related protein, both of which are systems used in mesophiles for competence.
However, such a system has yet to be confirmed in a functional setting. One way
to begin to probe for the mechanisms of gene transfer in hyperthermophiles is to stress
cultures and look for the induction of putative competence-related genes. Common
competence-inducing events such as osmotic shock, heat shock and entrance into
stationary growth phase can be examined for the ability to induce the expression of
these putative competence genes. Ideally, the experiments should be conducted utilizing
a large-scale cultivation approach. This methodology offers optimal control over growth
conditions, and allows for the sampling of multiple time points over the course of
a stimulation experiment from the same population, in essence building the statistical
power of the study. In the mesophile Streptococcus pneumonige, sampling many time
points has proven to be important.
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THE FUTURE OF MICROBIAL GENOMICS

Since the first complete microbial genome was published in 1995, more than 100
microbial genomes have been completely sequenced and published, and another 300
microbial genome sequencing projects are estimated to be in progress world wide.
The significance of the information that has been derived from these complete
individual genomes cannot be under estimated. Sequencing technologies have improved
considerably, and the overall costs for sequencing have reduced to the point that
sequencing a complete microbial genome, although still sometimes accompanied by
various difficulties, is now almost routine. The field of microbial genomics has moved
away from the primary initial focus on pathogen genomes to include the sequencing
of diverse prokaryotes that occupy a range of environmental niches, and which are
responsible for an array of environmental processes. Every genome that has been
sequenced to date has provided new insight into biological processes, activities, and
potential of these species that was not evident before the availability of the genome
sequence. We have gained unprecedented insight into gene transfer (Nelson et al. 1999;
Perna et al., 2001). Environmental applications (Nelson et al.,, 2002), and the virulence
mechanisms in many of these species (Tettelin et al.,, 2000; Tetteline et al., 2001, Tettelin
et al., 2002).

Sequence data bases and comparative tools are now more easily accessible and
allow for successful comparisons of different genomes, the identification of metabolic
pathways and the analysis of transporter profiles across various species. Most
significantly, the tremendous success of genome sequencing has allowed us to pursue
other avenues where we can now derive genomic information from the multitudes
of uncultivable prokaryotic species and complex microbial populations that exist in
nature.

Accompanying the improved technologies that have resulted in lowered costs
and improved bioinformatics tools, are new technologies that have bolstered our
abilities to work with non-traditional species.

Organisms for which limited quantities of DNA are available can now be
sequenced due to the availability of reagents that allow for exponential DNA
amplifications. For example, Epulopiscium, the Institute is, currently sequencing the
largest known heterotrophic bacterium (600 pm by 60 um), for genomic research (TIGR)
in Rockville, Maryland. Even though we are still unable to culture this bacterium in
the laboratory, the genome sequence stands to provide important information on the
unusual ability of Epulopiscium to produce live multiple offspring internally, as well
as the changes that occurred early in the transition from the prokaryotic cell to
eukaryotic cell. In addition, we anticipate that metabolic reconstruction and successful
growth of this organism based on the functionally annotated genome will be possible.
Generation of sufficient DNA for sequencing of Epulopiscium has been made possible,
in part, by the development of bacteriophage ¢ 29 DNA polymerase as a tool for
multiply primed rolling circle amplification of DNA directly from cells or plaques (Dean
et al., 2001; Dean et al., 2002; Repli-GTM, Molecular Staging; TempliPhi TM, Amersham
Biosciences).
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The anticipated success of this project suggests that many uncultivable species
for which we can sort a limited number of cells and generate small quantities of DNA
can now be sequenced to completion. Although we are making progress in working
with uncultivable species, it is evident that we will have to develop large-scale
technologies to handle the cultivation of the large number of microbial species in nature.
Zengler and workers have described a high-throughout cultivation method that
employs the encapsulation of cells in gel micro droplets under low nutrient flux
conditions followed by flow cytometry, to detect micro droplets that contain micro
colonies. (Zengler et al., 2002).

By trying to mimic the concentrations of these nutrients in their natural
environments, some species can be successfully cultivated where they could not
previously. They have shown that this technique can successfully be applied to multiple
environments. The authors correctly point out that although the use of bacterial artificial
chromosomes (BACs) allow for the identification of novel metabolic processes,
cultivation will ultimately be necessary if a comprehensive understanding of these
species is desired. The improvement of tools for sequencing and assembly, accompanied
by a reduction in costs, has also been a significant boost to the field of environmental
-genomics. We know that the associations of micro organisms in the environment are
significant, and many play major roles in elemental recycling, the conversion of biomass
and the onset of disease. Molecular techniques such as 165 rDNA sequencing and
phylogenetic analysis, restriction fragment length polymorphism (RFLP) and fluorescent
In situ hybridization (FISH) analyses have allowed us to make tremendous advances
in terms of being able to identify the extent of microbial diversity in wvarious
environments.

These techniques, however, have revealed limited to no information on the genetic
diversity contained within these environments. For example, the physiological role that
is being played by individual species identified by 165 rDNA sequencing cannot be
defined. Some level of analogy may be drawn by extrapolation to available genetic
information from related species, but it is apparent from whole genome sequencing
that species that appear to be closely related from 165 rDNA sequences may have
tremendous differences in genome composition (Perna et al., 2001). Without being able
to cultivate these organisms, the option of sequencing and analysing large DNA
fragments retrieved directly from the environment becomes more attractive in an
attempt to increase our understanding on how communities control various processes.

Deciphering the genetic information of uncultured species can currently be
achieved by sequencing genomic libraries that are created directly from environmental
DNA (Beja et al., 2000a; Beja et al., 2002; Quaiseret et al., 2002. Liles et al.,, 2003). This
development has taken advantage primarily of the successful construction of large insert
BAC and fosmid libraries (up to 120 kb in size). Initial surveys have demonstrated
an unanticipated level of microbial diversity that remains to be explored (Beja et al.,
2002a; 2002b). Currently, this technique of sequencing and analysing genetic information
obtained directly from the environment has been extended to the analysis of soils,
the human oral cavity and gastrointestinal tract (GIT), and the Sargasso Sea. Although
different styles of libraries may be used, whether a combination of small and medium



100 SampraT NEHRA AND P.C. TRIVEDI

insert libraries of BACs and fosmids, one major challenge in working with some of
these environments is anticipated to be the successful assembly of all the sequence
data so that large contiguous pieces of DNA which contain operons or links to
phylogenetic markers can be generated. Micro-heterogeneity in these environments may
also be an issue. The ideal would be to regenerate extremely large contiguous pieces
of DNA (overlapping fosmids for example) or, if possible, complete microbial genomes
of previously uncultivated species from these samples.

It remains to be seen however, if current assembly software can handle this
challenge. One can envision that, with detailed bioinformatics analysis, an entire
microbial community could be handled in a manner similar to the pipeline developed
for annotating a microbial genome. As such, a single database could contain all of
the predicted ORFs, their putative annotation, and biological role categories from a
particular environment sample at a particular point in time. By examining the role
assignments, it then becomes possible to identify all the biochemical pathways, and
characterize the metabolic capacity of the entire microbial community that may be
present. Just as a photorhodopsin was identified in the study by Delong and co-workers
(Beja et al.,, 2000b) based on the analysis of a single fosmid clone, an unprecedented
amount of biochemical and physiochemical data undoubtedly will be obtained from
the sequencing of other complex environments. The soil metagenome definitely will
yield new antibiotics, as well as catabolic pathways for ring-based compounds and
pathways for the synthesis of other secondary metabolites. The human GIT metagenome
will yield significant information on the metabolic potential of the species that inhabit
the GIT, their fermentation potential and the end products that they are capable of
producing. This in turn will have implications for human GIT function, human health
and the potential for these species to cause diseases. By having the metagenome of
a healthy individual, we will be in a position to compare with the metagenome of
a diseased individual allowing for the identification of possible microbial species and
factors that are responsible for the onset of various diseases.

The first metagenomics meeting was held in Darmstadt Germany. This timely
meeting was the innovation of groups at Darmstadt University of Technology and
BRAIN Biotechnology Research and Information Network in Darmstadt, Germany, and
the VAAM Functional Genomics Group in Feldafin, Germany. The meeting brought
together some of the most respected leaders in the field including Ed De Long from
the Moneterey Bay Aquarium Research Institute (California, USA), Oded Beja (Technicon-
Israel Institute for Technology), Michael Wagner (University of Vienna, Austria) and
Bill Martin (University of Dusseldorf, Germany). Representatives from a number of
American and European funding agencies were also present. The discussions and
presentations highlighted progress in the field of metagenomics, studies which have
spread to include a range of soil ecosystems, biofilms, and sites from a number of
oceans and seas. Soils in particular are being heavily studied for important enzyme
activities, industrial biocatalysts and novel antibiotics. it is anticipated that this meeting
is only the fore runner of many more of its kind that will be held on both sides of
the Atlantic. Regardless of all the progress that we are making as environmental
microbiologists, we are still presented with the situation where at the individual
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microbe level, close to 40% of each genome remains as hypothetical or conserved
hypothetical proteins. In addition, it is humbling to realize that no single prokaryote
has been studied to the point that all the gene functions within that organism are
known. This demands that high-throughput methodologies be developed for the
efficient analysis of these large data sets, including high-throughput proteomics, gene
expression and protein-protein interaction studies. It is anticipated that these types
of methodologies will further extend into an analysis of microbial communities where
new techniques for studying the complex communities need to be developed, such
that the associations between the previously cultivated and the estimated greater than
99% of uncultivated species can be evaluated. Micro arrays are rapidly becoming
standard laboratory tools for investigating gene expression under different conditions,
as well as for looking at the presence and absence of genes in different strains or
species that are related to a reference genome. It is encouraging to note that some
recent studies have demonstrated the success of using micro arrays in detecting gene
expression in very complex microbial communities. Suppressive subtractive hybridization
(SSH) has also been successfully to identify differences in community composition from
environmental samples such as the rumen (B. White, pers. Comm.), and this
methodology also holds significant promise as a tool for environmental genomics
studies.

Each approach has strengths and limitations, together these approaches have
enriched our understanding of the uncultured world, providing insight into groups
of prokaryotes that are otherwise entirely unknown.

Sequenced-based analysis can involve complete sequencing of clones containing
phylogenetic anchors that indicate the taxonomic group that is the probable source
of the DNA fragment.

Alternatively, random sequencing can be conducted, and once a gene of interest
is identified, phylogenetic anchors can be sought in the flanking DNA to provide a
link of phylogeny with the functional gene. Sequence analysis guided by the
identification of phylogenetic markers is a powerful approach first proposed by the
DeLong group, which produced the first genomic sequence linked to a 165 rRNA gene
of an uncultured archaeon. Subsequently, they identified as insert from sea water
bacteria containing a 165 rRNA gene that affiliated with the Proteobacteria. The
sequence of flanking DNA revealed a bacteriorhodopsin-like gene. Its gene product
was shown to be an authentic photoreceptor, leading to the insight that bacteriorhodopsin
genes are not limited to Archaea but are in fact abundant among the Proteobacteria
of the ocean.

A promising application of phylogenetic anchor-guided sequencing is to collect
and sequence many genomic fragments from one taxon. In more complex environments
and taxa, reassembly of a genome may not be feasible, but inference about the
physiology and ecology of the members of the groups can be gleaned from sequence
data. This approach has been initiated with clones from diverse coils carrying 165 rRNA
genes that affiliate with the Acidobacteria phylum, which is abundant in soil and highly
diverse and about which little is known. Complete sequencing of the estimated 500
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kb of Acidobacterium DNA in metagenomic libraries may provide insight into the
subgroups of bacteria in this phylum that have never been cultured.

The alternative to a phylogenetic marker-driven approach is to sequence random
clones, which has produced dramatic insights, especially when conducted on a massive
scale. The distribution and redundancy of functions in a community, linkage of traits,
genomic organization, and horizontal gene transfer can all be inferred from sequence-
based analysis. The recent monumental sequencing efforts, which include reconstruction
of the genomes of uncultured organisms in a community in acid mine drainage and
the Sargasso Sea, illustrate the power of large-scale sequencing efforts to enrich our
understanding of uncultured communities. These studies have made new linkages
between phylogeny and function, indicated the surprising abundance of certain types
of genes, and reconstructed the genomes of organisms that have not been cultured.

Biogeochemical Cycles

The use of phylogenetic markers either as the initial identifiers of DNA fragments
to study or as indicators of taxonomic affiliation for DNA fragments carrying genes
of interest because of their functions is limited by the small number of available markers
that provide reliable placement in the Tree of Life. If a fragment of DNA that is of
interest for other reasons does not carry a dependable marker, its organism of origin
remains unknown. The collection of phylogenetic markers is growing, and as the
diversity of markers increases, the power of this approach will also increase, making
it possible to assign more fragments of anonymous DNA to the organisms from which
they were isolated. Moreover, as more genomes are reconstructed, more genes will
be linked to phylogenetic markers even though they were not cloned initially on the
same fragment.

Functional Metagenomics Heterologous Expression

A powerful yet challenging approach to metagenomic analysis is to identify clones
that express a function. Success requires faithful transcription and translation of the
gene or genes of interest and secretion of the gene product, if the screen or assay
requires it to be extracellular.

Functional analysis has identified novel antibiotics, antibiotic resistance genes Na
(Li)/H transporters, and degradative enzymes. The power of the approach is that it
does not require that the genes of interest be recognizable by sequence analysis, making
it the only approach to metagenomics that has the potential to identify entirely new
classes of genes for new or known functions. The significant limitation is that many
genes, perhaps most, will not be expressed in any particular host bacterium selected
for cloning. In fact, there is an inherent contradiction in this approach-genes are cloned
from exotic organisms to discover new motifs in biology, and yet these genes are
required to be expressed in Escherichia coli or another domesticated bacterium in order
to be detected. The diversity of the organisms whose DNA has been successfully
expressed in E. coli is surprising, but heterologous expression remains a barrier to
extracting the maximum information from functional metagenomics analyses.

Identifying active clones- screens, selections, and functional anchors. The frequency
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of metagenomic clones that express any given activity is low. For example, in a search
for lipolytic clones derived from German soil, only 1 in 730,000 clones showed activity.
In a library of DNA from North American soil, 29 of a total of 25,000 clones expressed
hemolytic activity. The scarcity of active clones therefore necessitates development of
efficient screens and selections for discovery of new activities or molecules. Just as
bacterial genetics elies on selections to detect low-frequency events, metagenomics will
be advanced by seeking selectable phenotypes to increase the collection of active clones
that can be compared, analyzed, and used to build a conceptual framework for
functional analysis.

Several selections have proved to be fruitful. For example, the Daniel group
designed a clever selection for Na (Li)/H antiporters that requires complementation
of an E. coli mutant deficient in the three Na/H antiporters (nhaA, nhaB, and chaA)
enabling growth on medium containing 7.5 mM LiCl. This powerful selection facilitated
the discovery of two novel antiporter proteins in a library of 1,480,000 clones containing
DNA isolated from soil. Another selection strategy involved complementation of an
E. coli mutant deficient in biotin production, which led to the isolation of seven new
operons for biotin synthesis from enrichment cultures derived from samples of soil
or horse excrement. Selection for antibiotic resistance led to the isolation of a tetracycline
resistance determinant from samples of the microbiota from the human mouth and
aminoglycoside resistance determinants from soil. ‘'The selection for aminoglycoside
resistance identified nine clones, six of which encoded 6-acetyl transferases that formed
a new cluster based on sequence analysis. These genes were discovered in libraries
containing a total of 4 Gb of DNA, or approximately 1 million genes, and thus their
infrequent representation would have made it prohibitively laborious to discover them
by a screen without a selection. This example illustrates the power of functional
metagenomics-genes that are expressed in an ordinary host such as E. coli may be
extraordinary and novel.

High-throughout screens can substitute when the functions of interest do not
provide the basis for selection. For example, on certain indicator media, active clones
display a characteristic and easily distinguishable appearance even when plated at high
density. With the indicator dye tetrazolium chloride, Henne et al. detected clones that
utilize 4-hydroxybutyrate in libraries of DNA from agricultural or river valley soil.
Very rare lipolytic clones in the same libraries were detected by production of clear
halos on media containing rhodamine and either triolein or tributaryin. The discovery
of new biological motifs will depend in part on functional analysis of metagenomic
clones. Functional screens of metagenomic libraries have led to the assignment of
functions to numerous “hypothetical proteins” in the databases.

Innovation will be required to identify and overcome the barriers to heterologous
genes expression and to detect rare clones efficiently in the immense libraries that are
needed to represent all of the genomes in complex environments, such as soil. An
emerging and powerful direction for metagenomic analysis is the use of functional
anchors, which are the functional analogs of phylogenetic anchors. Functional anchors

"are functions that can be assessed rapidly in all of the clones in a library. When a
collection of clones with a common function is assembled, they can be sequenced to
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find phylogenetic anchors and genomic structure in the flanking DNA. Such as analysis
can provide a slice of the metagenome that cuts across clones with a different selective
tool, determining the diversity of genomes that contain a particular function that can
be expressed in the host carrying the library. Technological developments that promote
functional expression and screening will advance this new frontier of functional
genomics.

ECOLOGICAL INFERENCE FROM METAGENOMICS

The exigent questions in microbial ecology focus on how microorganisms form
symbioses with eukaryotes, compete and communicate with other microorganisms, and
acquire nutrients and produce energy. Thus far, metagenomics has provide insights
into each of these areas, but in each instance, the challenge is to link the genomic
information with the organism or ecosystem from which the DNA was isolated.
Expression of a gene in a cultured host can establish gene functions, but without the
appropriate biological context, circumspection is required in drawing ecological
inferences. Future technical innovations are needed to extend in sights from metagenomics
from inference to mechanistic analyses.

Many bacterial symbionts that have highly specialized and ancient relationships
with their hosts do not grow readily in culture. Many of them live in specialized
structures, often in pure or highly enriched culture, in host tissues, making them ideal
candidates for metagenomic analysis because the bacteria can be separated readily from
host tissue and other microorganisms. This type of analysis has been conducted with
Cenarchaeum symbiosum, a symbiont of a marine sponge, a Pseudomonas-like bacterium
that is a symbiont of Paederus beetles, Buchnera aphidicola, an obligate symbiont of
aphids, the Actinobacterium Tropheryma whipplei, the causal agent of the rare chronic
infection of the intestinal wall, and the Proteobacterium symbiont of the deep sea tube
worm Riftia pachyptila. These systems provide good models for metagenomic analysis
of more complex communities and thus warrant further attention in this review,
although the term metagenomics typically connotes the study of multispecies communities.
Therefore, the following section focuses on two of these obligate symbionts and the
insight into their life styles offered by metagenomic analysis.

Buchneara-aphid symbiosis : The first genome reconstruction of an uncultured
organism was that of Buchnera aphidicola, the endosymbiont of aphids. The relationship
between the bacterium and the insect is ancient, leaving each partner unable to function
independently of the other, as is reflected in the genomic analysis. Moran’s group
isolated bacterial DNA from the insect and sequenced and reassembled the bacterial
genome. The genus Buchnera coirains a “reduced” genome of 564 open reading frames.
Upon comparison with a reconstructed ancestral genome, 1,906 genes appear to have
been lost. Most of the functions are associated with biosynthetic pathways contributed
by the host, suggesting that the genome shrinkage is the result of the symbiotic life
style, which has become obligate because of gene loss. The reconstruction of B.
aphidicola’s genome provided insights into the evolution of the symbiosis between the
insect and bacterium, the biochemical mutual dependence that they have developed,
and the mechanisms of genome shrinkage and rearrangement. The success of genome
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reconstruction with a single uncultured species provided part of the impetus needed
to propose sequencing and reconstructing genomes in more complex assemblages.

Proteobacterium-tube worm symbiosis : Riftia pachyptila, the deep sea tube
worm, lives 2,600 m below the ocean surface, near the thermal vents that are rich
in sulfide and reach temperatures near 400°C. The tube worm does not have a mouth
or digestive tract, and therefore it is entirely dependent on its symbiotic bacteria, which
provide the worm with food. The bacteria live in the trophosome, a specialized feeding
sac inside the worm. The bacteria and trophosome constitute more than half of the
animal’s body mass. The bacteria oxidize hydrogen sulfide, thereby producing the
energy required to fix carbon from CO,, providing sugars and aimino acids (predominantly
as glutamate) that nourish the worm.

The worm contributes to the symbiosis by collecting hydrogen sulfide, oxygen,
and carbon dioxide and transporting them to the bacteria on hemoglobin-like molecules.
The bacterium is a member of the Proteobacteria, as identified by 16S rRNA gene
sequence. The bacteria have not begn grown in pure culture in laboratory media, but
they provide an excellent substrate for metagenomics because they reach high
population density in the trophosome and exist there as a single species. Hughes et
al. isolated DNA from the bacterial symbiont and constructed fosmid libraries from
it that were used to understand_ the physiology of the bacteria. Robinson et al. identified
a gene with similarity to ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubis CO)
from the same fosmid library.

All of the residues associated with the active site are conserved in the protein
sequence deduced from the DNA sequence, and it has highest similarity with the Rubis
CO from Rhodospirillum rubrum. The characterization of this gene lends further support
to the premise that the chemoautotrophic bacterial symbiont in R. pachyptila fixes carbon
for its host. The libraries were also screened for two-component regulators with a
labeled histidine kinase gene as a probe. They identified as two-component system
whose components complemented an env Z and a pho R cre C double mutant,
respectively. The discovery of a functional env Z homologue indicates that the symbiont
carries a response regulator that is typical of Proteobacteria, although the signals
eliciting responses from these proteins have not yet been identified. Genomic analysis
of the symbiont also led to the identification of a gene encoding flagellin, which was
expressed in E. coli and shown to direct the synthesis of flagella that are immunologically
cross-reactive with Salmonella flagella. The presence of genes for flagella suggested to
the that the endosymbiont has a free-living stage in its life cycle and may infect each
generation of tube worms rather than being passed maternally.

COMPETITION AND COMMUNICATION

What can metagenomics tell us about microbial competition and communication?
Competition for resources among community members selects for diverse survival
mechanisms, including antagonism and mutualism among the members. Understanding
these mechanisms is central to advancing the definition of principles that govern
microbial community structure, function, and robustness. Historically, genetics has
provided the most convincing evidence for traits contributing to microbial 1 fitness.
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Classic mutant analysis has revealed genes required for microbial competition
antagonism and mutualism. Mutant analyses have provided the greatest advances in
knowledge because screening mutants containing random mutations for effects on
fitness has led to the identification of genes that would not have been predicted to
play a role in microbial competition or mutualism.

Genes for competition and cooperation are hard to recognize based on sequence
alone because the utility of their functions is entirely dependent on ecosystem context
and the nature of the resources that are limiting. Therefore, genomics by itself does
not provide a means to test ecological hypotheses or identify genes that confer fitness,
but it can provide the basis for forming hypotheses. Ecological hypotheses are-difficult
to test in microorganisms that cannot be cultured or for which there are no genetic
tools; however, functional genomics coupled with chemical ecology can yield informative
answers.

Chemical ecology involves the identification of small molecules with biological
activity and proposed ecological function. These compounds can be identified through
a variety of methods, including metagenomics. The addition of these molecules to
communities can provide the basis for postulating their ecological roles in the
community by measuring perturbations of community function. The following sections
explore the discovery of small molecules in metagenomic libraries and postulate the
ecological functions of these molecules in the organisms producing them. Small-
molecule discovery by functional metagenomics has concentrated on antibiotics, which
are of interest for their pharmaceutical applications as well as for their roles in
ecosystem function. Traditional antibiotic screens for molecules that inhibit bacterial
growth have led to the discovery of antibiotics in metagenomic libraries. They have
not been a rich source of novel antibiotics, likely because of the experimental limitations
associated with the search. In studies that report frequencies, antibiotic-producing
clones are detected at a frequency of approximately 1 producer per 104 clones. This
low frequency hinders discovery because space and labor are required to conduct
typical antimicrobial screens.

With standard inhibition assays, a Mycobacterium-inhibiting antibiotic, terragine,
was discovered from a soil metagenomic clone maintained in Streptomyces lividans and
acyltyrosines from a clone maintained in E. coli. Colored antibiotics represent a
disproportionate share of those discovered because they can be identified visually. For
instance, a clone noticed for its brown pigment was found to produce melanin, which
masked orange and red pigments, two novel antibiotics, turbomycin A and turbomycin
B. A purple pigmented clone produced violace in, previously shown to be an antibiotic
made by the soil bacterium Chromobacterium violaceum. The sequence of the genes on
the metagenomic clone diverged substantially from the C. visolaceum violacein biosynthetic
operon despite similar genetic organization, suggesting that the pathway on the
metagenomic clone was derived from an organism other than C. violaceum. Osburne’s
group identified structurally related compounds, indirubin and indigo blue, in a soil
metagenomic DNA library based on their blue color. Sequence-based screening for small
molecules. The first polyketide synthases, enzymes involved in synthesis of polyketides,
the broad class of antibiotics that includes erythromycin, epithilone, and rifamycin,
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were first cloned from soil with a PCR based approach. Seow et al. designed primers
that hybridize with the highly conserved region of polyketide synthase genes and
amplified novel polyketide synthase homologues directly from soil. This approach was
adapted for screening metagenomic libraries by Osburne’s group, who screened a 5,000~
member metagenomic library for conserved regions of genes encoding type 1 polyketide
synthase.

Primers directed a conserved region of polyketide synthase I genes that flanks
the active site of the ketoacyl synthetase domain were used to screen pools of 96 clones.
The screen yielded 11 new polyketide synthase homologues that contained significant
sequence similarity to polyketide synthase genes from cultured organisms. In addition,
screening clones in both E. coli and Streptomyces lividans by chemical means revealed
two novel compounds, fatty dienic alcohol isomers antibiotics as signal molecules.

If antibiotics evolved as mediators of functions other than warfare, such as
communication, antibiotic discovery will be expedited by screening metagenomic clones
for signaling compounds as well as inhibitory compounds. The challenge is to develop
assays that detect signaling by many compounds. A surprising result from the Davies
group indicated that sub inhibitory concentrations of many antibiotics induce quorum
sensing despite no resemblance in structure to the acylated homoserine lactones that
appear to be the natural inducers. This result presents a propitious opportunity- a
single screen might capture molecules that are quorum-sensing inducers as well as
antibiotics. This opportunity was investigated by designing a high through put screen
to identify compounds that induce the expression of genes under the control of a
quorum-sensing promoter. The screen is intracellular, meaning the metagenomic DNA
is in the same cell as the sensor for quorum-sensing induction. The sensor is comprised
of the LuxR promoter, which is induced by acylated homoserine lactones, linked top
gfp, and residues on a plasmid in an E. coli strain that did not induce quorum sensing
itself.

If an inducer of the lux R-mediated transcription of gfp is expressed from the
metagenomic DNA, the cell fluoresces and can be captured by fluorescence-activated
cell sorting or as a colony observed by fluorescence microscopy. Conversely, this sensor
system can detect inhibitors of quorum sensing if acylated homoserine lactone is added
to the medium and fluorescence-activated cell sorting is set to collect the non fluorescent
cells. Metagenomic libraries from micro biota of the soil and from the midgut of the
gypsy moth have been subjected to this screen, and an array of genes have been
identified. Their products are under analysis, and some appear to differ from previously
described quorum sensing inducers (L. Williamson, c. Guan, B. Borlee, and J.
Handelsman, unpublished data).

POPULATION GENETICS AND MICRO HETEROGENEITY

Metagenomic analysis has revealed that even apparently uniform populations
contain substantial micro heterogeneity. Metagenomics-based model of biogeochemical
cycles mediated by prokaryotes in acid mine drainage. Cell metabolic cartoons
constructed from the annotation of 2,180 open reading frames identified ‘in the
Leptospirillum group II genome and 1,931 open reading frames in the Ferroplasma
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type II genome. The cells are shown within a biofilm that is attached to the surface
of an acid mine drainage stream.

Within the population of Cenarchaeum symbiosum associated with the marine
sponge, the rRNA genes are highly conserved, showing 99.2% identity, which indicates
that the population comprises a single species. In the genomic regions flanking the
rRNA genes, however, the DNA sequence identity drops to 87.8%. Similarly, Tyson
et al. found that the genomes of the species or groups in acid mine drainage varied
in their uniformity.

They found a high frequency of single- nucleotide polymorphisms among strains
of the same species. The Ferroplasma type II group appears to contain a composite
genome, with segments derived from three sources. In contrast, the Leptospirillum
group II genome contained very few single-nucleotide or large-scale genome
polymorphisms. These studies point to the importance of conducting genomic analysis
on mixtures of strains to obtain a portrait of the heterogeneity within the species. In
fact, metagenomics may provide insight into genome variation of organisms that can
be readily cultured. If genetic variation in the environmental population is of interest,
it may be more productive to clone the genome from the natural population than
analyze the genomes of individuals cultured from it.

CONCLUSIONS AND FUTURE DIRECTIONS

Metagenomics has changed the way microbiologists approach many problems,
redefined the concept of a genome, and accelerated the rate of gene discovery. The
potential for application of metagenomics to biotechnology seems endless. Functional
screens have identified new enzymes and antibiotics and other reagents in libraries
from diverse environments. A number of barriers have limited the discovery of new
genes that provide insight into microbial community structure and function or that
can be used to solve medical, agricultural, or industrial problems.

Realizing the potential for discovery from metagenomics is dependent on the
advancement of methods that are central to library construction and analysis. For
sequence-based approaches, the speed and cost of nucleotide sequencing will be a
barrier of rapidly diminishing significance as sequencing technology continues to
improve. Sequence-based assignment of function will also benefit from advances in
detection of homology, which will increasingly rely on the tertiary structures of
predicted proteins rather than simply on primary sequence.

Advances that will facilitate the management and analysis of large libraries
include bioinformatics tools to analyze vast sequence data bases and reassemble
multiple genomes rapidly and affordable gene chips for library profiling or that readily
distinguish clones that are expressing genes from those clones that are silent. Functional
analysis will require more innovation in method development. Most important among
these are strategies to improve heterologous gene expression and approaches for
efficient screening of large libraries. Microbiology has long relied on diverse methods
for analysis, and metagenomics can provide the tools to balance the abundance of
knowledge attained from culturing with an understanding of the uncultured majority
of microbial life. Myriad environments on Earth have not been studied with culture-
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independent methods other than PCR-based 165 rRNA gene analysis, and they invite
further analysis.

Metagenomics may further add our understanding of many of the exotic and
familiar habitats that are attracting the attention of microbial ecologists, including deep
sea thermal vents; acidic hot springs; permafrost, temperate, desert, and cold soils;
Antarctic frozen lakes; and eukaryotic host organs- the human mouth and gut, termite
and caterpillar guts, plant rhizospheres and phyllospheres, and fungi in lichen
symbioses. With improved methods for analysis, funding stimulated by recent triumps
in the field, and attraction of diverse scientists to identify new problems and solve
old ones, metagenomics will expand and continue to enrich our understanding of
microorganisms.

DATA PROCESSING METHODS

The data processing methods were principal component analysis (PCA), hierarchial
cluster analysis (HCA), artificial neural networks (ANNSs), discriminate function
analysis (DFA), partial least squares (PLS) regression, evolutionary computation (EC),
and partial least squares discriminant analysis (PLS-DA).

The data output from the analytical platforms must be pre processed for noise
reduction, bageline and time-shift correction, and spectrum extraction. Unfortunately,
the automated deconvolution software such as automated mass pectral deconvolution
and identification system (AMDIS) (Stein 1999; Halket ef al. 1999) and standard libraries
are only available for GC-MS. One the metabolites had been identified and quantified,
any kind of multivariate data analysis method can be applied for data analysis. These
methods. can be classified into unsupervised and supervised methods (Goodacre et al.
2004). Fortunately, there are many softwares which can be applied to assist the process
automation from the raw data pre processing to rapid visualization and interrogation
of metabolomic data (Duran et al. 2003). According to the existing reviews (Jenkins
et al. 2004: Stein 1999; Duran et al. 2003), the metabolomic standards (including data,
method, and library) and integration of metabolomic data with other omic data will
be the two key steps for future metabolomic development. The discussions on data
classification (Dandekar et al. 2003), database construction and maintenance (Hardy
and Fuell 2003), and new data analytical tools (Smilde et al. 2005) would soon
proliferate. According to the existing publications, the applications or the functions
of the metabolite data in micro organisms can be summarized as the following.

Comparative comprehensive metabolite studies because of the difficulties to
quantify the whole cellmetabolome, the comparative metabolite studies are the main
focus now. In an analysis of E. coli mutants, a genetic algorithm analysis of direct
injection mass spectral entified just two or three peaks that served to pinpoint the
nature of the mutation involved (Kaderbhai et al. 2003).

Others had used metabolic foot printing analysis with rapid and reproducible
low-resolution mass spectra and Fourier transform frared spectroscopy (FI-IR) to
distinguish between different physiological states of wild-type yeast and between yeast
single-gene deletion mutants (Allen et al. 2003; Kaderbhai et al. 2003). Also, the
- differences of S. cerevisiae in concentrations of some of the intracellular metabolites
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were used to identify the phenotypes of several silent mutants (Raamsdonk et al. 2001).
Comparative comprehensive metabolite studies were also used in authentication of
other strains (de Nijs et al. 1997). Recently, the use of metabolite profiling is discussed
for the identification and classification of yeasts and three other filamentous fungi
(Smedsgaard and Nielsen 2005). Fermentation control the detection of microbial cross-
contamination is one crucial step in fermentation. Elmroth et al. 1992 described a
metabolomic method applying three different GC-MS methods for the analysis of fatty
acids, amino acids, and carbohydrates in combination wijth the multivariate data
analysis (MVDA) tool to monitor microbial contamination during the fermentative
production of dextran by Leuconostocmesenteroides. Some other detections of microbial
contamination had been reported before (Wilkinson et al. 1995). Dalluge et al. 2004
has developed a method based on rapid quantification of underivatized amino acids
using liquid chromatography-electrospray tandem mass spectrometry (LC-MS-MS) to
monitor the metabolism of 20 amino acids during microbial fermentation. They
demonstrated that amino acid profiles, which detected LC-MSMS generally, correlate
with observed growth profiles. Further, cellular growth events such as lag time and
cell lyses can be detected using this method.

Metabolic control analysis (MCA) and metabolic flux studies (MFA) are the key
components of metabolic engineering. Quantified intracellular metabolites can be used
to address the in vivo reaction kinetics of one reaction, the reactions in one pathway,
or the global regulatory metabolic control mechanism directly. The basic approach used
here is to quantify exactly the metabolite differences in microorganism under different
phenotypes (usually genetic or other perturbations). Comprehensive profiling of all the
metabolites with very rapid sampling frequency is indispensable for such purpose. As
illustrated before, mathematic models and standard data set can also greatly facilitate
this process.

The most interesting practical results come from Oldiges and Takors (2005) and
Buchholz et al. (2002). They advised one stimulus-response experiment, which investigates
the enzyme kinetics of metabolism after a certain pulse. Applying this method is based
on the detection of intracellular metabolites. With the aid of a rapid sampling and
quenching routine, it is possible to take four to five samples per second during this
process in vivo. They also indicate that stimulus-response experiments should also be
applied to analyze pathway dynamics in anabolic routes. It actually provides one good
example for how to use the metabolome data in reaction kinetics and pathway analysis
to guide stain improvement. Forster et al. (2002) has also illustrated how to use the
metabolome data in silico pathway analysis to identify gene functions.

Another example is the use of metabolite profiling to determine flux distributions
in C. glutamicum to improve the lysine production (Hans et al. 2001); the metabolite
profile of intermediates in the pentose phosphate pathway and key glyclytic intermediates
were determined and used in industrial xylose-fermenting S. cerevisine (Zaldivar et al.
2002). Although there are many applications, the real power of metabolome lies in
the integration with other omic data. Although we had sequenced many model
organisms in the past, the functions of many ORFs are still unknown even for E. coli
and S. cerevisige. Past efforts had revealed the disparities between mRNA abundance
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(transcriptome) and protein expression or enzyme activities (proteome) in yeast (Gygi
et al. 1999); E. coli (Lee et al. 2003) C. glutamicum (Glanemann et al. 2003), and B. subtilis
(Soga et al. 2002).

Further studies proved the stain physiological behaviors were not only dependent
on translation level but also on metabolic level. All the research had raised doubts
for the sufficiency of transcriptome and proteome in accessing the whole cell
metabolism. In other aspects, Metabolite’s regulation importance in metabolism had
also been identified, particularly in central carbon metabolism (Yang et al. 2003), signal
transduction (Martinez-Antonio and Collado-Vides 2003), and secondary metabolic
pathways (Wang et al. 2004). Now, metabolomics had emerged as a functional genomic
methodology that contributes to our understanding of the compel molecular interactions
in biological systems. The principle contributions of metabolomics to this system include
identification of regulating mechanisms in metabolic network and orphan gene function
investigation.
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HosriTal. WASTE : AT A GLANCE

AnNiL K. DwiveEpi, SWETA PANDEY AND SHASHI

INTRODUCTION

Waste means “any thing which is not intended for further use”. Hospital waste
means “any solid, fluid, or liquid waste materials including its container and other
product generated during short term and long term healthcare consisting observational,
diagnostic, therapeutic and rehabilitative services for a person suffering from diseases or
injury and during research testing and immunization of human beings. Hospital waste
includes garbage, rubbish and biomedical waste. With industrialization and increasing
healthcare services voluminous amount of waste is generated by hospital, nursing homes
and other healthcare institutions”. Hospital waste contains body parts, organs, tissues,
blood and body fluids along with soiled linen, cotton, bandage, and plaster casts from
infected and contaminated areas dlong with used needles, syringes and other sharps. It
contains pathogens in mass, in their invisible forms. Therefore, its proper management
is essential to maintain hygienic, aesthetics, cleanliness, and control of environmental
pollution. If this substantial amount of waste is not properly managed it can pollute soil,
air and water. Further, it can cause deadly diseases, either in endemic, sporadic or
epidemic forms. Proper management means proper collection, segregation, storage,
transportation and treatment of waste in safer manner to prevent nosocomial or hospital
acquired infection. Diseases of modern era like hepatitis-B, AIDS are also drawing attention
for proper management of hospital wastes as persons who are in touch of these materials
during discharge of their services to mankind are also at the risk. This can be achieved
by public awareness about hospital waste hazards and by making mandatory to officials
of the institutions to follow the guidelines of Supreme Court and Ministry of Environment
Forest, Government of India notification for biomedical.



HospITAL WASTE : AT A GLANCE 115

With increasing health facilities in society the amount of hospital waste generated
is also increasing substantially. This needs its proper disposal and management. Since
it is highly infectious in nature, it is categorized as hazardous waste. Hospital waste is
generated during diagnosis, treatment or immunization of human beings or animals or
during research activities.

TYPES OF HOSPITAL WASTE

Hospital waste can broadly be classified as:

¢ Biodegradable waste: Biodegradable waste is the component which is a
biological product. This waste which is capable of undergoing anaerobic or
aerobic decomposition e.g. food and kitchen waste, paper and paper board etc.
Paper and food waste of hospital because of its nature and composition is
similar to biodegradable waste from house holds. This component of hospital
waste can be safely mineralized using the biological systems.

e Non biodegradable waste: Non- biodegradable waste includes all such wastes,
which have not been produced through the biological process. These wastes
can not be acted upon by any kind of biological system. Further, their
mineralisation is highly expensive and it is a useless process. This category
of waste can be recycled and reused till the limit of safety. Non-biodegradable
wastes include glass bottle, tin, plastics etc.

o Infectious waste: These are the waste which are infectious in nature and are
potent to cause diseases. These wastes can neither be subjected to normal
degradation processes nor can they be categorized as recyclable. We have to
just get rid of them safely. The best thing about it is that, generally it is generate
in less quantity and normally it is only 5-10 percent of the total hospital waste
generated.

e Chemicals or Medicinal waste: These wastes are the medicines which have
crossed their expiry dates or the medicines released due to leakage from
containers or the pathological waste. Usually, the amount of this type of waste
is very little but their proper disposal is essential. Mostly, the branded firms
take their expired medicines back; however, this is not in practice for most of
the time. Under this situation the medicines are directly drained into the sewage
system. This ultimately, reaches to water bodies causing hazards to surface as
well as ground water.

The quantum of hospital waste that is generated in India is about one to two kg
per bed per day in hospitals and 600 gram per day per bed in the clinic of general
practitioners. So, a hospital with hundred beds will generate approximately 100-200 kg.
waste per day of which only 5-10% is hazardous or infectious which estimates to be at
most five to ten kg per day (1). Only this very amount of the total hospital waste is deadly.
Its proper handling is necessary because the pathogens can multiply their quantity and
potential for infection.
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CONSEQUENCES

Usually, in most of the developing and under developed cities in India, no proper
norms are in practice for proper management of hospital waste. Hospital waste, as well
as the surgical wastes can be seen flowing smoothly through open drainage system even
in the exteriors of metropolitan cities. Following are some of the hazards, which can be
caused by improper management of hospital waste:

¢ Injuries from sharps to all categories of personnel and waste handlers.
¢ Increase risk of infection to medical, nursing and other hospital staff.

e Improper and poor infection control can lead to super infection in patients
having poor immunity level (HIV, hepatitis B).

¢ Persons handling wastes may be exposed to the hazard of chemicals and drugs.

e Improper waste management encourages unscrupulous persons to recycle
disposables for repacking and reselling, which is deadly.

o Resistant strains of microorganisms may develop.

¢ Organic portion of the biomedical waste ferments and provide good media for
flies breeding.

CATEGORY OF HOSPITAL WASTE

In light of the above, the proper disposal and management of biomedical wastes
is of paramount importance. In order to combat the hazards of improper disposal of
hospital waste certain guidelines have been recommended. Further, the hazardous hospital
waste has been divided into various categories, such that each category should contain
different type of waste, also requiring different treatment procedures, according to nature
of component. The categories are discussed below:

e Category 1: This category includes anatomical wastes such as Human tissues,
organs, body parts etc., their treatment and disposal options available presently
are incineration or deep burial.

o Category 2: Category 2 includes, animal wastes such as Animal tissues, organs,
body parts carcasses, bleeding parts, blood and experimental animals used in
research etc. Their treatment and disposal options are also incineration or deep
burial like category 1.

o Category 3: Microbiological and biotechnological wastes, such as waste from
laboratory culture, specimens from micro organisms, vaccines, cell cultures,
toxins, dishes, devices used to transfer cultures are included under the category
3. Their treatment and disposal options are- local autoclaving or micro waving
or incineration.

e Category 4: This includes, waste sharps such as needles, syringes, scalpels,
blades, glass, which are treated by chemical disinfection, autoclaving, micro
waving or mutilation and shredding.

¢ Category 5: Category 5 includes discarded medicines and cytotoxic drugs such
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as outdated, contaminated, discarded drugs. The treatment and disposal options
are incineration, destruction or by disposal through the process of land fillings.

Category 6: This includes soiled wastes, contaminated with blood and body
fluids including cotton, dressing, soiled plasters, linen etc. Their treatment and
disposal options are autoclaving, micro waving or incineration.

Category 7: This category of hospital waste consists of solid wastes such as
tubes, catheters, IV sets etc. Their recommended disposal is by means of chemical
disinfection, autoclaving, micro waving, mutilation and shredding.

Category 8: Category 8 includes liquid wastes such as waste generated from
laboratory and washing, cleaning, disinfection etc. Their treatment and disposal
options being followed presently are disinfection by chemical treatment and /
or discharge into the drains.

Category 9: This category includes incineration ash, and presently their disposal
is only through land fillings.

Category 10: Now in the last, category 10 includes chemical wastes which are
treated either by another chemical or discharge of directly into the drains.

COLOUR CODES FOR HOSPITAL WASTE

To ease the separation of hazardous waste and to facilitate their separation and
disposal, certain colour codes have been recommended (2). Such that, plastic bags or
puncture proof plastic container of different colours be used for keeping the different
category of hospital waste separately. The colour codes are as follows:

Yellow container: Yellow coloured bags are to be used for the disposal of human
and animal wastes, microbial and biological wastes and the soiled wastes.
Waste of category 1, 2, 3 and 6 are to be kept together in yellow container.

Red container: Red coloured disinfected containers or bags are to be used for
the disposal of microbial and biological wastes and the soiled wastes. Waste
of category 3, 6 and 7 are to be kept together in red container.

Blue; white and transparent containers: Blue, white or transparent bags, puncture
proof containers are to be used for the disposal of waste sharps and the solid
wastes. Waste of category 4 and 7 are to be kept together in blue, white or
transparent containers.

Black container: Black coloured bags are used for the disposal of discarded
medicines, cytotoxic drugs, incineration ashes and the chemical wastes. Waste
of category 5, 9 and 10 are to be kept together in black container.

Green container: Green coloured containers are to be used for the disposal of
general wastes such as office wastes, food wastes and garden wastes.

ENVIRONMENTAL HAZARDS

Poor and improper management of biomedical waste, besides a great risk for hospital
personnel’s and supporting staff, can cause serious environmental problems through air,
water and land pollution. Environmental problem can arise due to generation of
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biomedical waste and through the process of handling, treatment and disposal. The extent
of environmental degradation by hospital waste is discussed below, briefly -

e Air pollution: Biological waste is a potent polluter; this can badly affect the air.
Air polluted by biomedical waste can be biological, chemical, as well as
radioactive in nature. Biological waste can pollute both indoor and outdoor
environment.

(a) Indoor air pollution: Polluted air especially in indoors contains pathogens in
the form of spores or pathogen itself which are present in contaminated waste, may live
long. The patients and their attendants may acquire infection by these pathogens or their
spores (Nosochomial infection), (2). Very little statistical data is available in this field.
Research in this area is needed. Indoor air pollution can also be caused by poor ventilation,
use of chemicals for disinfection, fumigation etc. which gives out acidic or noxious gases.

(b) Outdoor air pollution: Outdoor air pollution can be caused by pathogens which
infect through water, food stuffs, soil etc. when waste is not pretreated or dumped openly
outside the institution. It can be reduced by proper waste management practices. Chemical
pollution of outdoor could be due to open burning of biomedical waste. The plastics and
hazardous material in waste will generate harmful gases such as- oxides of sulphur,
nitrogen and carbon etc. Gases like dioxins and furans which are generated during open
burning as well as also during incineration are carcinogenic. It is necessary that open
burning should be avoided. The laid down guidelines in this connection should be
practiced as per prescribed standard.

(c) Radioactive air pollution: Use of 85 Kr and 133 Xe is the principal source of
gaseous radioactive waste in hospitals. In the absence of special exhaust system an
activated carbon trapping device may be used to keep away the emitting gases from
polluting the air.

e  Water pollution: The biomedical waste dumped into low lying areas, lakes and
water bodies can cause severe water pollution. Liquid waste if not treated and
let into sewers can also lead to water pollution. Water pollution can also be
caused due to biological, chemical and radioactive substances. Leaching out of
pathogens can pollute the water and may cause diseases. Heavy metals present
in the chemical waste can also cause water pollution. They can enter into
biological systems through the process of biological magnification. Pollution of
water bodies can alter parameters such as, pH, BOD, DO, COD etc. and may
further become toxic for the flora and fauna of the water body. Proper waste
management can reduce water pollution markedly.

Radioactive material shipment is mostly in the form of liquid. Principal part of
radioactive waste is of the residue of this shipment. Radioactive substances are found
in the urine of patients and scintillation liquids used in radioimmunoassay.

e Land pollution: Land pollution by biomedical waste is inevitable as the final
disposal of all biomedical waste including treated liquid effluent, is on the land.
However through proper treatment it can be minimized. Soil pollution from
biomedical waste is due to infectious waste discarded medicines, chemical used
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during treatment processes. Heavy metals present in the waste get enter into
the ecosystem by being absorbed by plants, contaminating the food chain. Trace
nutrient elements if present in considerable amount, are harmful to crops,
animals and also to the human beings ultimately.

Radioactive waste which causes soil pollution includes, cadavers, protective clothing,
absorbent paper, used in nuclear medicine imaging laboratory etc. Proper treatment and
minimum generation -of this kind of pollutant is the only way to reduce ghis kind of
pollution.

CONCLUSION

In most of the cities in India, only a few large hospitals can be spared, but most
of other smaller hospitals and nursing homes have no any effective system to safely
dispose off their wastes. Even government and municipal hospitals are no better than
these private nursing homes and hospitals regarding disposal of their wastes. Thus, an
unauthorized reuse of medical wastes by rag pickers is being promoted by irresponsible
dumping of these dangerous wastes in open bins.

Biomedical waste, because of its infectious nature and serious health hazards need
care for its proper collection, segregation and disposal to minimize the pollution of air,
water and soil. For this, the government of India has laid down certain rules which should
be enforced by the officials and should be strictly followed by institutions and clinics
in the welfare of mankind and animals.

Central Pollution Control Board and the State Pollution Control Boards, the agencies
responsible to enforce these rules in hospitals are on one hand lacking adequate power
and on the other hand there is no commitment, as a result most of the large hospitals
have not complied with these rules even after.expiry of new deadlines. In such situation
NGO's and voluntary bodies have to come forward and compel the hospitals and nursing
homes to fall in the line with the rules.
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CYANOBACTERIAL BIOFERTILIZER ;: PRESENT
STATUS AND FUTURE PROSPECTS

SURENDRA SINGH, SHIPRA DAs AND ANURADHA TIWARI

INTRODUCTION

The population growth in the world is outstripping food supplies and agricultural
productivity. The world population is'expected to reach 7 billion within 25 years and
over 10 billion in the year 2050, while agricultural production is growing at slower
rate of about 1.8% annually. All human beings depend on agriculture that is required
to produce food of the appropriate quality and in required quantities. Agriculture in
India is the mean of livelihood of almost two third of the work force of the country.
It has always been India’s most important economic sector.

Modern agriculture depends on high input of chemical fertilizer and pesticide
for crop production. Although such technology based agricultural practice has increased
agricultural productivity and abundance, the resulting ecological and economical
impacts have not always been positive. Environmental pollution and food safety due
to chemical contamination have become a great concern all over the world. Application
of high input technologies has resulting in significant increase in agricultural productivity.
There is, however, a growing concern about the adverse effects of indiscriminate use
of chemical fertilizers on soil productivity and environmental quality (Mishra and Pabbi,
2004). Rice and wheat occupy 75% of the total cultivated area under food grains and
consume major share of the chemical fertilizers. The widespread application of single
element fertilizers (especially N) in South East Asian countries. In the cultivation of
. major crops has led to accelerated exhaustion of other major and minor nutrients
leading to nutrient imbalance and poor soil fertility. With the growing realization that
chemical based agriculture is unsustainable and is slowly leading to ecological
imbalance, the later part of the last century witnessed the emergence of the concept
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of “organic agriculture” advocating minimum use of chemical fertilizer and increasing
dependence on biological inputs like compost, farm yard manure, green manure and
biofertilizers (Karthikeyan, 2006). In the current scenerio therefore, an urgent need has
been felt to deploy microbial biofertilizers which are multifaceted i.e. besides being
diazotrophs, they can promote growth through production of auxins, bioactive
molecules, produce secondary metabolites linked to biocontrol of bacterial, fungal
diseases or improve soil structure, porosity through secretion of mucilage polysaccharides
aiding in soil aggregation. Hence serious attention was paid by scientists to exploit
microorganisms which are directly responsible to replenish the soil with certain
nutrients like fixation of atmospheric nitrogen to ammonia, solubilization of phosphorus
as well as addition of organic carbon. Hence this paper is intended to focus on the
cyanobacterial potential as an efficient biofertilizers.

THE DISADVANTAGES OF USING CHEMICAL FERTILIZER

(1) Over application can result in negative effects such as leaching, pollution
of water resources, destruction of microorganisms and friendly insects, crop
susceptibility to disease attack, acidification or alkalization of the soil or
reduction of soil fertility, thus causing irreversible damage to overall system.

(2) Oversupply of N leads to softening of plant tissue resulting in plant that
are more sensitive to disease and pest.

(3) They reduce the colonization of plant roots with mycorihizae and inhibit
symbiotic nitrogen fixation by rhizobia due to high nitrogen fertilization.

(4) They enhance the decomposition of soil, which leads to degradation of soil
structure.

(5) Nutrients are easily lost from soil through fixation, leaching or gas emmision
and lead to reduced fertility efficiency.

ADVANTAGES OF USING ORGANIC FERTILIZERS

(1) The nutrient supplies is more balanced, which helps to keep plants healthy.

(2) They enhance the colonization of mycorrihizae, which improves P supply.

(3) They enhance soil biological activity which improves nutrients mobilization
from* and chemical sources and decomposition of toxic substances.

(4) They enhance root growth due to better- soil structure.

(5) They increase the organic matter content of the soil, therefore improving the
exchange capacity nutrients, increasing soil water retention, promoting soil
aggregation and buffering the soil against acidity, alkalinity, salinity, pesticides
and toxic heavy metals.

(6) They release nutrients slowly and hence contribute to the residual pool of

organic N and P in the soil, reducing N leaching loss and P fixation, they
can also supply micronutrients.

(7) They supply food and encourage the growth of beneficial microorganisms
and earthworms.

(8) They help to suppress certain plant diseases, soil born diseases and parasites.
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BIOFERTILIZERS

Biofertilizer is defined preparation or product containing living or latent cells
of microorganisms that activate the biological process render to form a fertilizer
compound or make the unavailable form of elements to be available for plants. Under
the scope of this terminology the biofertilizers encompass the formulation of nitrogen
fixing microorganisms, phosphate solubilizing microorganisms and cellulolytic
microorganisms.

TYPES OF BIOFERTILIZERS
Rhizobium

Rhizobia are symbiotic bacteria that fix atmospheric N, gas in plant root nodules
and have a mutually helpful relationship with their host plants because of their N,
fixing ability, legumes are less reliant on inorganic nitrogenous fertilizers than many
other non legumes crops such as cereals and pasture grasses. N, fixation by legumes
can also maintain soil fertility and can be beneficial to the following crops.

Azotobacter and Azospirillium

These are free living bacteria that fix atmospheric N, in cereals without any
symbiosis and they do not need a specific host plant. Azotobacter are abundant in
well drained neutral soil. They can fix 15-20 kg/ ha N/y. Azotobacter can also produce
antifungal compounds to fight against many plant pathogens.

Phosphate Solubilizing Bacteria (PSB)

Under acidic or calcareous soil conditions large amount of phosphorus are fixed
in the soil but are unavailable to the plants. Phosphobacterians, mainly bacteria and
fungi can make insoluble phosphorus available to the plants. The solubilization effect
of phosphobacterians is generally due to the production of organic acids that iowers
the soil pH and bring about the desolution of bound forms of phosphate.

Vesicular Arbuscular Mycorrhiza (VAM)

Mycorrhizae are mutually beneficial (symbiotic) relationships between fungi and
plant roots.VAM fungi infect and spread inside the root. They possess special structures
known as vesicles and arbuscules. The plant roots transmit substances (some supplied
by exudation) to the fungi, and the fungi aid in transmitting nutrients and water to
the plant roots. The fungal hyphae may extend the root lengths 100-fold. The hyphae
reach into additional and wetter soil areas and help plants absorb many nutrients,
particularly the less available mineral nutrients such as phosphorus, zinc, molybdenum
and copper. Some VAM fungiform a kind of sheath around the root, sometimes giving
it a hairy, cottony appearance. Because they provide a protective cover, mycorrhizae
increase seedling tolerance to drought, to high temperatures, to infection by disease
fungi and even to extreme soil acidity.

Plant Growth Promoting Rhizobacteria (PGPR)

PGPR represent a wide variety of soil bacteria which, when grown in association
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with a host plant, result in stimulation of host growth. PGPR modes include fixing
N,, increasing the availability of nutrients in the rhizosphere, positively influencing
root growth and morphology and promoting other beneficial plant-microbe symbiosis.

Cyanobacteria (BGA)

The cyanobacteria are ubiquitous in nature and are next to bacteria in distribution.
They grow wherever water, sunlight and limited number of inorganic elements
available and rice field ecosystem in the ideal niche for the growth and proliferation
of cyanobacteria. Due to their wider occurrence in rice field ecosystem, these organisms
have been explored as a mean to produce biologically fixed nitrogen.

Azolla

The beneficial effect of N,- fixation for crop production is even more apparent
in paddy fields which are populated by the water fern Azolla during the waterlogged
period. The utility of Azolla as an efficient biofertilizer of paddy field has been known
in North Vietnam for centuries. It is cultivated there over 400, 000 hectares of land
as a specific crop for green compost and forage.'.

CYANOBACTERIA POTENTIAL AS BIOFERTILIZER

Blue green algae (cyanobacteria) are distributed world wide and contribute to
the fertility of many agricultural ecosystem either as free living organisms with the
water fern Azolla (Fay, 1983).The nitrogen fixing ability of many species is the principle
but by no means the only reason for this increase in fertility.

Many tropical paddy fields receive no chemical fertilizers or natural manure yet
they may remain productive and capable of supporting large population with basic
food. The fertility of paddy soil is maintained by the activities of heterocystous blue
green algae, which grows spontaneously and often luxuriantly in the water logged
field. They provide fixed nitrogen to rice plants through both secretion of nitrogenous
substances and on their decay and subsequent mineralization of organic substances
in the soil.

Field trails in India indicate that blue green algal application results in about
10 to 15% increase in crop yield under optimum conditions. In India blue greens are
also employed for the reclamation of alkaline and saline wastelands. The wasteland
is enclosed by an earth embankment about 0.5m high, which promotes waterlogging
during the rainy periods. The rapid growth of blue greens in the water logged plots
decreases soil alkalinity and increase the nitrogen and organic content of the soil. Ina
few years time the watelands can be converted to fertile fields.

Among the array of biofertilizers developed for different crops cyanobacteria
constitute the most important inputs in rice cultivation. Cyanobacteria are able to
generate their own photosynthate from CO, and water. This trophic independence
makes BGA especially attractive as biofertilizers (Roger, 1985). As early as De in 1939,
first paper appeared that the fertility of Indian rice field is maintained due to the
presence of blue green algae. Since then large amount of work has been done to exploit
this renewable biological resource as N input in rice cultivation. Cyanobacteria are
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both unicellular and multicellular filamentous. Some of the forms have terminally
differentiated specialized structures called heterocysts. All heterocyst-bearing
cyanobacteria are aerobic photodiazotrophs. However, the non-heterocystous forms fix
much less nitrogen aerobically than they could fix anaerobically or microaerobically.
The aerobic filamentous heterocystous as well as colonial forms represent the common
flora of arable lands and are considered to be the important in nitrogen economy of
rice cultivation. The most common filamentous heterocystous species include Anabaena,
Anabaenopsis, Aulosira, Calothrix, Cylindrospermum, Fischerella, Hapalosiphon, Mastigocladus,
Nostoc, Scytonema, Scytonematopsis, Stigonema, Tolypothrix, Westiella and Westiellopsis
(Stewart et al, 1979; Prasanna and Kaushik, 1996) and the unicellular or colonial are
the species of Aphanothece, Chroococcidiopsis, Cyanothece, Dermocarpa, Gloeothece,
Muyxosarcina, Synechoococcas, Synechocystis and Xenococcus (Ripkka et al, 1979; Prasanna
and Kaushik, 1994). The non-heterocystous filamentous forms capable of nitrogen
fixation are species of Oscillatoria, Trichodesmium, Microcoleus, Pseudanabaena, Plectonema
and Lyngbya (Wyatt and Silvey, 1969; Stal and Krukbein, 1985).

NITROGEN METABOLISM

Most Blue Green algae can utilize various forms of nitrogen for growth. Among
the inorganic sources of N, ammonia is most readily incorporated into cells. Its
assimilation proceeds via the glutamine synthetase-glutamate synthase (glutamine
oxoglutarate aminotransferase, GOGAT) pathways.

NH," + glutamate+ ATPpglutamine synthetase. Glytamine +ADP+Pi+H,0 (1)
Glutamine + a-oxoglutarate + NADPH

Other ammonia assimilating routes may operate at higher ammonia concentrations.
Enzymes involved in these pathways (glutamate dehydrogenase, alanine dehydrogenase,
alanine dehydrogenase, aspartate dehydrogenase) have also been detected in extracts
from several cyanobacteria.

Nitrate is the commonest source of combined nitrogen for cyanobacteria in nature.
Its assimilation follows a sequence of reduction to ammonia, catalyzed by the enzymes
nitrate reductase and nitrite reductase, similar to those established for green algae and
higher plants.

Ferredoxin acts as the physiological electron donor in the two reactions. Both
nitrate reductase and nitrite reductase are induced by their respective substrate,
although the additional presence of ammonia repress the synthesis of nitrate reductase.

Among the organic sources of nitrogen, urea has been found to support growth
of certain cyanobacteria in culture. Various amino acids mixtures can serve as a source
on nitrogen for other strains. A few amino acids can acts as sole source of carbon
and nitrogen for the slow growth in the dark of certain blue greens. .

NITROGEN FIXATION

Biological Nj, fixation is the reduction of elemental nitrogen to ammonia, catalyzed
by the complex enzyme system nitrogenase.This is one of the fundamental biological
processes, essential for the maintenance of the nitrogen status of the whole biosphere.
The reaction require a low potential reductant (ferredoxin or flavodoxin), magnesium
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ions (Mg?*) and a considerable input of metabolic energy in the form of ATP.12 to
15 molecules of ATP are consumed for each molecule of nitrogen reduced. Nitrogenase
is extremely sensitive to free O, and can function only under anaerobic conditions.
Direct exposure of the enzyme to air results in the inactivitation and even the
destructions of the component proteins. Nitrogen fixing cyanobacteria have the simplest
nutritional requirements of all living organism. However, The extent to which blue
green can profit from their remarkable