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Lignocellulose composed of complex carbohydrates and ar-
omatic heteropolymers is one of the principal materials for
the production of renewable biofuels. Lignocellulose-degrad-
ing genes from cold-adapted bacteria have a potential to in-
crease the productivity of biological treatment of lignocellu-
lose biomass by providing a broad range of treatment tem-
peratures. Antarctic soil metagenomes allow to access novel
genes encoding for the cold-active lignocellulose-degrading
enzymes, for biotechnological and industrial applications.
Here, we investigated the metagenome targeting cold-adapted
microbes in Antarctic organic matter-rich soil (KS 2-1) to
mine lignolytic and celluloytic enzymes by performing single
molecule, real-time metagenomic (SMRT) sequencing. In the
assembled Antarctic metagenomic contigs with relative long
reads, we found that 162 (1.42%) of total 11,436 genes were
annotated as carbohydrate-active enzymes (CAZy). Actino-
bacteria, the dominant phylum in this soil’s metagenome,
possessed most of candidates of lignocellulose catabolic genes
like glycoside hydrolase families (GH13, GH26, and GH5)
and auxiliary activity families (AA7 and AA3). The predicted
lignocellulose degradation pathways in Antarctic soil meta-
genome showed synergistic role of various CAZyme harbor-
ing bacterial genera including Streptomyces, Streptosporan-
gium, and Amycolatopsis. From phylogenetic relationships
with cellular and environmental enzymes, several genes hav-
ing potential for participating in overall lignocellulose deg-
radation were also found. The results indicated the presence
of lignocellulose-degrading bacteria in Antarctic tundra soil
and the potential benefits of the lignocelluolytic enzymes as
candidates for cold-active enzymes which will be used for the
future biofuel-production industry.
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Introduction

Lignocellulose is composed of cellulose, hemicellulose and
lignin and accounts for 50% of the world biomasses (Gold-
stein, 1981). In the biofuel conversion process from lignocel-
lulose, hydrolysis of polysaccharides to fermentable simple
sugars and then fermentation of the sugars to ethanol are
required (Sun and Cheng, 2002). However, due to the recal-
citrant structure of lignocellulose, an usage as an alternative
to other biofuel starting materials requires expensive mani-
pulation such as chemical, physical, physicochemical, and
biological conversion for removing hemicellulose and lig-
nin before cellulose-derived glucose fermentation by yeast
or bacteria. Especially for biological conversion, enzymatic
hydrolysis are the expensive processes accounting for more
than 60-65% of the total operating costs (Johnson, 2016).
Over the past 50 years, various pretreatment methods for bio-
conversion of lignocellulose to biofuel have been developed
and suggested (Rabemanolontsoa and Saka, 2016; Manisha
and Yadav, 2017). Still, a large portion of the pretreatment
process relies on the two pretreatment processes (Chemical
or physical treatment and then biological treatment) because
the biological conversion has the many drawbacks. These
drawbacks are mainly because of the difficulty of culturing
the lignocellulose-degrading filamentous fungji, its slow rates
of biological conversion processing, the limited numbers of
commercially available lignocellulose conversion enzymes
(Maurya et al., 2015), the lack of bacterial and archaeal extre-
mozymes functioning under extreme environments such as
higher temperatures andhighly acidic or basic pH condi-
tions (Manisha and Yadav, 2017) and the hindrance due to
by-products during the chemical and physical pretreatment
processes. Thus, to improve the efficiency of the biological
conversion process, discovering a wide variety of lignocellu-
lose degradation enzymes is still demanded.

Here, we conducted metagenome sequencing for discov-
ering the naturally derived cold-active enzymes which have
the potential for degrading lignocellulose at extremely low
temperatures in soil obtained from near King Sejong Sta-
tion in Antarctica (a Korean research station operated by
the Korea Polar Research Institute). Their optimal temper-
atures are closer to the global annual temperature than those
of mesophilic or thermophilic enzymes (Struvay and Feller,
2012). Thus, they could overcome the limitation of unstable
and inert enzyme activity owing to the narrow temperature
range of the relevant enzymes during hydrolysis of ligno-
celluloses when supplied as a part of the enzyme consortium
(Manisha and Yadav, 2017). Although many metagenomics
studies have demonstrated the potential of lignocellulolytic
enzymes, little is known about their capability to degrade lig-
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nocellulose in low temperature environments like Antarctica
(Pedersen et al., 2011).

Here, we applied both Illumina Miseq and PacBio® RSII
sequencing for systematic characterization of bacterial taxo-
nomic profiling and lignocellulose degradation-related func-
tional diversity. To investigate the potential for lignocellu-
lose biodegradation in the cost-competitive production of
bioethanol, our exploration was conducted with humic-like
substances rich Antarctic tundra soil.

Materials and Methods

Description for sampling site: the Barton Peninsula

The Barton Peninsula is located in King George Island, the
western Antarctic Peninsula. The annual average temperature
of the Barton Peninsula is -1.8°C with an average temper-
ature of 1.9°C in January. The annual relative humidity and
precipitation are 89% and 437.6 mm, respectively. Two vas-
cular plants (Deschampsia antarctica and Colobanthus qui-
tensis), 33 moss species, and 68 lichen species have been re-
ported in this maritime Antarctic region (Kim et al., 2007,
2016), with lichens and mosses being expected to play the
principal roles in vegetation succession. Total organic car-
bon content in the soil ranges from 0.06 to 2.97% with an
average of 0.76%. It seems likely that organic material from
seabirds is the strong influence on soil formation in this re-
gion (Lee et al., 2004).

Soil sampling and DNA extraction

Jeonjaegyu Hill is located in the neighborhood of the Korean
Antarctic Research Station (King Sejong) on the Barton Pen-
insula. A soil sampling site (designated KS 2; 62°13'31”S,
58°46" 42"W; 97.3 m above sea level) on Jeonjaegyu Hill was
surrounded by a dense moss carpet of Chorisodontium aci-
phyllum with Sanionia uncinata, Polytrichum strictum, and
Andreaea sp. (Yu et al., 2014). This site was selected because
of the presence of a high amount of soil organic matter, most
of which was presumably derived from C. aciphyllum. Sam-
ples of thawed soil (designated KS 2-1; total organic carbon,
16.3%; total nitrogen, 1.3%; pH 4.6; sand, 37.0%; silt, 33.2%;
clay, 29.9%) were collected at depths of 0-10 cm during the
summer season (2014 January; Fig. 1). The three sub-samples

Fig. 1. The sampling site for organic matter-rich soils on Jeonjaegyu Hill,
King George Island, the western Antarctic Peninsula (photographed in
January, 2014).

were combined together and homogenized in a plastic bag,
which was stored at -80°C.

Soil DNA was extracted from 0.25 g of KS 2-1 soil using
PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc.)
according to the manufacturer’s instructions. DNA concen-
tration and quality were measured using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific).

Microbial community analysis by 16S rRNA gene sequencing

The extracted soil DNA was used as the template for PCR
amplification. The primer set targeted the V4-V5 region of
eubacterial 16S rRNA genes (Forward: CCA GCA GCIT,C]
GCG GT[G,A] AN; Reverse: CCG TCA ATT CNT TT[G,A]
AGT). The quality of PCR amplicon was checked by gel elec-
trophoresis with Difco Noble agar (Becton, Dickinson and
Company) and PCR cleanup proceeded using AMPure XP
beads (Beckman Coulter). The product was incubated with
10 mM of Tris buffer (pH 8.5) and DNA barcoding was per-
formed using Nextera® XT index kit v2 (Illumina). The qu-
ality of the PCR product purified with AMPure XP beads
was checked using the aforementioned Nanodrop 2000 spec-
trophotometer and sequencing of the library was performed
by Illumina Miseq platform at Macrogen.

The raw paired sequences were analyzed using QIIME.
The sequences were grouped into operational taxonomic
units (OTUs; sequences sharing 97% similarity) based on
the UCLUST algorithm (Edgar, 2010). After the RDP clas-
sifier (Cole et al., 2014) based taxonomic classification with
default assignment confidence option, those clustered into
the class Chloroplast and the family Mitochondria, which
might be considered as originating from eukaryotic cells,
were filtered out as described previously (Cole et al., 2014;
Oh et al., 2017). Sequences were aligned using the PYNAST
method (Caporaso et al., 2009). Calculation of relative abun-
dance of the representation of taxonomic groups in the clus-
tered OTUs was performed by following scripts: summarize_
taxa.py and plot_taxa_summary.py. The raw data were de-
posited in National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under the accession
number SRR5864037.

Metagenome shotgun sequencing and analysis

The metagenomic library was constructed from 0.25 g of KS
2-1 soil using four single molecules, real-time (SMRT) me-
tagenomic sequences. The library was sequenced using the
PacBio RS II system and P6/C4 chemistry (Pacific Biosciences)
as described previously at DNA Link (Rhoads and Au, 2015).
Assembly of the sequences was carried out using a hierarchical
genome assembly process (HGAP v2.3) workflow (Chin et
al., 2013). The alignment of the short assembled contigs was
based on longer contigs for error correction, and a seed li-
brary of 4 kb was used for further analysis. The assembled
contigs were subjected to taxonomic classification, which was
conducted using Burrows-Wheeler Aligner (BWA) mapping
by Edge Perl scripts against NCBI RefSeq (O’Leary et al., 2015;
Li et al., 2016). Functional gene annotation on the contigs
whose sequence length exceeded 500 bp was performed by
Prokka (Seemann, 2014). The relative abundance of the taxo-
nomic bins was obtained by dividing the sum of the base
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pair to each taxon and normalized by the total number of base
pairs in the sample. The relative gene abundance was cal-
culated in terms of TPM (transcript per million) units for
normalization. The accession number of metagenome se-
quences is SRR6040206 in NCBI SRA database.

Gene mining for lignocellulose degrading enzymes

Lignocellulose-degrading enzymes (e-value le-5) were pre-
dicted from the translated CDS (coding sequences) sequen-
ces against CAZymes in the dbCAN database ({bCAN-fam-
HMMS.txt; Yin et al., 2012) using the hmmscan tool (ver-
sion HMMER 3.1b2) and the eggNOG database with the
web-based eggNOG-mapper (Huerta-Cepas et al., 2017). From
these annotation results and SmartBLAST, several CDS (endo-
glucanases in GH12; alpha-amylases in GH13; multicopper
oxidases in AA1) were selected as cold-active enzyme candi-
dates in KS 2-1 soil metagenome. Phylogenetic analysis was
performed to examine the structural and functional related-
ness between the new cold-active enzyme and well-charac-
terized psychrophilic, mesophilic, or thermophilic counter-
parts which were retrieved from the NCBI database. Follow-
ing alignment of protein sequences by Muscle, the phylo-
genetic analysis was conducted by MEGA X using neighbor-
joining methods (Kumar et al., 2018).

Results and Discussion

Microbial diversity in KS 2-1 soil

The V4-V5 regions of 16S rRNA genes were PCR-ampli-
fied and sequenced to characterize the microbial community
in the Antarctic organic matter-rich soil KS 2-1. A total of
153,386 paired-end reads were produced, merged, and clus-
tered into 7,063 OTUs excluding those assigned to Chloro-
plast and Mitochondria. Most of the OTUs (99.98%) were
assigned to bacterial origin, with a trace of archaea sequences.
While taxonomy of OTUs from KS 2-1 belongs to 27 phyla,

(B) metagenome
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Fig. 2. Predominant taxonomic distribution
of KS 2-1 soil at the phylum and class level.
The abundance of taxonomic origin in KS 2-1
soil (A) 16S rRNA gene and (B) metagenome.
The percent in this figure represents relative
abundance of phylum in each result. Only taxa
classified with an incidence >1% are shown.

Actinobacteria (73.4%)

® unidentified

167 orders, and 411 genera, the predominant phylum was
Proteobacteria (24.3%), followed by Bacteroidetes (14.3%),
Acidobacteria (13.5%), Chloroflexi (12.2%), Planctomycetes
(10.0%), and Actinobacteria (7.4%) which collectively ac-
counted for 80% of all the 16S rRNA gene sequences (Fig.
2A). The higher abundances of Proteobacteria were also ob-
served in the dry soils with neutral to alkaline pH in the Ross
Sea region located on the Antarctica (Aislabie et al., 2008)
and the soils with high primary productivity on Northern
Victoria Land, Antarctica (Niederberger et al., 2008).

The longer contigs obtained from KS 2-1 metagenome SMRT
sequencing allowed to assign the definite bacterial genera by
more accurate contig’s taxonomic annotation and precisely
predict lignocellulose degradation-related enzymes as below.
A total of 35,919 reads (N50 length of 6,575 bp; mean read
length of 3,437 bp) were produced using the SMRT cells and
then assembled into 2,116 contigs with mean 34.3-fold co-
verage using the HGAP assembly (Table 1). Classifying con-
tig’s taxonomy using BWA mapping to NCBI RefSeq, a total
of 10 phyla were identified, accounting for 79.2% of the con-

Table 1. Summary of metagenomic data obtained from KS 2-1 soil using
PacBio® RS IT and Mlumina Miseq sequencing

Summary Illumina Miseq
Total Bases 22,299,637 bp
Read Count 59,493
Average length 374.828

PacBio RS IT

Total Bases 123,452,758 bp
Read Count 35,919
Number of contigs 2,116
Mapped Bases (contig length* depth) 229,529,422.393
Mean coverage 343
N50 contig length 6,575
Max contig length 72,361
Number of CDS 11,436

Number of CAZy-annotated CDS 162
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Fig. 3. Scatter plot of relative abundances of the total metagenome versus the proportion of (A) auxiliary activity, AA, (B) carbohydrate-binding module,
CBM, (C) glycoside hydrolase, GH, (D) carbohydrate esterase, CE, (E) glycosyl transferase, GT, (F) polysaccharide lyase, PL, and (G) total CAZymes in the
17 genera with the greatest number of CAZyme genes. The x-axis values are relative proportion of genes in each CAZyme class from the 17 genera and the
y-axis values are relative abundance of the 17 genera in total metagenome contigs. All genera have a relative abundance of >1.0% in the entire CAZymes in
KS 2-1 soil metagenome data.

tigs and the rest of contigs were unidentified. In KS 2-1 me- Abundance and distribution pattern of lignocellulose-de-
tagenome, the predominant phylum was determined as Acti- grading enzymes

nobacteria (73.4%), followed by Proteobacteria (4.1%; Fig.
2B). Although Actinobacteria and Proteobacteria are the
most numerically abundant in both Arctic and Antarctic
soils, in KS 2-1 soil Actinobacteria seem to better adapt and
more actively metabolize (i.e., decomposition of soil organic
matter) at low temperatures than Proteobacteria, exhibit-
ing the more dominance of cold-adapted metabolic genes
from the Actinobacteria (Makhalanyane et al., 2016).

To investigate lignocellulose degradation potentials in KS 2-1
soil, the genes in assembled contigs encoding CAZymes that
catalyze carbohydrate-related substrates were analyzed. The
CAZymes contains three main enzyme classes for lignocel-
lulose degradation: Glycoside hydrolase (GH), carbohydrate-
binding module (CBM), and auxiliary activity (AA). Speci-
fically, AA, GH, and CBM contain enzymes degrading lignin,



degrading cellulose and hemicellulose, and promoting the
association of the CAZymes and carbohydrate-related sub-
strates, respectively. A total of 162 CDS (1.42%) were iden-
tified as CAZyme out of 11,436 CDS with cutoff E-value <
le-5. Among these 162 CDS, 72 (44.4%), 3 (1.9%), and 8
(5.0%) CDS were assigned to GH, CBM, and AA classes,
respectively. As GH members were detected even more fre-
quently than those in AAs, the degradation efficiency and/or
rate of cellulose and hemicellulose degradation in KS 2-1 is
assumed to be much higher than that of lignin-related sub-
strate degradation.

Seventeen genera were examined for the taxonomic distri-
bution patterns of CAZymes in KS 2-1 (Fig. 3). Totally, the
CAZymes were unevenly distributed among genera Strepto-
myces (15.1% in total CAZymes), Streptosporangium (12.0%)
and Nocardiopsis (5.1%; Fig. 3A). Figure 3 showed distinct
configuration in each CAZyme class: The genera including
Geodermatophilus, Thermobispora, and Amycolatopsis had
remarkably higher abundances in AA class than the others
(Fig. 3A). Genus Streptomyces was the most significant in CBM
class (Fig. 3B), and genera including Streptomyces, Strepto-
sporangium, Frankia, and Nocardiopsis were dominant in
GH class (Fig. 3C). Likewise, in other three enzyme classes,
various genera had different pattern in each class. Genera in-
cluding Streptomyces, Thermomonospora, and Kitasatospora
had larger portion in carbohydrate esterase (CE) class, con-
taining hydrolytic enzymes acting on ester bonds in carbohy-
drates, than the others (Fig. 3D) and genera including Strep-
tosporangium, Mycobacterium, and Actinoplanes had higher
abundances in glycosyl transferase (GT) class that has a role
in formation of glycosidic bonds (Fig. 3E). The only one ge-
nus, Actinoplanes, had higher abundance in polysaccharide
lyase (PL) class that cleaves glycosidic bonds non-hydroly-
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tically and had one PL family, PL12. The scatter plots illus-
trating a correlation between the relative abundances of ge-
nera and each CAZyme class indicated that microbial con-
sortium in KS 2-1 has a potential for lignocellulose degra-
dation, with the highest abundance of CAZyme genes being
assigned to Actinobacteria (73.9% in total CAZymes) inclu-
ding Streptomyces and Streptosporangium in KS 2-1. Recently,
meta-transcriptomic and eco-physiological evidences showed
that in addition to Streptomyces spp. strains, Micromonospora,
and Actinobacterial strains were also identified as degraders
of crystalline cellulose (Ventorino et al., 2016) and even ligno-
cellulosic biomass (Simmons et al., 2014; Yeager et al., 2017).

It has broadly been known that carbohydrates (i.e., cellulose
and hemicellulose) and lignin are degraded through hydro-
lytic (cellulolytic) and oxidative (ligninolytic) systems, res-
pectively. However, the differentiation between cellulolytic
and lignolytic enzymes seems to be intricate. Thus, this no-
vel AA class, including the families of redox enzymes (e.g.,
multicopper oxidases and Class II peroxidases) involved in
lignin breakdown, was integrated in CAZy database (Leva-
sseur et al., 2013). To better profile the lignocellulolytic en-
zymes in the KS 2-1 metagenomic data, AA and GH classes
were examined at each family level based on eggNOG data-
base. In terms of ligninolytic AA, the enzymes in AA7 family
(glucooligosaccharide oxidase) accounted for the greatest
abundance ratio (3.0% in total CAZymes, Supplementary
data Table S1) and followed by AA3 (GMC oxidoreductase)
and AA4 (vanillyl alcohol oxidase). The functions of AA4
and AA7 associated with aromatic ring attack in lignin struc-
tures and was also confirmed in another metagenomics-based
study for bacterial lignocellulose degradation in wheat straw,
switch grass, and corn stover biomass samples (Jiménez et
al., 2016). Additionally, four CDS were assigned to three AA1

Table 2. The list of publicly avaiable enzymes used for comparative phylogenetic analysis with the cold-active enzyme candidate in KS 2-1 soil

Family Enzyme Organism Opt. temp. Reference

Tm_Cel5A Thermotoga maritima 80°C  Pereira et al. (2010)
EgllI Bacillus amyloliquefaciens 50°C  Nurachman et al. (2010)
EngB Clostridium cellulovarans743B 45°C  Foong et al. (1991)
EG5C Paenibacillus sp. IHB B 3084 40°C  Dhar et al. (2015)

GH12; endoglucanase . o .
cel CCA Ruminoclostridium cellulolyticum 28°C  Ducros et al. (1995)
EGD i i 35°C
7 o Forderg 199
Cel5G Pseudoalteromonas haloplanktis 4°C  Garsoux et al. (2004)
chimeric amylase Bacillus amyloliquefaciens 70°C  Kikani and Singh (2011)
GH13 Alicyclobacillus acidocaldarius 75°C  Matzke et al. (1997)
a-Amylase 1 Thermotoga maritima MSB8 70°C  Lim et al. (2003)
a-Amylase 2 Bacillus circulans 48°C  Dey et al. (2002)

GH13; a-amylase . . .
a-Amylase 3 Nesterenkonia sp. strain F 45°C  Shafiei et al. (2010)
a-Amylase 4 Bacillus sp. YX 1 40-50°C Liu and Xu (2008)
a-Amylase 5 Microbacterium foliorum 20°C  Kuddus (2014)
GH13 Aeromonas veronii 10°C  Samie et al. (2012)
cotA Bacillus subtilis subsp. 168 75°C  Martins et al. (2002)
CueO Escherichia coli str. K-12 substr. MG1655 70°C  Kim et al. (2001)

AAT; Laccase like multicopper-oxidase ~ Laccase domain 1 Azospirillum lipoferum 70°C  Devasia and Nair (2016)

(LMCO) CuOx Paenibacillus glucanolyticus SLM1 40°C  Mathews et al. (2016)
ScLac laccase Streptomyces cyaneus 40°C  Niladevi et al. (2008)
Laccase domain 2 Streptomyces bikiniensis 50-60°C  Devi et al. (2016)
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family (multicopper oxidase) enzymes, containing laccase
(AA1_1 subfamily) and laccase-like multicopper oxidase
(LMCO, AA1_3 subfamily), and one dye-decolorizing per-
oxidase (DyP, not yet integrated to AA family) using egg-
NOG-mapper. These extracellular laccase and peroxidase
enzymes from white-rot fungi and Actinobacteria are as-
sumed to oxidize and then depolymerize lignin. The mono-
and bi-aromatic compounds derived from lignin depoly-
merization are further degraded by bacteria. Recently, bac-
terial DyPs have been detected in various bacteria (Tian et
al., 2017) and shown to be active for oxidation of polymeric
lignin in several soil bacteria. Bacterial LMCOs have been
reported in various lignin-degrading bacterial genera (Wang
et al., 2016b; Granja-Travez et al., 2018). However, the func-
tional mechanism of LMCOs for lignin degradation is not
yet fully characterized, mainly owing to their functional di-
versity and wide range of substrates in different bacterial
strains.

Among the cellulose and hemicellulose degradation-related
CAZymes, several GH families, GH13, GH26, GH65, GH15,
and GH5, were frequently found in KS 2-1 metagenome data.
In particular, endoglucanase, one of three main types of cel-
lulases, in GH5 and a-amylase, catalyzing the hydrolysis of
starch into sugars, in GH13 have been studied well in psy-
chrophilic bacteria, deemed cold-active glucoside hydrolases
(Struvay and Feller, 2012). A lignocellulose degradation path-
way by KS 2-1 microbial consortium was predicted based

on the known activities and taxonomic distribution pattern
of various CAZymes in KS 2-1 (Fig. 4). Within the predicted
pathway, cellulose was degraded by GH5, GH9, and GH12,
and the cellulose degradation products were further degraded
to glucose by GH3, GH4, and GH13. A main component of
hemicellulose, xylan, was degraded by GH16, GH51, and
GH3. The other components, mannan and galactan were de-
graded by specific CAZymes including GH26, GH59, and
GH2. The presence of various cellulolytic and lignolytic en-
zymes in CAZyme database implied the potential of KS 2-1
soil as metagenomic resources for new and useful lignocel-
lulose degradation enzymes (Fig. 4). To sum up, lignocellu-
lose degradation is being processed by a synergistic response
of diverse soil microbial communities. It is possibly assumed
that a co-existing fungal-bacterial community within KS 2-1
soil is well adapted to and functionally active at low temper-
atures. Even though fungal group is one of the major mi-
crobial communities for decomposition of plant-derived or-
ganic compounds, diverse bacterial taxanomic groups (in
this case, in phylum Actinobacteria) equipped with their spe-
cific CAZymes are maybe playing a more significant role in
this organic matter-rich cold environment as in other pub-
lished reports (Wang et al., 2016a). Also, it seems that these
cold-active enzymes could be more active at higher temper-
atures increased during short summer season in the Antarctic
tundra, participating in all the cellulose, hemicellulose, and
lignin degradation.
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as cold-active enzyme candidates based on the genes that played an important role in the degradation of cellulose, hemicellulose and lignin and showed

relatively high abundances in KS 2-1 soil data.

Phylogenetic analyses of cold-active lignocellulolytic enzymes

To examine the phylogenetic similarities and differences be-
tween the cold-active enzyme candidates in KS 2-1 and other
previously characterized psychrophilic/mesophillic/thermo-
phillic enzymes, phylogenetic trees were constructed targe-
ting endoglucanases in GH12, a-amylases in GH13, and
LMCOs in AA1 (Table 2 and Fig. 5). Generally, the biological
roles of laccases and LMCOs in nature are the construction
and de-construction of polymeric lignin (Moghadam et al.,
2016). Cellulases are associated with the degradation of cel-
lulose, lichenin, and cereal B-D-glucans, and a-amylases are
involved in the hydrolysis of a(1—4) linkages in polysac-
charides (McDonald et al., 2008). The amino acid sequence
of one endoglucanase candidate (DPGKCIKM 00068) in KS
2-1 closely clustered with those from several endoglucanase
references were characterized to be thermophilic, mesophilic,
or psychrophilic. The most closely clustered reference enzy-
mes, being grouped into a subcluster, were eglIl and Cel5G,
thermophilic and psychrophilic endoglucanase, respectively
(Garsoux et al., 2004; Nurachman et al., 2010). Another en-
doglucanase candidate, DPGKCIKM 03506, however, did
not cluster with any other reference enzymes. A total of 18
amino acid sequences were found to be in GH13, of which
four sequences were annotated to a-amylase and used to
construct phylogenetic trees. Three candidates (DPGKCIKM
00345, 07171, and 08039) were found to be closely related

to a thermophilic a-amylase from thermophile Thermotoga
maritima MSB8 (Lim et al., 2003) and the candidate DPGK-
CIKM 07592 was predicted to be similar to a-amylases from
mesophilic Nesterenkonia sp. strain F and psychrophilic Mi-
crobacterium foliorum. On the other hand, two LMCO can-
didates, DPGKCIKM 09451 and 06839, grouped with the me-
sophilic Paenibacillus glucanolyticus SLM1 (Mathews et al.,
2016) and Streptomyces bikiniensis laccase domain 2 (Devi
et al., 2016), respectively. Like the candidate endoglucanase
(DPGKCIKM 03506), DPGKCIKM 09792 did not cluster
with any other LMCO reference enzymes. As shown in Fig.
5, the phylogenetic tree showed a result contrary to a general
perception that a novel cold-active enzyme catalyzing ligno-
cellulose degradation could be phylogenetically close to ex-
isting cold-active ones. Together, this phylogenetic analysis
indicates that a wide range of cold-active lignocellulolytic
CAZymes are present in Antarctic soil metagenomes includ-
ing KS 2-1 and these cold-active enzymes are not stringently
correlated to their natural environmental conditions.
Finally, from this study we suggest that cold-adapted bac-
teria are thought to be one of the main players in soil organic
matter decomposition in natural cold environments, because
they are both abundant and diverse, possessing versatile ca-
tabolic enzymes and pathways which are well adapted at low
temperatures. The higher abundances of lignocellulolytic en-
zymes from phylum Actinobacteria in KS 2-1 metagenome
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indicated that Actinobateria play an essential role in ligno-
cellulose degradation in Antarctic soil. The organic matter-
rich Antarctic soils are believed to be a reservoir of cold-ac-
tive lignocellulolytic enzymes. Through this work, we pro-
vided a list of cold-active enzyme candidates in GH12, GH13,
and AA1, capable of synergistic lignocellulose hydrolysis for
the microbe-based biotechnological production of biofuel
and value-added chemicals at relatively low temperatures.
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