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Abstract
The results of our investigation on the microbial community of the high-temperature
Dagang oilfield (P.R. China) are summarized. Detailed experimental data are pro-
vided on syntrophic acetate degradation by thermophilic associations, on the isola-
tion of pure cultures from these associations, their physiological characteristics,
and reconstruction of microbial interactions during acetate degradation to methane.
The microbial community of the high-temperature Dagang oilfield was investigated
by culture-based, radioisotope, and 16S rRNA gene techniques. Cultivable micro-
organisms (aerobic oil-oxidizing, anaerobic fermentative, sulfate-reducing, and
methanogenic) were found in formation water. Methanogenic enrichments were
obtained in media both with H +CO, and acetate. The process of methane produc-
tion in formation waters was also registered by radioisotope methods with Na_'*CO,
and "“CH,COONa. However, pure cultures of thermophilic aceticlastic methano-
gens were not obtained. The 16S rRNA gene analysis of the formation water and
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The results of our investigation on the microbial community of the high-temperature
Dagang oilfield (P.R. China) are summarized. Detailed experimental data are pro-
vided on syntrophic acetate degradation by thermophilic associations, on the isola-
tion of pure cultures from these associations, their physiological characteristics,
and reconstruction of microbial interactions during acetate degradation to methane.
The microbial community of the high-temperature Dagang oilfield was investigat-
ed by culture-based, radioisotope, and 16S rRNA gene techniques. Cultivable mi-
croorganisms (aerobic oil-oxidizing, anaerobic fermentative, sulfate-reducing, and
methanogenic) were found in formation water. Methanogenic enrichments were ob-
tained in media both with H +CO, and acetate. The process of methane production
in formation waters was also registered by radioisotope methods with Na '*CO, and
"“CH,COONa. However, pure cultures of thermophilic aceticlastic methanogens
were not obtained. The 16S rRNA gene analysis of the formation water and metha-
nogenic enrichments revealed that H -utilizing methanogens of the genus Methano-
thermobacter were predominant in the archaeal libraries (97% of archaeal clones).
Phylotypes of acetate-utilizing methanogens were detected in the libraries only af-

Keywords: high-temperature petroleum reservoirs, thermophiles, 16S rRNA gene clone library,

methanogenesis, syntrophic acetate degradation
1. Introduction

The presence of microorganisms in petroleum reservoirs has been established about
100 years ago. Anaerobic microorganisms reducing sulfate, thiosulfate, Fe(3+), or elemental
sulfur, as well as fermentative bacteria, acetogens, and methanogens have been isolated from
petroleum reservoirs [1]. The aerobic bacteria isolated from water-flooded oilfields are consid-
ered contaminants which arrived from the surface in the course of drilling or with injected wa-
ter. Abundant data are available concerning the microorganisms of low-temperature (20—45°C)
petroleum reservoirs. The composition of microbial communities in high-temperature reser-
voirs and methanogenesis under such conditions have been less extensively studied [2-9].

Methanogenesis in oilfields was first reported by Kuznetsov [10]. Belyaev and cowork-
ers isolated the first pure methanogenic cultures from petroleum reservoirs [11-14]. Metha-
nogens oxidizing hydrogen in the course of CO, reduction to methane are common in the
oilfields with temperatures of 20 to 80°C. Thermophilic H,-uilizing methanogens isolated
from high-temperature petroleum reservoirs of Western Siberia, the North Sea and California
belonged to species Methanothermobacter thermautotrophicus (previous name Methanobac-
terium thermoautotrophicum), Methanothermococcus thermolithotrophicus (previous name
Methanococcus thermolithotrophicus) and Methanothermobacter thermoaggregans (previous
name Methanobacterium thermoaggregans). As to organotrophic methanogens, which utilize
methanol, acetate, or methylated amines and are often capable of growth on H +CO,, they
have been isolated only from oilfields with the temperatures below 50°C [1,13,14]. However,
in the oilfields with the temperatures ranging from 60 to 80°C, methane production from both
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Advances in Biotechnology
bicarbonate and acetate was detected by radioisotope methods [4,6,15-17]. It is an indication
of the presence of thermophilic prokaryotes performing acetate degradation to methane in
high-temperature oilfields.

Davydova-Charakhch’yan and coauthors [13] were the first to show syntrophic associa-
tions to be responsible for methanogenic acetate decomposition in high-temperature oilfields
and to isolate the terminal component of this association, a lithotrophic methanogen M. ther-
mautotrophicus (formerly M. thermoalcaliphilum). Nilsen and Torsvik [ 18] observed methane
formation in enrichment cultures with acetate at the temperatures of 70, 80, and 92°C, but at-
tempts to isolate acetate-utilizing methanogens were also unsuccessful.

The first molecular studies of microbial diversity of high-temperature oilfields based on
16S rRNA gene analysis were carried out in California [2,3], Western Siberia [4], and China
[5,19,20]. Formation water was found to contain 16S rRNA genes of the known thermophilic
(Thermococcus, Thermotoga, Petrotoga, Thermoanaerobacter, Methanothermobacter, Meth-
anococcus, and Methanoculleus) and mesophilic microorganisms, as well as of uncultured
archaea and bacteria. In the 16S rRNA gene clone library from a petroleum reservoir in Cali-
fornia, the 16S rRNA gene of a novel, probably aceticlastic methanogen of the order Metha-
nosarcinales was revealed [2]. Pure cultures of thermophilic aceticlastic methanogens have
not yet been isolated from oilfields.

Microbiological, radioisotope, molecular, and biogeochemical techniques have been
used to investigate microbial diversity and activity in the oilfields. In most works, these tech-
niques were applied separately; the structure of the microbial community as a whole was
therefore not revealed and its geochemical activity was not assessed properly.

The problem of energy recovery from oilfields in the form of methane, based on accel-
erating natural methanogenic biodegradation is widely discusses in literature. At the high-tem-
perature Dagang oilfield in China, trails of a biotechnology for enhanced oil recovery based
on injection of a water-air mixture and of nitrogen and phosphorus mineral salts were carried
out [6,7,21,22]. As a result of the trial, 36 thousand tons of additional oil was recovered. More-
over, fundamental studies of the distribution and activity of microorganisms were carried out.
When studying the 16S rRNA genes clone library of methanogenic enrichments growing in
the medium with acetate, we did not find any phylotypes of aceticlastic methanogens [6,23].
These data did not agree with the numerous results of radioisotope analysis which confirmed
formation of "“CH, from “CH,COONa. It was suggested that syntrophic associations were
responsible for acetate degradation to methane in the oilfield.

In our previous studies [19,23-25], for the first time pure cultures of both an acetate-oxi-
dizing bacterium (Thermoanaerobacter ethanolicus) and an H,-utilizing methanogen (Metha-

nothermobacter sp.) were isolated from thermophilic syntrophic methanogenic enrichments
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grown on acetate. For the reconstruction of syntrophic growth on acetate, pure cultures of the
methanogen (M. thermautotrophicus or M. wolfeii) and the acetate-oxidizing bacterium (7.
ethanolicus) were combined. The binary Methanothermobacter-Thermoanaerobacter culture
was found to degrade acetate to methane. Methane formation by combined cultures was ob-
served in their subsequent transfers to fresh acetate-containing medium. A range of results of
this study was not presented in detail [25].

The aim of our work was to review our data on syntrophic degradation of acetate by
thermophilic microorganisms and to present detailed experimental data on the characteriza-
tion of the microbial community of the high-temperature Dagang oilfield (P.R. China) and on
isolation of pure cultures of microorganisms from thermophilic methanogenic enrichments
growing on acetate, studying their physiological characteristics and reconstruction of micro-
bial interactions during syntrophic acetate degradation to methane.

2. Materials & Methods
2.1 Reservoir Description and Sample Collection

The Dagang oilfield is situated in the Hebei province (P.R. China). The studied sandstone
oil-bearing horizons of the Kongdian bed were located at the depth of 1206—1435 m below sea
level; the temperature was 59°C. The natural formation water had a low salinity (5612 mg L")
and a pH of 7.1-7.6. Accompanying gas contained methane (95-98%), its higher homologues
(0.8-1.8%), nitrogen (0.5-3.3%), and carbon dioxide (0.06—0.77%) [5].

Production fluids were collected directly from the production wells into sterilized bottles
and immediately prepared for chemical analyses, radioisotope and culture studies. The bottles
were filled completely with the oil-water-gas mixture and stored at 4°C prior to analyses. For
DNA isolation, water was separated from crude oil by decantation at room temperature. Triton
X100 (0.1%) and n-hexane were added to the samples. The water phase after hexane extrac-
tion was fixed with ethanol (1:1 vol/vol) and kept at 4°C prior to analyses.

2.2 Culture Media and Growth Conditions

A technique for cultivation of strictly anaerobic microorganisms [26] was applied for
the enumeration of microorganisms. The numbers of cultivable anaerobic bacteria were esti-
mated by serial decimal dilutions of water samples in test tubes with various enrichment media
designed to promote growth of specific functional groups. Anaerobic bacteria were cultivated
in test tubes with pure argon as the gas phase; an exception was the medium with H /CO, for
methanogens. Anaerobic organotrophic bacteria with a fermentative type of metabolism were
assayed by detection of the H, in the highest dilution in the medium with peptone (4 g L") and
glucose (10 g I'"). Sulfate-reducing bacteria were detected by measuring an increase in sulfide
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content in medium B containing sodium lactate (4 g L") and reduced with Na,Sx9H O (0.2 g
L") [27]. Methanogens were determined by measuring an increase in CH, in the media [28]
with acetate (2.2 g L") or H,/CO, (80:20 % vol/vol), supplemented with Na,Sx9H O (0.5 g
L), microelements and yeast extract (1 g L'). Descriptions of the media were given ecarlier

[4].

Aerobic bacteria were cultivated in Hungate tubes with air as the gas phase. Viable
aerobic organotrophs were enumerated in the medium composed of bacto-tryptone (5.0 g L),
yeast extract (2.5 g L), glucose (1.0 g L"), and distilled water (1 L, pH 7.0). All media were
inoculated with samples of formation water using syringes and were incubated at 60° for 30
days. Samples from all the tubes were examined by phase-contrast microscopy.

The content of microbial metabolites (sulfide, CH,, CO,, and H)) in the media and the
chemical composition of the formation water were analyzed as described previously [4].

2.3 Isolation and Identification of Pure Cultures

Methanogenic enrichments were obtained by inoculation of mineral medium [28] with
various substrates and inhibitors: acetate (40 mM); acetate with ampicillin (2 mg mL™"), ac-
etate with 2-bromo-ethane sulfonate (10 mM); H./CO,; and H,/CO, with ampicillin, methanol
(5§ mL L"), propionate (20 mM) or/and benzoate (20 mM).

Pure cultures of methanogens were obtained in a liquid medium [28] supplemented
with ampicillin (2 mg mL"), with H /CO, mixture as the carbon and energy source. Mineral
medium [28] supplemented with sodium pyruvate (40 mM) was used for isolation of anaerobic
bacteria from methanogenic enrichments growing on acetate. The isolates were identified by
16S rRNA gene sequencing as described below.

The isolates of H,-utilizing methanogens (strains KZ3-1 and KZ24a) and members of
the genus Thermoanaerobacter (strains 1017-7b and 1017-7d) were incubated separately or
in binary cultures in the medium [28] with sodium acetate (80 mM) at 60°C. Methane forma-
tion was determined by gas chromatography after 14 days of cultivation. The acetate-grown
enrichment 24A was used as the positive control.

2.4 Radioisotope Methods

The rates of sulfate reduction and methanogenesis in formation waters were determined
by radioisotope methods using labelled Na *SO,, "*CH,COONa, and Na,*CO, as described
previously [4]. Radiotracer analysis was used to determine the rates of methane formation
from 2-"CH,COONa by a binary culture of Methanothermobacter sp. KZ3-1 and Thermoa-
naerobacter sp. 1017-7b. The strains were incubated separately (controls) and together in the
mineral medium [28] in the presence of 2-"*CH,COONa (70 pg/L) and unlabeled CH,COONa
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(200 mg L. The experiment was carried out for 24 h at 60°C. The rate of methane formation
was calculated according to the equation: I=r-C/(R-T), where r is the overall count for 60 s, C
is the substrate concentration (ug L), R is activity of the labeled 2-"*CH,COONa (MBq mL™),
and T is the incubation time (24 h).

2.5 Construction and Analysis of 16S rRNA Gene Clone Libraries

DNA Extraction. Total DNA was extracted from formation water and cultures using
DiatomTM DNAprep kit (“BioKom”, Russia). Microbial biomass from approximately 2 liters
of the water phase of production fluids was collected by centrifugation (Beckman JA10, 8000
g, 1 h). The cell pellet was suspended in MilliQ water and was twice frozen with liquid mo-
lecular nitrogen and thawed (at 65°C). The cell lysate was then supplemented with guanidine
hydrochloride and incubated at 65°C for 1 h. The sorbent (Diatomid/silica) was added to the
cell lysate. After DNA sorption, the supernatant was removed and the adsorbent was washed
using a buffer (pH 7.0) and 70% (vol/vol) ethanol. The total DNA preparation was dissolved
in MilliQ water and used for 16S rRNA gene amplification.

16S rRNA Gene Amplification and Cloning. 16S rRNA genes were amplified by PCR
using primers specific for Bacteria (8-27f [5-AGAGTTTGATCCTGGCTCAG-3’], 519r
[5°-G(T/A)ATTACCGCGGC(T/G)GCTG-3’] and 1492r [5’-TACGGYTACCTTGTTAC-
GACTT-3’]) [29], and Archaea (A109F [5’-ACG/TGCTCAGTAACACGT-3"], A1041r [5°-
GGCCATGCACCWCCTCTC-3’]) [30]. The final 50-ul reaction mixture contained 5 pl of
template DNA, 0.5 uM of each primer, 1x DNA polymerase buffer, 2.5 mM MgCl2, 0.1 mM
of each deoxynucleoside triphosphate, and 1 U of Taq polymerase (Perkin-Elmer). Polymerase
chain reaction cycles were performed on a Mastercycler (Eppendorf, Germany) as follows:
after 5 min of initial denaturation at 94°C, nucleic acids were amplified for 30 cycles (30 s
of denaturation at 94°C, 30 s of annealing at 50°C, and 30 s — 1.5 min of elongation at 72°C)
followed by a final extension step at 72°C for 8 min. Archaeal 16S rDNA were amplified at
35 cycles of PCR. PCR products were checked on 0.8% (wt/vol) agarose gel stained with
ethidium bromide. Amplicons were cloned with a pGEM-T (pGEM-T Easy Vector Systems,
Promega, USA) according to the manufacturer’s instructions.

As a result of the PCR analysis, 785 archaeal and 503 bacterial clones were selected.

Sequencing and Phylogenetic Analysis. Inserts of selected clones were amplified by
PCR with T7 and SP6 plasmid primers. The same primers were subsequently used to sequence
bacterial PCR products. Archaeal PCR products were sequenced with the A109f primer. The
sequencing was performed on an ABI 3100 Avant Genetic Analyzer with the BigDye Termina-
tor V3.1 (Applied Biosystems, USA).

Sequence data were aligned using the CLUSTALW v.1.75 package [31], with clones

having similarities of 97% or above grouped into operational taxonomic units (OTUs). The
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clones were homology-searched using BLAST and the GenBank database of NCBI (http://
www.ncbi.nlm.nih.gov). Chimeras were detected using the CHIMERA-CHECK program
from the Ribosomal Database Project (http://rdp.cme.msu.edu). The sequences were edited
using the BioEdit software package (http://jwbrown.mbio.ncsu.edu/ BioEdit/bioedit.html).

Nucleotide Sequence Accession Numbers. The sequences identified in this study were
submitted to the GenBank database under the following accession numbers: DQ657903, and
DQ657904 (pure cultures), DQ097666-DQ097668, DQ097671, FI898357-FJ898360, and
FJ898362-FJ898364 (clones).

2.6. Design of Specific Primers

To analyze the predominant phylotypes in the clone libraries from formation water, we
designed two specific primers [25]. Primers M400r (GAAAAGCCACCCCGTTAAGA) and
Sph196r (CTCGGCGATAAATCTTTGGAC) were developed to detect Methanothermobacter
sp. and Sphingomonas sp., respectively. The primers were designed using the BioEdit and La-
sergene v. 5.06 software packages. Melting temperature was analyzed with Oligo v.6 program
and used in the PCR procedure. The specificity of the primers was then tested by using DNA
extracts from strains and clones with 16S rDNA inserts representing different species. Each
specific primer gave positive PCR results for the corresponding target 16S rDNA and negative
PCR results for nontarget 16S rDNA.

3. Results

3.1. Physicochemical characteristics and microbial processes in formation water of the
Dagang oilfield

The natural formation water of the Kongdian bed of the Dagang oilfield belonged to
the sodium hydrocarbonate type; it had low salinity (5.6-6.7 g L"), was slightly alkaline (pH
7.1-7.6), and contained less than 5 mg of acetate and 433—-670 mg of hydrocarbonate per 1 L
(Table 1, well 1066-1). Sulfate concentration did not exceed 26 mg L. H S was not detected.

Since 1975, the North block of the Kongdian bed of the Dagang oilfield was exploited
with the water-flooding method for the enhancement of oil recovery. In 2001-2007, MEOR
(microbial enhancement of oil recovery) biotechnology was applied at the North block. The
biotechnology involved injection of a water-air mixture with dissolved nitrogen and phospho-
rous mineral salts for the stimulation of the indigenous microorganisms. During the periods of
biotechnological treatment, bicarbonate content in formation waster increased from 0.4—0.6 to
0.7-1.8 g L', sulfate, from 0 to 12-72 mg L', acetate, from 5 to 160.7 mg L', formate, from
0 to 67.4 mg L', and iso-butyrate, from 0 to 98.2 mg L' [5,6,25]. The chemical characteristics
of formation waters in the course of the biotechnological treatment (January, 2002) are given
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in Table 1.

In waters of the North block the number of cultivable fermentative bacteria varied from
10 to 107 cells mL, of sulfate reducers, from 0 to 107 cells mL-!, and of methanogens, from 0
to 10* cells mL! (Figure 1a, January, 2002). Aerobic bacteria were present in low numbers in
the zone of production wells. The numbers of methanogens obtained on media with H +CO,
were usually 10 times higher than those obtained on media with acetate. Microscopic analysis
revealed a dominance of rod-shaped cells growing on both media for methanogens.

The rates of anaerobic processes in formation waters. Thermophilic sulfate reduction
and methanogenesis were registered in the formation waters of the Dagang oilfield (Table 1).
In January 2002, the rate of sulfate reduction was in the range 0.06-205.8 pg S> L' day'. The
rates of methanogenesis from labeled carbonate and 2-'*acetate ranged from 0.037 to 6.776
and from 0.002 to 3.16 ug CH, L™' day ', respectively. The maximal values of methanogenesis
rates from labeled carbonate and acetate in waters from production wells of the Kongdian bed
for the period 06.2001-12.2007 are given in Figure 1b.

3.2. Archaeal 16S rRNA Gene Clone Libraries from Formation Waters

The archaeal clone libraries obtained from the DNA of methanogenic enrichments and
formation water collected outside (well 1066-1) and inside the zone of the biotechnological
treatment (North Block), contained 785 clones (Table 2, Figure 2).

Our preliminary study revealed predominance of the members of the genus Methano-
thermobacter in combined first generation methanogenic enrichments [5]. Screening of the
clones using primers M400r and A109f, as well as direct DNA sequencing of the clones re-
vealed that methanogens of the order Methanobacteriales predominated in these communities
(97% of all archaeal clones); H/CO, is the main growth substrate for these organisms. Dur-
ing the trial of the MEOR technology, acetate content in formation water reached 65-160 mg
L' [5,6]. During that period, in the archaeal library from the production waters (785 clones)
the phylotypes related to organotrophic methanogens Methanosaeta thermophila (3 clones),
Methanomethylovorans thermophila (2 clones), and uncultured members of the order Metha-
nomicrobiales (2 clones) were detected. The results of phylogenetic analysis of archaeal 16S

rRNA gene sequences are presented on Figure 2.
3.3. Bacterial 16S rRNA Gene Library from Formation Waters

Bacterial 16S rRNA gene library constructed using the DNA of formation water from
the zone of the biotechnological treatment (North Block) contained 453 clones (Figure 3). Pre-
liminary sequencing revealed predominance of bacteria of the genus Sphingomonas. Screen-
ing of the clones using the Sphingomonas-specific primer revealed 333 clones belonging to
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this genus. Sequencing of the DNA of the remaining bacterial clones revealed 30 phylogenetic
groups belonging to Proteobacteria, Clostridia, Thermotogae, Dictyoglomi, Bacteroidetes,
Actinobacteria, and Nitrospirae. Representatives of the genera Sphingomonas, Afipia, Labrys,
Phyllobacterium, Bradyrhizobium, Variovorax, Curvibacter, Polaromonas, Thauera, Hydrog-
enophilus, Delftia, Leptothrix, Achromobacter, and Pseudomonas were revealed in the micro-
bial community. Members of these genera are mesophilic aerobic organotrophs, some bacteria
(Thauera, Hydrogenophilus) are able to grow by nitrate reduction; they probably arrived into
the reservoir with cooled injected water. The group of clostridia comprised thermophilic bac-
teria with fermentative metabolism (Thermoanaerobacter, Thermoterrabacterium, Thermove-
nabulum), sulfate reducers (Thermacetogenium, and Desulfotomaculum), and syntrophic bac-
teria (Thermovirga). Thermophilic bacteria with fermentative metabolism belonging to other
phylogenetic subdivisions (Fervidobacterium, Thermotoga, Dictyoglomus, Pedobacter, and
Dysgonomonas) were also revealed. Bacteria of the genera Fervidobacterium and Thermotoga
are common in high-temperature oilfields of France, United States, Africa, Japan, and West-
ern Siberia [3,4,32-35]. The phylotype of a sulfate-reducing bacterium Thermodesulfovibrio
(Nitrospirae) was also found in the community. A related phylotype was reported in oilfield
formation water [36] and in methanogenic enrichment [5].

3.4. Characterization of the Thermophilic Association Producing Methane from Acetate

Methane formation was observed on the mineral medium [28] with various substrates
(acetate, propionate, butyrate, ethanol, or benzoate) inoculated with formation water. Amend-
ment of the medium with ampicillin and/or penicillin resulted in inhibition of growth and
methanogenesis from acetate (Figure 4). After treatment with 2-bromo-ethane sulfonate (BES),
a specific inhibitor of methanogenesis, methane formation also ceased. These findings dem-
onstrated that both archaeal and bacterial components of the enrichments were necessary for
acetate degradation and methane production. Microscopy of methanogenic enrichments grow-
ing on acetate revealed rod-shaped cells of different sizes. No cells were found resembling
the acetate-utilizing methanogens of the genera Methanosarcina or Methanothrix (formerly
Methanosaeta). An enrichment, which exhibited steady methane formation for 3 years, was
able to produce '“CH, from "“CH,COONa. Addition of unlabeled CH,COONa (200 mg L)
resulted in a 4000-fold increased methanogenesis rate (from 0.22 to 880.4 ug CH, L' day™).

3.5. Isolation of Pure Cultures of Anaerobic Microorganisms from Methanogenic En-
richments

From first-generation methanogenic enrichments grown on media with acetate and
H +CO,, two pure cultures of H_-utilizing methanogens were isolated (strains KZ24a and
KZ3-1, respectively). Strain KZ24a was most closely related to the species Methanother-
mobacter wolfeii (DSM 2970, AB104858); another strain, KZ3-1, to Methanothermobacter
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thermautotrophicus (Delta H, AE000666) (99% similarity of 16S rRNA genes). The 16S rRNA
gene of the strain KZ3-1 contained the signature nucleotides (at positions A164, A166, and
C188) characteristic of M. thermautotrophicus Delta H, and the gene of the strain KZ24a con-
tained the signature nucleotides (C195, A233, C261, T1218, T1274 u T1314) characteristic of
M. wolfeii [37].

The cells of strains KZ3-1 and KZ24a were nonmotile straight rods with sizes of 0.35—
0.5%x3—7 um and 0.35-0.5x2-5 um, respectively. Both strains grew within the temperature
range from 37 to 65°C. The optimum growth temperatures for strains KZ3-1 and KZ24a were
60 and 65°C, respectively. Salinity optimum for both strains was 0—1.0% NaCl; higher NaCl
concentrations (1.5-4%) inhibited methane formation. Both strains utilized H,/CO, as the
source of carbon and energy; acetate, pyruvate, propionate, methanol, ethanol, and 3-ethylam-
ine were not utilized. Weak growth of strain KZ3-1 occurred on formate. Both strains were
resistant to ampicillin and penicillin (2 mg mL"). Amendment of the medium with BES (2-10

mM) inhibited growth and methanogenesis.

Attempts to isolate thermophilic acetate-utilizing methanogens from enrichment cul-
tures obtained from the Dagang oilfield were unsuccessful.

For isolation of the bacterial component of the thermophilic methanogenic association,
which was responsible for acetate oxidation, we used sodium pyruvate as a substrate. Since
our previous analysis of the 16S rRNA gene clone libraries obtained from first-generation
methanogen cultures [5] revealed a phylotype distantly related to Thermacetogenium phaeum,
syntrophic acetate degradation was accepted as a working hypothesis. This bacterium is capa-
ble of syntrophic acetate degradation to methane in association with H,-utilizing methanogens.
Hattori and co-authors [38] used sodium pyruvate as a substrate for the isolation of 7. phaeum
from a sewage treatment methanogenic reactor. We also used sodium pyruvate, planning to

isolate T. phaeum.

On media with pyruvate, ten strains of anaerobic rod-shaped motile spore-forming bac-
teria were isolated from the acetate-utilizing methanogenic association obtained from produc-
tion well 1017-7. All strains were phylogenetically related to Thermoanaerobacter ethanoli-
cus (99.6% similarity of 16S rRNA genes). Two strains, 1017-7b and 1017-7d, were chosen
for detailed study. Both strains grew at the temperatures from 40 to 70°C, with an optimum
at ~60°C. No growth occurred at 35 and 75°C. Both strains grew at pH range from 5.8 to 8.5
and NaCl concentration in the medium from 0 to 2% with an optimum at 0.5%; higher NaCl
concentrations (4—-8%) inhibited growth. The strains fermented glucose, fructose, mannose,
galactose, ribose, lactose, sucrose, maltose, cellobiose, starch, and pyruvate; growth did not
occur on media with acetate, lactate, methanol, ethanol, glycerol, arabinose, raffinose, rham-
nose, trehalose, and mannitol. Yeast extract (0.5 g L") was required as a growth factor. When
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grown with glucose, the strains reduced thiosulfate, sulfite, and sulfur to sulfide; these traits
were not previously known for this species. Sulfate, nitrate, and nitrite were not reduced.

3.6. Reconstruction of Syntrophic Acetate Degradation to Methane by the Binary Culture

For the reconstruction of syntrophic growth on acetate (80 MM), pure cultures of the
methanogen Methanothermobacter (strains KZ3-1 and KZ24a) and Thermoanaerobacter
(strains 1017-7b and 1017-7d) were combined. Methane was produced by all four Thermoa-
naerobacter — Methanothermobacter binary cultures (strains 1017-7b + KZ3-1, 1017-7d +
KZ3-1, 1017-7b + KZ24a, and 1017-7d + KZ24a), while no individual strain was capable
of methanogenesis under these conditions. The experiment with radiolabeled “CH,COONa
confirmed that methane was produced from acetate only by binary cultures (Figure 5a). In this
experiment, the methanogenic association 24Ac, which grew steadily on acetate, was used
as the positive control. The sulfate-reducing bacterium Desulfotomaculum kuznersovii 177,
which is known to be capable of sulfate-reducing growth on acetate, is often detected in the
course of molecular investigation of the microorganisms of high-temperature oilfields. While
we expected replacement of sulfate by a biological electron acceptor to result in acetate deg-
radation, the binary culture of D. kuznetsovii 17" and Methanothermobacter wolfeii KZ24a
was, however, unable to produce methane. Conversion of acetate to methane at 60°C by the

M. thermautotrophicus — T. ethanolicus co-culture is shown on Figure 5b.

The rates of methane formation from labeled 2-"*CH,COONa by the M. thermauto-
trophicus KZ3-1 — T. ethanolicus 1017-7b binary culture and by the 24A enrichment deter-
mined in the Zeikus mineral medium supplemented with unlabeled CH,COONa (200 mg L)
were similar: 143.75 and 148.34 pg CH, L' day”', respectively. No formation of methane from
2-"*CH,COONa occurred in pure cultures of strains KZ3-1 and 1017-7b.

3.7. 16S rRNA Clone Gene Libraries from the Methanogenic Association 24A grown on
acetate

Two 16S rDNA clone libraries were constructed to examine the phylogenetic diver-
sity of the acetate-degrading methanogenic association 24A. All 96 archaeal clones belonged
to one phylotype, Methanothermobacter thermautotrophicus. Bacterial clones (46) formed 4
closely related phylotypes belonging to “Thermoanaerobacter tengcongensis” MB4 (41 of 46
clones), “Thermoanaerobacter subterraneus” (T) SEBR 7858 LA61 (2 clones), Thermoan-
aerobacter keratinophilus 2KXI (2 clones), and Thermotoga subterranea SL1 (1 clone). Bac-
teria “T. tengcongensis” and “T. subterraneus” are in fact subspecies of the species classified
as Caldanaerobacter subterraneus [39]. Thus, both H_-utilizing methanogens of the genus
Methanothermobacter and anaerobic organotrophic bacteria of the Thermoanaerobacter —
Caldanaerobacter group are probably responsible for methane formation from acetate in the

thermophilic methanogenic association.
11
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4. Discussion

Investigation of formation water from the Dagang high-temperature oilfield by micro-
biological, radioisotope, and molecular biological methods revealed a diverse, geochemically
active microbial community. This community included aerobic organotrophs, as well as anaer-
obic fermentative bacteria and archaea, sulfate-reducing and syntrophic bacteria, and metha-
nogenic archaea.

In almost sulfate-free waters of the Dagang oilfield, methanogenesis is the main termi-
nal process. Inoculation of formation water into the media with acetate or H +CO, resulted in
methane production. Radioisotope methods also revealed methanogenesis in formation water
supplemented with each of the labeled substrates (**CH,COONa and Na “CO,). The rates of
methanogenesis before the biotechnological treatment were comparable to the values reported
for the Mykhpayskoe, Talinskoe, and Samotlor high-temperature oilfields (Western Siberia)
and for the Liaohe oilfield (P.R. China), which are also operated with water-flooding [4,5,40].
Injection of the water-air mixture into the oilfield resulted in a significant increase of the rates
of methanogenesis from labeled carbonate and from 2-'*C-acetate.

These data disagreed with the results of molecular investigation of methanogenic en-
richments obtained from the Dagang oilfield [5]. On media with either H /CO, or acetate, the
archaeal component of the enrichments belonged to Methanothermobacter sp. (M. thermau-
totrophicus), which consumes hydrogen and carbon dioxide as basic substrates. The genes
of acetate-utilizing archaea were not revealed. Phylotypes of Thermococcus spp. were also
found among archaeal 16S rRNA genes. Bacterial 16S rRNA genes were related to those of
the orders Thermoanaerobacteriales (Thermoanaerobacter, Thermovenabulum, Thermaceto-
genium, and Coprothermobacter spp.), Thermotogales, Nitrospirales (Thermodesulfovibrio
sp.), and Planctomycetales. The library was found to contain the 16S rRNA gene with low
similarity (95%) to the 16S rRNA gene of Thermacetogenium phaeum, a bacterium capable of
oxidizing acetate in the course of syntrophic growth with H_-utilizing methanogens.

Special attention was paid to acetate-utilizing methanogenic associations. Two mecha-
nisms of acetate degradation to methane are theoretically possible. At high acetate concentra-
tions, thermophilic methanogens Methanosarcina thermophila and Methanothrix (Methano-
saeta) thermophila can carry out direct methane formation by detachment of the methyl group
[41,42]. These aceticlastic methanogens, however, have not yet been isolated from high-tem-
perature oilfields.

The mechanism of methane formation from acetate by mesophilic syntrophic associa-
tions of an acetate-oxidizing organism and a H -utilizing methanogen was originally proposed
in 1936 by Barker and Van Niel [see for review 41]. “Oxidation” of acetate to CO, and H,

occurs at the first stage; CO, is then reduced to methane with hydrogen. The process of syn-
12
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trophic thermophilic acetate degradation resulting in methane formation was first observed in
the course of operating a laboratory reactor for decomposition of lignocellulose-containing
solid waste [43,44]. At low acetate concentrations in the system, syntrophic methane produc-
tion occurs, rather than aceticlastic methanogenesis [42]. Moreover, at high temperature syn-
trophic acetate oxidation is thermodynamically more preferable [41]. Thermophilic syntrophic
methanogenic degradation of propionate, butyrate, and long-chain fatty acids was described.
It was shown that the microbes involved in syntrophy have evolved molecular mechanisms to
establish specific partnerships and interspecies communication, resulting in efficient metabolic
cooperation [45].

Our analysis of archaeal 16S rRNA genes (785 clones) obtained from formation water
and methanogenic enrichments of the Dagang oilfield demonstrated that H_-utilizing methano-
gens of the order Methanobacteriales (Methanothermobacter sp., 97% of the total number of
clones) predominated in the microbial community. No phylotypes of acetate-utilizing metha-
nogens were revealed in the primary methanogenic enrichments and in the original formation
waters. Five phylotypes of methanogens of the order Methanosarcinales were found only un-
der considerably increased acetate concentrations in formation water.

The sequences related to the Alm_OTU3 [DQ097668] phylotype of a methanogen from
the Kongdian oilfield [5] were subsequently revealed in the course of molecular investigation
of gas-associated formation water of a gas-producing well in a natural high-temperature gas
reservoir in Japan, as well as in the microbial community of formation water from the high-
temperature Shengli oilfield and in enrichment culture derived from this source and producing
methane from oil [7,9,46]. Thermophilic hydrogenotrophic methanogens isolated from these
environments were assigned to two closely related new species, Methanothermobacter cri-
nale and Methanothermobacter tenebrarum [7,47]. When analyzing the GenBank data, Cheng
and co-authors [7] showed that the phylotypes related to those of Alm OTU3 and M. crinale
(GU357468) were also present in the 16S rRNA libraries obtained from various thermophilic
anaerobic reactors treating glucose and mixtures of acetate, propionate, and sucrose; propionate
and/or acetate; acetate and butyrate, and swine manure; sewage sludge; and a hot-rot compost
suspension. The phylotype related to those of M. crinale and Alm_OTU3 predominated also
in the clone library of the thermophilic crude-oil-degrading methanogenic consortium isolated
from the production water of oil reservoirs by Gieg and co-authors [48]; they also suggested
that this methanogen could be involved in syntrophic decomposition of crude oil. Syntrophic
acetate oxidation as the main methanogenic pathway in a high-temperature Yabase oilfield
(Japan) was also shown [49].

In our studies pure cultures of H_-utilizing methanogens (M. thermautotrophicus and

M. wolfeii) and acetate-oxidizing bacteria (1. ethanolicus) were isolated from thermophilic

syntrophic methanogenic enrichments. None of the pure cultures was capable of growth on ac-
13
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etate. The binary Methanothermobacter — Thermoanaerobacter culture was found to degrade
acetate to methane, and its composition remained stable during subsequent transfers to fresh
acetate-containing medium. The mesophilic association of Clostridium ultunense and an H.-
utilizing methanogen is known to lose its capacity for syntrophic growth after transfers [50].
The thermophilic syntrophic association of a methanogen and 7. phaeum also retained its abil-
ity to form methane from acetate after a series of transfers [38].

Molecular investigation of the new thermophilic methanogenic association 24A, which
was maintained on acetate for a long time, revealed that, apart from Thermoanaerobacter
species (7. ethanolicus), Caldanaerobacter species (C. subterraneus) may also act as an ace-
tate-oxidizing component. C. subterraneus uses carbohydrates as fermented substrates, with
acetate, L-alanine, H,, and CO, as the major end products [39]. These bacteria are capable of
thiosulfate reduction to sulfide. In the presence of thiosulfate, the glucose metabolic profile of
C. subterraneus changed: acetate production increased and L-alanine was not produced any-
more [39]. Ability to degrade acetate was not included in the description of C. subterraneus
and 7. ethanolicus. Taking into account similar physiological characteristics of these species
and the presence of C. subterraneus 16S rRNA gene in the library of associations degrading
acetate to methane, we can propose that the bacterium C. subterraneus is capable of syntrophic
growth on acetate in the presence of hydrogenotrophic methanogens.

Over 30 phylogenetic groups of thermophilic and mesophilic bacteria were revealed
in formation water. The representative phylotypes belonged to the classes of Alpha-, Beta-,
Gamma-, and Deltaproteobacteria, Clostridia, Thermotogae, Dictyoglomi, Bacteroidetes,
Actinobacteria, and Nitrospirae. The phylotypes of a range of fermentative and syntrophic
bacteria closely related to Thermovirga lienii (fam. Syntrophomonadaceae) and T. phaeum
were detected. Representatives of these two metabolic groups could be involved in syntrophic
acetate degradation to methane.

Anaerobic organotrophic bacteria, including the members of the Thermoanaerobacter
— Caldanaerobacter group, are common in the oil-bearing horizons. These bacteria were usu-
ally 1solated on media with peptone, starch, or glucose; since these substrates do not occur in

formation waters, the ecological function of these fermentative bacteria remained unclear.

In our studies, it was shown for the first time that bacteria of the Thermoanaerobacter
— Caldanaerobacter group in the presence of hydrogenothrophic methanogens are capable of
syntrophic acetate oxidation to H, and CO_, which is then reduced to methane. The aceticlastic
pathway of methanogenesis is probably not pronounced at high temperature so that direct de-
composition of acetate to methane contributes but insignificantly to methanogenesis. In high-
temperature oilfields with low concentrations of acetate and sulfate in formation water, other

acetate-oxidizing prokaryotes, such as Coprothermobacter [51] or sulfate-reducing bacteria
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[52], may form acetate-degrading methanogenic associations with hydrogenotrophic metha-
nogens; the syntrophic mechanism of the terminal stage of biodegradation of the oil organic
matter is in this case preserved.

Our work suggests important biogeochemical conclusions. Since methane formation in
the presence of acetate may be carried out either by aceticlastic methanogens or by syntrophic
associations, quantitative assessment of the rates of these processes requires experiments with
labeled acetate and no antibiotic, as well as with a penicillin group antibiotic suppressing the
growth of bacteria involved in syntrophic acetate oxidation. The difference between these val-
ues will indicate the rate of aceticlastic methanogenesis.

Thus, our investigation made it possible to specify the composition of the microbial
trophic chain, to estimate the geochemical activity of microorganisms, and to obtain new in-
formation concerning the terminal stages of oil biodegradation in high-temperature oilfields.

5. Tables

Table 1: Chemical characteristics and rates of microbial processes in formation waters of the Dagang
oilfield

Methanogenesis rate, pg
Total Cr- of CH, L' day”! Sulfate
Well salinit K*+Na*, | Mg%, Ca*, m ’ SO, HCO;  Acetate, reduction & BC/
No. _ly’ mg L mgL!' mgL! lg mgL'  mgL' mgL! From rate, ug of CH,,“/
mg L L From 21C- 511 " 00
Na.“CO - C S* L' day
. 3 acetate

63 6797 2458 46 54 3695 | 41 503 30.7 0.037 0.290 205.804 -42.0
1002-1 6675 2438 31 39 35721 0 595 29.52 0.880 4.370 0.455° -41.9
1008-1 7024 2589 31 36 3618 35 712 97.6 0.700 1.740 9.367 -42.1
1012 6966 2476 32 52 3766 | 39 610 0.5 0.250 0.002 22.219 -433
1012-1 6999 2548 37 49 3783 | 18 564 42 0.060 0.994 1.629 -43.0
1015-1 6425 2349 33 49 3537 0 457 38.2 0.405 0.425 18.950 -41.7
1017-3 6825 2486 24 34 3519 0 762 21.7 0.604 0.943 0.060 -41.7
1017-4 6584 2384 36 54 3537 | 24 549 0.76 5.116 0.789 11.163 -41.8
1017-5 7138 2609 28 34 3731 | 35 701 3.6 0.441 0.120 2.776 -42.7
1017-7 7270 2643 27 30 3695 6 869 2.9 6.776 3.160 4.586 -43.5
1050-3 6897 2501 35 54 3811 | 37 459 29.1 0.040 0.050 87.288 -42.6
1092 6491 2343 36 44 3396 | 47 625 4.14 0.708 1.96 23.245 -41.6
1066-1° | 5658 2049 32 73 3069 0 435 1.4 0 0.004 0.010 -42.1

*In the absence of sulfate in water the rate of sulfate reduction was calculated using quantity of added label
sulfate (20 pug L"), in the absence of acetate the rate of methanogenesis was calculated using quantity of
added label acetate (70 ug L);

> Well located outside of the zone of biotechnological treatment.
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Table 2: The total number of sequenced and screened clones of archaeal 16S rRNA genes in the libraries ob-
tained from DNA of methanogenic enrichments and of formation waters from the Dagang oilfield

. Number of archaeal 16S | Number of Methanothermobacter sp.
Library of 16S rRNA genes rRNA genes in the library 16S rRNA genes in the library References
Combined first-generation methanogenic 102 101 §
enrichments
Natural formation water 1066-1 64 + 343* 63 + 343* #
Formation water fri)r?;lg‘he zone of the pilot 38 + 143% 17 + 143% #
Methanogenic association 24A grown on 41 + 54% 41 + 54% 4
acetate
Total number of clones 785 762

* Clones revealed positive signal by the PCR with the Methanothermobacter-specific primer.
§ The data from the paper [5].
# The data from the paper [25].

6. Figures

Ig cells number/mL
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Figure 1: The number of thermophilic microorganisms in formation water from production wells of the
Kongdian bed of the Dagang oilfield in January 2002 (a) and maximal values of methanogenesis rates from
labeled Na,"CO, and 2-"CH,COONa in the waters from production wells during the period 06.2001—
12.2007 (b). Designation on Figure 1a: (1), aerobic organotrophs; (2), methanogens, growing on H,/CO,; (3),
methanogens, growing on acetate; (4), sulfate-reducers; (5), fermentative bacteria.
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Methanothermobacter wolfeii KZ724a, DQ657904
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Archaeoglobus fulgidus DSM 43047, X05567
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Thermococcales
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Figure 2: Phylogenetic tree constructed on the basis of analysis of the 16S rRNA gene sequences of pure
cultures Methanothermobacter KZ24a and KZ3-1 and of representatives of the domain Archaea revealed in
the clone libraries from methanogenic enrichments (clones designated Alm — A116m) and from formation
water (North Block, clones designated ANB). The sequences obtained in our studies are in bold. Scale bar,
five nucleotide substitutions for each 100 nucleotide base pairs. Numbers at the nodes indicate the percentage
of bootstrap values for the clade in 1000 replications; only values above 80% are shown.
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Figure 3: Distribution of 16S rRNA genes of Bacteria in clone library of formation water from the zone of
the pilot trial of the Dagang oilfield (435 clones total) among high-rank taxa.
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Figure 4: Methane production (%) by enrichments obtained from formation water of the Kongdian bed on
media with acetate (Ac), acetate amended with ampicillin (Ac + Amp), acetate amended with 2-bromo-ethane
sulfonate (Ac + BES), on H.+CO,, H,+CO, with ampicillin (H,+CO, + Amp), methanol, propionate and
benzoate.
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Figure 5: Methane formation in the presence of acetate by pure and binary cultures of the methanogen M.
wolfeii KZ24a and T. ethanolicus strains 1017-7b (Tb) and 1017-7d (Td) and Desulfotomaculum kuznetsovii
177 (DK) during 18 days of incubation at 60°C (a) and acetate conversion to methane at 60°C the by co-culture
of M. wolfeii KZ24a — T. ethanolicus 1017-7b (b).
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Abstract

The tissue culture of Indian sandalwood (Santalum album L.) has been extensively
studied, mainly for its rapid propagation technology. Santalum album is believed
to be the first woody species for which somatic embryogenesis was reported. De-
spite significant advances, there are still many problems blocking the two basal
modes of regeneration, namely, shoot organogenesis and somatic embryogenesis,
regardless of other modifications such as protoplast culture or genetic transforma-
tion. Without doubt, studies on shoot organogenesis or/and somatic embryogenesis
from explants to induce adventitious shoots or somatic embryos of all stages will
be continue to be published, but reliable and efficient solutions to the limitations
of S. album tissue culture are needed. This review highlights these problems, and
introduces some physiological and biochemical changes during shoot organogen-
esis and somatic embryogenesis. Finally, we discuss future research directions for
the tissue culture of Indian sandalwood, aiming at a call for more studies that ad-
dress these problems which hinder the full application of sandalwood tissue culture.

Keywords: Santalum album, Indian sandalwood, tissue culture, culture media, callus induction, secondary
embryogenesis, maturation of somatic embryos, root formation, plant regeneration
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1. Introduction

Indian sandalwood (Santalum album L.) belongs to the Santalum genus in the Santalace-
ae, which includes about 18 species [1]. It is believed to be the most valuable species because
of a high content of essential oil in heartwood and roots (0.9-8%), which is a higher proportion
of a- (41-55%) and B-santalols (16-24%) in essential oil than other sandalwood species [2-6].
So far, Indian sandalwood has been widely planted in India, China and Australia for signifi-
cant commercial purposes [6]. The trees exhibit great variability and large-scale afforestation
provides a feasible way to select superior individual plants [7,8]. S. album is a predominantly
out-breeding species [9,10], so the traits of offspring are clearly separated. Besides, it takes
more than 15 years for Indian sandalwood from planting to harvesting, unlike annual crops
which can be selected in time to improve varieties. So, propagating S. album trees with desired
characters is very important for sustainable development of the sandalwood industry. Although
traditional vegetative propagation can be accomplished by grafting, air layering and with root
suckers, the production of clones is inefficient, time-consuming and highly dependent on the
season [11-13]. The tissue culture of S. album 1s a solution for mass propagation, which is used
in limited research on other plant species [6,14,15].

The tissue culture of Indian sandalwood has a history of more than 50 years since 1963
[16], with more than 50 studies published [1,6]. It is believed to be the first woody species
for which somatic embryogenesis was reported [1]. Significant advances have been achieved,
including a wide range of responsive explants, such as zygotic embryos/endosperms [17-19],
hypocotyls [20,21], nodes/internodes [6,22-25], immature leaves [26-29], shoot organogenesis
and somatic embryogenesis, cell culture [30], protoplast culture [31-33], and ‘synthetic seeds’
[34]. Despite all of these, there are still many problems that hinder the full application of tissue
culture of Indian sandalwood, such as irregularities in somatic embryos (SEs) [35], low root-
ing abilities of excised shoots [23,24,36], low survival percentage after regenerated plantlets
have been transplanted to the field [20,23,36,37] (Figure 1). So far, the tissue culture of Indian
sandalwood has not achieved industrialization. This paper summarizes common problems in
the tissue culture of Indian sandalwood, and introduces some physiological and biochemical
changes during somatic embryogenesis or shoot organogenesis. Finally, we discuss future re-
search directions of Indian sandalwood tissue culture.

2. Limitations in Indian sandalwood tissue culture
2.1 Callus induction

The main problems during callus induction of Indian sandalwood include the low fre-
quency of callus formation and poor repeatability by different researchers. When Murashige
and Skoog (MS) medium was used as the basal medium [38], some researchers used 2,4-di-

chlorophenoxyacetic acid (2,4-D) alone to induce callus from hypocotyls [35,39] or stem seg
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ments [6,20,35], while other researchers found that callus induced from hypocotyls on callus
induction medium (CIM) containing 2,4-D alone could not regenerate any callus [21,40] or
that the callus induction efficiency of stem segments was extremely low (20% in [14]; <10%
in [41]). In another case, callus was efficiently induced in CIM containing a-naphthaleneacetic
acid (NAA) or indole-3-acetic acid (IAA) alone [42]. In contrast, callus often died after sub-
culture [22]. In many cases, researchers used CIM supplemented with combinations of auxins
and cytokinins, especially 2,4-D and kinetin (KIN), NAA/IAA and 6-benzyladenine (BA) for
callus induction [21,22,25,27,36]. However, the combination differed greatly in different ex-
periments, and the effectiveness and validity of callus induction were questionable [14]. There
are many factors that affect callus induction, such as the genotype from which explants are
derived, explant age, level of endogenous hormones and culture conditions [43]. Genotype
is an important factor that greatly affects callus induction in S. album. The choice of clone
significantly affected callus development [29]. Spontaneous callus formation for A13 may be
controlled by genotype, since the addition of proline, arginine or putrescine did not increase
the rate of callus induction [14]. Thidiazuron (TDZ) (0.9-4.5 uM) may be the most efficient
plant growth regulator, inducing a high percentage of callus from immature leaves or stem
segments, even in different groups of researchers [14,28,44]. In five repeated experiments
conducted in September and December of 2015, January, March and July of 2016, we found
that callus induction percentage from stem segments of a range of genotypes on MS medium
with 2.25-4.54 uM TDZ was consistently high, ranging from 82 to 89% (unpublished data).
In another experiment, internodes of nine individuals were used to evaluate the effect of geno-
type on regeneration mode and callus induction: TDZ was effective for callus induction from
different genotypes (Table 1). However, it is worth noting that callus induced by TDZ is usu-
ally bright yellow, compact and nodular [28] (Fig. 2A) and with a strong ability to differenti-
ate although the ability to disperse callus is poor, thus making it unsuitable for cell suspen-
sion cultures. Relying on the efficiency and stability of TDZ-induced callus, the next research

objective is to regulate callus growth to obtain suitable callus for cell suspension culture.
2.2 Asynchronized of somatic embryogenesis

S. album somatic embryogenesis is often observed to be asynchronous. This is partly
because of the different level of contact between cultures and media (mainly PGRs) leading to
the formation of SEs at different times. It is also because of two kinds of secondary embryo-
genesis, one in which secondary SEs grow directly on primary SEs and the other in which
SEs form callus and then form new SEs, i.e., SEs — callus — SEs [18,20,32,36] (Fig. 2B).
Secondary SEs have great potential for rapid propagation [18]. Bapat and Rao (1988) [34]
induced and isolated secondary SEs from artificial seeds, which then converted into plant-
lets. Observations from our experiments showed that secondary somatic embryogenesis was
usually induced during the first two subcultures (i.e., during the transfer from SE induction
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medium (SEIM) to basal MS medium). In this first step, primary SEs seldom induce second-
ary SEs, even after three subcultures, which may indicate that secondary embryogenesis is
due to the residual effect of PGRs. The frequency of somatic embryogenesis was low but
the formation of secondary SEs and abnormal SEs decreased on PGR-free SEIM contain-
ing cyanobacterial cell extract compared to SEIM containing PGRs [41]. In another experi-
ment, artificial seeds germinated in basal MS medium, producing secondary SEs in the pres-
ence of 2.22 uM BA and 2.85 uM IAA [34], indicating that exogenous PGRs may induce
repetitive somatic embryogenesis, although other as yet unknown reasons may exist since
the occurrence of secondary SEs in woody plants is common [43,45]. SEs that were first
separated then transferred to liquid maturation medium containing abscisic acid (ABA) for a
month, and then transferred to solid medium for further conversion into secondary SEs [36].

2.3 Somatic embryo irregularities/abnormalities

During the process of Indian sandalwood somatic embryogenesis, abnormalities in SEs
are constantly mentioned, including SEs with no roots or roots with an undeveloped shoot
axis, asymmetric cotyledons, monocotyledons, or the fusion of cotyledons [35,46] (Fig. 2C).
Different types of abnormal SEs can appear in the same medium and in medium supplemented
with different PGRs, which may be caused by endogenous factors during callus differentiation
[20], an observation also noted with the culture of protoplasts [32]. In SEIM containing 5.36
uM NAA and 2.21-4.42 uM BA, callus initially induced from nodes or shoot tips by NAA can
differentiate into globular, heart-shaped or immature torpedo-shaped SEs but not mature SEs,
while immature torpedo-shaped SEs germinate precociously, thus forming abnormal plantlets
[42]. In that study, MS medium containing 1.44 uM gibberellic acid (GA,), 2.46 uM indole-3-
butyric acid (IBA) and 2.21 uM BA, various stages of SEs, including cotyledonary SEs, were
observed, and precocious germination was completely inhibited. The authors of [42] believed
that a high concentration of BA not only decreased the number of SEs in each stage, but also
increased the amount of abnormal sSEs, which was consistent with a previous report in 2002
[51]. However, a low concentration of GA; and IBA inhibited new SE formation, but pro-
moted SE development into a mature stage, and produced high quality SEs [42]. Other studies
showed that mature SEs could germinate in medium supplemented with GA,, which would
otherwise produce many abnormal SEs, thus decreasing the conversion percentage from SEs
to plantlets [14,27]. In the absence of exogenous ABA, the frequency of SE maturation was
very low, while in optimized medium supplemented with 4.95 uM ABA, the efficiency of
somatic embryogenesis increased to 57% [39]. The addition of 3 uM ABA, maltose or 2.5%
polyethylene glycol (PEG) to maturation medium increased the proportion of normal SEs [36].
In addition, the use of 1/2MS (macro-elements halved) medium instead of full-strength MS
decreased the frequency of abnormal SEs, indicating that a low concentration of mineral ele-
ments may promote the formation of normal SEs [47].
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Most efforts in sandalwood tissue culture have been to modify the culture conditions
to solve the problem of abnormal SE formation. However, studies on the internal factors such
as the correlation between SE abnormalities and gene/chromosome variation are rare. It is
difficult to detect small chromosomes in somatic cells [23], and chromosome aberrations can
occur, e.g., in maize [48].

The following conclusions may be inferred from these studies: 1) the formation of ab-
normal SEs may be caused by their precocious germination, fusion of many secondary SEs or
inhibition by a high concentration of mineral elements in or on the SE radical; 2) one solution
is to inhibit premature germination, reduce the frequency of secondary SE formation, induce
the maturation of SEs, and use a low concentration of mineral elements to promote root de-
velopment; 3) ABA, GA, or TDZ could be used to obtain mature SEs; IBA might inhibit the

occurrence of secondary SEs while GA, can promote the germination of SEs.
2.4 Difficulty in rooting of regenerated plantlets

Difficulty with rooting is a major problem in the final stage of shoot organogenesis of
Indian sandalwood [21,23,24,27,49,50] (Fig. 2D), and is often encountered in the process of
somatic embryogenesis as well [51,52] (Fig. 2E).

A study on the effects of basal media (1/2MS, 1/2 Greshoff and Doy (1972) (GD) me-
dium and 1/2 woody plant medium (WPM) [54]) and different concentrations of KIN (0, 1.16,
2.33, 3.49, 4.65 uM) on rooting showed that 1/2MS with 98.40 uM IBA, 5.71 uM TAA and
3.49 uM KIN was the best combination to induce roots from plantlets [55]. Similarly, we
found that MS with 24.60 uM IBA, 0.89 uM BA, and 1.07 uM NAA also induced a high fre-
quency of rooting (74.2%) [6]. We proposed that a low concentration of cytokinins may play a
significant role in S. album root induction. Many excised shoots remain recalcitrant, and take
a long time to form roots (Fig. 2D). When excised shoots were treated with 98.4 uM IBA for
different periods, then transferred to the PGR-free medium (1/4MS salts with B, [56] vitamins
and 2% sucrose) for rooting, IBA treatment period had a significant effect on rooting, and
shoots treated for 48 h produced the highest rooting rate (41.67%), root number (2.18 £ 0.06),
and root length (3.32 + 0.67 cm) after 8 weeks [24]. Among four kinds of auxins tested, name-
ly, IBA, NAA, 2-naphthoxy acetic (NOA) and [AA, IBA exhibited the best effect on rooting,
and shoots treated with 1230 uM IBA for 30 min showed maximum rooting (50%) in soilrite
substrate (peat moss, expanded perlite, and vermiculite; 2:1:1) [24]. Their results showed that
treatment with a high concentration IBA had a significant effect on rooting, and that a soil-
based substrate was superior to agar medium for rooting, consistent with other observations
[6]. Our group also successfully induced roots from excised shoots with a high concentrations
of IBA (246 uM) [57].

Mature SEs formed good apical and roots faster in White’s medium [58] than in MS
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medium [22]. Germinated SEs with well-developed shoots and roots could develop into nor-
mal plantlets in White’s medium with 2.86 uM IAA, indicating significant effects of a low
concentration of mineral nutrients [59]. Mature SEs show polarity and develop easily into
plantlets with a well-developed radicle and plumule, serving as a method to solve the difficulty
of rooting in Indian sandalwood. Another solution to the problem of rooting is in vitro micro-
grafting [60], but there is no commercial interest in this method since it requires a seedling to

graft a scion.
2.5 Low survival percentage of regenerated plantlets after transplantation into the field

The last step of tissue culture is to transplant regenerated plantlets from sterile culture
jars to a field. To date there has been little research on this aspect, mainly because rooting of
excised plantlets 1s difficult, which leads to a shortage of raw materials. One paper [55] stud-
ied the effects of different substrates (M1 - volcanic dirt: Purwobinangun, Pakem, Sleman top
soils: organic fertilizer = 3:1:1 (v/v/v); M2 - volcanic dirt: Playen, Gunung Kidul top soils:
organic fertilizer = 3:1:1; M3 - volcanic dirt: Playen, Gunung Kidul top soils: organic fertilizer
= 3:1:1), primary host plants (Caliandra callotirsus, Crotalaria juncea, and Capsicum annum)
and their combinations on the survival of transplanted S. a/bum plantlets. Results showed that
the choice of both substrate and host plant resulted in a slow response to growth and survival
of plantlets in a greenhouse. No more than 10% survival of plantlets derived from SEs was
shown [23]. The following suggestions were provided to improve this [37]: first, transplanting
regenerated plantlets from MS medium to White’s medium, then transferring plants from agar
medium into sterile substrate, and watering with sucrose-free White’s medium to improve root

development, and finally placing rooted plants in a mist chamber with high humidity.

3. Biochemical and molecular (DNA/protein) events during Indian sandalwood somatic
embryogenesis

Although there are many reports on the culture conditions (especially PGRs) for somatic
embryogenesis in S. album, the underlying molecular and biochemical events remains unclear.
Improving the percentage of SE conversion and the survival percentage of regenerated plants
may depend on the elucidation of the metabolic behavior of somatic embryogenesis [61], al-
though related research is still not very profound. The main methods employed have compared
the profiles of soluble proteins, amplified DNA fragments, or enzyme (or isozyme) activity in
different developmental stages by synchronization or manual separation of cultures. As far as
we are aware, only Ca**-dependent protein kinase (55-60 kD) was identified [62,63] in which
Ca’" acted as a secondary messenger in the process of sandalwood somatic embryogenesis
while the lack of effective Ca** (chelated calcium, calcium channel blockers, etc.) significantly
reduced the formation of SEs [64]. After 2001, there are no studies that confirm the theories
put forward by Anil or Rao.
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Fresh callus derived from endosperms in medium containing 2,4-D could partially dif-
ferentiate into pre-embryogenic masses (PEMs), which developed further into globular SEs
in the same medium [17]. In medium containing 2,4-D, however, globular SEs could not de-
velop into bipolar SEs, and bipolar SEs only developed in medium without 2,4-D. In other
words, 2,4-D can block somatic embryogenesis in the globular SE stage and bipolar SEs can
be obtained in medium without 2,4-D. Based on this, the same authors obtained four stages of
cultures, i.e., fresh callus, PEMs, globular SEs, and bipolar SEs. Their experiment showed that
during the development process of fresh callus — PEMs — globular SEs — bipolar SEs, the
activity of protein kinase gradually increased while the activity of glucosidase and xylanase
increased significantly in PEMs — globular SEs and globular SEs — bipolar SEs, indicating
that cell wall plasticity was regulated during development [17]. Also, there were differences in
protein bands among cultures, indicating possible stage-specific gene expression or post-trans-
lational regulation of proteins. The post-translational regulation of proteins was demonstrated
in Ca2+-dependent protein kinase [64].

Callus originated from shoot tips and nodes in NA A-fortified media and could differen-
tiate into spherical SEs, heart-shaped SEs and immature torpedo-shaped SEs, but not beyond
this stage [42]. Callus could develop into cotyledonary SEs in medium containing 1.44 uM
GA,, 2.46 uM IBA and 2.21 uM BA [42]. Protein analysis of embryogenic tissues by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) showed that some specific
proteins (26, 34 and 56 kD) appeared during the period from heart-shaped SEs to torpedo SEs,
which may play an important role in the maturation of SEs.

A tissue culture process, namely, compact callus — friable callus — embryo induction
stage — embryo mature stage — mature embryos, based on different media, was established
[65]. Protein electrophoretic profiles, detection of isozymes (peroxidase, esterase, malate de-
hydrogenase and shikimate dehydrogenase) and RAPD analysis revealed metabolic changes
and genetic variation during somatic embryogenesis. Soluble protein analysis showed that
small molecular weight proteins (< 43 kD) were relatively intense in the third stage, which
may be a characteristic of embryogenic potential. Changes in the isozyme patterns of these
five stages, i.e., the appearance and disappearance of isozyme bands, but without determining
the activity of the enzymes, showed that the genes related to these enzymes were differentially
activated as development progressed. RAPD patterns in these five stages also showed numer-
ous changes, indicating that under tissue culture conditions, high variability in gene expression
took place during somatic embryogenesis.

4. Conclusions and future perspectives

The tissue culture of S. album was recently intensively reviewed [1]. The two known
regeneration pathways are blocked to some extent (Fig. 1). In addition, since biochemical
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and molecular (DNA/protein) events during Indian sandalwood somatic embryogenesis have
seldom been exploited, it is necessary to solve key problems mentioned above to achieve the
rapid propagation of S. album.

Genotype plays an important role in somatic embryogenesis and callus induction [14,29]
(Table 1), and provides new solutions but brings new challenges. For example, in most ex-
periments, explants originating from different genotypes or individuals raised from seed were
mixed, and the resulting optimal medium may be not useful for select individual plants with
desired characters. However, we can use different individual plants to establish different re-
search systems, such as the use of explants to induce somatic embryogenesis easily, allowing
for the study of the factors limiting SE germination and the survival of transplanted plantlets.
Callus formed easily from individual lines, e.g. line A13 [14], can be employed to detect fac-
tors that influence callus differentiation into normal SEs or for screening callus resistant to
salts. Since several parameters of regenerated plants derived from somatic embryogenesis dif-
fered considerably, including vigor, leaf length and width, phyllotaxy and chlorophyll content
[20], it 1s importance to carry out research that assesses variability in somatic embryogenesis
(Fig. 2E). We can use a single genotype (i.e. individual) to construct RAPD/RFPL/SSR finger-
prints of different stages of somatic embryogenesis, including regenerated plants, to elucidate
the stages that are prone to genetic changes, which will aid the rapid propagation of individuals

with excellent and desired characteristics.

In addition, the selection of superior individuals also depends on the development of
molecular markers for assessing desired traits. Can we use SaSSy and SaCYP736A167 genes
as probes to evaluate the oil production capacity of Indian sandalwood [66,67]? Is it reliable
to use peroxidase (POD) activity in bark as a marker of oil yield [68]? These are problems
beyond tissue culture which shall be studied as well.

5. Figures
Explants
i S
2 %,
v sIm?
Somatic embryos Callus Shoots
\\\\ 6‘ /// g
RS S
o &
. v
Plants with well
developed shoots
and roots
Hardening
and

| transplantig
v

Plants survived

30



Advances in Biotechnology
Figure 1: A simplified schematic representing sandalwood tissue culture procedure. SEIM-somatic embryo
induction medium; CIM-callus induction medium; SIM-shoot induction medium; SEMM-somatic embryo
maturation medium; SEGM-somatic embryo germination medium; RIM-root induction medium. Solid lines
indicate easy or effective media while dashed lines indicate ineffective methods or methods with wide varia-
tion.

Figure 2: Limitations in tissue culture of Indian sandalwood. (A) Bright yellow, compact and nodular callus
was induced from shoot nodes in MS + TDZ (4.54 uM) after one month, bar =2 mm. (B) Secondary embryos
formed directly on the primary somatic embryo, bar =2 mm. (C) Abnormal embryos with obvious root tip and
multi cotyledons, bar =2 mm. (D) Excised shoots recalcitrant to form roots after 2 months in MS+ IBA (9.84
uM)+ BA (0.89 uM)+ NAA (1.07 uM), bar = 3 cm. (E) Plants raised from somatic embryos with poor roots,

the left one showing 3 whorled phyllotaxis different from others, bar = 1 cm.

6. Table
MS media (uM) Inducing Percentage Genotype (Sample)
(Y0)

1 2 3 4 5 6 7 8 9
BA (2.22)+ NAA Shoots' 65 | 67 | 62 | 59 | 100 [ 100 | 100 | 100 | 100

(0.27) Somatic embryos 35 | 33 | 38 | 41 0 0 0 0 0

Callus 0 0 0 0 0 0 0 0 0
BA (4.44) + NAA Shoots' 61 | 45 | 58 | 56 | 58 [ 100 | 100 | 100 | 100
(0.54) Somatic embryos 39 | 51 | 44 | 44 | 42 | 34 | 55| 26 | 45
Callus 21 | 19 [ 20 | 32 | 11 12 | 18 | 12 | 21

TDZ (4.54) + NAA Shoots' 56 | 35 | 37 | 48 | 100 | 100 | 87 | 91 | 88
(0.54) Somatic embryos 44 | 65 | 63 | 52 | &9 56 13 9 12
Callus 87 | 77 | 56 | 67 | 77 | 74 | 78 | 69 | 66
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Abstract

Microorganisms are essential to our very existence. They are ubiquitous, found
in common environments such as soil, water, and air as well as exotic locales as
diverse as deep sea hydrothermal vents and soda lime lakes. They are abundant in
natural environments associated with wide range of activities like fuel and biomass
production, mineral, nutrient recycling and energy recovery etc. Concerns of mi-
crobial studies have been identified as important area where background informa-
tion is essential for recovery of natural component for our use. Useful applications
of microbes, study of environment balance and their correlation are valuable for
living organism. Microbes are used for environmental restoration and biomediation
processes which are needed to lead more sustainable lifestyles and use of resources
more justifiably. Microbes are everywhere in the biosphere, and their presence in-
variably affecting the environment. The effects of microorganisms on environment
can be beneficial or harmful. Since a good part of this text concerns with a discussion
of the beneficial activities of microorganisms as they relate to human welfare. Mi-
croorganisms are very diverse and their jobs are highly specific in the environment.
Recognizing the numerous invaluable functions of microbes, this book chapter give
the information about the environment and role of microbes in various applications
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like biomass degradation, fuel production, mineral recovery and nutrient recycling.

Keywords: microbes; biomass; biochemical; environmental application

1. Microbes in Biofuel Production

Our environment provides us natural resources that include, air, water, soil, minerals,
along with the climate and solar energy, which form the non-living or abiotic component of
nature. The ‘biotic’ or living parts of nature consist of plants, animals, and microbes (Nejat and
Mantri 2017). Plants and animals survive by using abiotic component and microbial help. Mi-
crobes play a major role in the balance of environmental biotic and abiotiv components. They
break up/decompose dead plant/animal (biomass) and act on the detritus to reform/recycle
soil nutrients. Biomass is a very good and abundant renewable source of energy. Trees, crops,
garbage, and animal waste all are biomasses but most of the biomass is lignocellulosic bio-
mass of the plants that we use as a source for energy production. The major types of biomass
for ethanol production recognized to date are monoculture crops grown on fertile soils (such
as sugarcane, corn, soya beans, oilseed rape, switch grass, willow, and hybrid poplar; Farrell
et al., 2006), waste biomass (such as straw, corn, and waste wood; Kim and Dale, 2004), and
municipal solid waste (such as processed paper and newspaper; Kuhad et al., 2010). Another
type of biomass is cellulose of woods, viz. Eicchornia crassipes, Lantana camara, Prosopis
Jjuliflora,Saccharum spontaneum, Typha latifolia, Crofton, Chromolaena odorata, etc., which
are promising and cheaper feedstocks for fuel ethanol production. Plants store the solar energy
in terms of photosynthesis a form that can later be converted into fuel with the help of micro-
organism (Figure 1).

Fuel derived from biological origin is termed as biofuel. Biofuel is a fine alternate of
conventional energy sources like Coal, Petrol, and Diesel etc which is actually derived from
lignocelluloses component of the plant. The main constituents of lignocellulose are cellulose,
hemicellulose and lignin (Reddy and Yang, 2005). Cellulose is the main structural compo-
nent of plant cell walls. It is a long chain of glucose molecules, linked by glycosidic bonds.
Hemicellulose, the second most abundant constituent of lignocellulosic biomass, is a family
of polysaccharides, composed of monosaccharide units. After cellulose, hemicellulose is the
most potent constituent of biomass to serve as a source of bioethanol production. Lignin is a
three dimensional polymer of phenylpropanoid units (Van, 2001). The carbohydrate fractions
of the plant cell wall can be converted into fermentable monomeric sugars through acidic and
enzymatic (hemicellulase/cellulase) reactions, which have been exploited to produce biofuels
like ethanol, butanol, osobutanol via microbial fermentation processes. Thus simple sugars are
subsequently converted into fuels by microorganisms (Bacteria, cyanobecteria, yeast).

We need for efficient breakdown of lignocellulosic biomass for biofuel production. A

variety of organisms have evolved to take advantage of this source, including the free-living
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organisms and symbiotic animal-microbe consortia invariably present in biomass-rich envi-
ronments. Increasing our knowledge of the biochemical machinery used by these organisms
for the breakdown of biomass offers new avenues for the development of biologically based
processes that could potentially accomplish biomass conversion at an industrial scale (Edward,
2008). The capture of solar energy through photosynthesis is a process that enables the stor-
age of energy in the form of polymers (cellulose, hemicellulose and lignin). The high energy
content and portability of biologically derived fuels, and their significant compatibility with
existing petroleum- based transportation infrastructure, helps to explain their attractiveness
as a fuel source. Despite the increasing use of biofuels such as biodiesel and sugar- or starch-
based ethanol, evidence suggests that transportation fuels based on lignocellulosic biomass
represent the most scalable alternative fuel source (Hill et al., 2006). Lignocellulosic biomass
in the form of plant materials offers the possibility of a renewable, geographically distributed
and relatively greenhouse-gas-favourable source of sugars that can be converted to ethanol and
other liquid fuels. Calculations of the productivity of lignocellulosic feedstocks, in part based
on their ability to grow on marginal agricultural land, indicates that they can probably have a
large impact on transportation needs without significantly compromising the land needed for
food crop production (Tilman et al., 2006).

Microbial strategies for degrading lignocellulose are diverse. Our current understanding
of the enzymes involved in these processes of biomass degradation is limited to a handful of
model organisms such as the fungus Trichoderma reesei and the bacterium Clostridium ther-
mocellum (DelRio et al., 2007). Research is going on to know about more biomass degraders
microbes. The knowledge of biomass degradation pathways is soon to be increased even more
by a number of large-scale genomic studies. Thus, enzymes derived from thermophilic and
acidophilic organisms known to degrade lignocellulose, hold significant promise for industrial
processes (Viikari et al., 2007). Many novel enzymes and enzyme systems that have evolved
to make use of cellulosic biomass are present in those microbes which is difficult-to-culture
(Hugenholtz et al., 2002). The availability of a wide range of naturally occurring lignocel-
lulose-degrading enzymes increases the chances of successful enzyme optimization for in-
dustrial processes. Optimization of the saccharification process is crucial because the cost of
cellulases remains a key barrier to economical production of biofuels (Himmel et al., 2007).
A more diverse set of candidate enzymes identified through a combination of conventional
cultured microbial studies coupled with environmental prospecting methods will improve the
likelihood of obtaining enzymes with activities and stability suited to a variety of industrial
processes.

Final steps of ethanol production from cellulosic mass will require much of the same
infrastructure developed for the production of sugar- and starch-based ethanol, changes will
need to be made to exploit the diversity of sugars generated from the breakdown of biomass.
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Whereas the conversion of starch-based biomass results primarily in hexoses, and also the
pentose sugars D-xylose and L-arabinose. In contrast to the hexose sugars, the pentose sugars
cannot be fermented by wild-type Saccharomyces cerevisiae (Van Maris et al., 2007). Now
a days genetically engineered Escherichia coli has been used because it has capacity for the
conversion of all hexose and pentose sugars both (Gorke B, Stiilke, 2008). E. coli has recently
been engineered to produce isobutanol and other alcohols via a non-fermentative pathway that
may be more readily adapted to large-scale production. In the future, genomics studies and
pathway engineered microbes will considerably facilitate the process of biodegradation and
biofuel production. This perspective has focused on the production of biofuels derived from li-
gnocellulosic biomass with the help of microbial activity. Thus biofuels produced by microor-
ganisms from renewable materials are promising substitutes for traditional fuels derived from
fossil sources. The demand for sustainable alternative fuels based on renewable resources is
already high today but will dramatically increase in the future. Today biofuel industry primar-
ily produces ethanol from corn starch or sugar cane, and biodiesel is generated from vegetable
oils and animal fats. However, these first generation biofuels, especially ethanol produced from
starch, are in competition with the food and animal feed industry. In contrast, lignocellulosic
biomass like crop wastes, forestry residues and municipal solid waste offers a high potential
as feedstock for biofuels because it is the most abundant sustainable raw material worldwide.
Fuels produced by microbes should help meeting energy- crisis world over.

2. Microorganism in Metal & Mineral Recovery

Since high grade ore deposits are easily accessible, so these ores become rapidly de-
pleted. It thus becomes necessary to recover mineral resources from low grade ore deposits
or extract valuable metals from industrial wastes. However, no appropriate technology is still
available for recovery of metals from low- grade deposits. It is encouraging to find some mi-
croorganisms that could do it efficiently. This potential of microbes could only be realized
recently and efforts are being made to use them for enhanced recovery of mineral resources
from natural deposits. The process of extraction of metals from ores or concentrates, using
microorganisms is called as bioleaching or microbial mining. In other words Microbial mining
1s the process of bioleaching recovers metals from ores that are not suitable for direct smelting
due to their low metal content. Only ores containing sulfur can be bioleached because the bac-
teria feed on sulfur. Microbes have been used for recovery of two important natural resources
- metals and petroleum. Metals are extracted economically from low grade ore by exploit-
ing metabolic activities of bacteria Thiobacilli, particularly 7. ferrooxidans, T. thiooxidans,
Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans (Pradhan et al., 2010). They
are thermoacidophilic autotrophic archaebacteria grow in acidic and hot environments. They
thrive at extremely low pH (pH 1-2) and fixes both carbon and nitrogen from the atmosphere.
It solubilizes copper and other metals from rocks and plays an important role in nutrient and
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metal biogeochemical cycling in environments. It has been demonstrated that these Thiobacil-
lus spp. can be used for extraction of copper and uranium from insoluble minerals. This im-
plication of microbial activity in leaching and deposition of mineral ores could develop into a
recent field of biotechnology known as biohydrometallurgy.

Under optimal conditions in the laboratory, 97% of the copper in low-grade ores has
been recovered by bioleaching. Laboratory experiments could show that recovery of other
metals such as Ni, Zn, Co, Sn, Cd, Mb, Pb, Sb, As and Se from their low- grade sulphide-
containing ores is also possible through bioleaching. The leaching process can also be used
to separate the insoluble lead sulphate (PbSO,) from other metals that occur in the same ore.
The recovery of uranium, a nuclear fuel, can also be enhanced by microbial activities, which
should help overcoming global energy crisis. Insoluble tetravalent uranium oxide (VO,) oc-
curs in low-grade ores. VO, can be indirectly converted to leachable hexavalent form VO,SO,
by T. ferrooxidans and release S* in presence of some growth substrate. S* is oxidized and to
sulphur (S), utilized in the metabolism of 7. ferrooxidans and completes bioleaching cycale
(Figure 2).

These microorganisms actually gain energy by breaking down minerals into their con-
stituent elements. Bioleaching uses bacterial microorganisms to extract precious metals, such
as gold, from ore in which it is embedded. The bacteria feeds on nutrients in minerals, thereby
separating the metal that leaves the organism’s system; then the metal can be collected in a so-
lution. The bacterium uses a chemical reaction called oxidation to turn metal sulphide crystals
into sulfates and pure metals. These constituent parts of ore are separated into valuable metal
and leftover sulphur and other acidic chemicals. Eventually, enough material builds up in the
waste solution to filter and concentrate it into metal. In addition to metal recovery, microorgan-
isms are also used in petroleum recovery called Microbially Enhanced Oil Recovery (MEOR)

and Xanthomonas campestris is used in this process.

Several species of fungi can be used for bioleaching. Fungi can be grown on many
different substrates, such as electronic scrap, catalytic converters, and fly ash from munici-
pal waste incineration. Experiments have shown that two fungal strains (Aspergillus niger,
Penicillium simplicissimum) were able to mobilize Cu and Sn by 65%, and Al, Ni, Pb, and
Zn by more than 95%. Aspergillus niger can produce some organic acids such as citric acid.
This form of leaching does not rely on microbial oxidation of metal, but rather uses microbial
metabolism as source of acids which directly dissolve the metal. Some advantages associated
with bioleaching are (1) Bioleaching is generally simpler and therefore cheaper to operate and
maintain than traditional processes, since fewer specialists are needed to operate complex
chemical plants. (i1) The process is more environmentally friendly than traditional extraction
methods. For the company this can translate into profit, since the necessary limiting of sulfur
dioxide emissions during smelting is expensive. Less landscape damage occurs, since
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the bacteria involved grow naturally, and the mine and surrounding area can be left relatively
untouched. As the bacteria breed in the conditions of the mine, they are easily cultivated and
recycled. Yet overall, bioleaching creates less air pollution and minimal damage to geological
formations, since the bacteria take place there naturally. Microorganisms play a significant role
in the recovery of metal and minerals which is extensively used for our need and survival.

3. Environmental Nutrients and Microbes

All living organism require nutrients for growth. Nutrients are the chemical elements
consumed by plant and animals in the largest quantities. Nutrients are of two types (i) Or-
ganic nutrients: include carbohydrates, fats, proteins and vitamins. (ii) Inorganic chemical
compounds such as carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulphur, water, and
oxygen may also be considered nutrients (Sizer & Whitney, 2007). Carbon (C), Hydrogen (H),
Oxygen (O), nitrogen (N), phosphorus (P), and Sulphur (S) are the elements considered basic
for cell growth. An organism needs nutrients to live and grow because they are used in an or-
ganism’s metabolism which must be taken in from its environment (Elanor & Rolfes, 2005).
They are used to build and repair tissues, regulate body processes and converted to and used as
energy. Methods for nutrient intake vary, with animals consuming foods that are digested by an
internal digestive system, but most plants ingest nutrients directly from the soil through their
roots or from the environment. Microbes (most frequently bacteria) play an important role as
mineralizers of organic detritus and recyclers of essential nutrients in environment.

Bacteria constitute the foundation of ecosystem, being responsible for degradation and
recycling of elements. They are often integrally involved in the chemical alteration of miner-
als. Minerals, or intermediate products of their decomposition, may be directly or indirectly
necessary to their metabolism. The dissolution of sulphide minerals under acidic conditions,
the precipitation of minerals under anaerobic conditions, the adsorption of metals by bacteria
or algae, and the formation and destruction of organometallic complexes are all examples of
indirect micro-organism participation. Where minerals are available as soluble trace elements,
serve as specific oxidizing substrates, or are electron donors/acceptors in oxidation-reduction
reactions, they may be directly involved in cell metabolic activity. There are three categories of
oxidation-reduction reactions for minerals with micro-organisms: (i) Oxidation by autotrophic
or mixotrophic organisms. Energy derived from the oxidation reaction is utilized in cell syn-
thesis. (i1) Electron acceptance by minerals (reduction) for heterotrophic and mixotrophic bac-
teria. Chemical energy is used to create new cell material from an organic substrate. (ii1) Elec-
tron donation by minerals (oxidation) for bacterial or algal photosynthesis (reaction is fuelled
by photon energy).

Nutrient recycling occurs when nutrients are released into the environment. Carnivo-
rous animals feed on herbivorous animals that live on plants. When animals defecate, this

41



Advances in Biotechnology

waste material is broken down by worms and insects mostly beetles and ants. These small soil
animals break the waste material into smaller bits on which microscopic bacteria and fungi
can act. This material is thus broken down further into nutrients that plants can absorb and
use for their growth. Similarly the bodies of dead animals and plants are broken down into
nutrients so that plants can absorb the nutrients through their roots. Thus nutrients are recycled
back from animals to plants and other organism by microbial consumers. If the dead material,
or detritus, is not broken down by microbes, those nutrients will never become available to
help sustain the life of other organisms. As we know that C, H, O, N, P and S are important
for living organism. Recycling of these elements in environment is called as biogeochemical
cycle or nutrient cycle. Biogeochemical cycle is a pathway by which a chemical element or
molecule moves through both biotic (biosphere) and abiotic (lithosphere, atmosphere, and
hydrosphere) compartments of Earth. All are recycled in environment mainly by microbial
activity. Microbes like photosynthetic algae and bacteria are the most important agents of CO,
fixation and recycle carbon in atmosphere. Recycling of H and O is actively involved with the
other cycles like the carbon cycle, nitrogen cycle, sulfur cycle and phosphorous cycle as well.
Among all biogeochemical elements recycling, most studies on recycling have focused on N,
P, S because these elements often limit primary production (Vanni 2002).

Nitrogen is a substance that is essential for all life on the earth. Most nitrogen can be
found in air in the gaseous form (78%), but nitrogen can also be found in water and soil in dif-
ferent forms. There, it will be decomposed by bacteria (decomposer) and absorbed by plants
and animals. Nitrogen is a part of vital organic compounds because it is chief constituents of
amino acids, proteins and DNA. Nitrogen in the gaseous form cannot be absorbed and used
as a nutrient by plants and animals; it must first be converted by nitrifying bacteria, so that it
can enter food chains as a part of the nitrogen cycle. During the nitrogen fixation process cy-
anobacteria first convert nitrogen into ammonia and ammonium (ammonium fixation). Plants
use ammonia as a nitrogen source. Ammonium fixation is carried out according to the follow-
ing reaction:

N,+3H,=2 NH,

After ammonium fixation, the ammonia and ammonium is converted into nitrite (NO,")
by Nitrosomonas bacteria and subsequently Nitrobacter convert nitrite to nitrate (NO,’) through
the nitrification process. Nitrite and nitrate are the main plant nutrients.

Nitrification is carried out according to the following reactions:
2NH, +30,=2NO,+2H"+2H,0

2NO, +0,=2NO;
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During the assimilation process, plants absorb ammonium and nitrate, after which they
are converted into nitrogen-containing organic molecules, such as amino acids and DNA.

Animals cannot absorb nitrates directly. They receive their nutrient supplies by consum-
ing plants. When nitrogen nutrients have served their purpose in plants and animals, special-
1zed decomposing bacteria will start a process called ammonification, to convert them back
into ammonia and water-soluble ammonium salts. After the nutrients are converted back into
ammonia, anaerobic bacteria will convert them back into nitrogen gas, during a process called
denitrification. Finally, nitrogen is released into the atmosphere again (Figure 3). Denitrifica-

tion is carried out according to the following reaction:
NO, +CHO+H"=NO+CO,+12H,0

Phosphorus is found on earth in water, soil, rock and sediments. Phosphorus is taken by
plants and animals in the form of phosphate (PO,*) and Monohydrogen phosphare (HPO,*)
ions. It is a part of DNA, store energy molecules like ATP and ADP, and of fats of cell mem-
branes. Phosphorus is also a building block of bones and teeth of the human and animal body.
Phosphorus is usually liquid at normal temperatures and pressures. In the atmosphere phos-
phorus can mainly be found as very small dust particles. Phosphate salts that are released from
rocks through weathering process usually dissolve in soil water and is absorbed by plants.
The phosphorus cycle is the slowest one of the matter cycles that is described here. Because
the quantities of phosphorus in soil are generally small, it is often the limiting factor for plant
growth. That is why humans often apply phosphate fertilizers on farmland. Animals absorb
phosphates by eating plants or plant-eating animals. When animals and plants die, phosphates
will return to the soils or oceans (environment) again during decay of dead bodies (either plant
or animal) by microbial enzymatic activity. Important organisms active in phosphate recycling
are bacteria and fungi such as species of Bacillus, Pseudomonas, Micrococcus, Flavobacte-
rium, Aspergillus, Penicillium, Fusarium. The enzymes involved in cleaving phosphate from
organic phosphorus compounds are collectively known as phosphatases. These enzymes show
a broad range of substrate specificity and are grouped into two groups based on their pH op-
tima the alkaline phosphatases and the acid phosphatases. Bacteria play the role of disintegra-
tor in the phosphorus cycle.

Sulphate ion (SO,*) is taken up from soil by plants, which incorporate it into protein,
and plant protein is consumed by animals that convert plant protein to animal protein. Death
of plants and animals allows bacterial decomposition of protein in remains to produce hydro-
gen sulphide and other products. Members of the genus Thiobacillus are the main orga—nisms
involved in the oxidation of elemental sulphur. The ability to oxidize sulphur is not restricted
to only the genus Thiobacillus. Heterotrophic bacteria (Proteus vulgaris), actinomycetes and

fungi are also reported to oxidize sulphur compounds. For example species of Bacillus,
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Pseudomonas, Arthrobacter and Flavobacterium are known to oxidize elemental sulphur or
thiosulphate to sulphate. Some bacteria can function in the transition zone between aerobic
and anaerobic environments. Hydrogen sulphide may be oxidized to sulphur by such bacteria
which deposit elemental sulphur in their cells while using oxygen as the terminal electron
acceptor. Hydrogen sulphide may also be oxidized to sulphate photosynthetically by the bac-
teria, Chromtiacceae and Chlorobiaceae. Sulhur is first converted enzymatically to sulphite
which is then oxidized to sulphate.

It is believed that some of the sulphite from the first reaction reacts with sulphur to yield
thiosulphate which is then either cleaved to sulphur and sulphite or converted into tetrathionite.
The latter is then metabolized to sulphur or sulphite which is then oxidized to sulphate. Under
anaerobic conditions, sulphate is first reduced to H,S by sulphate reducing microorganisms,
mostly the bacteria. Many bacteria including species of Bacillus and Pseudomonas are known
to reduce sulphur or sulphate to H,S but among these, Desulfovibrio desulfuricans seems to be
the most important.

Various studies demonstrate that there are a variety of bacteria (chemo- and phototro-
phs, auto and heterotrophs) involved in mineralization and in the cycling of C, H, O, N, S,
and P. Microbes actively preserve and protect the environment. Microbes make a balance in
environment by performing a lot of activity like production, degradation, recovery, recycling
(as discussed above).

4. Figures
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Figure 1: Microbial conversion of solar energy into fuels
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Abstract

Viruses are the most potent parasitic entities that are detrimental to all animal
and plant groups with no exceptions known so far. The viral genome though small
is sufficient for sustaining the infection and its propagation inside the host organ-
ism. The sessile inhabitants of the plant kingdom have developed their strategies
to counter this threat too with variable degree of success. The most important and
significant of these strategies involves the RNA silencing mechanism. The viruses
have evolved successfully in parasitizing and evading this plant defense strategy,
by their ability to encode various “suppressor” molecules, which are able to target
different components of the silencing pathway in plants. Besides suppression ac-
tivity, these proteins also perform functions essential for virus multiplication and
pathogenicity. In this chapter we briefly discuss about the plant defense strategies
with the help of RNAi mediated processes with special focus on Virus Induced
Gene Silencing (VIGS) and the viral suppressors as countermeasures to combat this
strategy, while describing the probable mechanisms of suppressor action and the
variations that exist in their mode of action. We have also tried to elucidate certain
assays that are commonly used to detect and quantify the activity and strength of
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these suppressor proteins. Then, we describe the specific applications of the RNAi
based strategies used to counter virus attack.

Abbreviations: AGO: Argonaute; amiRNA: Artificial microRNA; CaLCV: Cabbage Leaf Curl Virus; Chs:
chalcone synthetase gene; CMV: Cucumber Mosaic Virus; CP: Coat Protein; CP-MR: Coat Protein Medi-
ated Resistance; DCL: DICER-Like; PTGS: Post-Transcriptional Gene Silencing; PVX: Potato Virus X;
PVY: Potato Virus Y; ra-siRNA: Repeat associated siRNA; RARP: RNA dependent RNA polymerase; REP:
Replication-associated protein; RISC: RNA Induced Silencing Complex; RSS: RNA Silencing Suppressor;
siRNA: Small interfering RNA; SVISS: Satellite-virus-induced silencing system; dsSRNA: Double stranded
RNA; GUS: B-glucoronidase; He-Pro: potyvirus encoded helper component proteinase; miRNA: microR-
NA; MYMIV: Mungbean Yellow Mosaic India Virus; nat-siRNA: Natural antisense siRNA; Pds: phytoene
desaturase; ta-siRNA: Trans acting siRNA; TE: Tobacco Etch Virus; TGMV: Tomato Golden Mosaic Virus;
TGS: Transcriptional Gene Silencing; TMoV: Tomato Mottle Virus; TMV: Tobacco Mosaic Virus; ToLCV:
Tomato Leaf Curl Virus; TRV: Tobacco Rattle Virus; TYLCV: Tomato Yellow Leaf Curl Sardinia Virus;
vi-siRNA: Viral siRNA; VIGS: Virus Induced Gene Silencing

Keywords: RNA Silencing; Viral suppressor; Mechanism; double stranded RNA; VIGS

1. Introduction

Viruses are recognized as the primary cause of nearly half of the infectious diseases in
plants. Transmitted by insects such as leathoppers, treehoppers, whiteflies etc the viruses are
capable of infecting almost all types of plants. Infected plants may show a range of symptoms
depending on the disease but often there is yellowing of leaf (streaking, vein clearing or mo-
saic), curling of leaf and other growth distortions like plant stunting, abnormalities in flower
or fruit formation etc. The infecting viruses can damage up to 70% to 100% of yield [1] and
rough predictions indicate that the total worldwide damage due to plant viruses may be to
the tune of US$ 60 billion per year. The accumulation of vast amount of data from across the
globe has revealed the devastating potential of the different viruses and have established their
identity as notorious plant pathogens.

Plants have developed strategies to counter this threat with variable degree of success.
The strategy based on the RNA silencing pathway being the most important and significant.
It is a method of sequence-dependent gene regulation involving suppression of transcription,
transcript degradation or translation inhibition [2,3]. The phenomena of RNA silencing was
first observed during loss in petunia flower pigmentation while over expressing the chalcone
synthetase (chs) gene [4]. An important observation on RNA silencing was made during ex-
periments with pathogen-derived resistance when it was shown that virus resistance correlated
with reduction of viral mRNA in the cytoplasm. Later three independent reports demonstrated
that untranslatable viral RNA was sufficient to produce virus resistant plants and the expres-
sion of viral proteins was not required [5-7].

These findings launched the search for the “resistance factors” and in the year 1999, it
was explicitly proved that plants accumulated small double stranded RNA (dsRNA) molecules
whose sequence was identical to the silenced transgene [8]. Similarly sequence-specific
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small RNAs were observed in Potato Virus X (PVX) infected plants, suggesting a role of these
molecules in antiviral defense mechanism. This triggered the discovery of the components
and pathways of the silencing machinery [8]. Since then, it has evolved as a gene silencing
tool with great potential for virus resistance. The silencing mechanism is involved in adaptive
defense response, gene regulation and chromatin maintenance [9-11]. Though the virus can act
as both inducers and targets of gene silencing, they have evolved successfully in parasitizing
and evading plant defence strategies, by their ability to encode various “suppressor”” molecules
which are able to repress different components of the silencing pathways. An understanding of
both components is necessary for developing effective antiviral strategies for enhancing plant
resistance.

2. RNA silencing in plant antiviral defense

RNA silencing or RNA interference is the natural strategy of switching off gene expres-
sion during fundamental processes like development, genome maintenance and defense against
foreign molecules e.g. viruses. With the rapid advancement in science, a lot of information has
emerged regarding the mechanisms and machineries of RNA silencing [12]. This is being ex-
ploited as a new tool for developing antiviral products, which have large applications in field
of medicine, agriculture and basic biology [13]. In the medical sector, several studies have
demonstrated efficient in-vivo delivery of siRNAs and therapeutic benefit in mice or bovine
models. Presently several companies are engaged in developing RNA silencing based drugs
for clinical use [14]. In the agricultural sector studies have been performed on a number of
plants to improve nutritional content, increase yields and remove undesirable metabolites [15].
The emphasis is on deciphering gene functions and identifying pathways that can be directed
to protect plants from environmental perturbations and pathogen attack. The potential of RNAi
has been recently demonstrated in developing effective resistance against many coleopteran

and lepidopteran insect-pests of crops [16] and in managing plant-parasitic nematodes [17].

The RNAi mechanism exhibits an array of diversity in different components for its
mode of action but the basic mechanism involves the cleavage of a stem-loop like or a perfect
dsRNA structure into small RNA molecules of about 21-24 nt length. This inducer dsRNA
can be endogenous like annealed overlapping transcript of opposite polarity, triggered by tran-
scription of tandem or inverted repeat sequences or else exogenous, like RNA virus replica-
tion intermediates [18-23]. The dsRNAs are diced into RNA duplex of 20-24 nts with the
characteristic 2 nt 3’ overhangs by DICER, which is a key component of the microprocessor
complex [8,19,24,25]. The small RNAs associate with a set of proteins to form RNA Induced
Silencing Complex (RISC), which directs the silencing pathway. The small RNAs include the
miRNAs (microRNAs) and the siRNAs (small interfering RNAs) with their various sub-types,
viz., ta-siRNA (trans acting siRNAs), ra-siRNA (repeat associated siRNAs), vi-siRNA (viral

siRNAs), nat-siRNA (natural antisense siRNAs) etc. Several excellent reviews are available
49



Advances in Biotechnology

detailing the nature, classification, biogenesis and function of these small RNAs [3,26-29].

The key protein molecules involved in the process of small RNA biogenesis and function
are DICER (DCL), RNA DEPENDENT RNA POLYMERASE (RdRP) and ARGONAUTE
(AGO). The silencing mainly occurs at two different stages in cells and hence is categorized
accordingly. The cytoplasmic RNA silencing also known as Post-Transcriptional Gene Silenc-
ing (PTGS), targets mRNA for degradation or translation repression with the help of 21-22 nt
species of RNA molecules generated from inducing dsRNA [2]. This involves various small
RNA classes (miRNA, siRNA, trans-acting siRNA) and DCLs. Subsequently the diced small
RNAs are loaded into the RISC effector complex to guide specific localized silencing [18-
22,30]. In several cases, the primary siRNAs prime the RARP6 mediated synthesis of second-
ary dsRNA for generation of secondary siRNA or transitive siRNAs. This results in the ampli-
fication of siRNAs and the spread of silencing beyond the site of its initiation to bring about

systemic silencing [2].

The other silencing pathway operates at the nuclear level and is called Transcriptional
Gene Silencing (TGS). This pathway is directed by the 24 nt siRNAs and miRNAs and it
involves heterochromatin silencing by cytosine methyation of DNA and post-transcriptional
modifications of histone proteins (e.g. H3- methylation at lysine — 9). The siRNA involved in
this case are generated by DCL-3 with the help of AGO-4 and RdRP-2 [2,3]. This pathway is
considered significant in preventing rearrangement in centromeric and telomeric repeats by
suppressing transposons and other invasive DNAs and thus maintaining genetic integrity [2,
3].

2.1 Virus induced gene silencing

The observations that viruses act as inducer as well as target of RNAi machinery lead
to the theory that the silencing mechanism is primarily a defense system in plants [31,32]. The
invading viral RNAs can precondition this response, even though the natural response is adap-
tive and requires recognition of ‘foreign’ nucleotides for initiation [33-35]. The small RNAs
triggered in response to one mild virus also serve as “molecular memory” to cross-protect the
infected plant against virulent infection by another related virus carrying sequences homolo-
gous to the first virus [33]. This cross protection phenomenon was reported by the plant virolo-
gists as early as 1920, though the mechanisms were worked out much later.

In fact, the term Virus Induced Gene Silencing (VIGS) was first used to describe the
phenomenon of recovery from virus infection [36]. Soon after virologists observed that over
expression of certain genes using viral vectors led to the degradation of the desired mRNA
resulting in genotypes resembling a nearly knockout mutation of the corresponding gene. This
was explained to be due to RNA silencing and subsequently the phenomenon of VIGS was
exclusively used to describe the ability of recombinant viruses to knock down expression of
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endogenous genes [37,38]. It was speculated that majority of plant viruses replicate via a
dsRNA intermediate which may serve as the principal inducer of the siRNA/RNase system
resulting in VIGS. The secondary structure or convergent transcription of viral RNAs can also
serve as a potent trigger of RNA silencing and the reaction is further amplified by host encoded
RdRPs [39,40]. Thus RNA silencing stands as a very important as well as efficient tool for
plants to maintain their defence strategy, especially against viruses.

VIGS as a tool is gaining immense popularity in the field of functional genomics as it
is a simple method when compared to agroinfiltration or biolistic gene guns. The method does
not involve stable transformation and the results can be obtained rapidly within a period of 2-3
days only. Furthermore, it is easy to use and provides a high throughput characterization of
phenotypes that might be lethal in stable lines. It also has the advantage of being very specific
to the target and has been successfully used for rapid silencing of one or more genes in a large
number of species. However, it may have limitations on availability of infectious clones, its
host range, regions of silencing and size restrictions on the inserts. Furthermore, the virus in
the VIGS vector needs to be disarmed to avoid any symptom development due to infection
[41].

VIGS is being used as a tool that employs the RNA mediated antiviral defence mecha-
nism to produce gene knockouts. A number of VIGS vectors have also been constructed by
cloning the gene to be silenced in a minimal portion of the viral DNA (or cDNA in case of RNA
virus) that could efficiently replicate and cause infection [38]. This vector is then introduced
mechanically into the system and whenever a dsSRNA structure or a secondary RNA structure
is formed during the course of infection, silencing process is efficiently initiated against the
infecting virus. In the process the host silencing response also silences the target-gene(s) at
the post-transcriptional levels, in a sequence-specific manner [42]. The first VIGS vector was
developed using Tobacco Mosaic Virus (TMV) which has an RNA genome. Transcripts of
recombinant TMV carrying a sequence encoding phytoene desaturase (pds) were produced
in vitro and inoculated to Nicotiana benthamiana plants leading to successful silencing of
pds. The leaves of these plants exhibited characteristic white patches due to photo-bleaching
as PDS enzyme is envolved in biosynthesis of carotenoids that protect the chlorophyll from
photo-bleaching [43].

Tobacco Rattle Virus (TRV) based VIGS vectors are the most widely used. These are
usually cloned between the T-DNA borders and introduced in plants by agroinfiltration [44-
48]. TRV-based VIGS vectors have been used to silence genes in a number of Solanaceous
plant species [47,49,50]. PVX based VIGS vector have also been used, however they have
more limited host range as only three families of plants are susceptible to this virus [46]. The
geminiviruses like bipartite Cabbage Leaf Curl Geminivirus (CaLCV), Mungbean Yellow Mo-

saic India Virus MYMIV), Tomato Golden Mosaic Virus (TGMV), etc have emerged as
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very promising DNA virus based VIGS vectors, as they can be delivered by direct plasmid
DNA infection. The Tomato Leaf Curl Virus circular replicon based VIGS vector was shown
to silence the pds and pcnagenes of tomato in a long-lasting manner [51]. A list of commonly
used VIGS vectors is provided in Table 1.

The Satellite-virus-induced silencing system, SVISS, was also demonstrated as an ef-
ficient gene silencing in plants.It employs the dual-component of a Satellite-virus-based vector
and a helper virus. The first SVISS was based on a Satellite virus which uses the TMV strain
U2 as a helper [53]. In other studies, modified satellite DNA were used for silencing genes
along with Tomato Yellow Leaf Curl China Virus in N. Benthamiana [65], African Cassava
Mosaic Virus in cassava [67], Pea Early Browning Virus in pea [56] and Bean Pod Mottle
Virus in soybean [58]. This method has the advantage of being easily clonable (small genome

size), highly stable and showing attenuated symptoms of virus infection.
3. Suppressor of RNAi

Viruses have evolved a defense measure for evading the RNA silencing mechanisms.
They encode for protein molecules known as ‘suppressors’ [68,69] which interfere at different
stages of RNA silencing pathway thus helping in efficient infection and replication of virus in
the host cell and spreading the infection systemically. These suppressors molecules are usually
ordinary viral proteins e.g., coat protein, movement protein or proteases that carry the suppres-
sor activity as their secondary function. It has been suggested that the suppressor activity is ca-
sually coupled with transcription factor activity [70]. As a result there is extensive assortment
in the RNA Silencing Suppressors (RSS) documented from the distinct viruses. A number of
suppressors discovered so far in various systems have been listed in Table 2.

3.1. History of RNA silencing suppression

The vital role played by specific virus encoded proteins in augmenting virulence pro-
vided the first indication on the presence of RSS. In the classical study it was shown that PVX
by itself, causes mild symptoms but the symptoms show a vigorous enhancement during co-
infection with the Potato Virus Y (PVY) and Tobacco Etch Virus (TEV) [31]. Subsequently
several other reports showed that co-infection with combination of viruses caused increased
symptom severity compared to each of the viruses alone. This phenomenon was denoted as
synergism [71] and it is now understood that the enhanced synergism is mainly due to weaken-
ing of the host defense by RSS targeting the silencing pathway at multiple points [31,72].

In 1998 several independent reports showed the involvement of a potyvirus en-
coded helper component proteinase (Hc-Pro) in enhancement of replication of many unrelated
viruses. In one such report it was shown that Hc-Pro suppressed the PTGS of B-glucoronidase
(GUS) reporter transcript on a highly expressed locus [92]. In another study, GUS silenced

52



Advances in Biotechnology

Nicotiana tabacum plants were crossed with four independent transgenic plants expressing
TEV-P1/HC-Pro and it was observed that silencing was reversed in the resulting offsprings
[87]. These observations led to identification of P1/Hc-Pro as the first RSS.

In the same year, Brigneti and co-workers showed that PTGS of a green fluorescent
protein (GFP) in Nicotiana benthamiana plants transgene is suppressed after infection with
Cucumber Mosaic Virus (CMV). In an interesting experiment they expressed HC-Pro of PVY
and 2b protein of CMV-encoded proteins in a PVX vector and demonstrated that both can
act as RSS. They also demonstrated that HC-Pro acts by blocking the maintenance of PTGS
in tissues containing established silencing, whereas the 2b protein prevents initiation of gene
silencing in the newly emerging tissues [81]. Since then several RSS from plant, insect (like
B2 protein of Flock House Virus) and animal (like NS1 encoded by Influenza Virus) viruses
have been identified [87,93,94]. It was also shown that the RSS can suppress silencing in both
animal and plant cells, regardless of their host preference due to the conserved nature of the
silencing phenomenon [95]. These findings triggered the search for more RSS and since then,
a number of viral encoded RSS have been discovered (Table 2). It emerges that the viruses

employ RSS as a common strategy against one of the most potent induced defense system.
3.2. Identification of RNA silencing suppressors

The analysis of candidate viral proteins as potential RSS was enabled by the develop-
ment of different screening systems, based on monitoring their role in reversing the RNA
mediated silencing of reporter genes like GFP or GUS. The assays utilized different reporter
constructs, such as partial or complete inverted repeats and this also provided an indication on
the possible site of action of the RSS [96]. The most commonly used in planta assay is based
on transgenic tobacco plants constitutively silenced for a reporter gene [97]. The RSS activ-
ity can be assayed by rummaging for localized reporter gene expression following transient
expression of the virus encoded protein [98,99]. As a modification of this method the reporter
gene and the putative RSS are co-infiltrated in wild type tobacco leaves followed by monitor-
ing the reporter gene expression [86,100,101]. It is anticipated that in presence of RSS activity,

the reporter gene expression will be retained to a high level or may even increase.

An alternative method involves generating two types of stable transgenics, one contain-
ing a silenced reporter gene and the other expressing the candidate viral RSS [87,92,102-104].
The two plants are crossed and the progeny is screened for reporter gene expression. However,
this method is labour intensive and often over-expression of RSS in the plants affects seed
formation and leads to developmental defects. Alternatively, the candidate RSS can be ectopi-
cally expressed from a heterologous viral vector, which is inoculated on to the silenced trans-
genic plants. PVX based vectors lack the ability to restore the reporter gene expression in such
assays and thus serve as suitable vectors to test the viral genes for their RSS capability [81].
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The affect of RSS on systemic movement of the silencing molecules can be assayed by
grafting of a reporter gene silenced rootstock to a reporter gene expressing scion. The silenc-
ing signal systemically spreads from rootstock to scion to silence the reporter gene expression.
The candidate RSS is introduced in the plant serving as the rootstock with the help of genetic
crossing. In presence of RSS activity the spread of the silencing signal will be curtailed and
there will be no effect on the reporter gene expression in the scion. This assay is not only time
consuming but requires the production of transgenics as well as breeding experiments.

3.3. Mechanism of RNA silencing suppression

The RSS encoded by different plant viruses appear to suppress the silencing based virus
defense pathway in different points [68,86,100,105-107]. They primarily act on the common
biogenesis or functional components of the pathway causing suppression of the siRNA-medi-
ated [108-113] pathways, resulting in breakdown of the host anti-viral defense response [96].

The common sites of action include:
3.3.1. Binding double stranded RNA

In the silencing pathway the long dsRNA acts as a major inducer and small dsRNA
serves as a major effector molecule. The binding of RSS masks the long dsRNA and thus
protects it from the DCL action, thereby preventing its processing into siRNA [114]. The bind-
ing to small dsRNA like siRNA duplex prevents their sorting into the AGO containing RISC
complex and renders them functionally inactive. Binding to small RNA duplex is a common
strategy for many of the viral encoded RSS [114] encoded by phylogenetically and evolution-
arily divergent viruses like tombusvirus P19, closterovirus P21, carmovirus CP, pecluvirus
pl5, hordeivirus QB, potyvirus HC-Pro, CMV-2b [115-120].

The RSS also interfere with miRNA biosynthesis in plants and inhibit the cleavage and
translational repression of target genes by specific miRNA in the plant developmental pathway
[101,102-104,121-124]. In plants, virus-induced disease symptoms often result in develop-
mental abnormalities resembling perturbation of miRNA-mediated function. Several studies
have now shown that transgenic expression of RSS can alter the accumulation and/or function-
ing of miRNAs leading to developmental abnormalities related to the action of miRNAs [125].
Tombus virus encoded P19, Beet Yellow Virus encoded P21 and Potyvirus P1/HC-Pro bind to
duplex forms of miRNAs [103].

The crystal structure of RSS further indicates that the mechanism of RNA binding also
varies [126]. TAV2b recognizes siRNA (19 nt) duplex by a pair of hook-like structures and
adopts a R-helix homodimer structure to measure siRNA duplex in a length-preference mode,
whereas P19 protein uses an extended S-sheet surface and a small R-helix to form a caliper-
like architecture for binding and measuring the characteristic length of siRNAs. Few RSS
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proteins have the ability to bind both long and short dsRNA, like p14, FHV-B2 [120]. AC4
protein of ACMYV is a unique RSS because of its ability to bind to single-stranded forms of
miRNAs and siRNAs and thus interferes with both miRNA-mediated function and suppres-
sion of siRNA-mediated PTGS.

3.3.2. Binding to biogenesis components

Many RSS have been found to interact with and inhibit the activities of DICER/DCL
and this directly affects the small RNA biogenesis. P38 of Turnip Crinkle Virus suppresses
DCLA4 activities [127]. The P6 protein of CMV suppresses the host DRB4 activity which is
required to facilitate the activity of DCL4 enzyme [128]. Among the non-plant virus FHV-B2
interacts with the PAZ domain of DICER [120] and the Hepatitis C virus core protein also
directly interacts with DICER to antagonize RNA silencing [126].

RDRG6 is another important component mainly associated with sense gene mediated si-
lencing and transitive siRNA biogenesis by generating dSRNA. MYMIV-AC2 has been found
to be interacting with RDR®6 to interfere with RNA silencing [129]. Potyvirus P1/HC-Pro also
interferes with the HEN-1 mediated methylation of miRNA [103].

3.3.3. Interference with RISC

Suppression activity at RISC level is achieved by targeting the AGO protein. Polerovi-
rus encoded PO and CMV-2b suppresses RNA silencing by destabilizing the AGO1 [130,131].
Similar silencing mechanism has also been observed in case of MYMIV-AC2 [129]. P1/HC-
Pro also inhibits miRNA-mediated cleavage of target mRNAs, but the exact mode of action of

this protein in the silencing pathway is not known.
3.3.4. Interference with DNA methylation

Some RSS have the ability to reverse the small RNA mediated TGS. They can cause re-
versal of TGS by various mechanisms. It has been reported that the 2b protein of severe Shan-
Dong (SD) isolate of Cucumber mosaic virus, suppresses RADM by binding and sequestering
siRNAs in a process involving AGO proteins in the nucleolus [132]. Another mechanism is
displayed by the AC2 protein of Begomovirus and Curtovirus genera. They inactivate Adenos-
ine Kinase, thereby reducing production of the methyl donor (SAM) and causing release of
TGS [133,134]. The C1 protein of beta-satellite of Tomato Yellow Leaf curl China Virus inac-
tivates s-adenosyl homocysteine hydrolase, an enzyme required for synthesis of SAM and thus
reduces the level of cytosine methylation of viral DNA [135]. The C2 protein of Beet Severe
Curly Top Virus increases the life-span of SAMDCI and thus suppresses DNA-methylation
mediated gene-silencing in Arabidopsis [136]. The AC2 protein of Indian Cassava Mosaic
Virus up regulates RAV2, which acts as a transcriptional repressor, inhibiting transcription of
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KYP, a histone methyl transferase.
4. Applications of RNA silencing to counter virus attack

The viral pathogens depend on the host’s cellular machinery for reproduction; hence it
is challenging to eliminate them without damaging the host plant. Therefore, most manage-
ment strategies for diseases caused by plant viruses are directed at preventing infection. The
RNA silencing based strategies to induce a highly specific antiviral state in plants have been
extensively employed to raise virus resistant transgenic plants, even before the exact mecha-
nisms were comprehended. This is evident from the commercial cultivation of Papaya Ring-
spot Virus resistant ‘SunUp’ papaya and virus resistant potato varieties “NewLeaf Plus” and
“NewLeaf Y. The understanding of the VIGS and RSS helped to further refine the techniques.
The targeting of the RSS, which play an important role in viral pathogenicity, emerged as ef-
ficient antiviral strategy. Ever since the anti-viral properties of RNA1 have been tested in many
other crops.

4.1. Pathogen —derived resistance

Sanford and Johnston [137] developed a simple concept of parasite or pathogen-derived
resistance to explain the observations that a plant infected with one virus shows resistance to
infection by same or a closely related virus strain.This concept was utilized in the early at-
tempts to engineer resistance through the introduction of viral genetic material into the plant
genome [138-140].

An excellent example is provided by the pioneering work of Robert Beachy’s group
in 1986 by providing coat protein (CP)-mediated resistance to TMV [141]. It was demon-
strated that the over-expression of viral CP gene in transgenic plants could protect these plants
from the infection by TMV and closely related tobamoviruses. It was shown that transgeni-
cally expressed CP interfered with the assembly of TMV particles due to hindrance with the
inter-subunit interactions [141]. These results also indicated that plants could be genetically
transformed for resistance to virus disease development and the trait of resistance could be
stably transmitted to the next generation [142]. This phenomenon was referred as coat-protein-
mediated resistance (CP-MR) and was found to be effective in a variety of host or virus com-
bination. CP-MR thus became a choice for the researchers to develop transgenic plants against
various viruses. The CP-MR was used against the Rice Stripe Virus by introducing its CP in
japonica rice by protoplast electroporation followed by generation of transgenic plants [143].
CP-MR was also reported for Potato Virus Y in tobacco [144]; Tomato Yellow Leaf Curl Virus
(TYLCV) in tomato (145); Pea Enation Mosaic Virus in pea [146]; Potato Mop-Top Virus in
potato [147] and Cucumber Mosaic Virus 1B in tobacco [148].

In viruses the CP plays an important role in ssDNA protection, movement and trans-
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mission of viruses. A CP-deficient ACMV-KE clone lost its systemic infection capacity in cas-
sava plants and showed reduced functional interaction with its vector Bemisia tabaci [149].
The vector specificity determinant regions were also shown in the CP of Abutilon Mosaic Virus
[150]. Expression of a mutated non-functional CP therefore appeared to be a potential strategy
to impede the virus spread amongst its vectors. Later, it was shown that, mutant forms of TMV
CP had stronger inter-subunit interactions and these were found to confer increased levels of
CP-MR compared with wild-type CP.

The viral replication-associated protein (REP) also emerged as a strong candidate for
pathogen-derived resistance. The genomes of plant single-stranded DNA viruses do not encode
polymerases, but their replication requires interaction between the REP and host polymerases.
The Rep protein by itself is not a determinant of disease or pathogenesis [151]. It was shown
that over-expression of truncated rep gene (encoding for the N-terminal 210 amino acids of
REP) showed resistance against Tomato Yellow Leaf Curl Sardinia Virus up to 15 weeks post
virus inoculation [152,153]. Similar observations were reported for the expression of the N-
terminal region encompassing the DNA binding and oligomerization domain of 7omato Leaf
Curl New Delhi Virus. This also accorded resistance to heterologous ACMV, Pepper Huasteco
Yellow Vein Virus and Potato Yellow Mosaic Virus [154].

The virus also encodes movement proteins (MP) that are required for cell-to-cell and
long-distance movement. Tobacco plants expressing Tomato Mottle Virus (TMoV) encoded
movement proteins, BV1 or BC1, showed a significant delay in infection to TMoV and CaLCV
infection [155,156]. Non-functional MPs may compete for Nuclear Shuttle Protein; required
for long distance movement in begomoviruses interaction or oligomerization and this could
explain the resistance previously observed in mutated MP expressing plants [157]. However
the overexpression of these proteins also had deleterious effects on plant development [158].
Over the years, other full-length or truncated viral genes, like RARp, proteinase, satellite RNA,
defective interfering RNA, and noncoding regions, have been extensively used to engineer
virus resistance.

4.2. Antisense RNA

Regulation of gene expression by antisense RNA (asRNA) was first discovered as a
naturally-occurring phenomenon in bacteria [159], however its effectiveness in eukaryotic
cells was demonstrated as early as 1984 [160]. The antisense technology is based on block-
ing the information flow from DNA via RNA to protein by the introduction of an RNA strand
complementary to the sequence of the target mRNA. It was hypothesized that the antisense
RNA base-paired with its target mRNA thereby forming dsRNA duplex causing the blockage
of mRNA maturation and/or translation [161]. It was later shown that the dSRNA is recognised
as a substrate by the RNA silencing machinery resulting in its rapid degradation into siRNAs
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which in turn cleave the target mRNAs in a sequence dependent manner. The antisense tech-
nology has potential as therapy to treat many genetic and metabolic disorders, for identifying
gene functions and in crop development.

The application of artificial antisense RNA was demonstrated in plants by down-regulat-
ing the chs gene which is responsible for flavonoid biosynthesis [162,163]. The chs-antisense
RNA elicited increased fungal disease susceptibility in Arabidopsis plants [164]. This technol-
ogy was successfully used in Flavr Savr to delay tomato ripenining and rotting by introduc-
ing the antisense RNA for Polygalactourodase gene to inhibit the synthesis of the enzyme
[165,166]. The expression of antisense RNA against Potato Leaf Roll Luteovirus CP triggered
virus resistance in the transgenic plants [167]. Day and coworkers [168] used antisense ALl
transcripts of TGMV to engineer geminivirus resistance in tobacco plants. Resistance was
engineered against the Cotton Leaf Curl Virus by using anti-sense constructs of Rep, REN
and TrAP genes [169]. The antisense technology was also effective in confirming resistance
against infection by viruses like PVX [170], TMV [171], CMV [171] and TYLCYV in Nicoti-
ana benthamiana [172] and tomato [173].

4.3. Hairpin RNA and double stranded RNA

The direct application of RNA silencing in plants was initiated by the use of intron
looped self complimentary hairpin RNA (hpRNA) constructs [174]. The hpRNA constructs
contained, 100-800 bp long fragments of the target gene cloned in sense and antisense orien-
tations, separated by an intron sequence. When transcribed in planta the primary transcripts
folded into a hairpin structure, which could be recognized and processed by DCLs into siR-
NAs [175]. The siRNAs then induced PTGS and repressed the target gene strongly. These
were found to be more effective in silencing the target genes as compared to overexpression of
antisense transcripts. The hpRNA have emerged as the reagents of choice for triggering spe-
cific RNA1 against a variety of viruses in different plant species [176-178]. These constructs
are delivered into the cells through agrobacterium or gene gun as plasmid or viral vectors
where the get transcribed and processed into SRNAs. The hpRNA encoding constructs driven
by a maize ubiquitin promoter bestowed immunity to transgenic barley against Barley Yel-
low Drawf Virus [179]. Transgenic plants resistant to Cassava Latent Virus were produced
by introducing a tandem repeat of its subgenomic DNA B [180]. HpRNA construct with 425
bp conserved region of Bean Golden Mosaic Virus REP was used to generate virus resistant
tobacco plants [181]. Recently it was reported that a spray application of a long noncoding
dsRNA on barley plants was effective in targeting three fungal cytochrome P450 lanosterol
C-140-demethylases, required for biosynthesis of fungal ergosterol [182]. Similarly wheat
plants pre-infected with BSMV containing antisense sequences against target genes of the fun-
gus, Fusarium culmorum caused a reduction of corresponding transcript levels in the pathogen
and reduced disease symptoms [183]. Similar efforts are ongoing to leverage the power of
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RNAI in engineering effective, broad-spectrum and ecologically safe resistance against many
viruses in different crops [184-193]. The major limitation of this technology lies in the genera-
tion of aberrant siRNAs, which result in silencing of the non-specific genes.

With the unveiling of the mechanism of RNA silencing it was clear that the dsSRNA
serves as the trigger for PTGS, so strategies based on introduction of dsRNA were also em-
ployed. The major bottleneck for the application of this technology lies in the proper design-
ing and effective delivery of siRNAs molecules. Several online software sare now available to
design the correct siRNAs [28]. The choice of delivery technique(s) is more or less governed
by the preparation of the siRNA. Among the popular approaches for siRNA production are
chemical synthesis, in vitro transcription, expression vectors and PCR expression cassettes.
It is important to adapt the correct delivery strategies to facilitate better cellular accumulation
of siRNAs and their release close to the respective targets site. It is generally believed that the
siRNAs are passively endocytosed [184] however,the in vivo transmission of naked siRNAs
in-vivo is limitated by inefficient cellular uptake, nucleolytic degradation and other problems
like trapping in non-desirable cellular compartments. Hence direct application siRNA involves
mixing these molecules with ‘biocompatible’ and ‘genocompatible’ formulations for appropri-
ate delivery [185].

In plants, generally vectors are used to generate and deliver siRNAs to the target tissues
instead of direct delivery. The use of viral vectors has been discussed in the section 2.1 under
VIGS. The plasmid vectors can exist as episomes or integrate in the genome. The plasmids are
used to express around 70 nt shRNAs or hpRNAs, which are transcribed into effective dsR-
NAs capable of silencing the target genes [186,187]. One of the excellent application is the use
of specific dsRNA and siRNAs for HC-Pro region to block the replication and transmission of
PVY through the potato plants [194].

The dsRNA also induces genomic methylation [195]. Methylation of the promoter se-
quence induces TGS, which unlike PTGS is stable and heritable. However if methylation
occurs in the coding sequence, it has no apparent effect on the transcription of the locus, al-
though silencing still occurs at the post-transcriptional level. The dsSRNA carrying a sequence
homologous to the promoter of the transgene can guide the methylation and TGS in plants.
Methylation of a Tomato Leaf Curl Virus derived transgene promoter and consequent trans-
gene silencing have been observed on infection [196] strongly suggesting that virus-derived
siRNAs are also generated for the transcribed and non-transcribed intergenic regions of the
viral genome [197]. The dsRNA-guided methylation of geminivirus bidirectional promoters
may down-regulate the transcription of viral genes, resulting in inefficient virus replication
[198].

4.4. Artificial miRNA
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Artificial microRNA (amiRNA) technology is based on designing miRNA or engineer-
ing miRNA artificially by mimicking the intact secondary structure of endogenous miRNA
precursors to utilize the natural silencing pathway to target desired transcripts [199,200]. It
has been shown that altering several nucleotides within sense and antisense strands of miRNA
has no bearing on its biogenesis and maturation, as long as secondary structure of its precur-
sor remains unaltered. The amiRNA acts as a specific, powerful and robust tool that can be
applied to study metabolic pathways, gene functions and for improving favourable traits. The
amiRNA technology was first used for gene knock down in human cell lines [201] and later in
Arabidopsis [202], where they were shown to effectively interfere with reporter gene expres-
sion. Subsequently, it was demonstrated that amiRNAs when expressed under constitutive or
tissue-specific promoters can down-regulate a number of endogenous genes without affecting
the expression of other unrelated genes [124,203].

The amiRNA sequences are designed according to the determinants of plant miRNA
target selection, such that the 21 nt sequence specifically silences its intended target genes.
They resemble the natural miRNAs in containing a Uracil residue at their 5° end; having an
Adenine/ Uracil residue as their 10" nucleotide and displaying 5’ instability relative to their
amiRNA* sequence [204,205]. The miRNA mediated gene regulation has also emerged as a
second generation tool in the field of RNAi technology and having various applications in the
field of agriculture, medicine and in the field of functional genomics studies [203, 206-211].

The amiRNA technology is being utilized to target the invading viral gene transcripts
and the effective strategies employ targeting the viral encoded RSS transcripts [212]. The
amiRNAs arising from ath-miR-159 backbone were effective in targeting viral sequences en-
coding RSS, P69 of Turnip Yellow Mosaic Virus and HC-Pro of Turnip Mosaic Virus [206].
Similarly, amiRNA sequences targeting 2b of Cucumber Mosaic Virus (CMV), a potent RSS,
can confer effective resistance to CMV infection [208]. The amiRNA targeting overlapping
regions of geminiviruses genes, AC1, AC2 and AC4 were used to generate transgenic tomato
plants that could resist infection of ToOLCV New Delhi variety [213,214]. These amiRNAs
were also used for generating resistance against Watermelon Silver Mottle Virus in tobacco
[215].

4.5. Artificial tasiRNA

Artificial tasiRNA technology has also been used to generate virus resistant plants. The
strategy involves designing a binary vector incorporating the 5’ and 3’ binding sites of miR390
flanking the RSS sequence on each side, respectively. This vector when introduced in plants
produces artificial tasiRNAs from the RSS encoding sequences. These tasiRNAs can inacti-
vate the viral transcripts containing homologous sequences. The transgenics producing the

artificial tasiRNAs were used to protect the plants against the invading ToLCVs [216]. Such
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5. Figure
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in principle be adopted to develop plants tolerant for other phytoviruses.
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Figure 1: The different modes of interference of the known RNA silencing suppressors on miRNA and siRNA
biogenesis pathway. The suppressors may interrupt the RNA silencing pathway at different steps from the
beginning of biogenesis, small RNA maturation and loading into RISC.

6. Tables

Table 1: List of viruses used for the construction of VIGS vectors.

Virus Backbone Reference
RNA Virus and their satellites

Tobacco Mosaic Virus (TMV) [43,52]
SatelliteTobacco Mosaic Virus (STMV) [53]
Potato Virus X (PVX) [37]
Tobacco Rattle Virus (TRV) [44]
Barley Stripe Mosaic Virus (BSMV)W [54,55]
Pea Early Browning Virus (PEBV) [56]
Brome Mosaic Virus (BMV) [57]
Bean Pod Mottle Virus [58]
Cucumber Mosaic Virus (CMV) [59]
Tomato Mosaic Virus (TMV) [60]
DNA Virus

Tomato Golden Mosaic Virus (TGMV) [61]
Cabbage Leaf Curl Virus (CaLCV) [62]
Tomato Leaf Curl Virus (ToLCV) [51,63]
Tomato Leaf Curl Virus satellite [64]
Satellite DNAPB of Tomato Yellow Leaf Curl China Virus 65]
(TYLCV) [
Tobacco Curly Shoot Virus [66]
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Table 2: List of suppressor molecules identified from different plant viruses.

AC2 Local
African cassava mosaic virus (68, 73)
AC4 Systemic
DNA Tomato golden mosaic virus |AL2 - (74)
Werineiey glovyleatemit e Ll g Svstsits (75, 76)
virus-C
Beet curly top virus L2 - (74)
Turnip crinkle virus CP (P38) Local (77, 78)
Beet yellows virus p21 Local (79)
Citrus tristeza virus p20 Local (80)
p23 Local and Systemic |(80)
CP Systemic (80)
Beet yellow stunt virus P22 Local (79)
(68)
Cowpea mosaic virus S coat Local
Cucumber mosaic virus 2b Local* and Systemic (81, 82)
Peanut clump virus pl5 Local and Systemic |(83)
Barley stripe mosaic virus  |yb - (84)
RNA Beet western yellows virus | PO sl g ey (85)
systemic
Potato virus X P25 Systemic (86)
Potato virus Y HC-Pro Local and Systemic*|(81, 87)
Rice yellow mottle virus P1 - (68)
Tomato mosaic virus 5100 - (68, 88)
protein
130-kDa Local (89)
protein
. Local and Systemic
Tomato bushy stunt virus  |P19 (binds SiRNAS) (68, 90)
. . ) Local and Systemic
Cymbidium ringspot virus P19 (binds siRNAs) 91)
Turnip yellow mosaic virus |p69 Local (50)

7. Conclusions

In plants, the RNA-dependent silencing of gene function serves as a key regulatory
mechanism forming a crucial link between defense, development and adaptation to stress. In
response to virus attack it encompasses the first line of protection for restricting accumulation
or spread of invading viruses. The phenomenon of RNA silencing has enormous potential to
be exploited as a tool to counter virus attack. As a counter defensive mechanism, the viruses
encode the RSS proteins to replicate and establish in the host plants. The RSS have the ability
to suppress the RNA silencing at different stages of the pathway andmutation in these proteins
result in attenuated symptom development and mild disease manifestation. Thus, RNA silenc-
ing based strategies designed to inhibit the RSS activity can play a crucial rolein developing
virus resistance. It is expected that further growth in knowledge will help in adapting more in-
novative designs to enhance the robustness of RNA1 technology towards developing disease-
free crop plants.
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Abstract

In the current scenario, the most frequently asked query regarding the metal
nanoparticles is related to its toxic effects despite of their vast potential applica-
tion in the field of health, pharmaceutical and medicine. Even though there are
lots of studies carried out focusing on the toxicity of metal nanoparticles, a proper
comparative study of biologically and chemically synthesized metal nanoparticles
is lacking. The main aim of the study is a comparative morphological, biological
and genotoxic studies of biogenic as well as chemically synthesized silver and gold
nanoparticles on the cell line- African monkey kidney cells (Vero) and human sper-
matozoa. Chemically synthesized nanoparticles had significant cytotoxic activity
leading to the cell death and the comet assay in the spermatozoa make us clear that
it creates significant DNA damage too. The release of lactate dehydrogenase, nitric
oxide and reactive oxygen species (ROS) after its exposure to the metal nanopar-
ticles finally resulting damage to most biomolecules, including DNA and protein
points to the effect of biogenic and chemically synthesized nanoparticles on differ-
ent biological system.

Keywords: Toxicity; Metal nanoparticles; biologically synthesized; chemically synthesized
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1. Introduction

Potential applications of metal nanoparticles due to their unique optical, thermal and an-
timicrobial properties made them the centre of attention during the recent years in the field of
health, pharmacy, food and medicine industries. That being said, potential undesirable noxious
effects of the same metal nanoparticles have been reported through many studies. Among the
different metal nanoparticles, silver and gold were reported to be imperative because of their
unique optical, thermal and antimicrobial properties with increased surface area and surface to
volume ratio [1,2]

A different choice of biological systems like bacteria, fungi and plants were exploited
and reported for the biosynthesis of silver and gold nanoparticles which theoretically claims
that they are green synthesis and toxic free due to the biomolecules involved in the synthesis
process. The toxicity of nanoparticles is mainly due to the hazardous chemicals involved in
their synthesis process as reducing agents, which limits their usage. But the use of biologi-
cal systems for the synthesis of nanoparticles which are comparatively green, offers several
advantages such as ease in production, procedure, economical and environment friendliness.
A proper study involving the comparison of chemically synthesized metal nanoparticles, bio-
logically synthesized nanoparticles and their corresponding metal ion form is noble to counter

such important queries relating the toxicity [3].

A comparative morphological, biological activity and genotoxicity study was carried
out using myco-based as well as chemically synthesized silver and gold nanoparticles was
carried out and analyzed. This is compared with corresponding metal in its ionic form which
is considered to be more toxic. The IC50 value was calculated with respect to their cellular
metabolic toxic activity using the African monkey kidney cells (Vero) and comet assay was
performed to check the genotoxic activity of the silver and gold nanoparticles in human sper-

matozoa.
2. Materials and methods

2.1 Chemicals

Silver nitrate, potassium dihydrogen phosphate, dipotassium hydrogen phosphate, mag-
nesium sulfate heptahydrate, ammonium sulfate and Muller-Hinton agar were procured from
SRL (Mumbai, India).

2.2 Source of microorganisms

The fungus Trichoderma atroviride was obtained from the Culture Collection of CAS in
Botany, University of Madras, India and maintained on potato dextrose agar (HiMedia, Mum-
bai, India) slants at 27°C.
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2.3 Production of biomass

To prepare the biomass for biosynthesis of silver nanopartices, the fungus was grown
aerobically in liquid broth containing dihydrogen potassium phosphate (7g/L), dipotassium hy-
drogen phosphate(2g/L),magnesium sulfate heptahydrate(0.1g/L), ammonium sulfate (1g/L),
yeast extract (0.6g/L), and glucose (10g/L). This was incubated on an orbital shaker at 27°C
at 150 rpm, and the biomass were harvested after 72h of growth by sieving through a plastic
sieve, followed by extensive washing with sterile double distilled water [3].

2.4 Biosynthesis of metal nanoparticles

The fungal biomass (20g wet weight) was mixed with 100 mL of sterile double distilled
water and agitated on an orbital shaker at 150 rpm for 48h at 27°C. After incubation, the cell
filtrate was filtered through Whatman filter paper no. 1. To 100mL of cell filtrate in Erlenmeyer
flask, AgNO, and AuCl, was added and kept undisturbed for 24 hours in dark conditions to get
an overall ionic concentration (Ag+ and Au+) of 10°M [3].

2.5 Chemical synthesis of metal nanoparticles

Silver and gold nanoparticles were chemically synthesized using chemical reduction
method according to Asta et al., (2006) [4] and McFarland et al., (2004) [5] respectively.

2.6 Characterization of metal nanoparticles

Surface plasmon resonance of silver and gold nanoparticles was characterized using a
UV-Vis spectrophotometer (Cary 300 Conc spectrophotometer) at a resolution of Inm from
250 to 800nm. For transmission electron microscopy (TEM), the sample was prepared by
placing a drop of colloidal solution on a carbon-coated copper grid and setting a completely
dried drop by vacuum desiccators. The image of the sample was obtained using a transmission
electron microscope (JEOL 2000 FX MARK II) equipped with an EDX attachment. X-ray
diffraction pattern of dry nanoparticles was obtained using Philips MDL PW 1050 diffracto-
meter with CuKa radiation (A=1.5406 A with Ni filter). The FTIR spectrum of the sample was
recorded by Perkin-Elmer Fourier transform infrared spectroscopy; the spectrum ranged from
2000 to 1000cm-1 at a resolution of 4 cm-1 by making a KBr pellet with metal nanoparticles.

2.7 Toxicity study of metal nanoparticles in cell lines

Effect of biological and chemically synthesized silver and gold nanoparticles on African
monkey kidney cells (Vero) were assayed by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5- diphe-
nyl tetrazolium bromide (MTT) assay [6]. The half maximal inhibitory concentration (IC50)
of nanoparticles and the positive controls were found out by the experiment and were com-
pared.
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2.7.1 Lactate dehydrogenase (LDH) assay

LDH activity was determined by the linear region of a pyruvate standard graph using
regression analysis and expressed as percentage (%) leakage as described previously by Ulmer
et al., (1956) [7]. The amount of LDH released was expressed in percentage.

2.7.2 Nitric oxide (NO) assay

The amount of nitrite was determined by the method of Stueher and Marletta (1989)
[8]. The pink colour developed was measured at 540 nm in a microquant plate reader (Biotek
Instruments).

2.8 Toxicity study of metal nanoparticles on spermatozoa

Semen sample was collected from a healthy donor in 3 days interval and was used for
the study.

2.8.1 Assessment of semen vitality and morphology

The vitality and morphology of the semen sample was analyzed by staining using eosin-
nigrosin method [9] and examined under optical microscope.

2.8.2 Staining method (Eosin & Nigrosin method)

Twenty five micro litres of semen sample was mixed with 2 drops of 0.5% eosin solution
in microcentrifuge tube and waited for 10 seconds. To the above mixture added 2 drops of 10%
nigrosine stain were added and mixed gently. From the above mixture thin smears were made
using another clean edged glass slide. The slides were air dried and were used for examining
the morphology of sperms under oil immersion (100x magnification). Dead sperms took eosin
stain and live sperms remained white in colour. The sperm vitality was expressed by counting
the percentage of live and dead sperms. A large number of live but immotile sperm cells may
indicate an abnormality in the axoneme.

Biologically and chemically synthesized silver and gold nanoparticles, silver nitrate and
tetra choloroauric acid was added to the semen sample and was observed under normal optical
microscope in 30 and 60 minutes interval at 40x and 100x oil immersion to study the sperm
vitality as well as the morphology of the sample.

2.8.3 Comet Assay

The comet assay or single cell gel electrophoresis (SCGE) is a rapid, sensitive and rela-
tively simple method for detecting DNA damage at the level of individual cells. DNA damage
in the sperm suspension was analysed by following the methodology of Cabrita et al. (2005)
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[10]. The lengths of migrated DNA (Comet tail) were measured using the CASP software and
about 10-50 comets/point were scored.

2.8.4 Application of CASP software

The comets were analyzed using the CASP software. The images were used to estimate
the DNA content of individual nuclei and to evaluate the degree of DNA damage representing
the fraction of total DNA in the tail.

2.9 Statistical analysis

All the experimental data obtained in the present study were subjected to statistical
analysis. Statistical Package for the Social Studies (SPSS) software, Version 11.5 for Windows
was used to perform all the statistical analysis. Limits of significance for all critical ranges
were set at P<0.05. For post-hoc comparisons the Least Significant Difference test (LSD) was
employed.

3. Results and discussion
3.1 Silver and sold nanoparticles

Silver and gold nanoparticles were synthesized biologically as well as chemically and
were used in the study. The characterization of biogenic silver and gold nanoparticles is shown
in figure 1 and 2.

3.2 Toxicity study of metal nanoparticles in cell lines
3.2.1 MTT assay

Cell proliferation analysis results by MTT assay using different concentrations of metal
nanoparticles is shown in figure 3 and 4. Results revealed that the complexes could reduce
the cell viability of kidney cells (Vero) in a dose dependent manner. For tetra chloroauric acid
alone, IC50 value was found to be Spug/mL, for chemically synthesized gold nanoparticles it
was 40 pg/mL and for biologically synthesized gold nanoparticles 80 pug/mL was the obtained
IC50 value.

Along with the experiments of silver nanoparticles, Silver nitrate (AgNO3) in the same
concentration was used as positive control and IC50 values for silver nitrate was found to be
10pg/mL, for chemically synthesized silver nanoparticles it was 20 pg/mL; and for biologi-
cally synthesized silver nanoparticles [C50 value was calculated to be 30 pg/mL [3].

3.2.2 Release of lactate dehydrogenase (LDH)

LDH leakage is routinely used as an indicator of damage to plasma membrane integ
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rity and in assessing cytotoxic nature of a compound as dead cells release LDH into the culture
medium. LDH is a cytosolic enzyme released into cell culture supernatant due to compromised
membrane integrity, which is associated with cell death [11]. Figure 5 shows the percentage of
LDH released from the vero cells after 48 hours of treatment with gold and silver nanoparticles
respectively. There was a significant increase of LDH level in the culture supernatant of the
cells that were treated with chemically synthesized nanoparticles compared to that of biologi-
cally synthesized. Nanoparticle induced cytotoxicity can be demonstrated by the increase in
LDH leakage and associated loss of cell viability which may be due to the destabilization of
membrane phospholipids.

3.2.3 Nitric oxide (NO) assay

The nitrite is the stable product of the nitric oxide released in response to oxidative stress.
The amount of nitrite in the culture medium corresponds to the level of nitric oxide. Hence
the level of nitrite was estimated to measure the nitric oxide produced after complex treatment
[12]. Treatment of Vero cells with the nanoparticles resulted in enhanced Nitric oxide release
than the untreated cells as shown in figure 6 for gold and silver nanoparticles respectively.
Nitric oxide 1s a gaseous signalling molecule and a well-known, short-lived free radical which
is produced non-enzymatically by iNOS and causes damage to most biomolecules, including
DNA and protein.

Two major NOS-isoenzymes are present in cells: endothelial, membrane-bound, consti-
tutively active NOS (eNOS), and cytoplasmic inducible NOS (iNOS) [13]. Previous studies
showed that increased ROS generation lead to the activation of iNOS which in turn releases
NO. RNS are by-products of Nitric oxide production in living cells. Up-regulated RNS pro-
duction can cause cell damage or death, through nitration of biological target molecules such
as DNA, lipids, and proteins [14]. Hence from the present study it is obvious that the nanopar-
ticles could induce the Nitric oxide production in vero cells in which positive control (AuCl,
and AgNO,) and chemically synthesized gold and silver nanoparticles are being more potent
in inducing Nitric oxide production. This confirmed that the biologically synthesized forms are
less cytotoxic than other synthesized forms.

3.3 Toxicity study of metal nanoparticles in spermatozoa
3.3.1 Assessment of semen vitality and morphology

The vitality of the sperms was examined using eosin stain through optical microscope.
Eosin could penetrate dead sperms and it did not occur in live sperms. This was taken as an
indication to differentiate between live and dead sperm cells. Spermatozoa were found to be
more damaged in positive controls, where AgNO, and AuCl, were used, than in chemically
synthesized and least in biologically synthesized metal nanoparticles (figure 7a & b). The per
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centage cell death rate of the spermatozoa after 30 and 60 minutes of exposure is illustrated in
figure 8.

In case of normal spermatozoa, they are oval in shape with a smooth contour and an
acrosome occupying 40-70% of the head having straight midpiece and tail. The abnormalities
or differences are noticed in the head, midpiece, tail and acrosome cap. In the case of control
and biologically synthesized silver and gold nanoparticles treated cells, the morphology of the
cells was found to be normal. In the case of AgNO, and AuCl, treatments, most of the cells
had taken eosin dye inside the cells, which confirmed the damage of the cell membrane. Many
of the cells were devoid of the midpiece and tail due to effect of the chemically synthesized
nanoparticles and metal ions. In many of the cells treated with chemically synthesized nano-
particles and metal ions, the damage of the cells was obvious with the intracellular matter com-
ing outside which confirmed their cytotoxic effect.

3.3.2 Comet assay

Cells were analysed with the comet assay to measure DNA damage caused by the silver
and gold nanoparticles and a comparative study under florescent microscope was carried out as
shown in figure 9. The control DNA (untreated) was observed as round in shape, confirms an
unaffected DNA, where as other DNA images shows significant damage and tailing of DNA.
The detailed data obtained from the comet assay with the help of CASP software has been pre-
sented in table 1. The head and tail DNA damage was found to be higher in the case of silver
and gold ions treated than in silver nanoparticles synthesized by chemical method and the least
damage in biologically synthesized silver and gold nanoparticles.

As per the previous studies and findings, many engineered nanoparticles including gold
and silver have been found to have genotoxic effects, such as DNA-strand breaks, point muta-
tions and oxidative DNA adducts [15,16,17]. In our previous studies with different concen-
trations of biologically and chemically synthesized particles against fresh water fish, it was
demonstrated the effect of metal nanoparticles in different tissues like muscle, liver and kidney
in comparison with the intensity stress proteins (HSP 70) released after the exposure to nano-
particles [3]. Nanoparticles easily cross the nuclear membrane and they can therefore interact
with DNA directly or indirectly even though the exact mechanism for this interaction is not
well known. Some of these alterations or damage to DNA, when occurring in spermatozoa
may cause spermatogenic defects that could eventually result in trans-generational defects and
the genomic stability of sperm cells [18].

When the biological system is challenged with metal ions or nanoparticles, the chance
of forming Reactive Oxygen Species (ROS) is more. Even though several metabolic processes

may use ROS in a good way, many participate in an oxidative burst and act not only as direct
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protecting agent against stress, but also as signals activating further reactions. Generally a
biological system try to keep the concentration of ROS at the possible low level because they
are more reactive than molecular oxygen (O,) [19] and they react with almost every organic
constituent of the living cell. The high reactivity of ROS is based on the specificity of their
electronic configuration. ROSs is known to damage cellular membranes by inducing lipid
peroxidation [20]. They also can damage DNA, proteins and lipids [21] leading to cell death,
damage and viability. It may be concluded that a similar process had happen when the cells

were exposed to nanoparticles leading to cell death.
4. Conclusion

A detailed comparative morphological, biological, and genotoxicity study of biogenic
metal nanoparticles with chemically synthesized metal nanoparticles was carried out since a
cost effective existing competitive alternatives for biologically synthesized metal nanoparticles
are chemically synthesized ones. Regarding the half maximal inhibitory concentration, chemi-
cally synthesized nanoparticles have IC50 value less than that of their biogenic nanoparticles
In the comparative genotoxicity study on the spermatozoa, the chemically synthesized metal
nanoparticles caused more cell damage and DNA damage which was confirmed by Comet as-
say. The overall findings from LDH assay, nitric oxide assay, the photomicrographs and comet
assay points to the effect of nanoparticles on different cells and it has been observed that the
chemically synthesized nanoparticles could vigorously induce cell death, damage and viability

more significantly than their biological counterparts.

5. Figures
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Figure 1: a. i) UV-Vis spectra recorded after the reaction of 1 mM AgNO3 solution with culture filtrate of
fungal biomass. ii)) TEM micrograph of biogenic silver nanoparticles
b. EDAX spectrum of silver nanoparticles
c. 1) UV-Vis spectra recorded after the reaction of 1 mM AuCl4 solution with culture filtrAfga8ffiihBigtechnology
biomass. ii)) TEM micrograph of biogenic gold nanoparticles
d. EDAX spectrum of gold nanoparticles
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Figure 2: a) XRD pattern and b) FTIR spectrum of biogenic silver nanoparticles. ¢) XRD pattern and d)
FTIR spectrum of biogenic gold nanoparticles
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Figure 3: a) Optical microscope view and b) MTT
assay performed on African monkey kidney cells
(Vero) and exposed to different concentrations
of biologically synthesized silver nanoparticles,
chemically synthesized silver nanoparticles and
silver nitrate
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Figure 4: a) Optical microscope view and b) MTT
assay performed on African monkey kidney cells
(Vero) and exposed to different concentrations of
biologically synthesized gold nanoparticles, chem-
ically synthesized gold nanoparticles and tetra

chloroauric acid
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Figure 5: Lactate dehydrogenase assay performed
on cell lines (a) with different concentrations of
biologically synthesized gold nanoparticles, chem-
ically synthesized gold nanoparticles and tetra
chloroauric acid (b) with different concentrations
of biologically synthesized silver nanoparticles,
chemically synthesized silver nanoparticles and

silver nitrate
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Figure 7a: Effect of silver nanoparticles on human
spermatozoa after 30 min of incubation. Control
cells after 30 min at (A) 40x and (B) 100x mag-
nification, Cells treated with silver nitrate at (C)
40xand (D) 100x magnification, Cells treated with
chemically synthesized silver nanoparticles at
(E) 40x and (F) 100x magnification and Cells
treated with biologically synthesized silver nano-
particles at (G) 40x and (H) 100x magnification
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Figure 7b: Effect of gold nanoparticles on hu-

man spermatozoa after 30 min of incubation. Cells
treated with gold chloride at (A) 40x and (B) 100x
magnification, Cells treated with chemically syn-
thesized gold nanoparticles at (C) 40x and (D)
100x magnification and Cells treated with biologi-
cally synthesized silver nanoparticles at (E) 40x
and (F) 100x magnification
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Figure 8: Percentage cell death rate of spermatozoa after 30 minutes and 60 minutes of exposure to different

treatment

Figure 9: Fluorescent microscope view (100x) after Comet assay on human spermatozoa after different treat-

ment with silver and gold nanoparticles

(A) Control, (B) Silver nitrate treated, (C) Chemically synthesized silver nanoparticles treated, (D)

Biologically synthesized silver nanoparticles treated, (E) Tetra chloroauric acid treated, (F) Chemically

synthesized gold nanoparticles treated and (G) Biologically synthesized gold nanoparticles treated

6. Table
Table 1: Comet assay analysis of human spermatozoa using CASP software
Treatment Head DNA Tail DNA Tail Movement
CONTROL 99.956 0.044 0.001
AgNO, 85.53 14.47 3.471
AgNPs (Biological) 90.83 9.17 1.375
AgNPs (Chemical) 87.55 12.45 1.493
AUCI, 90.789 9.202 1.288
AuNPs (Biological) 96.848 3.152 0.347
AuNPs (Chemical) 96.199 3.801 0.342
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Abstract

There is an urgent need for new drugs with increasing threat posed by mul-
tidrug resistant bacteria. Among the various sources of natural products actinomy-
cetes hold prominent position due to their diversity and proven ability to produce
bioactive metabolites. Generally, analytical instrumentation and chemical methods
are widely used to identify and characterize potent compounds, however, of late
genomic based approach and metabolomics tools are used for metabolite screen-
ing. This article deals with computer aided databases, genome based analysis and
metabolomics tools to identify, mine and characterize natural products. A systematic
approach including construction of natural product libraries and their crude extracts,
dereplication, genome mining, bioinformatics, activation of silent gene clusters and
increasing the active compound by precision engineering can lead to novel and po-
tent drugs.

Keywords: marine ecosystem; actinomycetes; bioactive compounds; drug discovery; biodiversity

1. Introduction

The discovery of antibiotics in 19" century was a milestone in modern medicine and
conferred one of the greatest benefits on mankind [1]. The availability of antibiotics from
microbial products and industrial scale fermentation has allowed the successful treatment of
many bacterial infections as well as the ability to perform invasive medical surgeries [2].
These “wonder drugs” categorized as antibiotics also have profound effect on livestock and
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agricultural yield; as a result these antibiotics were referred as bioactive microbial metabolites.
The continuous and overuse of antibiotics benefitted microorganisms to inherit genes from
relative or can be acquired from nonrelatives on mobile genetic elements such as plasmids [3].
The horizontal gene transmission (HGT), spontaneous mutation, drug sensitive competitors’
also benefitted bacteria to develop multiple mechanisms of resistance [4].

Another reason for the widespread resistance to antibiotics is the pervasive use of
animal feeds to prevent infections. The extensive use of antibiotics in growth supplements for
livestocks in both developing and developed countries contributes to increase risk of multiple
drug resistant strains. The vicious cycle of antibiotic resistance keeps on repeating, by the
use of antibiotics in food after ingestion by the animals it suppresses susceptible bacteria and
allows antibiotic-resistant to flourish among the bacteria. The antibiotic resistant bacteria are
transmitted to humans by consuming dairy and animal products which cause adverse health
effects.

According to WHO (Fact Sheet, September 2016), each and every country contributes
to antibiotic resistance. The infections caused by multiple drug resistant strains are at an
increased risk of worse clinical outcomes and even death [5]. The centre for disease and control
(CDC) has categorized various bacteria into urgent threat (Clostridium difficile, Carbepenem-
resistant Enterobacteriaceae (CRE), Drug-resistant Nisseria gonorrhoeae), serious threat
(Drug resistant Campylobacter sp., Fluconazole-resistant Candida sp.), Vancomycin resistant
Enterococci (VRE), Drug resistant Shigella, Methicillin resistant Staphylococcus aureus,
Drug-resistant Streptococcus pneumoniae, Drug-resistant Mycobacterium and concerning
threat (Vancomycin-resitant Staphylococcus aureus (VRSA), Erythromycin-resistant Group A
Streptococcus, Clindamycin-resistant Group B Streptococcus) of bacteria on the basis several
factors including 10-year projection of incidence, transmissibility and availability of effective
antibiotics, clinical, economic impact as well as barrier to prevention. The information and
detailed report regarding alarming antibiotic resistant strains can be found at http://www.cdc.
gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf. Looking at the present
scenario of antibiotic resistance worldwide and incredible adaptability of microbes to adapt
changes in environment due to their flexible metabolic power encourages researchers to develop
therapeutic agents to combat antimicrobial resistance.

Historically, nature has been an enormous source of medicinal active compounds from
plant and microbial sources for millennia. Microorganisms contribute majority of antibiotics
which are clinically in use today. In golden era of microbial natural product screening, lots of
efforts were put forward to screen potent microorganism from soil which has lead us to vast
majority of microbial metabolites [6,7].

Actinomycetes are the most diverse microorganism which contributes to 45% of
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antibiotics over fungi and unicellular bacteria. They are Gram-positive, spore forming and
aerobic bacteria belong to the order Actinomycetales. The name “Actinomycetes” was derived
from Greek “atkis” means ray and “mykes” means fungus, thus possessing the characteristics
of both prokaryotes-bacteria and Eukaryotes-fungi [8]. This unique group can be characterized
with aerial and substrate mycelium growth [9]. Actinomycetes have high GC content in their
Deoxyribonucleic acid (DNA), free living microorganisms and are widely distributed in
terrestrial and aquatic ecosystems, especially in soil forming as aerial mycelia [10].

The bioactive secondary metabolites produced by actinomycetes include antibiotics,
antitumor agents, immunosuppressive agents and enzymes. These metabolites are known
to possess antibacterial, antifungal, antioxidant, neuritogenic, anti-cancer, anti- algal, anti-
helmintic, anti-malarial and anti-inflammatory [11,12]. Actinobacteria have made remarkable
contributions to human life. The class Actinobacteria is especially notable for containing
organisms producing diverse natural products, with members of the order Actinomycetales
alone accounting for 10,000 such products [13].

2. Habitat of actinomycetes

Actinomycetes species are ubiquitous in nature and are most abundant in soil. They
grow as hyphae like fungi responsible for the characteristically “earthy” smell of freshly turned
healthy soil [14].They are primarily soil inhabitants [ 15] but have been found widely distributed
in a diverse range of aquatic ecosystem, including sediments obtained from deep sea [16,17],
even from greatest depth Mariana Trench [18,19]. Recently marine derived Actinomycetes are
seeking attention as they produce novel antibiotic and anticancer agents with unusual structure
and properties [20]. Maine Actinomycetes are the promising source for secondary metabolites
[21]. It has been estimated that over past 10 years, 659 marine bacterial compounds have
been isolated among which 256 compounds have been originated from actinomycetes [22,23].
Marine ecosystem harbours more than two third of the earth. In golden era of microbial natural
product screening it was once thought that marine environment had unfavorable conditions
for microbial natural products than terrestrial microbes but if we look at present scenario
metabolites screening from terrestrial ecosystem leads to rediscovery of antibiotics whereas in
the last 10 years research on unexplored marine ecosystem has accelerated in search of novel
compounds to fight infectious diseases. Exploration of marine ecosystem attracts the interest

of researchers based on four general aspects [24]:

* Biodiversity of microorganisms, especially isolated from unexplored or extreme

environments;
» Structural diversity of secondary metabolites;

» Broad spectrum of active compounds; and
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* Genetic engineering aimed at producing specific secondary metabolites and increasing
the yields of important products.

Dr. Hans Peter- Fiedler Tubingen Germany, Professor Michael Goodfellow from the
University of Newcastle Tyne and Professor Alan T. Bull from the University of Kent (UK)
collaborated in year 2000-2013 to explore actinomycetes bioactive metabolites from unique
terrestrial and marine habitats including sediments of deep-sea trenches located in the Pacific
and Atlantic Oceans. All strains were taxonomically characterized to the genus level that
permitted an individual submerged cultivation in the screening stage, applying genus-adapted
cultivation media. The collaboration resulted in the discovery of various novel metabolites few
of them are listed below:

3. Actinomycetes isolated from unique sources

* Streptomyces sp. MECO, was isolated from the stones of one of the Egyptian ancient
tombs. Relatively high antitricophyton activity was attained with cultivation medium
composed of (g/1): glucose, 5; casein, 0.0075; KNO,, 0.05; NaCl, 2; K.HPO,, 6;
MgSO0,.7H,0, 0.05; CaCO,, 0.02 and FeSO,.7H.0, 0.01; pH 7 adjusted using phosphate
buffer, inoculums size 2ml/50ml medium and agitation rate of 200 rpm at 30°C for 9

days incubation.

* Anovel aerobic actinomycete, designated HA11110T, was isolated from a mangrove soil
sample collected in Haikou, China. 16S rRNA gene sequence similarity showed that strain
HAT11110T belonged to the genus Streptomyces, most closely related to Streptomyces

fenghuangensis GIMN4.003T (99.1 %), Streptomyces nanhaiensis SCSIO 01248T (98.8
%) and Streptomyces radiopugnans R97T (98.8 %). On the basis of phenotypic and
genotypic data, strain HA11110T represents a novel species of the genus Streptomyces,

for which the name Streptomyces mangrovi sp. nov. was proposed.

» Rare bioactive actinomycetes were isolated from unexplored regions of Sundarbans
mangrove ecosystem and possess 93.57 % similarity with Streptomyces albogriseolus
NRRL B-1305. The strain SMS_SU21, isolated from mangrove region possesses good
antimicrobial and andantioxidant activity.

» Another research leads to discovery of a novel alkaloid, xinghaiamine A, from a marine-
derived actinomycete Streptomyces xinghaiensis NRRL B24674T. Xinghaiamine A was
identified to be a novel alkaloid with highly symmetric structure on the basis of sulfoxide
functional group, and sulfoxide containing compound has so far never been reported
in microorganisms. Biological assays revealed that xinghaiamine A exhibited broad-
spectrum antibacterial activities to both Gram-negative persistent hospital pathogens

(e.g. Acinetobacter baumannii, Pseudomonas aeruginosa and Escherichia coli) and
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* Gram-positive ones, which include Staphylococcus aureus and Bacillus subtilis. In

addition, xinghaiamine A also exhibited potent cytotoxic activity to human cancer cell
lines of MCF-7 and U-937 with the IC50 of 0.6 and 0.5 mM, respectively.

» Jiao[34] and Baskaran [35] isolated 42 actinomycetes isolates from mangrove sediments
of Aandaman islands, India. Among 42 isolates, 22 species were found to possess

antibacterial property against pathogenic microorganisms.

* Caerulomycin A- antifungal potential was isolated from marine invertebrate-associated
Actinoalloteichus sp. using optimized medium and fermentation conditions by Marine

invertebrate sample was collected from deep sea (Anjuna Beach, Goa, India) [36]..

* Prudhomme [37] findings underline the potential of secondary metabolites, derived from
marine microorganisms, to inhibit Plasmodium growth. Salinosporamide A, produced
by the marine actinomycete, Salinispora tropica, shows strong inhibitory activity against
the erythrocytic stages of the parasite cycle.

4. Rare actinomycetes

Rare actinomycetes (eg Nocardia sp.) are referred to those actinomycete strains whose
frequency is much lower than Strepfomyces strains isolated using conventional methods [38].
The low occurrence of rare actinomycetes in contrast to diverse Streptomyces sp. is derived
from the facts that they are hard to isolate from the environment and difficult to cultivate and
maintain under conventional conditions [6]. Rare actinomycetes demands pre treatment of
sample, appropriate isolation procedures and variety of different selection media including
enrichment media [39,40] which makes more difficult for their cultivation and maintenance
when compared to Streptomyces species. The spores of some rare actinomycete genera including
Streptosporangium and Microbispora can withstand pre treatment with various chemicals [40].
They are widely distributed in terrestrial and aquatic ecosystems. Environmental factors such
as soil type, pH, humus content, and the characteristics of the humic acid content of the soil
affect their distribution [41]. Rare actinomycetes include some of these genera Actinomadura,
Actinoplanes,  Amycolatopsis,  Actinokineospora,  Acrocarpospora,  Actinosynnema,
Catenuloplanes, Cryptosporangium, Dactylosporangium, Kibdelosporangium, Kineosporia,
Kutzneria, Microbiospora, Microtetraspora, Nocardia, Nonomuraea, Planomonospora,
Planobispora, Pseudonocardia, Saccharomonospora, Saccharopolyspora, Saccharothrix,
Streptosporangium, Spirilliplanes, Thermomonospora, Thermobifida, and Virgosporangium
[42].

For the isolation of rare actinomycetes, variety of selective and enrichment media,
addition of different antibacterial and antifungal antibiotics to the isolation media [39,43,44]
use of xylose, chloride, collidine, bromide and vanillin [41] which act as chemo-attractants

93



Advances in Biotechnology

for accumulating spores, chloramine treatment [43], as chlorination is known to suppress
growth of contaminant bacteria, use of humic acid-vitamin enriched media [43] and different
kinds of radiation [45] favor selective isolation of different actinomycetes genera resulted in
successful cultivation of diverse and rare actinomycetes. If we go through previous published
work, only 11 rare actinomycetes species producing altogether 50 bioactive compounds were
known in 19" century [6]. Today the number of taxonomically described rare actinomycetes
is close to 100, and due to recently developed advanced isolation techniques. Hayakawa et al.,
1988 [41] investigated the distribution of rare actinomycetes various locations throughout Japan
using a special isolation medium, HV agar. The distribution of rare actinomycetes genera in
cultivated field soils (154 samples) was remarkable. Dactylosporangium and Microtetraspora,
Saccharomonospora, andMicromonospora were most frequently isolated from mountainous
forestsoils, level-land forest or cultivated field soils, and pasture soils, respectively. [41] has listed
out various physical, chemical and enrichment methods to isolate, cultivate and maintain rare
actinomycetes. [46] explored Egyptian habitats which could lead to various rare actinomycetes
isolates including Micromonospora (23 isolate, 65.71%), less commonly Actinoplanes (11
isolates, 31.43%) and rarely Dactylosporangium (1 strain, 2.86%) genera. In 2008, Eccleston
et al. [47] reported the occurrence of Microsmonospora from the Sunshine Coast in Australia
[47,48,49] reported the isolation of a rifamycin-producing Micromonospora from mangrove
in South China Sea. Different genera such as Brevibacterium, Dermabacter, Kytococcus,
Microbacterium, Nesterenkonia, and Rothia were isolated from mangrove sediments in
Brazil [50]. In China, a number of rare actinobacteria including Actinomadura, Isoptericola,
Microbispora, Nocardia, Nonomuraea, and Rhodococcus; were isolated from mangrove
soils and plants [43]. Results from Ara et al. [51] showed that 17 different genera of rare
actinobacteria were identified from a total of 241 isolates.

Biopropspecting and understanding of rare actinobacteria diversity led to the discovery
of novel genus and species strains, such as “Microbacterium mangrovi sp. nov.” [52], “Mumia
flava gen. nov., sp. nov.” [53] and Sinomonas humi sp. nov.” [54] isolated from a mangrove
forest in Tanjung Lumpur, Malaysia. The conventional approach to understand biodiversity of
actinomycete isolates has come down new approaches including construction of environmental
genomic libraries [55] the use of selective isolation media and phylogenetic analysis [56,57]
culture-independent methods [58] and digital image analysis [59] have been extensively used
to explore novel strains.

5. Approaches to effective drug discovery

With the discovery of Penicillin, millions of microorganisms have been screened for their
bioactive potential from various soil samples worldwide. The bioactive metabolites produced
are widely used as antibacterial therapeutics, such as erythromycin, streptomycin, tetracycline,
vancomycin and chemotherapeutic drugs such as doxorubicin. Actinobacteria
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have made remarkable contributions to human. Presently, researchers are hunting for novel

strains from unexplored area such as marine ecosystem due to exhaustive culture dependent

screening of actinomycete isolates from terrestrial environment leading to rediscovery of

bioactive metabolites. There are different approaches which have been employed for novel

drug discovery strains:

Optimization of nutritional requirements to obtain maximum yield of metabolites, crude
extracts or purified compounds were screened for biological activity without knowing
the drug target. Once the potent compound has been identified, efforts have been made
to analyze the target and mode of action of compound including the metabolic pathway.
This approach to drug discovery can be categorized as bioactive-guided screening
[60].

Another approach to drug discovery includes the chemical screening of effective
metabolite with bioactive potential. It implies sophisticated analytical instrumentation
to elucidate the structural properties of metabolites such as high-performance liquid
chromatography, mass spectrometry or nuclear magnetic resonance. The substances used
in this particular approach were obtained from microbial sources. Nowdays, various
metabolomics tools such as Cycloquest, GNPS-Genome to Natural Product Platform,
NRPquest (Nonribosomal Peptide), PEP2 path are available to characterize BCG to
improve metabolic profile of actinomycetes whereas compound databases including
(CHEBI-Chemical Entities of Biological Interest, Chemspider, Novel antibiotics,
PubChem, Antibiticome) are extensively used to obtain complete biochemical profile
of metabolite.

The target oriented screening is useful in identifying compounds that hit a known and
validated molecular target. These targets represent a cellular and molecular structure
involved in pathology of interest that the drug in development is meant to act on. High-
throughput metabolic modeling tools allows generation of genome-scale metabolic
models enables linking between genotype, metabolic phenotype and biosynthetic gene
cluster of secondary metabolite producing organism. The metabolic modeling of genome
in metabolomics (secondary metabolites) is very useful in predicting intracellular flux
distribution of actinomycetes in specific environmental or genetic condition and gene
manipulation targets for overproduction of secondary metabolites. MODEL-SEED is
only known high throughput modeling tool which has been deployed to reconstruct
multiple actinomycetes species for large scale metabolic studies [61].

6. Genome mining and identification of BCG’s

A huge database of mass spectra for known bioactive compounds is available from
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chemical libraries and can be efficiently used for dereplication [62]. The major drawback of
using these programs is rediscovery of known compounds. To overcome this problem, Genome
mining can be the answer. It is an alternative strategy which has become increasingly popular
during the last decades [63]. This approach detects and analyses the biosynthetic gene cluster of
the chemical compounds and subsequently connect those genes to molecules. The actinomycete
genome, for example, contains approximately 8,000 genes coding for 20—50 proteins from
secondary metabolite synthetic gene clusters [64]. Bioinformatics technologies allow the rapid
identification of known gene clusters encoding bioactive compounds and to make computer
predictions of their chemical structure based on genetic sequence information [65,66]. The
chemical classes and the structure of encoded compound can be predicted using biosynthetic
gene cluster approach. This information can be used to either guide a more targeted drug
discovery technique (such as reactivity-guided isolation; [67] or peptide and glycogenomic
approaches [68,69] or allow the heterologous expression in an optimized expression host
(activation of silent gene cluster). There are web based comprehensive suite such as BAGEL-
Bayesian analysis of Gene essentiality which can be utilized to identify the genes encoding
precursor peptides whereas identifying BCG’s with BLAST and HMMeR provide us insight
of polyketides synthesized by type I and type II PKS, ribosomally and post translationally
modified peptides (RiPPS).

Another approach to this problem can be microbial natural product library. The primary
approach to discovery of novel natural products from extract is bioassay guided fractionation.
The combined use of LC, solid-phase extraction (SPE) and NMR spectroscopy (LC-SPE-
NMR) has been developed and continues to undergo refinement via expansion of the types of
NMR analysis one can perform on samples once they’ve been separated, removed from LC
mobile phase and placed into deuterated solvents [70-74,75]. Sophisticated instrumentation
permits the rapid identification of minor and major secondary metabolites in natural product.
However, cost and effort requirements, for the foreseeable future, limit the availability of such
techniques to many academic natural product laboratories. Once a crude extract library has
been established it can be used for target-based and whole-cell highthroughput screens related
to infectious disease for the identification of active natural products [24].

Recently, various bioinformatics approaches have been developed to organize or interpret
large sets of MS/MS fragmentation data. For example, solutions suchas MAGMa (MS annotation
based on in silico generated metabolites) allow matching of multistage fragmentation data
against candidate molecules substructures and were successfully applied on complex extracts
[76-78]. Among these new approaches, molecular networking (MN) is a particularly effective
one to organize MS/MS fragmentation spectra. MN compares all MS/MS spectra in a given
extract and groups them according to their similarity [79-82] The applications of these tools
lead to the identification of novel compounds by avoiding re-isolation of known
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compounds which could flourish the idea of developing novel drugs.

7. Future prospects

With the increase in population worldwide it is very difficult to combat emerging

antibiotic resistance in pathogenic microorganisms due to their adaptive metabolism. Natural

products and their derivatives historically have been an inevitable source of therapeutic agents.

However from past decade microbial natural product research in pharmaceutical industry has

declined due to lack of compatibility of traditional natural-product extract libraries with high

throughput screening. Lack of required purity, availability and productivity of novel strains and

pure compounds are few reasons for progressively decline in identification bioactive natural
product with HTS.

[]

For novel natural products, microbes that are morphologically distinctive, taxonomically
new, or isolated from ecologically unique region or sources which have not been screened
for natural products can be lead to new active compounds.

By implying high throughput screening programs, cell and target based assays is capable

of detecting most representative natural products with new chemotypes [24].

Genome mining for drug targets and computational based screening programmes
revealed much bigger potential to synthesize natural products than have been isolated
from conventional approaches. For example, GlaxoSmithKline has conducted studies
with the antibiotic GKS299423 acting on topoisomerase II, in order to prevent the
bacteria from developing resistance [83].

High performance liquid chromatography bioassays and Liquid Chromatography-
Mass Spectrometry for active fractions can easily detect dereplication of known natural
products from new ones leading to their structure elucidation.

Molecular approaches also act as key source in search of novel bioactive metabolites.
Culture-independent molecular approach studies employ direct extraction of nucleic
acids from the samples [58]. It often involves the amplification of DNA or cDNA from
RNA extracted from environmental samples by PCR and the subsequent analysis of the
diversity of the amplified molecules (community fingerprinting) [13].

Metagenomic and metaproteomic technologies enable powerful new approaches
to gene, genome, protein and metabolic pathway discovery [84. This new source of
metabolic and chemical diversity will lead to important new basic knowledge and also
contribute to ongoing drug discovery efforts against many disease indications. For
example, Sherman and colleagues recently reported a model system for developing a
meta-genomic approach to identify and characterize the natural product pathways

97



Advances in Biotechnology
] from invertebrate-derived microbial consortia using the ET-743 (Yondelis) biosynthetic
pathway[84].

] Another approach to overcome the problem of antibiotic resistance is the development
of new drug combination or to develop the synergistic effect of drugs. Recently this
approach has been proven to be successful in the treat of tuberculosis and HIV infected

patients [63]

8. Table
Table 1: Novel metabolites produced by actinomycete isolates from unique sources
Antibiotic (isolated
secondary Nature of antibiotic Area explored Name of the strain Ref
metabolite)
. . . . Streptomyces
Frigocyclinone Angucyclinone Antarctica griseus NTK 97 [25]
. . o . Streptomyces
Gephyromycin Angucyclinone antibiotic Antarctica griseus NTK 14 [26]
Pyrone Antibiotic Inhibitory .
Albidopyrone activity against protein-tyrosin North-Atlantic Ocean Streptomy c262s7stram NTK [27]
phosphokinase 1B
Benzoxazol antibiotic-
- Antibacterial, antitumor and . Streptomyces strain NTK
Caboxamycin: phosphodiesterase inhibitory Canary Basin at -3814 m 937 [27]
activities
Polycyclic, Polyketide
Abyssomicins B, C, antibiotics Antibacterial activity Verrucosispora
D, G, H and atrop- against Gram-positive bacteria Deep sea sediments maris AB-1§— 032 [28]
Abyssomicin C including MRSA and Vancomycin-
resistant strains
Macrolactone Antibioticsantitum Hyper-arid soil from the
Atacamycins A—C and Phosphodiesterase inhibitoring Atacama Desert, North Streptomyces sp. C38 [29]
activity Chile
Phenazine antibiotics free radical Dermacoccus
Dermacozines A-L scavenging act1\./1.ty, Apt%tlrlmor and Deep sea Sediments abyssi MT1.1 and MT1.2 [30
antiparasitic activities
Aminofuran antibiotics — stron Marine strain
Proximicins A—C antitumor activit £ Deep sea Sediments Verrucosispora [31]
Y fiedleri MG-37
Diketopiperazine antibiotic Soil sample collected at S
Pyrocoll Antibacterial, antiparasitic and Consett, County Durham, Alkahph1.1 ic Streptomyces [32]
. . ; . strain AK 409,
antitumor active United Kingdom
Activated sludge foam-
. . . Bendigo Biological Gordonia australis Acta
Bendigoles A—C Steroid metabolites Nutrient Removal Plant, 2299 [31]
Victoria, Australia
Rhizosphere soil sample-
Fine roots of the creeper
Langkocyclines Al, Angucycline- Antibacterial and Clitorea sp., growing on Streptomyces sp. Acta [33]
A2, A3, Bl and B2 antitumor activities the sandy beach at Burau 3034
Bay, main Langkawi Island,
Malaysia
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9. Conclusions

By considering the present scenario of antibiotic resistance globally, there is no doubt
that we will need antibiotics in future and we cannot decline the fact that natural products are
most likely the best source. Among microorganisms, Actinomycetes are prolific producers of
secondarymetabolitesandbioactivecompoundscontributing 70-80% ofantibioticscommercially.
However efforts have been made to cultivate rare and novel isolate from unexplored natural
sources but steady decline in identifying novel compounds using conventional methods is
nowhere leading us to discovery of pharmaceutical compounds. These challenges in microbial
natural product discovery encourage researches to utilize computational, molecular and
bioinformatics drug discovery programs to overcome the flaws in bioactive-guided screening,
chemical screening, target oriented screening and high throughput screening. Genome mining
approaches such as mining for biosynthetic genes, resistance genes, regulators, regulator
guided activation, activation of silent gene clusters, target guided screening, bioactivity driven
screening and chemical screening including real time mass-spectrometer, high-resolution mass-
spectrometry can eliminate the rediscovery of known natural products from Actinomycetes
isolates. These new approaches can lead us to successful novel compounds from unexplored

regions or sources such as marine ecosystem.
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