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Abstract
In this study, a bacterial strain CP22 with ability to produce cellulase, xylanase and mannanase was isolated from the oil palm 
compost. Based on the 16S rRNA gene analysis, the strain was affiliated to genus Micromonospora. To further investigate 
genes that are related to cellulose and hemicellulose degradation, the genome of strain CP22 was sequenced, annotated and 
analyzed. The de novo assembled genome of strain CP22 featured a size of 5,856,203 bp with G + C content of 70.84%. 
Detailed genome analysis on lignocellulose degradation revealed a total of 60 genes consisting of 47 glycoside hydrolase 
domains and 16 carbohydrate esterase domains predicted to be involved in cellulolytic and hemicellulolytic deconstruction. 
Particularly, 20 genes encode for cellulases (8 endoglucanases, 3 exoglucanases and 9 β-glucosidases) and 40 genes encode 
for hemicellulases (15 endo-1,4-β-xylanase, 3 β-xylosidase, 3 α-arabinofuranosidase, 10 acetyl xylan esterase, 6 polysac-
charide deacetylase, 1 β-mannanase, 1 β-mannosidase and 1 α-galactosidase). Thirty-two genes encoding carbohydrate-
binding modules (CBM) from six different families (CBM2, CBM4, CBM6, CBM9, CBM13 and CBM22) were present in 
the genome of strain CP22. These CBMs were found in 27 cellulolytic and hemicellulolytic genes, indicating their potential 
role in enhancing the substrate-binding capability of the enzymes. CBM2 and CBM13 are the major CBMs present in cel-
lulases and hemicellulases (xylanases and mannanases), respectively. Moreover, a GH10 xylanase was found to contain 3 
CBMs (1 CBM9 and 2 CBM22) and these CBMs were reported to bind specifically to xylan. This genome-based analysis 
could facilitate the exploration of this strain for lignocellulosic biomass degradation.
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Introduction

The genus Micromonospora is an aerobic and Gram-positive 
actinobacteria that belongs to the Micromonosporaceae fam-
ily (Hirsch and Valdés 2010). The members of this genus are 
widely distributed in diverse habitats such as soil, compost, 

freshwater, root nodules and sediment from lakes or deep 
sea (Parte 2018). The Micromonospora spp. have long been 
recognized as prolific producers of bioactive compounds 
(Boumehira et al. 2016). Throughout the years, the genome 
analyses of members from this genus had been extensively 
carried out to explore their potential biotechnology appli-
cations. These studies were mainly focused on genes that 
are related to the production of antimicrobial and antitumor 
compounds. Genome of Micromonospora sp. HK10 was 
sequenced and revealed the presence of polyketide syn-
thase (PKS), nonribosomal peptide synthetase (NRPS) and 
siderophore gene clusters that are potential to be applied in 
biomedicine production (Talukdar et al. 2016). Moreover, 
Micromonospora yangpuensis DSM 45577 T was found to 
possess the YPM A gene, which encodes for enediynes, a 
potent natural product against cancer cell lines (Yan et al. 
2017). Micromonospora sp. DSW705 was also reported to 

Genome sequence accession number: The whole-genome 
shotgun project of strain CP22 has been deposited at DDBJ/ENA/
GenBank under the accession number VCJO00000000. The 16S 
rRNA gene of the strain CP22 is available at DDBJ/ENA/GenBank 
under accession MK934350.
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produce antitumor cyclic depsipeptides rakicidins A and B 
based on its genome analyses (Komaki et al. 2016).

The ability of Micromonospora spp. to depolymerize the 
lignocellulosic biomass is relatively less studied compared 
to other genera from actinobacteria, especially from the 
genomic aspect. The genome of the other actinobacterial 
strains such as Streptomyces have been sequenced exten-
sively and reported to possess lignocellulolytic genes such 
as cellulases (GH5, GH6, GH9, GH12, GH44 and G48), 
xylanases (GH10 and GH11), mannanase (GH26, GH38 
and GH76) and ligninase (AA10) (Feng et al. 2015; Pin-
heiro et al. 2017). Additionally, strains from the genus Ther-
mobifida such as Thermobifida fusca and Thermobifida cel-
lulosilytica were well studied at the genomic level (Zhao 
et al. 2015; Tóth et al. 2017). The recombinant xynA from 
T. cellulosilytica was confirmed with its competent ability 
to degrade xylan (Zhao et al. 2015). Micromonospora spp. 
were also found to have potential in lignocellulose degrada-
tion. Several strains from this genus were reported to exhibit 
cellulase and β-glucosidase activities previously (Gallagher 
et al. 1996; de Menezes et al. 2008). However, limited stud-
ies on the genes related to lignocellulose degradation for 
genus Micromonospora have been reported up to date.

Here, we present the genome analysis of Micromonospora 
sp. strain CP22, which was isolated from the oil palm empty 
fruit bunch (EFB) compost. The strain CP22 was grown on 
R2A agar (HiMedia) supplemented with 1% (w/v) of car-
boxymethyl cellulose (CMC) (Merck), beechwood xylan 
(Apollo Scientific) or locust bean gum from# Ceratonia 
siliqua seeds (Sigma) for screening of cellulolytic, xylano-
lytic and mannanolytic activities, respectively. Clear zones 
were observed in all agar plates, indicating this strain could 
secrete extracellular cellulase, xylanase and mannanase 
(Teather and Wood 1982).

To study the bacterium, the bacterial genomic DNA 
was extracted by Quick DNA Microprep Plus kit (Zymo 
Research) and purified by DNA Clean and Concentra-
tor™-25 (Zymo Research) by following the manufacturer’s 
protocol. Nanodrop™ 1000 spectrophotometer and Qubit® 
3.0 fluorometer were used to validate the DNA quality 
(A260/280 ratio) and concentration, respectively. The 16S 
rRNA gene of strain CP22 was amplified by polymerase 
chain reaction (PCR) using the universal primers 27F (5′-
AGA​GTT​TGATCMTGG​CTC​AG-3′) and 1525R (5′-AAG​
GAG​GTG​WTC​CARCC-3′) (Lam et al. 2018; Lane 1991). 
The PCR product was purified using Wizard® SV Gel and 
PCR Clean-Up System (Promega) and the purified PCR 
product was sent to Apical Scientific Pte. Ltd., Seri Kem-
bangan, Selangor, Malaysia for Sanger sequencing. The 
16S rRNA gene sequence of strain CP22 was obtained and 
searched in EzBioCloud database (Yoon et al. 2017). Based 
on the 16S rRNA gene analysis, strain CP22 was identified 
as a member of the genus Micromonospora. The similarities 

between strain CP22 and other Micromonospora species 
were in the range of 97.61% to 99.44% (S. Table 1). The 
16S rRNA gene sequence of strain CP22 showed its high-
est similarity of 99.44% to Micromonospora sediminimaris 
CGMCC 4.3550 T, an isolate from deep sea sediment (Dai 
et al. 2010).

Furthermore, the quantitative enzyme assays of endo-
glucanase, exoglucanase, β-glucosidase, xylanase and man-
nanase were performed (Miller 1959; Wood and Bhat 1988). 
An equal volume of crude enzyme solution from a 2-day-
old culture was added into 50 mM sodium phosphate buffer 
(pH 7.0) amended with 0.5 mL of 1% (w/v) CMC, Avicel® 
(Sigma), beechwood xylan, locust bean gum or 0.25 mL of 
10 mM of p-nitrophenyl-beta-d-glucopyranoside (pNPG) 
(Merck) as the substrate, respectively. The mixture was 
then incubated at 30 °C for 60 min. The absorbance was 
detected by using UV-spectrophotometer (Thermo Fisher 
Scientific) at 540 nm (for reducing sugar assay using DNS) 
or 430 nm (for detecting p-nitrophenol (pNP) released from 
pNPG). One unit of enzyme activity (U/mL) was defined as 
the amount of enzyme that released 1 μmol of the respec-
tive product per min under assay conditions. The results 
showed that the enzyme activities were detected in all the 
assays conducted (Fig. 1), including all necessary cellu-
lases (endoglucanase 0.08 U/mL; exoglucanase 0.056 U/
mL; β-glucosidase 0.042 U/mL), xylanases (0.397 U/mL) 
and mannanases (0.403 U/mL). A similar finding was also 
reported from the enzyme assays conducted in Micromono-
spora chalcea NCIMB 12879 T. The crude enzyme activi-
ties of strain NCIMB 12879 T were present (endoglucanase 
0.013 U/mL; β-glucosidase 0.004 U/mL) after culturing in 
a cellulose-containing media for 2 and 4 days, respectively 
(Gallagher et al. 1996).

To further investigate the genes related to cellulose and 
hemicellulose degradation, the genome of strain CP22 was 

Fig. 1   Cellulolytic, xylanolytic and mannanolytic enzyme activi-
ties in cell-free supernatant of strain CP22. The experiment was per-
formed in triplicate and standard deviations are indicated as error bar
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sequenced and analyzed. In addition, the genome data were 
also used to validate the taxonomic affiliation of strain CP22. 
The whole genome sequencing was performed on an Illu-
mina HiSeq 2500 sequencing platform (Illumina, California, 
USA) with 2 × 150-bp paired-end reads. After quality trim-
ming and adapter removal, the sequences were assembled 
de novo using SPAdes software version 3.11.1 (Bankevich 
et al. 2012). The final de novo genome of Micromonospora 
sp. CP22 (NCBI accession: VCJO00000000.1) was assem-
bled in 57 contigs with size of 5,856,203 bp (Table 1). The 
N50 is 297,587 bp and the longest contig assembled contains 
764,068 bp (Table 1). The genome size of strain CP22 is 
smaller than its closely related strain: Micromonospora maris 
AB-18-032 T (6,407,450 bp) and Micromonospora sedimini-
maris CGMCC 4.3550 T (6,673,976 bp) (S. Figure 1). The 
G + C content of strain CP22 is 70.8%, which is similar to 
Micromonospora maris AB-18-032 T (70.9%) and Micromon-
ospora sediminimaris CGMCC 4.3550 T (71.0%) (S. Fig. 1).

The assembled genome was analyzed using NCBI Prokar-
yotic Genome Annotation Pipeline (PGAP) version 4.8 

(Tatusova et al. 2016). Prodigal and GeneMarkS 2 + with 
best-placed reference protein set were used as the annota-
tion method for gene identification. For tRNA and rRNA 
prediction, tRNAS-can-SE-1.23 (Lowe and Chan 2016) and 
RNAmmer server (Lagesen et al. 2007) were used, respec-
tively. Based on the NCBI PGAP, the genome contains a 
total of 5034 protein coding genes, 3 rrn operons and 53 
rRNA genes. A total of 3751 genes were annotated into 25 
COG functional groups by using Clusters of Orthologous 
Groups (COGs) functional assignment using WebMGA 
server with RPS-BLAST version 2.2.15 based on NCBI 
COG database (Wu et al. 2011). The major COG categories 
of strain CP22 were general function prediction (R-13.81%), 
transcription (K-11.41%), amino acid transport and metab-
olism (E- 9.54%), carbohydrate transport and metabolism 
(G-9.03%) and liquid transport and metabolism (I-7.25%). 
Specifically, there were 339 genes (9.03%) encoded in the 
genome of strain CP22, which were categorized under the 
functional group of carbohydrate transport and metabolism 
(G), in which part of them were related to lignocellulose 
degradation (Fig. 2). 

To further validate the taxonomy affiliation of strain 
CP22, the 16S rRNA gene phylogenetic and phylogenomic 
trees between strain CP22 and other closely related species 
of Micromonospora were reconstructed. For 16S rRNA phy-
logenetic analysis, the full length 16S rRNA sequences of 
strain CP22 (NCBI accession: MK934350) retrieved from 
the genome sequence of strain CP22 were aligned using 
ClustalW with other related members (Thompson et al. 
1994). For the phylogenomic analysis, REALPHY version 
1.12 online server was used to align the genomic sequences 
of strain CP22 and other Micromonospora members (Bertels 
et al. 2014). Both phylogenetic and phylogenomic tree were 
reconstructed using three methods (neighbor joining, maxi-
mum likelihood and maximum parsimony) based on 1000 
bootstrap replicates in MEGA X software (Huelsenbeck and 
Crandall 1997; Kumar et al. 2018; Saitou and Nei 1987; 
Swofford 1998). Distances were calculated using Kimura 
2-parameter and the sequence of Streptomyces coelicolor 
A3(2) was used as the outgroup. In Fig. 3, strain CP22 is 
clustered within the clade comprising the Micromonospora 
species, indicating that strain CP22 belongs to the genus 
Micromonospora. In addition, based on both phylogenetic 
(Fig. 3a) and phylogenomic trees (Fig. 3b), strain CP22 
showed its closest relationship with Micromonospora sedi-
minimaris CGMCC 4.3550 T.

For lignocellulose degrading genes mining, the puta-
tive genes encoded for CAZymes from strain CP22 were 
identified using dbCAN 2 meta server (Zhang et al. 2018). 
This was followed by a further screening on the identi-
fied CAZymes based on the principle that the CAZyme 
domains were recognized by at least two of the three tools 
(DIAMONDS, HMMER and Hotpep) (Lam et al. 2020). 

Table 1   Genome features and genome sequencing information of 
Micromonospora sp. CP22 (NCBI accession: VCJO00000000.1)

Attributes Value

Genome feature
Genome size (bp) 5,856,203
DNA coding region (bp) 5,266,789
DNA G + C content (%) 70.84
Number of contigs 57
Total genes 5272
Protein coding genes 5034
rRNA genes 3
tRNA genes 53
Genes assigned to COG 3751
MIGS 4.0 data
Submitted_to_insde GenBank
Investigation_type Bacteria_archea
Project_name Micromonospora 

sp. CP22 genome 
sequencing

Geo_loc_name Johor, Malaysia
Collection_date March 2018
Env_biome Agricultural
Env_feature Compost
Env_material Compost
Biotic_relationship Free living
Trophic_level Chemoheterotroph
Rel_to_oxygen Aerobic
Genome assembly data
Seq_method Illumina HiSeq 2500
Assembly SPAdes version 3.11.1
Finishing_strategy High-quality draft
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The CAZymes were further screened to identify the genes 
responsible for cellulose and hemicellulose degradation 
(Lombard et al. 2013). In the genome of strain CP22, a total 
of 60 genes consisting of 47 glycoside hydrolase domains 
(GH1, GH2, GH3, GH5, GH6, GH8, GH9, GH10, GH11, 
GH12, GH27, GH30, GH39, GH43, GH48 and GH51), 16 
carbohydrate esterase domains (CE1, CE3, CE4 and CE7) 
and 32 carbohydrate-binding proteins (CBM2, CBM4, 
CBM6, CBM9, CBM13 and CBM22) were predicted to be 
involved in cellulolytic and hemicellulolytic deconstruction 

Fig. 2   COG functional categories of Micromonospora sp. CP22

Fig. 3   a Neighbor-joining tree derived from 16S rRNA gene 
sequence data of Micromonospora sp. CP22 and its relatives. b The 
neighbor-joining phylogenomic tree derived from genome data of 
Micromonospora sp. CP22 and other strains which are publicly avail-
able online. Streptomyces coelicolor A3(2) was used as the outgroup. 
Filled circles indicate the corresponding nodes were recovered in the 
trees generated with all three methods (neighbor joining, maximum 
likelihood and maximum parsimony). Open circles indicate that the 
corresponding nodes were recovered in the trees generated with either 
two methods. Bar, 0.01 nucleotide substitutions per site

◂
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Table 2   List of potential 
cellulolytic and hemicellulolytic 
genes in the genome of strain 
CP22

Category Predicted function CAZyme families Protein ID

Cellulase Endoglucanase GH5 FF096_08465
GH5 + CBM2 FF096_17730

FF096_23015
FF096_24405

GH6 + CBM2 FF096_13080
FF096_03085

GH9 + CBM2 FF096_06450
GH12 + CBM2 FF096_22605

Exoglucanase GH6 + CBM2 FF096_21250
GH9 + CBM2 + CBM4 FF096_13010
GH48 FF096_14285

β-Glucosidase GH1 FF096_06480
FF096_01150
FF096_14290
FF096_19310

GH3 FF096_18490
FF096_19365
FF096_09040
FF096_08385
FF096_13220

Xylanase Endo-1,4-β-xylanase GH5 + GH43 FF096_09840

GH5 + GH43 + CBM6 FF096_09835

CBM6 + GH8 + CBM6 FF096_26150

GH10 FF096_22465

FF096_06350

FF096_10160

FF096_13595

GH10 + CBM2 FF096_25100

GH10 + CBM13 FF096_08470

GH10 + CBM22 + CBM22 + CBM9 FF096_21655

GH11 FF096_18125

GH11 + CBM13 FF096_02220

GH30 + CBM2 FF096_16355

GH43 FF096_10275

FF096_18160

β-Xylosidase GH39 FF096_21465

GH43 FF096_06345

FF096_05325

α-Arabinofuranosidase GH43 + CBM 6 + CBM 22 FF096_10270

GH51 FF096_09215

GH51 + CBM2 FF096_09800

Acetyl xylan esterase CE1 FF096_24510

FF096_22890

FF096_23180
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(Table 2). Based on the annotation, all three hydrolytic 
cellulases including endoglucanase (GH5, GH6, GH9 
and GH12), exoglucanase (GH6, GH9 and GH48) and 
β-glucosidase (GH1 and GH3) were found in strain CP22 
genome, which were reported earlier to work cooperatively 
on cellulose degradation (Berlemont and Martiny 2013; 
Lombard et al. 2013). For hemicellulases, the related genes 
were annotated as endo-1,4-β-xylanase (GH5, GH8, GH10, 
GH11, GH30 and GH43), β-xylosidase (GH39 and GH43), 
α-arabinofuranosidase (GH43 and GH51), acetyl xylan 
esterase (CE1, CE3 and CE7) and polysaccharide deactylase 
(CE4), respectively (Shallom and Shoham 2003; Lombard 
et al. 2013). Moreover, a total of three genes (β-mannanase 
(GH5), β-mannosidase (GH2) and α-galactosidase (GH27)) 
were predicted for mannan (second major component in 
hemicellulose) degradation (Malgas et al. 2015; Lombard 
et al. 2013). The presence of cellulose and hemicellulose 
degrading genes in the genome of strain CP22 synchronized 
well with the crude enzyme analyses, wherein the endoglu-
canase, exoglucanase, β-glucosidase, xylanases and man-
nanases were expressed and active in degrading CMC, avi-
cel, pNPG, xylan and locust bean gum, respectively (Fig. 1).

Besides that, 27 annotated genes related to cellulose and 
hemicellulose deconstruction were found to be coupled with 
carbohydrate-binding modules (CBMs) (Table 2). The fam-
ily 2 CBM (CBM2) is the major CBMs found in the genome 
of strain CP22 (Table 2). CBM2 was reported to have the 
ability to bind cellulose or xylan (Lombard et al. 2013). A 
total of seven out of the eight annotated endoglucanases 
from strain CP22 were found to have CBM2 domains 

(Table 2). This CBM could facilitate the enzymatic reaction 
for cellulose degradation. Other than CBM2, there are five 
CBM13 present in the genes encode for xylananses, while 
one CBM13 is found in a mannanase (Table 2). CBM13 is 
found to have a variety of sugar-binding specificities and 
distributed in many types of CAZymes including xylanases 
and α-galactosidases (Fujimoto 2013). Researchers have 
reported that the presence of CBM13 in the enzyme could 
be advantageous. As CBM13 may contain more than one 
sugar-binding site with different sugar-binding preferences 
(type α, β or γ), this could permit the enzyme to bind dif-
ferent xylan chains in a complex xylan cluster at the same 
time (Fujimoto et al. 2002). On the other hand, there is one 
endo-1,4-β-xylanase (GH10) that contains multiple CBMs 
with two CBM22 and one CBM9 (Table 2). Both types of 
CBM were previously reported to have the ability to bind 
specifically to xylan (Lombard et al. 2013).

To investigate the unique genomic properties of strain 
CP22, particularly in the aspect of cellulose and hemicel-
lulose degradation, the related genes of strain CP22 were 
compared to its closest related strain, Micromonospora sedi-
minimaris CGMCC 4.3550 T (Fig. 4). A total of 63 cellulo-
lytic or hemicellulolytic CAZYme domains were found in 
the genome of strain CP22, while there are 61 in the genome 
of Micromonospora sediminimaris CGMCC 4.3550 T. Strain 
CP22 contains a higher number of CE1 and CE4 genes com-
pared to Micromonospora sediminimaris CGMCC 4.3550 T 
(Strain CP22: 8 CE1s, 6 CE4s-; M. sediminimaris CGMCC 
4.3550 T: 7 CE1s, 3 CE4s). CE1 and CE4 are annotated 
to acetyl xylan esterase and polysaccharide deacetylase, 

Table 2   (continued) Category Predicted function CAZyme families Protein ID

CE1 + CBM2 FF096_24445

FF096_18200

FF096_20900

FF096_10225

CE1 + CBM13 FF096_25110

CE3 + CBM13 FF096_09300

CE7 FF096_21435

Polysaccharide deacetylase CE4 FF096_06355

FF096_06035

FF096_11395

FF096_00990

CE4 + CBM13 FF096_06125

CE4 + GT2 FF096_03080
Mannanase β-Mannanase GH5 + CBM2 FF096_06260

β-Mannosidase GH2 FF096_08210
α-galactosidase GH27 + CBM13 FF096_09830
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respectively, in which they are the key enzymes attributed to 
deacetylation of hemicellulose. The higher number of CE1 
and CE4 genes found in strain CP22 might improve the rate 
of deacetylation and thus increase the biomass accessibil-
ity for enzymatic action of GHs (Biely 2012). On the other 
hand, the number of GH10 enzymes in Micromonospora 
sediminimaris CGMCC 4.3550 T was significantly higher 
than that in strain CP22 (strain CP22: 7, M. sediminimaris 
CGMCC 4.3550 T-10). GH10 enzymes mainly take part in 
hemicellulose degradation as endo-1,4-β-xylanase or endo-
1,3-β-xylanase (Lombard et  al. 2013). The strain CP22 
possesses additional domains from GH8 and CE3 families, 
which were not found in the genome of Micromonospora 
sediminimaris CGMCC 4.3550 T (Fig. 4).

The GH8 protein sequence of strain CP22 (Protein ID: 
FF096_26150) was further investigated. Interestingly, no 
protein sequences from other Micromonospora species 
were found to be similar to GH8 protein of strain CP22 
based on NCBI non-redundant database. The GH8 pro-
tein sequence of strain CP22 shared a relatively low simi-
larity (57.46–77.61%) to the top ten most similar protein 
sequences of strains from different families or phyla includ-
ing Catellatospora, Kitasatospora, Demequima, Streptomy-
ces, Deinococcus, Chloroflexi and Sphingomonadaceae. In 
addition, the protein sequence of GH8 was analyzed by using 
InterProScan server 77.0 (Mitchell et al. 2018). The result 
revealed that the protein sequence consists of a signal pep-
tide, a GH8 domain, a fibronectin type 3 (FN3) domain and 

Fig. 4   The number of CAZyme domains containing enzymes involved in the cellulose and hemicellulose deconstruction in the genome of strain 
CP22 and Micromonospora sediminimaris CGMCC 4.3550 T

Fig. 5   The domain organization of GH8 protein sequence (Protein ID: FF096_26150) from the genome of strain CP22. From left to right: SP 
signal peptide; CBM6 carbohydrate-binding module family 6; GH8 glycoside hydrolase family 8; FN3 fibronectin type 3
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two CBM6 domains (Fig. 5). This indicates that the GH8 
protein of strain CP22 could be an extracellular enzyme. 
FN3 domains was reported to have the ability to promote 
enzyme activity and stability in the hydrolysis of cellulosic 
or xylanosic substrate (Han et al. 2019; Kataeva et al. 2002). 
The GH8 in this study was annotated as xylanase with low 
similarity to other bacterial GH8, indicating the enzyme 
could be further studied for its functionality (Juturu and Wu 
2014).

In conclusion, both genomic and experimental evidences 
demonstrated that Micromonospora sp. CP22 has the abil-
ity to degrade cellulose and hemicellulose. The strain CP22 
possesses not only all necessary cellulases, but also a decent 
amount of hemicellulases that are active against xylan and 
mannan. The strain CP22 could become a potential industrial 
strain, which can be applied in processes such as pre-treatment 
and saccharification of the lignocellulose biomass. Functional 
characterization of the recombinant enzymes and the optimi-
zation of enzyme production are required in future to further 
study the potential of this cellulolytic and hemicellulolytic 
strain.
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