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Abstract

Uprising fossil fuel depletion and deterioration of ecological reserves supply have led to the search for alternative
renewable and sustainable energy sources and chemicals. Although first generation biorefinery is quite successful
commercially in generating bulk of biofuels globally, the food versus fuel debate has necessitated the use of non-
edible feedstocks, majorly waste biomass, for second generation production of biofuels and chemicals. A diverse class
of microbes and enzymes are being exploited for biofuels production for a series of treatment process, however, the
conversion efficiency of wide range of lignocellulosic biomass (LCB) and consolidated way of processing remains
challenging. There were lot of research efforts in the past decade to scour for potential microbial candidate. In this
context, evolution has developed the gut microbiota of several insects and ruminants that are potential LCB degrad-
ers host eco-system to overcome its host nutritional constraints, where LCB processed by microbiomes pretends to
be a promising candidate. Synergistic microbial symbionts could make a significant contribution towards recycling
the renewable carbon from distinctly abundant recalcitrant LCB. Several studies have assessed the bioprospection

of innumerable gut symbionts and their lignocellulolytic enzymes for LCB degradation. Though, some reviews exist
on molecular characterization of gut microbes, but none of them has enlightened the microbial community design
coupled with various LCB valorization which intensifies the microbial diversity in biofuels application. This review pro-
vides a deep insight into the significant breakthroughs attained in enrichment strategy of gut microbial community
and its molecular characterization techniques which aids in understanding the holistic microbial community dynam-
ics. Special emphasis is placed on gut microbial role in LCB depolymerization strategies to lignocellulolytic enzymes
production and its functional metagenomic data mining eventually generating the sugar platform for biofuels and
renewable chemicals production.
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biorefinery. LCB, primarily composed of carbohydrate
(cellulose—40%—60% and hemicellulose—20%—40%)
and non-carbohydrate polymers (lignin—10%—-25%)
associated in a hetero-matrix form [1, 2]. The relative
abundance of these polymers remains as a key factor
to determine the optimal energy conversion route for
several type of LCB. In biorefineries, LCB valorization
involves the breakdown of carbohydrates and lignin into
fermentable sugars and lignin monomers respectively via
lignocellulolytic mechanism of innumerable enzymes or
microbes from diverse genera and families [3]. Several
lignocellulolytic enzymes involved in the complex LCB
degradation includes ligninolytic oxidases (laccase and
peroxidases- lignin peroxidase, manganese peroxidase,
versatile peroxidase) and hydrolases (cellulases, hemicel-
lulases/xylanase, amylases, pectinases, esterases, man-
nanases and chitinases) [4]. Figure 1 (a-c) highlights the
mechanism of major lignocellulolytic enzymes that are
involved in the LCB conversion. Based on the studies,
lignin oxidization is typically initiated and facilitated by
peroxidases superfamily using H,O, as co-substrate, in
turn the oxidation results in the free radicals formation
along with reactive anions or cations [5, 6]. Laccase, a
multicopper superoxidase family catalyze the oxidization
of aromatic compounds and reduced phenols using O,
as cofactor [7]. In case of hydrolytic enzyme, microbial
cocktail cellulase, hemicellulase and xylanase are gener-
ally possessed with the synergistic action as shown in the
Fig. 1a and ¢ where the product are monomeric sugars [8,
9l.

Many fermented products obtained from the LCB pro-
cessing necessitates an economical and ecological fer-
mentative microbial strategy for its industrial feasibility
in order to circumvent its recalcitrant nature. Evolution
has developed the gut microbiome of several xylopha-
gous insects and ruminants host eco-system in order to
overcome its host nutritional constraints. Symbiotic gut
microflora synergistically works as a carbon recycler by
mineralization of plant biomass [13, 14]. Furthermore,
in-depth discrimination of these distinct synergistic
mechanism regarding the lignocellulose digestion strat-
egy in gut microbiome is vital for biomimicry of wide
range of LCB biodegradation platform. However, in con-
text of growing bioeconomy, this natural gut microbiome
necessitates an enrichment strategy i.e., in vivo/in vitro
to attain an optimal desired microbial candidate thereby
enhancing the functionality of microbial cell factories as
lignocellulose recycler. Production of biofuels and vari-
ous platform chemicals rely on systematic considerate of
microbial metabolism within community. The extended
investigation of this complex gut microflora facilitates the
culture independent metagenomic approaches to evalu-
ate the taxonomical and functional diversity of symbiotic
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gut microbial community. Thus, providing a compre-
hensive information about the microbial diversity, com-
munity dynamics and function of gut microbes is utmost
important for the successful deployment of lignocellulose
biorefineries.

The complexity of ruminants/insects gut microflora
is of great concern as they are unculturable and then
deciphering the novel Carbohydrate Active Enzyme
(CAZymes) diversity encompassing an array of plant
cell wall hydrolytic enzymes would involve functional
metagenomics [15, 16]. Thus, mining of unexploited and
unexplored oxidative/hydrolytic enzymes of gut micro-
bial community lead to the bioprospecting of ideal bio-
catalysts of CAZymes family from the gut microbiome
niche. This could ultimately contribute in the LCB deg-
radation and further aids in the development of second
generation biofuels and biochemicals sector. In this con-
text, gut microbes possess diversity of LCB valorization
techniques that includes pretreatment, enzymatic sac-
charolysis, fermentation and anaerobic digestion for its
biorefinery based conversion process [17]. Recently, gut
and rumen microbial isolates are being employed as con-
sortia for the efficient cellulosic biofuel production. The
cooperative microbial energetics is highly strengthened
owing to its “division of labor” thus in turn, pave the way
for imminent genetic, metabolic engineering and bio-
prospecting. This review article elucidates the microbial
community enrichment, molecular tools on the horizon
of microbial characterization, diverse perspective of LCB
degradation mechanism and its conversion into second
generation biofuels and renewable chemicals for unlock-
ing the commercial latent of LCB based biorefinery.

In vivo and in vitro techniques for gut microbial
community enrichment

In the biorefinery framework unleashing the ability of gut
and rumen microbial consortia towards conversion of
LCB into biofuels and value-added products are gaining
concern in recent times [18—20]. An enrichment strategy
is being adapted to design a synthetic microbial commu-
nity in order to attain an optimal composition of micro-
bial community with desired functional capabilities. The
prevailing gut microbial community are subjected to
adapt the environmental conditions which favors the spe-
cies to accomplish the target functions.

In case of in vivo enrichment strategy a shift in the
microbial community structure are caused by different
feeding pattern of insects/ruminants (i.e., lignin rich or
lignin poor biomass) and its association with LCB deg-
radation capability is predominantly explored [21-24].
For example, an intimate co-evolution of termite gut
microsymbionts (Tsaitermes ampliceps) and its host after
feeding with different substrates (filter paper, corn stover
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Fig. 1 Schematic representation of structural composition of lignocellulosic biomass along with the action of major lignocellulolytic enzyme
involved lignocellulosic biomass degradation. a Cellulase cocktails action mechanism; b Hemicellulase/xylanase action mechanism; c Ligninase/
Laccase action mechanism. Adapted and modified from Xie et al. [10]; Sun et al. [11] and Janusz et al. [12]
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and pine wood) were examined by high throughput 454
pyrosequencing. In this study, each feed has remarkably
enriched certain taxa along with the prominent modi-
fication in the relative abundance and evenness of gut
microbiota thereby, unveiling the symbionts assisted
LCB digestion in termites [21]. Similarly, in order to dis-
cover the variants involved in the cellulose and hemicel-
lulose breakdown system, Guerrero et al. [22] studied the
influence of different LCB diets in Anthonomus grandis
(Cotton boll weevils) gut. On characterizing the gut sym-
bionts, the enrichment in the prokaryotic community
structure and its hydrolytic activities showed a higher
prokaryotic diversity and richness for the diets with more
complex and variable composition.

An integrative omics analysis together with CAZymes
characterization has been explored for understanding
the holobiont (host and its resident microbes) level com-
munity adaptation of termite species (Cortaritermes sp.)
after feeding with Miscanthus. Gut bacterial gene expres-
sion profile alternation and the transcriptional abun-
dance of CAZymes advocates a shift towards increased
utilization of cellulose and arabinoxylan by the host
[25]. Likewise, upregulation of expression level of many
CAZyme encoding genes, laccase (evgtrinloc15173t0
and evgtrinloc11252t0) genes and endoglucanase genes
(evgtrinloc27093t1 and evgtrinloc16407t0) in the tran-
scriptome of bamboo feed Cyrtotrachelus buqueti (bam-
boo snout beetle) were determined by high throughput
RNA sequencing [19]. In vivo degradation efficiency of
lignin, cellulose and hemicellulose component of bamboo
were found to be 69.05%, 61.82% and 87.65% respectively
through fecal component analysis. Therefore, in vivo
enrichment unveiled the in vitro overexpression of ligno-
cellulolytic enzymes for its efficient saccharification [26].

Similar to insects, diet type and feeding frequency of
ruminants predominantly influence the microenviron-
ment, where the unstable rumen microbiome undergoes
a community dynamic turnover. Thus, exhibits a changes
in the ionic strength, redox potential, fermentation time
and rumen pH [27]. Effects of high forage to concentrate
diet ratio towards rumen microbial community shift dur-
ing the feeding cycle of dietary cow was investigated [23].
The study elucidates that the rumen microbiome is struc-
turally similar, yet with distinct composition and thus aid
in rumen metabolism manipulation. Whereas, based on
next generation sequencing technique, no considerable
effect on the rumen dynamic community composition
was observed in Holstein heifers under 50:50 forage to
concentration ratio with 8% dietary difference in energy
level condition [28].

On the other hand, influence of different feeding meth-
ods (i.e., feedlot and grazing) on cellulolytic microbial
abundance and composition of Tan sheep rumen has
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been recently explored [24]. A structural variation in the
rumen bacterial population has been observed, where
the cellulolytic bacterial abundance is decreased, yet
increases the abundance of Succinivibrionaceae family
associated with starch degradation. A sequential enrich-
ment strategy was deployed in developing the efficient
microbial consortia of ruminal and insect gut which dis-
plays the target bioconversion features. An in vitro LCB
conversion system was established via sequential batch
culture technique using ruminal microflora in order to
mimic the rumen ecosystem [29].

A holistic analysis underlying the potency of in vitro
enrichment of rumen microbes for its high capacity LCB
degrading consortium was defined in terms of LCB deg-
radation, dynamic behavior of syntropic microbes and
concomitant production of fermentation end products
(methane, Volatile Fatty Acids (VFA), hydrogen, ace-
tate and CO,) [18, 29, 30]. A functionally stable rumen
derived non-sterile microbial consortium with the abil-
ity of efficient LCB hydrolysis was attained only after a
10 sequential batch-reactor enrichment. A maximum
amount of about 1.94+0.04 g VFA/L was obtained
using wheat straw as a sole carbon source over a period
of 7 days [30]. Likewise, an enriched rumen derived co-
culture of anaerobic fungi and methanogens resulted in
a metabolically stable consortium for LCB bioconversion
into fermentation end products after being subjected to
a subsequent batch culture [18]. A rapid stabilization of
rumen microbial community emphasizes the severity
of enrichment culture conditions and thus endorses the
major use of LCB as a sole carbon source in selecting a
stable and robust microbial consortium for its bioconver-
sion. Auer et al. [31], revealed the LCB degrading potency
of xylophages termite gut microflora which includes an
anaerobic bioreactor-based enrichment strategy for gut
microbial community using wheat straw as a primary
carbon source for its bioconversion into carboxylates.

Like other insects, Helicoverpa armigera Hubner (cot-
ton bollworm), Achatina fulica (giant African land snail)
and Pachnoda marginate (scarab beetle) harbors syn-
trophic gut symbionts which augments the host nutri-
tion. Herein, subsequent enrichment for the prospection
of gut microflora and enumeration of cellulolytic bacte-
rial isolates based on LCB deconstruction was examined
using various substrates (LCB, carboxymethyl cellulose
(CMC) and xylan) respectively [32-34]. The compre-
hensive analysis of CAZy class perceived in rice straw
enriched consortium of Scirpophaga incertulas (rice
yellow stem borer). Metaexproteome examines a total
of 55 Glycoside Hydrolase (GH) domains and thus per-
forming the dynamics of CAZy protein expression by its
hierarchical clustering at various timepoint [35]. On the
other hand, Ali et al. [20] demonstrated the ordination
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clustering analysis of enriched microbial consortium
from gut symbionts of Coptotermes formosanus (wood
feeding termites). The study reveals a unique metabolic
and physiological characteristic of the individual strains
based on the lignocellulolytic enzyme activity, utilization
of lignin monomers and thermotolerance ability. There-
fore, in recurrent enrichment, the stability and dynamic
structure of the gut microbial consortia revealed that
the convergent adaptation of consortia would lead to a
decrease in richness and diversity which are driven by the
applied selective pressure during the enrichment process
[36]. In order to characterize the species diversity in the
gut and rumen microbial community, Shannon index
was majorly used. Shannon index, also known as Shan-
non diversity index, mathematically measures the micro-
bial species diversity within the gut/rumen community.
Species richness (number of microbial species present)
and evenness (relative abundance of different microbial
species) are the two main factors majorly considered
for characterizing the species diversity. Whereas, Chao
1 is a non-parametric richness estimator which simply
measures the species richness based on the abundance
data [37]. Based on the community structure analysis,
the operational taxonomic units, Shannon index and
Chaol index were significantly higher in 0™ sub-cultiva-
tion (TO sample) as compared to 10™ and 20" sub-cul-
tivation (T10 and T20 samples). Hence, the enrichment
strategy by supplementing microbial consortium with
rice straw and filter paper led to significant enrichment
of cellulolytic microbes. Therefore, in vitro and in vivo
manipulation of gut microbial community aided by high
throughput techniques perhaps influences the structural
compatibility of gut microbiota towards LCB degradation
[38].

Molecular characterization of microbial symbionts

Conventional culture dependent approaches are widely
involved in enumerating the microbial and the functional
diversity yet these approaches are unable to culture the
uncultivable microbes of insects and rumen holobiome.
Thus, the conventional techniques are being replaced
by various DNA/RNA based molecular characterization
techniques for the complex gut/rumen microbial com-
munities. Therefore, the culture independent molecular
approaches afford an extensive genomic/metagenomic
perspective of microbial and functional diversity in vari-
ous insects and ruminants.

Culture independent molecular approaches

Development of next generation metagenomic and meta-
omics approaches empowered a deep insight into the
synergistic microsymbionts which intricates the micro-
bial community characterization and its functional
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diversity. Proteomics and transcriptomics analysis are
able to reveal the cellulolytic machinery of microbiome
more efficiently, however the former uses LC-MS/MS in
evolving the native protein database. It signifies the pro-
tein expression and its nature within the microbial com-
munity based on the database of closely related proteins
[39, 40]. On the other hand, a comprehensive study of
novel microbial protein via high throughput next gen-
eration sequencing are delivered from the abundant
c¢DNA data from the long-read transcriptome sequencer.
Whereas, gene expression levels of the microbial protein
are being studied by short-read deep sequencer. In this
context, Wang et al. [41] established an efficient cellulase
characterization platform that combines secretome and
transcriptome complimentary analysis. Herein, func-
tional characterization of Neocallimastix patriciarum
W5 (cow rumen fungus) was performed in order to
accelerate the cellulase genes identification, classification
and further its application in rice straw deconstruction.
Till date, several scientific literatures on insects tran-
scriptomic profiles are available that are associated with
the gut bacterial colonization. For instance, Scully et al.
[42] defined the metagenome and meta-transcriptome of
Anoplophora glabripennis (cerambycid beetle) gut bacte-
rial community which highlights the holobiome influence
on biomass digestion. Exploring the microbial commu-
nities of natural biomass utilization system (insects and
ruminants) using high throughput metagenomic DNA
sequencing provides a notable insight into the functional
characterization of gut microbiome. First study on the
functional characterization was performed by Suen et al.
[43], where the metagenomic data of CAZymes from
leaf-cutter ants microbiome revealed the contribution of
diverse gut bacterial symbionts in the LCB degradation.
The functional characterization of Pseudacanthotermes
militaris (termite gut) metagenome discovered an array
of multimodular xlyan degrading enzymes that belongs
to GHF10. Based on the sequence analysis, an unusual
organization of this enzyme domain was observed where
the one enzymatic domain is intercalated with the two
carbohydrate binding modules (CBM). Therefore, a in
depth characterization of full length and truncated vari-
ants of Pm25 gene (Xynl0C-like enzyme- part of xylan
utilization locus) was performed in order to understand
the CBM role with unusual multimodularity. Results indi-
cate that the CBM would act synergistically to improve
the enzyme activity and its is more specific towards the
xylan hydrolysis [44]. In turn, the metagenomic of gut
symbionts sever as a strategy in novel enzyme identifica-
tion that are potential with high enzyme activities. How-
ever, metagenomic approach assembles only a subclass
of genes, where the average occurrence of target genes is
inferior to the two GH gene for each bacterial genome.
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Meta-transcriptomic, a functional annotation of RNA
complements of whole microbial community governs
the transcriptionally active microbial population and
the genes transcribed within the holobiome. Thus, the
functional profile of the microbial community aids in the
identification of its role and the active metabolic path-
way under certain environmental conditions [45]. Mar-
ynowska et al. [46] optimized the framework of hindgut
prokaryotic meta-transcriptomics of termites in order to
examine the lignocellulolytic potential of gut symbionts.
The study revealed the overexpression of CAZyme (cel-
lulose/hemicellulose degrading genes) within the sym-
biotic communities from the hindgut digestome via gut
sampling approach and the prokaryotic based mRNA
transcript enrichment pipelines. However, integra-
tion of meta-genomic and meta-transcriptomic data is
required to examine the gene expression associated with
the sequence conservation. Thus, it reveals the wide evo-
lutionary outlines across the functional and taxonomic
profile of diverse microbial communities [47].

In situ metabolic activity of holobiome by stable isotope
based techniques

Though many techniques are available for microbial char-
acterization, yet the advent of single cell in situ stable/
radioactive isotope based probing technique namely sec-
ondary ions mass spectrometry (SIMS), Raman micro-
spectroscopy and micro-autoradiography could unleash
the phylogenetic link between the metabolic function of
unculturable microbiome [48]. These technologies would
reveal the metabolically active microbes within the com-
plex microsymbionts of various insects and ruminants, in
turn adds an vital knowledge in modern microbial ecol-
ogy [49-51]. Conceptually, Stable Isotope Probing (SIP)
is a non-invasive and culture-independent approach,
where the whole microbial community is being exposed
to the highly enriched radioactive substrate i.e., *C or
15 N in situ [52]. Deployment of an effective quantifica-
tion strategy via combining SIP (**C-Cellulose) with
NanoSIMS offers the competence of protist (harboring
the hindgut of termite) to phagocytoses i.e., engulfing
cellulose/wood along with the enzymatic degradation
of ingested wood [53]. In turn, stable isotope enriched
DNA/RNA was cloned into fosmid vectors for functional
gene analysis in order to determine the microbial identity
via 16S rDNA amplification. SIP seemed to be dependent
upon the significant amount of heavily labelled radio iso-
tope integration into nucleic acid isolated from rumens
microsymbionts [50]. Unraveling the symbiotic bacterial
networks of Melolontha hippocastani (forest cockchafer)
involved in processing the recalcitrant diets and nitroge-
nous waste recycling via SIP-Illumina. It combines in situ
SIP multiple trophic links (**C- cellulose, * N- urea)
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with Illumina MiSeq. Further, introducing the obtained
metagenome to PICRUSt software would predicts the
functional composition of gut bacteria which has the abil-
ity to degrade hemicellulose [54]. While, the *C glucose
SIP with pyrosequencing unveils the metabolic activity of
Spodoptera littoralis (cotton leafworm) gut microbiota
[55]. On the other hand, SIP could be used with molecu-
lar cytogenic Fluorescence in situ hybridization (FISH),
which observes the functional and taxonomic microbial
diversity along with the simultaneous identification of
individual microbial cell and its substrate uptake quan-
tity [56, 57]. Here the designed molecular FISH probes
would target the 16S rDNA gene of diverse taxonomical
communities. FISH is being performed either as a direct
in situ hybridization on a gut bacterial isolate or on a
E. coli clone carrying 16S rDNA of target uncultivable
bacteria. For instance, localization of insect gut/rumi-
nal symbionts through FISH was explored by Hayashi
et al. [58]. A comprehensive analysis of PCR amplicon
of 16S rDNA gene of insect gut symbionts via phyloge-
netic microarray hybridization showed a diverse range
of probes that are designed based on the target gene of
known bacteria. Hence, it recognizes the microbial taxo-
nomic group within the symbiotic community of insects.
Based on this, Scharf et al. [59] simultaneously studied
the meta-transcriptome of gut symbionts isolated from
Reticulitermes flavipes (termite). The author compared
the meta-transcriptome composition of the termite gut
across 5 categories (dietary, xenobiotic, immunological,
hormonal and social) which delivers a new perception
in co-opted eusocial gene in termite symbionts and its
physiology. Hence, exploring the metabolic contribution
of insects/ruminants holobiome encompassing the bac-
teria, protist, eukarya and archaea could elucidate more
details about its single cells, community and the popu-
lation behaviour. A schematic representation of in vivo
and in vitro enrichment of rumen/gut symbionts and its
culture-dependent and culture-independent molecular
characterization techniques is depicted in Fig. 2.

Microbial symbionts as a source for endogenous
lignocellulolytic enzymes

A diverse range of lignocellulolytic enzymes are pro-
duced by the microbial symbionts for its notable adap-
tation to various dietary resources in order to overcome
its host nutritional constraints. In case of inadequacy of
its own metabolic repertoire or a novel niche colonized
and the presence of refractory substrate in the host diet
would lead to the production of beneficial gut symbiotic
digestive enzymes [60]. The subsequent sections provide
a deep insight into the production of lignocellulolytic
enzymes from gut symbionts of various insects and rumi-
nants (Table 1).
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Ligninases

Apart from fungi (white rot/brown rot)—a conven-
tional ligninase producers, a vast variety of wood feed-
ing insects have evolved the complex ecosystem and its
ability to degrade the recalcitrant lignin for holocellu-
lose accessibility still remains unexplored.

For the bygone year, gut bacterial microsymbionts
from the wood feeding termites and invertebrate ani-
mals like earthworm has gained a ubiquitous interest
for the production of endogenous ligninases that are
primarily classified as peroxidases (manganese peroxi-
dase and lignin peroxidase) and laccase [61, 62]. The
endogenous ligninases are identified in the guts and
the salivary glands of the insects which are involved in

the oxidation and polymerization reactions. Gut bacte-
rial isolates namely Bacillus safensis DSKK5, Lysiniba-
cillus sp., (novel), Acinetobacter sp., and Bacillus sp.,
from earthworm and Coptotermes curvignathus are the
potential ligninase producer under submerged fermen-
tation. Among them, the novel lignin degrader (Lysini-
bacillus sp.,) showed a maximum activity of about
70.67 £16.82 U/L and 76.36 £15.74 U/L of laccase and
manganese peroxidase, respectively [62, 63].

Termites harbor the gut symbionts with the synergis-
tic mechanism for their wood digestion yet, the mecha-
nism of lignin degradation by the endogenous ligninase
from the gut microbiota was not clearly defined. The
meta-transcriptomic  analysis  of  Reticulitermes
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Table 1 Summary of lignocellulolytic enzyme production from various insects and ruminants gut microbes

S.no Source Substrate Microbes Enzyme activity Conditions Reference

Laccase MnP LiP

Ligninolytic enzymes

1 Rubber termite (Cop- Kraft lignin Lysinibacillus sp., (novel)  70.67 U/L 7636 U/L 19607 U/L  SmF [63]
totermes curvignathus) Acinetobacter sp. 5074U/L  4939U/L  26249U/L 30°CpH-7, 120rpmand

) 5 to 7 days of incubation
Bacillus sp. 46.48 U/L 3606 U/L 24752 U/L

2 Termite (Anacantho- Guaiacol Bacillus sp. CF96 28766 U/mL - - SmF [168]
termes) 37°C, pH 8, 1% (v/v)

inoculation and 4 days
of incubation

3 Earthworm Wheat bran Bacillus safensis DSKK5 27 u/mL - - SmF [62]

37°C, 200 rpm and
2 days of incubation
4 Termite (Amitermes Indulin AT Streptomyces sp. MV32 5.66 U/mL - - SmF [65]
hastatus) (Kraft pine 30°C, 160 rpm and
lignin) 10 days of incubation
5 Termite (Bulbitermes sp.) ~ Saw dust Aspergillus sp. A1 6944 U/g 43.18U/g 72912U/g SSF [67]
Bacillus sp. B1 4514U/g  4773U/g 577.03U/g 30°C.pH70and 14 days
) of incubation
Bacillus sp. B2 71.18U/g 4148 U/g  500.99 U/g
6 Cattle Rapeseed Rumen fluid microbial - ~85U/L - SmF [115]
consortia 37°C,170 rpm and 1 day
of incubation
S.No Source Substrate Microbes Enzyme activity Conditions Reference
B-glucosidase  Endoglucanase  Exoglucanase  Xylanase

Cellulolytic and Hemicellulolytic enzymes

7 Termite Saw dust Aspergillus 2297 U/g 108.54 U/g 1.8 U/g 96.82 U/g SSF30°C, [67]
(Bulbitermes sp. Al pH7.0and
sp) Bacillus sp.B2 181 U/g 1002 U/g 3216 U/g 66.33 U/g 14 dgysvof

incubation
Brevibacillus 545U/g 346 U/g 14.19 U/g 104.96 U/g
sp. Br3

8 Wood-feeding  xylan or C. pseudorhagii - - - 1.73 U/mL 30°Cand [129]
termite D-xylose SSA-1542T 3 days of
(Reticu- incubation
litermes
chinensis)

9 African Grass straw, B. tequilensis A2 598 IU/mL ~130.75 IU/mL A 950 IU/mL ~1101U/mL  SmF [169]
land snail CMC and G9 150 rpm,

(Achatina Sugarcane 37°Cand
fulica) bagasse 8-14 days of
incubation

10 Cotton Saw dust Klebsiella sp. 7845 IU/mL 25893 IU/mL 13471 1U/mL 276.711U/mL  SmF 160 rpm,  [34]
bollworm MD21 37 °Cfor
(Helicoverpa 14 days
armigera)

11 Termite (Cop-  Sawdust Dyella sp. 6.52 U/mL - SSF [20]
totermes SSA-1562T 35°C,pH7
formosanus) (Cf-S-11) and 5 days

Vanrija 6.06 U/mL - Of incuba-
humicola tion
SSA-1544
(Cf-5-17)

SSA-6 15.96 U/mL 14.6 U/mL
microbial
consortium

12 Earthworm cellulose Bacterial 04210 0.59 - SmF [170]
(Perionyx isolates UM glucose/mL 30°Cand
excavatus) /min 2-28 days of

Glyphidrilus incubation

spelaeotes
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Table 1 (continued)
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SSF Solid State Fermentation, SmF Submerged Fermentation; Manganese Peroxidase, LiP Lignin Peroxidase

flavipes (lower termites) revealed the presence of vari-
ous endogenous host ligninases like phenol oxidases,
laccases, cytochrome P450s and esterases. The func-
tional analysis of laccase gene expression and phenol
oxidase activity are more likely to be restricted in the
salivary gland and foregut (symbiotic free) respectively.
Further, the phenol oxidase activity induced by lignin
would serves as a potential pretreatment enzyme for
the industrial LCB bioprocessing [64]. On the other
hand, the exploitation of actinobacteria with the diverse
metabolic capability was hardly exploited for its isola-
tion from the termites gut microenvironment. Some of
its isolates namely Odontotermes, Micromonospora sp.,
Microcerotermes, Streptomyces sp., Macrotermes and
Amitermes are prevalent among the both higher and
lower termites. Nevertheless, its biological role and the
production of certain oxidases is largely unspecified in
lignin degradation. Le Roes-Hill et al. [65] discovered
actinobacteria as a novel oxidative enzyme producer
that are isolated form the hindgut of the Amitermes
hastatus (higher termites) with unique ability to metab-
olize indulin (Kraft pine lignin) as a sole carbon source.
The aforementioned potent strain for oxidative enzyme
production was subjected to the 16S rRNA gene anal-
ysis for its identification. Recently, Xiao et al. [66] has
investigated the multiple enzymatic properties of lac-
case derived from hindgut microbes of fungus growing
termites (Macrotermes barneyi.). In this study, BaCotA-
laccase gene was isolated and cloned into E. coli and
thus the recombinant gene was thermostable, alkali
and organic solvent resistant with a specific activity of
about 554.1 U/mg at an optimum temperature and pH
(70 °C and 5.0).

The capability of bacterial-fungal isolates as mixed
culture from the microflora of Bulbitermes sp. has been
reported to produce cocktail ligninolytic enzymes upon
metabolizing the untreated saw dust substrate through
solid state fermentation (SSF). Mixed culture of isolates
such as Bacillus sp., B2 and Brevibacillus sp., showed
a better volumetric productivity of lignin peroxidase
(362.51 U/L.h) that was significantly higher in SSF [67].
Similarly, exploration of enriched termite gut micro-
bial consortium for the production of cocktail ligninase
showed a higher ligninolytic activity of about 308.3%
when compared with the single strain isolates [20].
Thus, the improved production of ligninase cocktail
enzyme from insect gut microbiota are of great interest
for its responsibility in LCB depolymerization or lignin
removal.

Cellulase/hemicellulases

Cellulase from the gut symbionts has been identified in
68 insects species associated with 8 diverse taxonomic
orders that are responsible for the cellulose assimilation.
For decades, insects are being considered as a great cel-
lulase producer owing to its more tolerance and stabil-
ity in cellulose bioconversion. Insect cellulases are being
encompassed with 48 GH families, thus advocating its
vital role in insect cellulose assimilation system [43, 64,
68].

Many herbivorous insects like termites, silkworms,
snails and beetles have been explored to identify the
syntrophic symbionts in their gut microflora which are
responsible for the hydrolysis by its complex cellulase
known as cellulosome. In animals, genes encoding the
endogenous enzymes being involved in plant cell wall
degradation are attained by horizontal gene transfer
mechanism [69]. Endogenous cellulase from wood feed-
ing insects mainly depend upon the microsymbionts that
are being involved in the breakdown of LCB they feed
upon [69, 70]. A high homology has been revealed by the
distantly related insects for endo--1,4-glucanases, indi-
cates a universal cellulase gene distribution among the
endoglucanase secreting endogenous insect species and
this gene expression level differs over insect life cycle as
ascertained in Reticulitermes termite species [71, 72].

Termites are the potent source of cellulose digester that
are classified as symbiotic protozoa (lower termites—
Coptotermes gestroi, C. formosanus, Reticulitermes spera-
tus, and R. flavipes,) and non-symbiotic protozoa (higher
termites—Nasutitermes sp.). The synergistic action of
termites advocates its secreted - glucosidases and endo-
glucanases which belongs to Glucose Hydrolase Fam-
ily (GHF) 1 and GHF9 respectively. The gene expression
for endogenous cellulase was observed in the midgut of
the higher termites and the salivary glands of the lower
termites. To add on, bacterial cellulase of termite gut
isolates are being considered as a latent candidate for
its robustness, versality, stability, showing multi-enzyme
complexes, high growth rate, recombinant capacity and
also for its thriving ability under extreme conditions.
For instance, Bacillus sp., isolates of Anacanthotermes
and Bulbitermes sp., termite is found with high cellulo-
Iytic activity, where the former secretes a novel B-1,4
glucanase with high specific activity of about 10.80 U/
mg upon 8.85-fold purification [67, 73]. While Bacillus
sp., isolates of Bulbitermes sp., exhibited endoglucanase
activity—138.77 U/g, exoglucanase—32.16 U/g and xyla-
nase—104.96 U/g [67].
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Unlike termites, various natural host bioreactor such
as Antheraea assamensis (silkworm), Achatina fulica
(African land snail) and Helicoverpa armigera (cot-
ton bollworm) would possess the host gut symbionts
which colonize to effectively metabolize the recalcitrant
diets. Yet the exploration of its critical interplay existing
between the host-gut microflora-plants are meagre. Puta-
tive cellulolytic bacterium strains namely moni strain
MGBO5- (Antheraea assamensis) [74], Bacillus tequilen-
sis strain G9- (Achatina fulica) [75] and Klebsiella sp.
MD21 (Helicoverpa armigera) [34] with maximum cel-
lulolytic enzyme activity from the aforementioned insects
has been identified. A mixed culture of fungal-bacterial
isolates has enhanced the endoglucanase, xylanase and
B-glucosidase activity and its volumetric productivity
when compared with the monocultures. This behavior
would suggests that the fungal-bacterial consortium as a
potent candidate for the production of cellulolytic cock-
tail enzymes [67].

Lytic polysaccharide monooxygenases

Recently, characterization of lytic polysaccharide
monooxygenase from insects gut symbionts has gained
interest owing to its pivotal role in polysaccharide break-
down particularly cellulose, hemicellulose and chitin.
This copper dependent endogenous enzyme catalysis the
oxidative cleavage of glycosidic bonds in the recalcitrant
polysaccharides to form monosaccharides. Cairo et al.
[76], investigated the identification and functional char-
acterization of two LPMOs in Coptotermes gestroi (lower
termites) which belongs to the AA15 family (Auxiliary
Activity) from CAZyme database. In addition to termites,
Thermobia domestica gut were identified with more than
20 members of endogenous uncharacterized LPMO fam-
ily that could oxidise cellulose. This study revealed that
out of 23 full length peptide sequence encoding the
LPMO catalytic domain, 21 were found in major amount
based on the gut transcriptome analysis [77].

In a nutshell, the capability of single insect system
secreting diverse lignocellulolytic enzyme favours to
establish an enzyme complex that could be used in sugar
alcohol industries.

Mining LCB degrading genes of insects

and ruminants gut symbionts

Gut microbial diversity is directly associated with the diet

specialization and distinct stages in the life cycle of each

species. This would reflect in lignocellulolytic enzyme

diversity and further ends in stimulating the enzyme bio-

prospection in the utmost diverse circumstances.
Multi-enzyme complex being encoded by the fibro-

lytic gene clusters are extensively explored in two differ-

ent paradigms, namely cellulosome and polysaccharide
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utilization loci-like system. Several scientific studies have
reported the metagenomic based insights on rumen lig-
nocellulolytic enzymes diversity from microsymbionts
of various ruminants (Jersey cow, Angus cattle, yak and
reindeer) [78-81]. Using comprehensive metagenomic
and homology-based annotation, Jose et al. [82] deci-
phered the diversity of CAZyme in Holstein-Friesian
crossbred Indian cattle that fed upon finger millet straw.
In this study, authors have identified the candidate gene
encoding the fibrolytic enzymes which includes diverse
class of carbohydrate binding modules (contigs-1975),
carbohydrate esterases (contigs-4945), glycoside hydro-
lases (contigs-11,010), polysaccharide lyases (480
contigs), auxiliary activities (contigs-115) and glycosyl-
transferases (contigs-6366). Among the CAZyme diverse
group, glycoside hydrolases family was predominantly
abundant (high total number of contigs) in rumen cattle
metagenome due to its more complex LCB degradation
system. To add on, genus Prevotella is the most abun-
dant rumen bacteria which plays a significant role in diet
shift from high calorie to high fiber. And this genus also
contributes a significant proportion of more than 36% of
CAZymes [83, 84] and well-known degrades of starch,
hemicelluloses, and sugars [85, 86].

Tremendous efforts have been made in understanding
the termite digestion system, yet the knowledge about
its enzymology and its fibrolytic genes underlying the
effective polysaccharide utilization mechanism of gut
symbionts is inadequate. On account of this, Liu et al.
[87] provided a deep insight in highly abundant multi-
ple fibrolytic gene clusters and the cellobiose metabo-
lism pathway of Globitermes brachycerastes. In this study,
50,000 fosmid clones was functional screened followed
by pyrosequencing of 173 functionally positive clones.
And also, putative CAZymes encoding saccharolytic gene
operons (219) were identified via in silico analysis. Fur-
ther, understanding the biochemical properties of those
gene clusters, a 3 gene cluster of cellobiose metabolism
and 1 xylanase gene were cloned and heterologously
expressed in E. coli BL21. Herein, recombinant xylanase
GH10 exhibited > 80% of maximum activity at an optimal
temperature of about 38—65 °C and retains > 60% of max-
imum activity under optimal pH- 5.5-9.5. Similarly, in
order to validate the gut metagenomic assembly of Arion
ater (common black slug), a predicted B-glucosidase gene
was amplified and then expressed into E. coli where the
recombinant protein (C-terminal His-tagged) was evalu-
ated by western blot [88].

Upon meta-exoproteome and heterologous recombi-
nant expression in E. coli, Singh et al. [35] identified the
unknown catalytic counterpart of several novel CAZy
protein from the gut microbial symbionts of rice yellow
stem borer enriched with rice straw. In this study, one
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of most abundant xylanase annotated gene belonging to
GH10 family was identified based on maximum emPAI
score. Later it was cloned into pET30a expression vector
and the purified recombinant xylanase showed a maxi-
mum activity at optimum temperature of 60 °C, pH-7.0
with 72.2 pmol of reducing sugar/min/mg of V., and
2.859 mg/mL of K against beechwood xylan.
Meanwhile, as the uncultivable gut protist being a large
resident of wood feeding termites, the hemicellulase and
cellulase gene in GHF (5,7 & 11) from Coptotermes for-
mosanus are also cloned. Yet, discovery of an independ-
ent gene signifying the lignocellulolytic mechanism in
protist community is inadequate [89-92]. Based on this,
two independent studies were conducted on Reticulit-
ermes flavipes and Reticulitermes speratus where the
abundance of GH expression was observed via cDNA
clone sequencing in protistan community [64, 93]. Xie
et al. [94] studied the meta-transcriptomic profiles of
functional gene being expressed in protistan community
of Coptotermes formosanus. Herein, 454 pyrosequencing
of enriched cDNA resulted in 223,477 reads, followed by
de novo sequence assembly and Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotation which identi-
fies 118 GH gene belonging to 18 diverse GHFs. Further,
heterologous expression of xylanase (GHF10) in Pichia
pastoris and the characterization of purified recombina-
tion protein (xy/726- 34 kDa) showed a specific activity
of about 80.3 £ 3.1 U/mg of against birchwood xylan with
9.2 mg/mL K and 107.4 U/mg V,,,. Apart from gut
protist, metagenomic DNA of free-living gut microbiota
such as Clostridiales, Bacteroidales, Enterobacteriales,
Lactobacillales, Xanthomonadales, Pseudomonades, Spi-
rochaetales, Actinomycetales, Desulfovibrionales, Bacil-
lales, Burkholderiales, Synergistales and 1460 species in
Coptotermes gestroi (lower termite) has been subjected to
[lumina-based de novo sequencing and followed by min-
ing of LCB degrading gene in gut bacteria [95]. In con-
cern with industrial application, a three-fold increase in
the extracellular endoglucanase activity was able to attain
in recombinant heterologous host (0.51 £ 0.02 pmol/min/
mL) as compared to wild type (0.12+0.01 pmol/min/mL)
of Bacillus subtilis UMC?7 isolated from Macrotermes
malaccensis gut. The recombinant endoglucanase
(56 kDa) which are highly specific to amorphous cellulose
was active at optimum pH (6.0) and temperature (60 °C)
with an optimal enzyme activity (0.50+0.01 pmol/min/
mL) and further its activity was enhanced by Ca*" ions
addition [49]. Yet, another novel endo-B-1,4-glucanases
highlighting the cellulase bifunctional was character-
ized from Coptotermes formosanus transcriptome [96].
The identified novel endogenous cellulase gene-CfEG5
belonging to GHF9 family was similar to CfEG3a gene
yet, unlikely as an allelic variant as described in the

max
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former study [97]. The CfEG5 gene identified from the
Coptotermes formosanus EST library, was expressed in E.
coli using pET28a vector plasmids and thus the recombi-
nant CfEG5 (rCfEG5) protein generated exhibits cellulo-
lytic activity against filer paper, CMC and cellodextrins.
Herein, the filter paper cellulose hydrolysis end product
was primarily cellodextrins namely cellotriose and cello-
biose. Upon mining, rCfEG5 gene showed a highest cel-
lulolytic activity at an optimal pH 5.6 and temperature
ranging between 37 °C — 42 °C. Whereas, the enzyme
specific activity was in similar with rCfEG3a, however,
rCfE5 lacks its activity against xylose and glucose with
B-1,3/1,6 linkages. On comparison with other termite
species, K, values for rCfEG5 (5.6 mg/mL) and rCfEG3a
(2.2 mg/mL) endogenous cellulase gene were found to
be higher than the NtEG (4.67 mg/mL) and RsEG (2 mg/
mL) in Nasutitermes takasagoensis and Reticulitermes
speratus respectively.

Recombinant CfEG5, produced in E. coli, was active
against filter-paper cellulose and results in cellobiose and
cellotriose which was similar to the enzymatic and bio-
chemical properties of CfEG3a. These findings would
lead to further investigation of both the evolutionary ori-
gin and relationships existing between the eukaryotic cel-
lulase genes and the termite species. Figure 3 shows the
mining of LCB degrading genes through metagenomic
and meta-transcriptomic analysis of insects and rumi-
nants gut symbionts which provides a deep insight into
its plant biomass digestion system and further identifica-
tion of lignocellulolytic biocatalyst beneficial for biofuel
production.

Role of microbes and different process strategies
adopted for biofuel production

In nature several gut/rumen microbial ecosystems are
well known for the co-existence of symbiotic microflora,
where the annotation of microbial dynamic interaction
and its enzyme profile remains vital in commercial bio-
fuel application. Figure 4a and b represents the microbial
metabolic pathway of insects and ruminants that aids in
better understanding of its gut microbial role in biofuel
production. The subsequent section has been dealt to
provide an insight into different process strategy that are
adapted in the LCB bioconversion which includes depo-
lymerization of lignin/lignin model compounds, ethanol,
hydrogen, biogas and carboxylates production (Table 2).

Depolymerization of lignin/lignin model compounds

Lignin depolymerization is a critical oxidative phase
preceding the carbohydrate digestion, which involves
the release of entrapped polysaccharides and thus ena-
bles the accessibility of cellulosome hydrolyzation in
LCB conversion to biofuels. Unlike other conventional
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Fig. 3 Steps involved in mining of LCB degrading genes of insects and ruminants gut symbionts

depolymerization strategy such as physical and mechani-
cal being the most affluent and high energy consuming
process. Biological depolymerization naturally encom-
passes the lignin oxidation by extracellular hydrogen
peroxide that are generated by auxiliary enzymes i.e.,
ligninases. Hence, it requires less energy to enhance the
suitability of LCB for subsequent saccharolysis [98, 99].
However, biological depolymerization are being consid-
ered as a slow process owing to its low hydrolytic rate.
Yet, the exploration of some characteristic wood feeding
termites/snout beetles and ruminants gut symbionts pos-
sessed with capability of overwhelming the recalcitrant
lignin barrier are discussed in the subsequent sections.

Insects microbiota allied depolymerization

To date, several insects species such as wood feeding
termites, beetles, leaf cutting ants and wood wasps have
been explored for the lignocellulose biodegradation abil-
ity [100]. Many biodegradation studies comprise the
use of various lignin model compounds rather than any
LCB source owing to its complex structure. For instance,
B-O-4 bond linkage in the guaiacylglycerol-p-guaiacyl
ether (lignin model compound) was almost 60% similar
to inter-monometric bond linkage in softwood lignin.
Depolymerization of lignin model compounds by novel
bacterial gut isolates of Nasutitermes takasagoensis
(Burkholderia cepacia KKO1) and Odontotermes obe-
sus (Trabulsiella sp.,) was evaluated. In this study lignin
dimers such as dehydrodiconiferyl alcohol (phenylcou-
marane bond), dehydrodivanillic acid (biphenyl bond),
erythron-1,2-Bis (4  hydroxy-3-methoxyphenyl)-1,3
propanediol (B-1 bond) [101] and guaiacylglycerol-p-
guaiacyl ether (B-O-4 bond) are used as a sole carbon
source [101, 102]. Odontotermes obesus gut isolates
showed a maximum degradation efficiency of about 60%
for the guaiacylglycerol-B-guaiacyl ether upon 28 days of

treatment, yet the Burkholderia cepacia KKO01 gut bacte-
rial isolates resulted in 61% to 94% of lignin degradation
for all the dimer model compounds. Further this study
revealed its degradation ability of monomer lignin mod-
els like phenol guaiacol and vanillic acid. Tsegaye et al.
[61] studied the wheat straw depolymerization with the
bacterial isolate Ochrobactrum oryzae BMP03 of wood
feeding termites as a consortium with Bacillus sp. BMPO1
(polysaccharide hydrolyzing strain) which resulted in
44.47% of lignin depolymerization.

In vivo degradation of various aromatic compounds
(lignin model monomers and dimers, dyes and lignin
sulfonate) and its modification phenomenon of Cop-
totermes formosanus revealed the metabolizing capabili-
ties of wood feeding termites and the degradation rate
was higher in foregut and midgut rather than hindgut
[103]. Azure dye employed in lignin peroxidase assay are
converted to veratraldehyde and phenol red involves the
free radical generation upon ligninolytic enzymes action.
Monomeric lignin model compounds like veratryl alco-
hol and vanillic acid were predominantly oxidized by
lignin or manganese peroxidase that are similar to lignin
sulfonate polymer from kraft pulping [101]. Whereas, in
case of lignin dimers (desoxyanisoin (4,40-dimethoxyde-
oxybenzoin), benzylvanillin (4-benzyloxy-3-methoxyben-
zaldehyde) and 2,20-biphenyldiol), the biodegradation
was implied when catalysed by bacterial isolates of xylo-
phagous termite gut [104]. Majority of the aromatic
compound degradation by the bacterial isolates and its
modifications like decarboxylation and double bond
reduction in side chains were observed under aerobic and
anaerobic conditions respectively. The required oxygen
is being supplied by aerated gut paunch epithelium for
the aromatic ring cleavage [105]. Though, in vitro deg-
radation for several aromatic compounds by termite gut
microflora has been reported by many researchers, yet



Rajeswari et al. Microb Cell Fact

(2021) 20:107

AL A

H, CH; <=
a t ¢
Wood Lignocellulose degradation pathway in termite gut |a (- - | | Short ch:un ﬁ’h
ormate
B 1 i /C\n l / Coz
Glycolysis
& E (Fermentation) 5 / [ ngﬂln
s, Oligomery Fr==== Pyruvate Acetate ;.
< Cellulose —_— — | residue
<+ Hemicellulose - g & 2 W)L Termite fecal
< Lignin £ o OH °] )J\ matter
= OH OH ‘ Lactate
3 Gl
4 L = (In lower termites)
 Xylose P< Y
T o Central metabolism
No/;f’ 1 intermediate
Hemicellulose 1 o1 ==% Phosphoenolpyruvate Anoxic
\ Micromic /
Carbohydrate polymer as
ruminants feed
HOOC,
HCO &
Ho: o CHy
OH ° 0=<0
HO:
CH,OH CH,OH CH,OH CH,OH :O\'wo\o & g“’\hé\o 8 Uwo\ o’
7 0
1Rzaasa-aan el o i
O on . °m/ )
7 Ho; OH OH
Cellulose Hemicellulose
Ferulic acd’ '0CHy
1
5
0. HO
E3 CH,OH S H
= o
= HO' 4o
OH
o HO Xylose .
a OH OH Arabinose Mannose
-g Glucose Galactose
<
=
=
£
)
=
g | Monomers
= :
/ H
]
Lactate H i g
i —1 Co,
o ‘ v
)k(\“/o« Co, Pyruvate
Ho
o)
| i 2H —1 H,
- Oxaloacetate
2 A \ v o
R o Co? 2H | Formate ﬁ
oy
ONO R\)}\ con Acetyl CoA H o
. - 2H
o \ Succinate S 2H b
0,
2H
\ Co, -
\ Propionate | Acetate | Butyrate
‘ o (o] o &
>

A~

Fig. 4 a Metabolic pathways within the insects gut holobiome community. b Metabolic pathways within the ruminants gut holobiome community




Page 14 of 28

107

(2021) 20

t al. Microb Cell Fact

ajeswari e

R

ADISINAIBD S +

¥92.C
91e|0S| |elIa12eq
lzel) - /6 86¢ - - - ouid pajean-ald dnAjon|IeD SeAJR| SlpUILIOPQD DINdI| 6
Jw/bw 66£ 0—iebns budnpay . . . . 0Z DDW aealeT
07 DDW sa1e4s
-gns 21sojN||9d
[zz1] /b 08 z—iebns Bupnpay - - - - au|[eIsAID0IIW s10e1IX3 INBPIN (onow spqoydoz) wiomiadng 8
a1e4sgns
4O [oWW OOL/|oWW 0°'Z€L—0D
21e415NS
Jojoww ooL/|oww ol —a1e
-uoidoid
91eJ15gNS JO 91e115gNS JO uab winbuoy
[zy1] JOWW Q0 | /|oWU €'/ | —1e10Y - Joww 0QL/|oWW 688 - - 9500N|9H DWaU01adY (S1UBPIDO0 SaULIR10IA1d) DUUIID] /
91e415gNS JO
[OWW 00 L/|OWW #'907—1e10Y - - - - 350JAX
a1elsqgns
4O JoWW OO L/jowW £'9—0D
21811505 JO 91811505 JO ‘ds laquio
[L/1] |OoWW QOL/|OWW G | GZ—a1P1adYy - JoWww Q0 L/|oWW ¢ | - - 9500N|9H -Aow winipiiiso) (snsoiads saulia1iqn)) US| 9
J/oww 69—
7/|0WW §'7—=1eUlIoS cLLLLD
1/I0WW GO—a3e1de] Y/1/10Wuwi 900 Y/1/1owuw 1°0 uleis sipiiwiiol
7/]0WW 7'/—31e130Y 1o J/joww |'e 10 J/[oww £/ - - 950|Nn||2D-0 wnipLsopD
1/joww 96—0D
7/|OWW 7' —233eulio LD
/|0WW 0'7—=a1e10e7 Y/1/10Ww 810 Y/1/10WW 970 Ulens sipijwia]
[or1L] 7/I0WW 6'G—2a31e190Y 10 7/joWW /'€ 10 7/j0WW 9 - - 950100||9D wniplisoD (0[] sawa1INSON) AULIDL S
£HgY ap2D0PD
[6€1] - - y/1/|oww ¢/ - - 9500N|9H 12100q0I23u3 (ds sawia11qo)D) 2uULIS| ¥
- - W/joWW 90/°0 - - p1oe dlwny
- - /oW ¢l - - ENeIlED)
a1e1sgns
2213 obuew ds wnipuIsop)
- - JW/joWW 509 | - - paneDoINBUN pue snjoog
[og1] - - Jw/joWw 80 - - 9500N|9H JO S2INYND-0D  (SNUDSOLLIOJ SALLI2IOIUOP() SUULID| 9
WAGN wnp
[£91] - - - jowDW €'6/1 - MBS 1B3YAN  -IOSUOD [BIQOIDIN (201012 SaULIIINSDN) SUULIS| C
(apiny saw23NSON
PUD ‘SNAIDA SaULII0JaD04D1)/\ “3D)
wnp -DIYda SaULIBNINSDN ‘sadsoy Sauia))
[1€] - - - /6850177 - MBIIS 1BAUYAN  -JOSUOD [RIGOIDIN SONULIRL |
$1095U|
ERIEYETEN] s19Y10 Joueyig uaboipAH V4A aueylvy 9jensqns aunos ou-s

$9QOI2IW IND SIUBUILINI PUE S3935UI WO UoRINPOoId S[ed1wsyd pappe panjea pue s|anjoid Jo Alewwns g ajqel



Page 15 of 28

107

(2021) 20

t al. Microb Cell Fact

ajeswari e

R

NW £0-G'0-31eulIog
(z€) NW 0'€-6'7-a1e1087]

[es1] -

[een] -

[6z1] -

%09y

-A2Ua1Lys UoledyleyddeS

6/6w 09c—.ebns budnpay
%56'LG—Adoua

-J uonesyleydoes

[19] 6/6w 6ey—Iebns budnpay

[oz] -

W 8'¢-€C -

6/6 ¢v'0 -

6/6 6£0 -

6/6 €10 -
6/6 1¥0 -

6/6zzoi07/6 101 -

6/61€01071/6 L1 -

/618 -

/beeL -

/6 §se -

- —  350JAX 10 500N|9

- - 950JAX

as01q
-0|[9D + 950}AX

- - 950JAX

- - 350]AX-Q

Mels 1eay\\

- - 1SNp Mes

ds
appouyood piod
-SOUOWOIIUIOI]

2199q qeJeds

SPCNN
wnippijpssod s

vZ1LA
TYYN saudis S

o)199g

wniopjjps
-sod piodspyiods

o)199g

19451

-Y/SS UleASs ‘AOU

‘ds pjiydouby
DOJOWDWDH

Lewst

-YSS ulens

‘Aou “ds 11boy
-Iopnasdppipub’)

(SIsuaulyo sawIa1lIN2112Y)
N6 W]

urens

€0dWg apzA10
wniPLgoIYIO

L0dNg ‘ds snjjopg

(51A21q SaWLI103AAID) S1WIDL

S 1-VSS
Djo2IWNY DIUDA

LEPSL-VSS
lpuowiaijjinb
DWAZoIAY

sadfwoipyd
-90S 1 /9S1-VSS
'ds buapjoyying
pue | ¢951-vSS
ds pjjaAg ‘0951
-V/SS pipuny
pwosIpy
L 6¥SL—VSS
saplopofip
DIBULIDIS "G |
-V/SS bjooruny
DIIUDA 'L €451
-VSS lipuowiial
-/Inb bwiAzoiaka

(SnUDSOWLIO) SaWI2101d0D) SN

Sl

vl

€l

cl

ol

9dUa13j9Yy sIdYylo

loueyl3 uaboipAH

V4A aueyp ajesnsqng

SaqoDIN 3%nosg

ou‘s

(panunuod) g ajqey



Page 16 of 28

107

(2021) 20

t al. Microb Cell Fact

ajeswari e

R

oL - - - /Bw LLTEL - 19A03s UIoD piny usuwiny djed 44
/6 oLg—aiel
-90y
7/6 8g'z—>1e |—Jo1oeal
[t - - - -uoidold "D oW £ 1061 passadey piny uswny oled 1z
- /6w g s - 7/6bw /99| - sseib saideN ony wnasund
GLny
- 7/6W 9791 - 7/6W SO | - sseib Jaiden wnonAjoupiAx >
Siny
/6w ' /—loueing /bW 1'8Lye Joww 9061 /6w gesL - 3500N[D  wnduAjoUDIAx
/6w 9971 —(ou
[LEL] 7/6W 'zy—loueing -eyd [oWW 7'6/£€ /bW €9z - 9s0dN|D 9Ny wnasyund D uswini sied 0¢
SUDILINNSap
0qIN0jINsad
puDp ‘asuauIqipy
suauabijoupyly
“ds sno
-2020UjWINY
‘youLiafiag
wnipl—sojD
‘suanjosoifdod
winipLIso;D
Jw/bw 070 ‘wnanAjouniAx
4 punose—iebns Bupnpay - W 09 punoly - - ssef Jaiden WwnipLiso;D uswin e 61
91e1ISgNS JO [oW Q0 | /|0
9—a1e10e7
a1e)1sgns 21e415gNS a1e)35gNs
4O |OW Q0 L/|0W //—91e190Y jojowool/jow ¢ jojowolL/ow g - - °50q1y
a1e11sgns
JO |oW QQ1/|0W € | —2331e12€7
a1e115gNs 21e135gNS a1e115gNs
JO|OW Q0 1/|0W 0/—91€130y  JO |OoW 00L/|0W 0T jojowpol/ouw £ - - 95010N.4
21e115gns
4O |OW Q0 1/|0W 7| —31e10eT] WiNjJosuod
a1elsgns a1e115gNs 21e415gNS [eIqOIDIW
[rell JO oW QOL/|OW OE—21RIadY  JO|oW QO L/|oW /| JojowolL/ow s - - 9509N|H piny uswny uswiniieed 8l
- - - - SABw LT 1OSUOY uswINJ JaaH
|OWW €8 | —o1e19dY [eIGOIDIW
[est] [oww 6| "gg—=a3euoidoid - SAB/TW 9py - SAB/ W 7'88e MeNIS 1.3y piny uswny uswini{jng L1l
24n3Nd [eul
[Lst] - - - - SABAHD MW 96! MeNS 1B3YM  -310eq dNAJO|N|I3D uswiny daays 9l
syueujwINY
ENEYEIEN| s1dY10 Joueyl3 uaboipAH V4A aueyvy ?jensgqns SaqoNIN 3¥nos ou's

(panunuod) g ajqey



Rajeswari et al. Microb Cell Fact (2021) 20:107

the utilization of cellulose despite the complex depolym-
erization mechanism are still remained to be unsolved.

Several studies on termite gut system on LCB diges-
tion has suggested a novel physiochemical process are
being involved in Coptotermes formosanus. Li et al. [106]
have examined the physicochemical changes in the Chi-
nese red pine biomass after passing them into the Cop-
totermes formosanus gut digestive system. In this study,
the termite colony fed with sapwood blocks are dissected
into separate gut segments to collect the sapwood parti-
cles in various phases of assimilation. Scanning electron
microscopy (SEM) images revealed the lignin decarboxy-
lation, side-chain oxidation of the termites midgut that
leads to the lignin degradation. And thus, the free sym-
bionts in midgut plays a critical role either in loosening
or removing the lignin altogether. Less amount of lignin
depolymerization was observed at 26 °C possibly due to
the oxidation in propyl side chain, ring methoxyl group
demethylation, demethoxylation (spatial rearrangement)
and also likely due to mechanical process like mandible
mastication and gizzard grinding. Taken together, ligni-
nolytic enzymes of termite gut symbionts in Coptotermes
formosanus might be the vital factor in plant cell wall
breakdown.

Although, most of the research on wood feeding
insects suggests that many insects feed on predegraded
wood which have exosymbiotic relation with fungi to
overcome the lignin barrier. Yet, there are certain insect
species that feeds on the healthy living inner woods. In
this regard, Geib et al. [107] determined the fate of live
wood feeding insects using '*C tetramethylammonium
hydroxide thermochemolysis. In this study, a significant
level of side chain oxidation and methoxyl group ring
demethylation were detected in Zootermopsis angusticol-
lis (lower termite) and Anoplophora glabripennis (beetle).
Predominant ring hydroxylation with lignin degradation
products such as 3,4,5-trimethoxybenzaldehyde (syrin-
gyl) and 3,4-dimethoxybenzldehyde (guaiacyl lignin)
were observed distinctly in the termites species. Some
researches were also performed to determine the role of
Cyrtotrachelus buqueti (snout beetle) in LCB biodegrada-
tion. For instance, Luo et al. [26] investigated the gut bac-
teria isolates from snout beetle larva and adult (male and
female) for LCB degradation. In vitro studies were car-
ried out by utilizing the gut microflora for treating bam-
boo shoot particles over a period of 6 days. The hierarchy
of lignin degradation efficiency was found to be larva
(32.97%) > male adult (24.30%)>female adult (19.83%)
that are consistent with the morphological changes
observed after pretreatment. Recently, an anaerobic bio-
reactor based lignin deconstruction of wheat straw bio-
mass was investigated by Dumond et al. [108] using the
gut microbial isolates of various higher termites. Results
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revealed that up to 37% of lignin has been removed after
digestion and various analytical methods like quantitative
13C-IS py-GC-MS and multidimensional NMR spec-
troscopy has been performed to determine the structural
and chemical properties of digested biomass.

Ruminants microbiota associated depolymerization

Several studies with the rumen microbial community of
various ruminants have revealed its ability to degrade
plant cell wall to produce saccharides and short chain
fatty acids that are eventually absorbed by the host. How-
ever, the microbes biocenosis (archaea and bacteria)
involved in the biogas production was not effective for
lignin barrier disintegration where a considerable frac-
tion of convertible sugars is being untouched. Since the
rumen feeds (e.g., forage maize, sorghum and wheat) are
also considered as feedstock for bioenergy production,
there is a pre-requisite for the exploration of the potential
candidate from the rumen microbes for lignocellulosic
pretreatment.

Anaerobic fungi, a natural inhabitant of herbivorous
gut belonging to the phylum Neocallimastigomycota,
decomposes the ingested food [109, 110]. Whereas, LCB
pretreatment with these anaerobic fungi favors a bet-
ter carbohydrate accessibility and the direct utilization
of its metabolites in fermentation and methanogenesis.
Gut anaerobic fungi has a shorter pretreatment period
on comparison with white rot fungi [111]. However, the
capacity and ability of rumen fungi involved in the dis-
integration of forage that has highly lignified walls needs
a better understanding. Bootten et al. [112] compared
the capabilities of rumen fungi (Caecomyces commu-
nis, Piromyces communis and Neocallimastix frontalis)
as mono-culture and co-culturing with Methanobrevi-
bacter smithii in the degradation of lignified Medicago
sativa L. Among them, Piromyces communis and Neocal-
limastix frontalis were the efficient degraders showing
37.9% and 33.2% loss of lignin component in M. sativa,
respectively. Recently, Dollhofer et al. [113] investigated
the role of two anaerobic fungal strains (Neocallimastix
frontalis) in hydrolytic pretreatment of hay biomass that
was isolated from the rumen fluid of Bos taurus taurus
(cow) and Rupicarpa rupicarpa (chamois). The pre-pro-
cessing of LCB with anaerobic fungi have increased the
biogas production together with high volatile fatty acid
concentrations.

Many scientific reports are available on discovering
fungi, protozoan, cellulolytic and hemicellulolytic bac-
teria from the rumen fluid microbial community. Nev-
ertheless, merely few studies were focused on lignin
degradation by rumen associated bacteria as the bacterial
detection was hard by means of traditional methods. In
one of the earlier studies, Syntrophococcus sucromutans
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an aromatic utilizing rumen fluid bacterium was able to
solubilize the wheat cell wall lignin that are labeled with
14C isotopes [114]. Baba et al. [115] attempted to evolve a
pretreatment strategy by using bacterial flora for meth-
ane fermentation of rapeseed. Six taxa of lignin degrading
bacteria were identified by next generation sequencing
(MiSeq technology) that degrades aromatic compounds
like benzenediol, hydroxybenzoate and benzoate that are
derived from lignin. Thus, the solubilization of rapeseed
with rumen fluid resulted in the enhanced methane pro-
duction by 1.5 times when compared to untreated bio-
mass. Similarly, rumen fluid pretreatment has effectively
enhanced the enzymatic hydrolysis of corn stover, that
also resulted in enhanced COD, VFA and reducing sugar
production [116].

Taken together, lignin by itself is a complex heterog-
enous polymer where phenyl propane is linked by ether
and carbon—carbon bonds, however the exact chemical
structure of lignin and its specific reaction in biodegrada-
tion remains unclear.

Saccharolysis and Ethanol fermentation

Sustainable and renewable holocellulosic polysaccharides
(cellulose and hemicellulose) in LCB serves as a potent
source of fermentable sugars available for bioethanol
production. Saccharolysis of holocellulosic components
is the prime stage in the industrial LCB bioconversion
into second generation cellulosic ethanol which relics
as a fundamental alternative for greenhouse gas emis-
sion reduction [117]. However, saccharolysis optimiza-
tion interferes the cost-cutting of cellulase production
as it accounts 40% of the total production cost besides
the cheapest renewable carbon of LCB [118]. Recently,
exploitation of insects gut microbes/enzymes in the
upgradation of saccharolysis to comprehend the poly-
saccharide chemistry and its industrial claim are gaining
interest in renewable fuel and chemicals production. Fig-
ure 5a represents the scheme of fermentation strategy for
second generation alcohol production.

Insects—a foremost microbiome host for cellulosic
bioethanol

Insects are one among the novel and robust natural bio-
reactors colonizing the symbiotic gut microbiome which
could act as a biocatalyst to efficiently utilize the LCB as
a sole carbon source. Rapid growth rate, ability to uti-
lize a wide spectrum of substrates and high sugar yield
are some of the significant characteristic of symbiotic
gut bacteria that are in associations with the conven-
tional fungi. Based on the studies, symbiotic gut bacteria
isolates from several invertebrates like beetles, worms,
snails, caterpillar and termite are more predominantly
involved in saccharolysis due to its high cellulolytic
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activity [61, 119, 120]. In saccharolysis, polysaccharides
are breakdown into monosaccharides by the synergistic
action of complex multicomponent cellulosome that are
preceded by the lignin depolymerization. For example, a
facultative and strict anaerobic bacterium (2.5 to 7.4 x 10®
bacteria/ mL of hindgut) are isolated from the hindgut
larvae of Pachnoda marginata (scarab beetle) which has
been identified with endoglucanase activity ranging from
0.048-24 U/mL. However, larvae midgut lacks the hemi-
cellulolytic activity, yet the cellulolytic enzymes in mid-
gut act in a pre-cellulolytic phase of intestinal tract which
could facilitate the solubilization of LCB. A bacterial
strain VPCX2 isolated from Promicromonospora pach-
nodae sp., showed a higher activity of about 20+5 U/mg
of xylanase and 24+7 U/mg of CMC-ase using xylose
as carbon source. Further, bacterial isolates identified
based on 16S rDNA sequencing could ferment glucose
and xylose (sole carbon source) into several end products
like ethanol, formate, lactate, acetate and succinate [32].
Similarly, an ultramicrobacterium isolated form Elusimi-
crobium minutum produces ethanol as a major end prod-
uct by fermenting various carbon sources [121]. Szentner
et al. [122] studied the saccharolytic efficiency of Zopho-
bas morio (Superworm) extracts obtained from different
developmental stages, where the midgut extracts showed
a maximum glucose content (2.480 mg/mL) than the lar-
vae (0.399 mg/mL) when subjected with the microcrys-
talline cellulose substrate (MCC 20) for 2 h of incubation.
The presence of hydrogen bond between the adjacent
hydroxyl group affords more stability to crystalline cellu-
lose, whereas amorphous regions of cellulose have only
fewer hydrogen linkages between the polymer chains.
Based on the studies, its has been reported that the cellu-
lose polymorphism and its morphological properties are
the prime concern for saccharolysis. For instance, super-
molecular structure of the cellulose could either regulate
or affect the efficiency of saccharolysis [122—126].
Integration of saccharolysis and fermentation would
be a significant strategy for enhancing the saccharolysis
in bioethanol production. In general, simultaneous sac-
charification and fermentation (SSF) and simultaneous
saccharification and co-fermentation (SSCF) of LCB are
the most preferable process strategy only when the func-
tions of both biocatalysts are optimal at similar reaction
temperature and pH. Thus, the sugar moieties released
after saccharolysis are desirably converted into bioetha-
nol by yeast, which improves the end product inhibition
caused by sugar accumulation [117]. Enrichment stud-
ies has been carried out to isolate cellulose degrading
bacteria from various invertebrates. Herein, bacterial
candidates are selected based on the maximum cellu-
lose degradation efficiency and future co-cultured with
Saccharomyces cerevisiae for bioethanol production. For



Rajeswari et al. Microb Cell Fact (2021) 20:107

instance, acid pretreated pine biomass inoculated with
cellulolytic bacterial isolate 27C64 of Tipula abdominalis
larvae produced cellulase and xylanase with an activity
of about 0.13 IU/mL and 0.19 IU/mL. Further, the bacte-
rial strain has been co-cultured with the S. cerevisiae that
resulted in 29.8 g/L of ethanol after 48 h of fermentation
[127]. A purified endoglucanase of about 43 kDa with
73.210£ 86 IU specific activity was produced from Bacil-
lus tequilensis strain G9 isolates of Achatina fulica (snail).
Thus, the SSF of enzyme with the yeast strain are found
to be efficient in various LCB conversion into bioethanol
[75]. A well-known wood feeding natural bioreactor i.e.,
termite with diverse gut microflora encompass a numer-
ous cellulolytic bacterium namely Pseudomonas, Acineto-
bacter, various species of Enterobacteriaceae, Bacillaceae
families and Staphylococcus being involved in LCB con-
version into the fermentable products. An enriched
microbial consortium (SSA-6, yeast strain-2 and bacte-
rial strain -4) of Coptotermes formosanus was studied to
produce various lignocellulolytic enzymes using saw dust
under SSF. Among the lignocellulolytic enzymes, cel-
lulase showed a maximum activity of about 15.96+0.87
U mL™' that was relatively higher than ligninolytic
(10.7741.03 U mL™!) and xylanolytic (14.654+0.82 U
mL ™) activity. And further, these SSA-6 derived cocktail
enzymes showed a higher ethanol concentration of about
25.5 g/L. The ethanol concentration was 203.6%, 168.4%,
and 84.3% higher than individual strains (Vanrija humi-
cola SSA-1544, Starmera dryadoides SSA-1549 T (yeast)
and Meyerozyma guilliermondii SSA-1543 T (yeast) [20].
Cellulomonas sp., isolates of termite gut microflora are
deliberated with cellulase and xylanase hydrolytic effi-
ciency. And the microbial strain is being involved in the
of direct conversion of fermentable sugars to second-
ary metabolites using various agricultural substrate (rice
straw, corn stover and cotton stalk). Herein, maximum
amount of reducing sugar released was observed to
be 18.90 mg/L using corn stover as substrate whereas,
direct SSF resulted in 0.425 g/L of ethanol and 0.772 g/L
of lactate [128]. On the other hand, Tsegaye et al. [61]
investigated the hydrolytic ability of Bacillus sp. BMP01
strain of Cryptotermes brevis (wood feeding termites) via
separate hydrolysis and simultaneous pretreatment and
hydrolysis of wheat straw. The result indicates that the
total reducing sugar yield after 16 days (439 mg/g) was
9.45% higher in case of separate hydrolysis as compared
to the simultaneous treatment (360 mg/g). Currently,
xylose fermenting yeast isolates of Reticulitermes chin-
ensis are involved in the complex LCB degradation and
its bioconversion into simple xylose sugar moieties that
could serve as a novel symbiotic microbial candidate
for LCB derived carbon recycle into bioethanol synthe-
sis [129]. Similarly, apart from ethanol fermentation, Ali
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et al. [130] has isolated the 38 novel MnP producing yeast
strains from termite gut symbionts. Here, an oleaginous
yeast consortium (NYC-1) has been applied for evaluat-
ing the combined process of azo dye degradation, lipid
accumulation and biodiesel production.

In case of rumen, C. puniceum strain Ru6C and xylano-
lyticum Rul5 isolated from cattle ruminal content exhib-
ited high xylanase and endoglucanse activity, respectively.
These bacterial strains are utilized as a consortium for
the simultaneous production of ethanol and biohydrogen
from LCB [131]. Thus, saccharolysis are widely adopted
in LCB bioconversion, where innumerable synergistic
bacteria, fungi and enzymes of gut microbiome serves as
a carbon recycler owing to its degradability, mild operat-
ing conditions and absence of formation of toxic inhibi-
tors of subsequent fermentation as compared to chemical
means of hydrolysis.

Hydrogen production

Apart from ethanol production, ruminants and insects
(particularly termites) microbial symbionts would serves
as the most predominant candidate for hydrogen biosyn-
thesis, which is an intermediate linking the carbohydrate
polymer fermentation with reductive acetogenesis and
methanogenesis.

Bio-mimicking of ruminal symbionts in hydrogen production
Rumen, the first and the foremost chamber in the diges-
tive tract of all animals where the ruminal microflora
supplies all the essential nutrients to the small intes-
tine and then the energy produced from the short chain
organic acids derives their metabolism [29]. In the
anaerobic digestion process of rumen the utilization of
molecular hydrogen dominates the methane produc-
tion [132, 133]. Thus, the rumen fermentation could be
manipulated to decrease the methane production and to
favor the acetate production pathway which remains as a
prime energy source. Acetogenic bacteria would possess
the competitiveness for molecular hydrogen and might
perform the electron transport phosphorylation in the
presence of cytochrome [134]. Thus, in turn enhances the
ability of the ruminal symbionts to produce only acetate
from H, and CO, Rieu-Lesme et al. [134] attempted to
isolate acetogenic bacteria from deer rumen proceeded
by evaluating the factors affecting their competitive-
ness for hydrogen production. In this study, hydrogen,
acetate, CO,, ethanol, succinate and lactate are the major
fermentation end products. Chang et al. [29] have estab-
lished an rumen bacterial consortium which bio-mimics
the ruminal microflora for the production of bio-hydro-
gen (~60 mL) and reducing sugar (~0.20 mg/mL) using
napiergrass as substrate. Based on the study, all the
Clostridial strains are more predominantly involved in
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the production of hydrogen from the metabolized sug-
ars. On the other hand, the dominant Clostridial strains
isolated from rumen by Ho et al. [131] showed higher
productivity (Clostridium puniceum Ru6 (3379.2 mmol)
and C. xylanolyticum (1970.6 mmol)) as monoculture on
comparison with the bacterial consortium (C. xylano-
lyticum, C. papyrosolvens, C. beijerinckii, C. puniceum, C.
putrifaciens, and Ruminococcus sp.,).

During fermentation, the antagonistic effect in the
microbial consortium would inhibit the hydrogen yield.
Alcohol formation determines the electrons available
within NADH which are unfavorable for hydrogen pro-
duction, yet passive balancing of ethanol and hydrogen

production could be feasible. Thus, a numerous bacterial
strain discovered so far are being responsible for the car-
bon recycling through the biomass mineralization that
occurs inside the rumen.

Termite symbionts based bio-mimicking in hydrogen
production

Among insects, termites are predominantly studied in
hydrogen bio-mimicking for its high potential and con-
cerning respiratory activity. The daily turnover rate of
hydrogen in termite gut was observed to be 9-33 m® of
hydrogen per m? of termite hindgut [135]. On compari-
son, the termite paunch is 10® times smaller than the
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rumens, which results in high oxygen influx (500 times)
per unit volume. The transit time taken for the ingested
forages of termite is just one day. Owing to this, bio-mim-
icking of termite gut microbes via in vitro co-culturing
approach would be laid-back. Taken together, the syner-
gistic relationship of termite gut symbionts on hydrogen
production was studied by Mathew et al. [136]. Herein,
termite gut environment is bio-mimicked by co-culturing
the isolates of Odontotermes formosanus namely Bacillus
and Clostridium sp., in batch mode using difference car-
bon source. The study suggests that, the mutualistic act
of Bacillus sp., created an anaerobic condition required
for the Clostridium growth which resulted in maximum
hydrogen production (4.08 mmol/mL of hydrogen using
glucose as substrate).

Some of the previous studies stated that the isolation
of bacterial strains (Clostridium sp., Enterobacter cloa-
cae and E. aerogenes) from the termite gut are classified
as facultative and obligate hydrogen anaerobes based
on its hydrogen producing ability by dark fermentation
[137, 138]. Above all, strict anaerobes are proven as a
most effective candidate in fermentative hydrogen pro-
duction. Nevertheless, the growth of obligate anaerobes
would be inhibited by low oxygen concentration, which
in turn comprehends the certain limits in hydrogen fer-
mentation. On the other hand, even in depleted oxygen
conditions, enteric bacteria utilizing the available oxygen
can retain the H, producing ability [29]. Enterobacter
cloacae KBH3 isolate was proven to be a potent hydro-
gen producer that resulted in a high production rate of
about 180.74 mL H,/L/h and the hydrogen yield was
1.8 mol H,/ mol of glucose under batch fermentation.
An increase in cumulative hydrogen production was
observed which is contributed by subsequent formate
consumption by E. cloacae KBH3 in the reaction [139].

In order to understand the competitive mechanism
of gut acetogen for in situ hydrogen production, an
attempt has been made to isolate prominent bacteria
such as Sporomiusa termitida and Acetonema Ilongum
from wood feeding termites namely Nasutiterines nigri-
ceps and Pterotermes occidentis respectively. Ramachan-
dran et al. [140] investigated the fermentative pattern
of Clostridium termitidis strain CT1112, isolated from
Nasutitermes lujae for hydrogen production under batch
cultivation. The fermentative end products such as etha-
nol, CO,, acetate, lactate and formate were obtained with
a-cellulose and cellobiose as sole carbon sources. Being
an obligate anaerobe, it showed a maximum yield of
about 4.6 mmol/L and 7.7 mmol/L of hydrogen for cel-
lobiose and a-cellulose, respectively. Thus, the termite
nutrition depends on bacterial acetogenesis for acetate
oxidation in order to meet the respiratory requirements
[141]. Though, the bacterial isolates of fungus cultivating
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and soil feeding termites possess less acetogenesis rate
and high methane emission rate than the wood feeding
counterparts. An attempt has been made by Kane and
Breznak, [142] to discover acetogenic bacteria analog
(Clostridium mayombei sp.) from the soil feeding ter-
mites (Cubitermes speciosus) where the bacterial ace-
togenesis was not presiding in hindgut fermentation.
The maximum hydrogen produced from strict anaerobe
was around 13.4 mmol/100 mmol of glucose with 85%
of carbon recovery. Globally, several ongoing studies are
focused on fermentative optimization for H, production
from gut symbionts in order to augment its net energy
yield and production rates.

Anaerobic digestion

Microbial imbalance is the prime factor that influences
on relative amount of biogas produced during anaero-
bic digestion. A notable number of biogas digesters have
inability to operate efficiently and it would take weeks
to months for biogas production from the plant fibers.
However, the gastrointestinal tract of herbivores like
insects and ruminants have merely two days as residence
time for the bioconversion of plant fiber into methane
and VFA [143, 144]. Idealistic evolutionary establishes an
efficient gut/rumen symbiotic microbial community of
the herbivores which aids in the LCB digestion and thus
a detailed insight into the symbiotic microbial role has
gained a great interest [145].

Role of ruminants microflora in bioaugmented digesters

Ruminants, a finest example for the symbiotic relation
of microbes where protozoa, bacteria, anaerobic fungi
and archaea work synergistically to produce VFA and
methane by LCB degradation. Based on the previous
studies on exploiting the rumen fluid microbes ability
in LCB conversion, the symbiotic ruminal microbes are
observed with high cellulolytic activity rather than any
other anaerobic digester inoculum [146]. Bioaugmenta-
tion of specific microbes with native digesters would be
a promising enrichment strategy for anaerobic diges-
tion. Recently, bioaugmentation studies on improving the
hydrolysis rate has gained interest in various plant bio-
mass namely corn straw [147], wheat straw [148], cattail
[149] and corn processing waste [150] for the enhanced
methane production. Ozbayram et al. [151] investi-
gated the bioaugmentation potential of enriched sheep
rumen cellulolytic microbes in methane production. The
enriched microbial isolates resulted in an average yield
of 154 mL/g Volatile Solids (VS) using wheat straw as a
substrate over a period of 30 days in a controlled batch
reactor. Influence of cattle gender on anaerobic digestion
of wheat straw along with the selection of more efficient
bacteria from heifers and bulls (24 months old) ruminal
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fluid was studied based on its nutrient digestibility and
distinctive rumen fermentation [152]. Results suggest
that bulls ruminal microbes serve as a most predomi-
nant methane producer with a concentration of about
288.2 mL/g of VS that was 35.2% higher than the heifers
rumen fluid. Similarly, Bittante et al. observed that the
bulls have high nutrient digestibility and growth perfor-
mance than heifers and thus the application of its rumi-
nal microbes in anaerobic digestion would provide an
efficient biogas and VFA production [153]. Meanwhile,
study on rumen fermentation by in vitro batch cul-
ture has been increased, yet the diet, rumen processing
method and the sampling time of donor rumen contents
remains as a foremost regulating factor. Subsequently,
Mateos et al. [154] studied the outcome of three diverse
rumen fluid processing technique based on rumen
microbiota population and its effect on in vitro anaerobic
fermentation parameters. In this study, four sheep with
fistulae rumen was fed with alfalfa hay and concentrate
diet (2:1), later the rumen content were subjected to the
processing methods like SQ (Squeezed by four layer of
cheese cloth); FL (SQ+nylon cloth (100 pum) filtration)
and STO (Stomacher® blending+SQ). Among them,
in vitro fermentation using STO resulted in higher meth-
ane production (510 pmol) within 24 h of incubation as
compared to other methods. Nevertheless, the hydrolysis
of highly lignified LCB perhaps remains as a rate limiting
step in anaerobic digestion. Hence, the microwave irradi-
ation pretreatment of LCB prior to the fermentation has
improved the anaerobic digestibility of rumen microbes
in cattail feedstock conversion, where the product for-
mation rate and yield were 32% and 19% higher than the
conventional anaerobic digestion [155]. Similarly, date
leaf and wheat straw substrates has been subjected to the
microbial pretreatment by ligninolytic bacteria isolated
from termite gut symbionts and further these pretreated
by-products has been utilized as substrate for in vitro
anaerobic fermentation [156].

Role of insects microflora in bioaugmented digesters

In parallel to ruminants, insects like scarab beetles and
termites are also familiar in methane production, where
methanogenesis originates in their hindgut [157]. Scarab
beetle larva have distinctly enlarged midgut and hind-
gut which can digest the ingested plant fibers up to 65%
and thus, the gut microbes are the dynamic considerate
of anaerobic digestion. In beetle, midgut unveils a pre-
cellulolytic phase environment at highly alkaline pH (11—
12), whereas, the hindgut harbors methanogens together
with a vast number of other bacteria (10'°-10'! mL/gut)
[121]. Herein, the midgut fermentation is being coupled
with the hindgut methanogenesis via the formate trans-
portation in hemolymph. For instance, Cazemier et al.
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[158] compared the efficiency of hindgut microbial con-
sortia of Pachnoda marginata larvae with rumen fluid
cultures in plant fibers degradation, methane and VFA
production under batch fermentation. The result indi-
cated that the methane and VFA (acetate, butyrate and
propionate) production was high in rumen fluids as com-
pared to hindgut consortia. However, in case of rumen,
the microflora activity has a constrained narrow temper-
ature range (35-40 °C).

Culture independent characterization of gut microbial
community of humus feeding larva revealed that the bac-
terial consortium (archaea and bacteria) identified with
fermentative metabolism are phylogenetically dominant.
In addition, the ability of hindgut microbiota in meth-
ane production under aerobic conditions are deliberated
[159]. Similarly, Egert et al. [160] discovered the pattern
of microbial consortia from Melolontha melolontha lar-
vae are analogous to the former larva consortia with the
foremost variance in methanogens. Thus, the substantial
similarity has been found in the insects gut consortia
from Coleoptera: Scarabaeida (Order: Subfamily).

Cellulose digestion and methane producing ability
of termites are well documented in several studies. In
termite gut, P3/4a compartment has the pronounced
emission of methane as compared to P1 and P4b which
indicates that the methane production is influenced by
the diverse microbes colonized in distinct gut compart-
ments [157, 161, 162]. Termites, being the microscale
lignocellulolytic bioreactor, where the gut symbionts
produce some fermentative products such as propionate,
acetate and other carboxylates (volatile fatty acids) from
the LCB degradation regardless of the termite species.
Over the evolution of 150 million years, various strate-
gies have been developed by termites symbiotic micro-
biome in converting the LCB into value added products
(hydrogen, methane or volatile fatty acids) [163-165].
Though, most of the studies are focused on the isola-
tion, identification and characterization of termite gut
microbes, some studies have also elucidated the detailed
enzymes production profile with advanced metagen-
omic approaches [165]. However, only limited studies
are being focused on exploring the termite gut micro-
biota as an inoculum for the production of industrially
relevant VFA [165]. More often, a mixed anaerobic bac-
terial community are explored to produce various car-
boxylate like propionic, butyric and acetic acid under
non-sterile conditions [166]. Auer et al. [31] developed
a feasible technology in carboxylate production by sta-
bilizing the gut microbial community isolated from
the four higher termites species namely, Termes hospes,
Nasutitermes ephratae, Microcerotermes parvus, and
Nasutitermes lujae (undescribed-closely related species).
Later, Lazuka et al. [167] enriched and stabilized the gut
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micro symbionts of Nasutitermes ephratae for valuable
carboxylates production from wheat straw under anaer-
obic condition. The overall schematic outline of anaero-
bic digestion for LCB conversion into biohydrogen and
biomethane has been depicted in Fig. 5b.

Challenges and future perspectives

A paradigm shift has been attained towards harness-
ing the carbon rich second generation LCB for biofuels
and value-added chemicals production. Yet, an array of
challenges related to logistics, deployment of energy effi-
cient LCB conversion strategy and its technoeconomic
impact evaluation are still existing. These issues could be
resolved by uncovering the potential microbial/enzyme
candidate with desired characteristic that act as a natural
carbon recycler, thereby generating the sustainability and
economic feasibility. To strengthen the perspective of
second generation biofuels industry, implementation of a
centralized markets is required to provide homogenous
supply routes and integrated bioprocess strategy for the
cost competitive second generation biofuels. Further, to
hit the market demand, the choice of second-generation
technology relies mainly on a consolidated bioconversion
strategy that employs the synergistic gut microsymbionts
along with the government biofuel policy and subsidiar-
ies. Thus, providing a “cradle to grave approach” with the
recycling framework of growing waste production.

Conclusion

Recently, low cost and highly efficient LCB based biore-
finery strategy for the biofuels and renewable chemicals
production has been vastly explored. Based on the stud-
ies, several xylophagous insects and herbivores animals
have been discovered as a potent source for LCB bio-
conversion owing to its synergistic symbionts. Advent
of various culture independent metagenomic, meta-
transcriptomic and in situ stable isotope based probing
techniques for uncultivable symbionts aids in the iden-
tification of novel CAZymes (B-1,4 glucanase and lytic
polysaccharide monooxygenase), and exploration of its
functional and metabolic characteristics. Many recent
reports have highlighted the significance of gut/rumen
microbial community enrichment and compares the effi-
ciency of enriched microbial consortia to establish a con-
solidated biorefinery framework for second generation
LCB. Further, mining of LCB degrading genes encoding
for various lignocellulolytic enzymes production has pro-
voked the potential application of symbiotic microflora
in bio-mimicking. Hence, a single ruminant or an insect
species could feasibly afford all the vital biocatalyst that
are desired for LCB based biorefinery.
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