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Abstract

Background Data on the microbial community and functional proteins associated with degumming in kenaf
remains scant. Here, we analyzed the microbial communities associated with kenaf (Hibiscus cannabinus) bast fibers
during retting to identify potential candidate degumming bacteria. Retting liquids were collected and analyzed at
0 days, 10 days, and 34 days and then evaluated the yield and quality of kenaf fiber at the different retting times.
Besides, the microbial communities were characterized using metagenomic and proteomic analysis by LC-MS/MS
technology.

Results The data showed that increase in the retting time significantly improves the softness, dispersion, and fiber
whiteness of the kenaf fiber. The relative abundance of Acinetobacter increased from 2.88% at the baseline to 6.64% at
the 34th retting. On the other hand, some members of Clostridium were reduced from 3% at the baseline to 2% at the
34th retting. Analysis of carbohydrate active enzymes showed constant changes in the utilization of carbohydrates.
Besides, benzoquinone reductase, cellobiose dehydrogenase, glucose 1-oxidase, aryl alcohol oxidase and alcohol
oxidase were the top five most abundant enzymes in the retting liquids. This present results demonstrated that the
expressions of B7/GYR8, Q6RYWS5 and Q6FFK2 proteins were suppressed in Acinetobacter with the retting time. On the
contrary, P05149 was upregulated with the retting time. In Clostridium, P37698, P52040 and P54937 proteins were
upregulated with the retting time.

Conclusion [n addition, bacteria Acinetobacter and Clostridium might be playing important roles in the kenaf
degumming process. Similarly, up-regulation of P37698, P52040 and P54937 proteins is an important manifestation
and mediates important roles in the degumming process.
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- Acinetobacter can promote the degumming process of kenaf.
« The upregulation of P37698, P52040 and P54937 proteins is a sign in the degumming.

Keywords Kenaf bast, Bacterial retting community, Metagenomic, Proteomic analysis, Proteome profile

Background

Kenaf (Hibiscus cannabinus), widely planted in India,
China and Bangladesh, is an annual herbaceous bast fiber
crop of the genus Malvaceae [1]. Except for a high con-
tent of 53-66% cellulose, kenaf contains 8—16% lignin,
23-35% pectin and hemicellulose [2-4]. These non-cel-
lulose substances are called “gum” To develop high-qual-
ity textile products, degumming is necessary for kenaf
to eliminate the gum. Generally, kenaf fiber is obtained
through field-retting in the south rural areas of China.
However, retting is a major problem limiting large-scale
application of kenaf in textile industry. Despite decades
of research, little is known about the microbial communi-
ties involved in the degumming process. Previous studies
focused on culturable isolates such as Bacillus, Clostrid-
ium, and Pseudomonas spp in the degumming process
[2]. Recent studies have identified dominant bacteria in
the degumming ecosystem, including Clostridia, Pseu-
domonas and Bacteria [3-5]. Some bacteria especially
members of genera Bacillus, Paenibacillus, and Clos-
tridium have been shown to produce pectinase [6]. The
presence of these bacteria accelerated the degumming
process. A previous study showed that pectinase and
mannanase are key enzymes in the degumming of kenaf,
which was mediated by bacteria, such as Acinetobacter,
Clostridium or Brevibacillus [7]. Therefore, identification
of microorganisms related to non-cellulolytic enzyme
(such as pectinase, mannanase, xylanase, ligninolytic
enzymes and so on) could have important contribution
to the kenaf degumming process.

Metagenomic approach with direct sequencing of
microbial genomes from environmental samples is a
culture-independent method that enables identifica-
tion of uncultured microbes [8]. Through metagenom-
ics, the taxonomy and abundance of microorganisms
in retting liquid samples can be detected. At the same
time, it is possible to analyze the abundance of specific
genes, especially those related to pectin-, hemicellu-
lose-, lignin-degrading enzymes. Besides, the emergence
of high throughput proteomics and metabolomics tools
using LC/MS helps in the generation of large-scale data
sets which can be used in the identification of microbial
protein markers. Unlike metagenomics, which measures
the functional potential of the microbial community,
metaproteomic signatures provide a direct measure of
the microbial activity of the community [9]. Due to the
diversity of the kenaf gum and the complex mechanisms
of enzyme-catalyzed degradation of non-cellulose, it
is difficult to screen high-efficiency kenaf degumming

strains. To date, the microbial community, and functional
proteins of kenaf degumming remain unclear. Besides,
there is lack of theoretical basis for screening and genetic
construction of functional microorganisms.

In this study, retting liquid samples were collected at
different times. Metagenomics and proteomic analysis
were performed to analyze the microbial diversity and
changes of functional proteins during the degumming
process. Besides, we screened for dominant microorgan-
isms and differentially expressed proteins of the degum-
ming microorganisms in kenaf. This present study may
provide a reference for screening of kenaf degumming
microorganisms and lay the basis for further studies
on the catalytic mechanisms of biological degumming,
which will further help in improving the retting effi-
ciency, and hence the fiber quality.

Results

The physical and chemical characteristics of the retting
liquid

The pH values of the retting liquid and reducing sugar
characterize the biological fermentation environment in
the retting process. A pH value is an important factor
that affects microbial growth and degumming enzyme
activity, generally, the ideal pH range is between 6.5 and
8.0. With the extension of retting time, the pH value of
the retting solution decreased gradually, and reached the
lowest value (pH 6.4) after 10 days; Thereafter, the pH
increased continuously until retting for 34 days, with a
pH of 7.3 (Fig. 1). Like the pH trend, the content of the
reducing sugar in the kenaf retting liquid decreased con-
tinuously in the early stage of retting (the first 10 days)
and then increased (Fig. 1). In summary, in the retting
process, the trend of change of pH and reducing sugar
content showed a “V” shape.

Kenaf fiber morphology and yield

The qualitative analysis of the appearance of kenaf at dif-
ferent retting times was carried out. The data showed
that as the retting time increases, the softness, disper-
sion and fiber whiteness of the kenaf fiber significantly
improved (Fig. 2a; Table 1), which showed that increase
in the retting time enhanced the retting effect. Scan-
ning electron microscopy (SEM) can clearly assess the
fiber surface morphology. The SEM results showed that,
compared with the kenaf raw material, the kenaf fibers
were partially degraded and begin to disperse after 10
days of retting. After 34 days, the fibers were completely
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Fig. 1 Changes of pH value and reducing sugar content in kenaf retting solution. The left-hand ordinate indicates the pH value and the right-hand ordi-
nate indicates reducing sugar content in kenaf retting solution

Fig. 2 The appearance morphology and the fiber morphology scanned
by electron microscope of kenaf at different retting times. (a) The appear-
ance morphology of kenaf at different retting time. (b) The fiber morphol-
ogy scanned by electron microscope (500x) of kenaf at different retting
times

Table 1 Morphology of Kenaf at different retting times
od 10d 20d 30d 34d

Softness 0 ++ A A
Dispersion 0 A A
Color and lustre 0 R o o o S

Comprehensive evaluation 0 R o I e o i

Note: more “+” indicates that the softness, dispersion, color and lustre and
comprehensive evaluation of the kenaf fiber is better

dispersed, and the surfaces were smoother (Fig. 2b). The
kenaf fiber yield was 63.9%.

Metagenomic sequence data

The quality control analysis of the raw sequencing data
showed that the percentage of clean data was >97% in the
12 samples with an average Q30 value of 94.92%, indicat-
ing that the sequencing data was of high quality (Table
S1). The average length of assembled contigs was 968 bp
with N50 and N90 value of 970 and 552, respectively
(Table S1). Besides, the quality of the sequencing data
and the assembled contigs met the standards for further
analysis.

Taxonomic classification

Taxonomic classification of raw sequences was assigned
to 185 phyla, 170 classes, 352 orders, 795 families, and
3407 genera. The major phyla present in the retting liq-
uid samples constituted more than 90% of the microbi-
ota. At the phylum level, the most abundant phyla were
Bacteroidetes, Proteobacteria, and Firmicutes. There was
no significant difference in the relative abundance of the
Bacteroidetes between the baseline and early stage of
retting. However, the abundance of Bacteroidetes was
greatly reduced at the end of retting (Fig. 3a). On the con-
trary, the abundance of Proteobacteria increased with the
extension of the retting time (Fig. 3a). Similar to Proteo-
bacteria, Fibrobacter was increased with the extension of
the retting time (Fig. 3a). At the genus level, Prevotella
was the most dominant bacteria. The relative abun-
dance of Prevotella at 0d and 10d was about 55%, but it
decreased to 21.27% by the end of retting (Fig. 3b). In
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addition, the results showed that the relative abundance
of Acinetobacter increased from 2.88% at the baseline to
6.64% at the 34d of retting (Fig. 3b). At the retting stage,
some members of Clostridium were reduced from 3% at
baseline to 2% at the 34d of retting (Fig. 3b). However,
there were no significant differences between groups in
several other bacteria with an average abundance greater
than 1 %.

Analysis of the carbohydrate active enzymes

To identify the carbohydrate-active enzymes in the ret-
ting liquid, a similarity search of the identified proteins
from the microbial community against the entire non-
redundant sequences of the CAZy database was per-
formed (Fig. 4a and b). This analysis demonstrated top
30 proteins assigned as putative CAZymes within the
kenaf retting community. Overall distribution of proteins
according to their CAZy families showed a large variety
of functions.

On the other hand, Kruskal-Wallis data showed down-
regulation of the glycoside hydrolase families (GHs) in
the 34d (Fig. 4c), while the Auxiliary Activities (AAs)
were up-regulated in the 34d. Benzoquinone reductase,
cellobiose dehydrogenase, glucose 1-oxidase, aryl alco-
hol oxidase and alcohol oxidase were the most abundant
enzymes in the retting liquids. These observations dem-
onstrated that there is constant change of rate of carbo-
hydrate utilization with progression of retting.
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Fig. 4 The carbohydrate active enzymes (CAZy) analysis results (a) Annotation of carbohydrate-related genes in the CAZy database. (b) The Cazy classifi-
cation at the family level. Horizontal is sample information; Vertical is function annotation information; Red indicates high functional relative abundance,
and blue indicates low functional relative abundance. (c) Functional classification with significant difference among groups with p value <0.05. Vertical is
function annotation information; Red indicates high functional relative abundance, and blue indicates low functional relative abundance. “S0d to S34d”
refers to the type of samples (0d=baseline; 10=retting samples for 10 days; 34d =retting samples for 34 days), the followed numbers refer to replicate

samples
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Fig. 5 Proteomics data summary (a) Principal component analysis (PCA)
score plot of proteomic data. (b) On the upper right of the diagonal line of
the image, the number indicates the correlation value of the two samples,
* indicates the degree of significance (* p<0.05, ** p<0.01, *** p<0.001);
on the lower left of the diagonal line, the scatter plot of the expression
values of the two samples is shown. The red curve is the fitting trend. The
larger the slope, the stronger the correlation between the two samples;
the diagonal line is the distribution graph of the sample’s own expression
level.”S0d to S34d"refers to the type of samples (Od=baseline; 10=retting
samples for 10 days; 34d=retting samples for 34 days), the followed num-
bers refer to replicate samples

Proteomics data

The protein extracts prepared from the retting liquid
samples were analyzed using LC-MS. Overall, 258 pro-
teins and 314 peptides were detected in all the samples.
Furthermore, PCA was used to evaluate the relationship
among the biological replicates. The PCA results showed
that samples in 0d were all located in the second quad-
rant; the samples in 10d were in the fourth quadrant
(except for one in the third quadrant), while the samples
in 34d were all located in the first quadrant. The PCA
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showed 28.87% (PC1) and 18.33% (PC2) of total vari-
ance (Fig. 5a). The sample-to-sample correlation analysis
showed that samples in the same group had high corre-
lation (Fig. 5b). The data demonstrated that the sample
repeatability in the same group was good.

Differentially expressed proteins and functional analysis
This present study used proteomics to analyze differen-
tially expressed proteins (DEPs) and their changes in the
retting liquid. A total of 117 DEPs were identified in all
the three groups (Table S2). Comparison of 10d vs. 0d,
there were 32 and 24 DEPs were high and low expressed
in 10d, respectively; for 34d vs. 0d, there were 51 upreg-
ulated and 30 down-regulated DEPs were identified;
while in 34d vs. 10d, 36 and 15 DEPs were up-regulated
and down-regulated, respectively (Fig. 6a). In addition, a
heatmap was drawn to profile the expression of the DEPs
in each comparison (Fig. 6b). Further analysis showed of
the DEPs according to the protein annotation informa-
tion identified the top five up-regulated (P37698, Q05120,
POA913, A6LEI8 and B7JYG7) and the top five down-reg-
ulated DEPs (P11221, Q3YUZS8, POA9YS8, Q97D82 and
P20148) with the largest fold change (Fig. 6¢). The results
showed that some of the DEPs were sharply changed at
10d, while others were changed at the 34d.

Further, Annotation information of all DEPs showed
that P82593 is an important hemicellulose. KEGG
enrichment analysis based on the DEPs identified in
10d vs. 0d and 34d vs. 0d was carried out. The results
showed enrichment of five carbohydrate metabolism
related pathways. Besides, three DEPs; P19543, Q1ACKO
and Q59199 were identified as the key indicators and
the abundance of these three DEPs are as shown in
Fig. 6d. P19543 is an oxidoreductase that is required for
the transfer of electrons from pyruvate to flavodoxin;
QIACKO can improve oxidative fragmentation of the
pentose substrate; while Gap play a role in catalyzing
oxidative phosphorylation of glyceraldehyde 3-phos-
phate (G3P) to 1,3-bisphosphoglycerate (BPG) using the
cofactor NAD. In addition, the data showed that gdhA
(P95544), an important DEP in Prevotella, was enriched
in pathways such as Nitrogen metabolism (ko00910),
Alanine, aspartate, and glutamate metabolism (ko00250)
and Arginine biosynthesis (ko00220).

In addition, we analyzed the expression of proteins in
Acinetobacter and Clostridium. The protein expression
profile in Acinetobacter showed that the average level of
B7GYRS, Q6RYW5 and Q6FFK2 were reduced with the
retting time, while P05149 was upregulated (Fig. 6e). For
proteins in Clostridium, three degumming related pro-
teins P37698, P52040 and P54937 were upregulated with
the retting time (Fig. 6e).
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Fig. 6 Summary of proteomic data and the expression of important dif-
ferentially expressed proteins (DEPs) (a) The number of DEPs between dif-
ferent groups. (b-d) showed the heatmap of DEGs in 10d vs. 0d, 34d vs.
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orange means the relative abundance of the function is high, and blue
means the relative abundance of the function is low. (e) The expression of
key DEPs in the three groups. “S0d to S34d" refers to the type of samples
(0d=baseline; 10=retting samples for 10 days; 34d=retting samples for 34
days), the followed numbers refer to replicate samples

Redundancy analysis (RDA)

RDA was performed using Omicshare (https://www.
omicshare.com/) further highlighted these results. Firstly,
the relationship between the top 20 phyla and environ-
mental factors pH and reducing sugar content. The
results showed that Tenericutes, Proteobacteria and Fir-
micutes were positively related to pH and reducing sugar
content. Bacteroidetes were negatively connected with
pH (Fig. 7 A). In addition, the top 20 phyla and the can-
didate DEPs that mentioned above were analyzed using
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RDA. The results showed that Firmicutes was positively
related with Q07637, Q6RYW5, PODM31, Q97D82 and
P11221, but negatively with Q6FFK2. Proteobacteria was
positively connected with P82593 (Fig. 7B).

Discussion

Kenaf retting is a typical biochemical cycle of “gum nour-
ishing communities, communities producing enzyme and
enzyme degumming” [10]. In the early stage of degum-
ming, microorganisms nourished water-soluble organic
matter in kenaf to reproduction, resulting in significantly
reduced sugar content and pH reduced from 6.6 to 6.4,
which is a stage of “gum nourishing communities”. In the
middle stage of degumming, microorganisms proliferate
rapidly. Then, non-cellulosic degradation enzymes were
secreted by the induction of kenaf gum in the succes-
sive stage, which belongs to the “communities producing
enzyme” In the later stage of degumming, non-cellulo-
lytic enzymes will hydrolyze the kenaf gum and disperse
kenaf fibers, which is the process of “enzyme degum-
ming” At the same time, abundant small molecules such
as oligosaccharides or monosaccharides produced by
this stage can be reused for the next cycle of microbial
growth. However, with insufficient nutrients or excess
metabolites in the retting pond, the growth and repro-
duction of microorganisms slowed down or autolyzed,
which may lead to the pH of the kenaf-retting liquid rise
to 7.3 [11].

Degumming of kenaf bast is a process mediated by
dynamic changes of microbes. In this study, the growth of
Prevotella was inhibited during the degumming of kenaf
bast. Previous studies demonstrated that members of this
genus produce pectinases and were identified as mem-
bers of the ruminant gut [12-14]. Cheng showed that

Q97082

@ sod
@ siod
@ s34d

0.0 0.5
RDA1 92.05%

Fig. 7 Redundancy analysis (RDA) ordination diagram. (a) RDA results between the top 20 phyla and environmental factors pH and Reducing sugar
content. (b) RDA results between the top 20 phyla and the top 20 DEPs.“S0d to S34d" refers to the type of samples (0d=baseline; 10=retting samples for
10 days; 34d=retting samples for 34 days), the followed numbers refer to replicate samples
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high molecular weight DNA with feruloyl esterase and
xylanase activity might originate from Prevotella sp., and
demonstrated its role in the degradation of straw [15].
Indeed, members of the dominant bacterium Prevotella
were never associated with microbial retting process [6].
The proteomic and metagenomic analysis results do not
support observations that Prevotella sp. could produce
pectinase during the degumming process of kenaf. The
significant reduction in the relative abundance of Pre-
votella sp. might be caused by the rising pH and competi-
tion for survival from other bacteria.

In addition, the previous data showed the lignin
degrading role of Acinetobacter strains in hemp, ramie
and mechanical pulp [16, 17]. For instance, Hu et al
observed that there was increased abundance of Aci-
netobacter post retting [18]. Some members, such as Aci-
netobacter junii, can be utilized in industrial enzymatic
retting production once the process is optimized, and can
replace the conventional chemical retting process due
to its improved fiber quality and reduced environmen-
tal pollution [19]. In particular, the findings on Acineto-
bacter were consistent with this present result, which was
increased from 2.88% at the baseline to 6.64% at the 34d
of retting. The dynamic changes of Acinetobacter during
the degumming of kenaf bast suggested its crucial roles
in degrading kenaf. In addition, the results found that
AAs were upregulated with the retting process, especially
at 34d. Besides, the Kenaf fibers were the cleanest and
smoothest at 34d. After the CAZy analysis, we demon-
strated that cellobiose dehydrogenase and glucose 1-oxi-
dase were more abundant in 34d compared to other time
points. Although lignin breakdown enzymes may not act
on carbohydrates, their association with carbohydrates in
the plant cell wall makes the lignolytic enzymes cooper-
ate with classical polysaccharide depolymerases [20]. We
speculated that, cellobiose dehydrogenase and glucose
1-oxidase were in synergy with pectinase, and the action
of cellobiose dehydrogenase and glucose 1-oxidase may
be key in keeping the kenaf fiber smooth.

From the structure of kenaf, its pectin mainly com-
posed of D-galacturonic acid a- A polysaccharide chain,
which was formed by polymerization of 1,4 glycosidic
bonds [21]. Therefore, glycosidase may break the polysac-
charide chain connecting pectin during the degumming
process. Hemicellulose is mainly composed of polyac-
etal, polyhexose and polypentose, and aldehyde dehy-
drogenase can act on hemicellulose in conjunction with
glycosidase [22]. On the other hand, the proteomics data
showed that many DEPs from bacteria. Detailed analysis
of the DEPs showed that P37698 play a role in the degra-
dation of cellulose or related beta-glucans. Furthermore,
P37698 was derived from Clostridium. Duan reported
that Clostridium produced pectinase and mannanase in
kenaf retting process, and the existence of Clostridium
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could shorten the degumming time [7]. The upregula-
tion of P37698, P52040 and P54937 (not statistically
different) in Clostridium indicated that the decomposi-
tion reaction of cellulose and pectin increased with the
extension of the retting time. Together, this present result
showed that Clostridium is a critical bacterium that
helps degumming. The upregulation of P37698, P52040
and P54937 proteins are an important manifestation
and plays an important role in the degumming process.
Although the abundance of Clostridium demonstrates
that it is not the dominant bacteria, a small amount
of Clostridium mediates important roles. RDA results
showed the positive and relationship between Firmicutes
and six DEPs (Q07637, Q6RYW5, PODM31, Q97D82 and
P11221), respectively. Many Firmicutes produce endo-
spores, which are resistant to desiccation and can survive
extreme conditions. Bacilli class is the most abundant
bacteria of Firmicutes phylum. As we know, Bacilli is
an important degumming bacterium [23-27]. Previ-
ous studies found that Bacillus could produce pectinase
[28, 29]. Except pectinase, some Bacillus have the abil-
ity to produce specific degumming enzymes, including
cellulase and xylanase [30]. However, no pectinase was
detected in this present study, which might be caused
by other major isoenzymes. But more work is needed to
prove this conjecture. In addition, we found that Proteo-
bacteria was positively connected with P82593. Accord-
ing to the annotation information, P82593 is extracellular
exo-alpha-L-arabinofuranosidase. As we know, various
plant cell wall polymers contain arabinose, which is the
second most abundant pentose in nature [31]. Arabinose-
containing polysaccharides such as arabinoxylan (AX),
arabinan and arabinogalactan (AG) are found as major
components of hemicelluloses and pectic substances,
respectively [32]. Arabinans and arabinogalactans are
constituents of pectic substances [33]. Alpha-L-arabino-
furanosidases are involved in the hydrolysis of multiple
alpha-L-arabinosyl linkages in oligosaccharides, and in
hemicelluloses distributed in various plant tissues such
as arabinoxylans, arabinogalactans and arabinans [34].
These enzymes work in synergy with other hemicellu-
lolytic enzymes to achieve the complete degradation of
the hemicelluloses. In this present study, the content of
P82593 was increased with the extension of the retting
time, especially after 10 days. Previous studies reported
that most «a-L-arabinofuranosidases are optimally active
under neutral pH (pH 6.0-7.0) and mesophilic (30—
50 °C) conditions [35]. In this study, the pH and tempera-
ture of the retting environment were close to the optimal
conditions of a-L-arabinofuranosidases after 20 days,
so we believe that the last two weeks of retting are the
fastest and most critical time of the whole retting pro-
cess, and this is also consistent with the observation of
scanning electron microscope. Some bacteria in Bacillus
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Fig. 8 Construction of kenaf retting system.The bottom layer of brown-
yellow filamentous band is the coiled kenaf bast, the middle green ribbon
is scattered kenaf bast, and the block above is stone. With scattered kenaf
bast and stones press on coiled kenaf bast, so that coiled kenaf bast is
completely submerged in the pool water for up to 34 days of retting, and
kenaf retting liquid was collected for sample at 0 days, 10 days, 20 days and
34 days respectively

class can produce o-L-arabinofuranosidases [36, 37].
Therefore, bacteria Bacillus and protein P82593 plays an
important role in the kenaf bast degumming process.

Conclusion

Taken together, this present study demonstrated that
growth of Prevotella was initially inhibited with the kenaf
retting. The abundance of Acinetobacter and Bacilli class
(the most abundant bacteria of Firmicutes phylum) were
increased during the degumming process, while Clostrid-
ium maintained a constant level. Secretory proteomics
analysis showed that the upregulation of P37698, P52040,
P54937 and P82593 proteins is an important phenotype
and played an important role in the degumming process.
In particular, P82593, as a hemicellulase, may play a deci-
sive role in the degumming process of kenaf bast.

Materials and methods

Retting system establishment

The retting pond was dug on site in kenaf planting field,
and the volume of the pond was about 6 (length)x8
(width)x1.4 (depth) m3; the water was injected into the
pond, and the volume of the water was about 75% of
the volume of the pond; 0.5% (w/v) urea was added as a
degumming aid. Putting the peeled kenaf ribbons into
the retting pond, lay them flat. Then laying the scattered
kenaf on top, then grasses on top of the kenaf, finally
compact it with soil and stone (Fig. 8).

Plant materials and sampling

The common kenaf variety, Zhong-za-hong-318, was
used in this study. Seeds were obtained from the National
Bast Germplasm Resources Medium-term Bank in Insti-
tute of Bast Fiber Crops, Chinese Academy of Agri-
cultural Science and then sown on May 31, 2020. The
crops were harvested on September 30, 2020, with a
growth period 122 days. Kenaf planting conditions were
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undertaken following the conventional planting meth-
ods. After harvesting of the kenaf, we used 4HB-480 jute
kenaf peeling machine to separate the kenaf bark and
stem. Water retting was performed at local fiber process-
ing sites where the duration, type of water, type of con-
tainer, pre-treatment process, and drying period were
executed according to our previous report.

Retting liquid samples were collected on the 0d, 10d,
20d, 30d and 34d of the retting process. For each liquid
sampling, 4 sampling sites in the retting pool (sampling
3ml of liquid at 10 cm below the liquid surface each time)
were randomly used as biological repeats. The liquid
samples were quickly frozen in liquid nitrogen and then
stored at -80°C.

For kenaf fiber sampling, five samples (biological rep-
licates) were randomly selected from the retting pool, at
a sampling time like that used for liquid samples. There-
after, the fiber samples were divided into two parts, one
was stored in liquid nitrogen, and the other part was
cleaned and dried for electron microscopy scanning.

Determination of physical and chemical characteristics of
retting liquid

To evaluate the physical and chemical properties of the
retting liquid, the pH and reducing sugars of the liquid at
different stages was measured in the retting process. The
pH value was assessed using an automated pH analyzer
(pH-Meter HI9025, Hanna Instruments, Vohringen, Ger-
many), while the reducing sugar was determined using
the DNS method [38]. Data were computed into the stan-
dard curve to estimate the content of the reducing sugar
of the retting liquid.

Determination of fiber yield
The fiber yield was calculated using the formula:

Fiber yields = (gf) x 100 (1)

, where G, is the quality of dried kenaf raw material and
G is the quality of dry kenaf fiber.

Observation of fiber morphology

To evaluate the morphology and diameter of the fibers,
the materials were gold-coated and observed under scan-
ning electron microscope (SEM, SH-5000 M, HIROX,
Japan) at an accelerating voltage of 15 kV. For each sam-
ple (n=3), five random spots were captured to generate
micrographs.

Next-generation sequencing of the retting liquid
microbiome

Metagenomic sequencing of the retting liquid microbi-
ome was performed using next-generation sequencing.
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Bacterial DNA was extracted from the retting liquid
samples at different times using a Power Water DNA Iso-
lation Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. DNA library preparation for
metagenome sequencing was performed was conducted
by OE biotech Co., Ltd. (Shanghai, China). Libraries were
sequenced using Illumina MiSeq following Truseq DNA
library preparation protocol, and then the sequence files
were processed as previously described [39]. The raw
data was stored in FASTQ format and the Reads were
trimmed and then filtered using Trimmomatic (v0.36).
After obtaining valid reads, metagenome assembly was
performed using MEGAHIT (v1.1.2). Gaps inside scaf-
folds were used as breakpoints to interrupt the scaf-
fold into new contigs. ORF prediction of the assembled
scaffolds was performed and translated into amino acid
sequences using prodigal (v2.6.3). The gene set represen-
tative sequence (amino acid sequence) was annotated
with NR, KEGG, COG, SWISSPROT and GO database,
with an e-value of 1e-5. The taxonomy of the species was
obtained with reference from the NR Library, while the
abundance of the species was calculated using the cor-
responding abundance of the genes. To profile the abun-
dance on the corresponding taxonomics level, abundance
statistics were performed at each level of Domain, King-
dom, Phylum, Class, Order, Family, Genus, Species.

Proteome sample preparation, TMT labeling and LC-MS/
MS analysis

The retting liquid samples were filtered and then col-
lected. The protein concentration was determined using
EZQ protein quantitation method following the manu-
facturer’s instructions (Bio-Rad, Hercules, CA, USA). For
TMT labelling, the lyophilized samples were resuspended
in 100 pL of 200 mM TEAB, and then 40 pL of each sam-
ple were transferred into new tubes for labeling. Eighty-
eight microliters of acetonitrile were added to the TMT
reagent vial at room temperature. The reagents were dis-
solved for 5 min, mixed and then centrifuged. Then 41
uL of the TMT label reagent was added to each sample
and the tubes were incubated at room temperature for
1 h. To terminate the reaction, 8 uL of 5% hydroxylamine
were added to each sample and incubated for 15 min.
Digested peptide samples were analyzed using LC-MS/
MS at the Shanghai Luming Biotech. Co., Ltd (Luming,
Shanghai, China). The peptides were then separated and
analyzed using a Michrom Paradigm Multi-Dimensional
Liquid Chromatography instrument (Michrom Biore-
sources Inc., Auburn, CA, USA) coupled with a Thermo
LTQ Orbitrap XL mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA). The peptide samples were
dissolved in 100 pL of 0.1% formic acid and loaded onto
a ZORBAX 300SB-C18 5-uym (5x0.3 mm) trap column
(Agilent Technologies, Santa Clara, CA, USA) before
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elution. Thereafter, the samples were separated with a
reverse phase Michrom Magic C18AQ column (3 pm,
200 A, 0.2x150 mm) through gradient elution using sol-
vent A (0.1% formic acid) and solvent B (0.1% formic acid
in ACN), at a flow rate of 2 pL min—1. The gradient was
set from 5 to 40% solvent B for 90 min, increased to 80%
solvent B in 10 s and then held at 80% solvent B for 1 min.
The MS spectra were recorded over the mass range of
m/z 400-1600 with a resolution of 60 000. The three
most intense ions were isolated for fragmentation in the
linear ion trap using CID with a minimal signal of 500
and collision energy of 35.0 or using HCD with a minimal
signal of 1000, collision energy of 55.0, and an activation
time of 30 ms. Dynamic exclusion was implemented with
two repeat counts, a repeat duration of 15 s and exclusion
duration of 90 s.

Processing of proteome data

The MS/MS data were imported in Maxquant to label
free quantification analysis and using Andromeda engine
search engine. This search engine was used to analyze
the UniProt Citrus sinensis database assuming digestion
with trypsin. The Andromeda search was performed with
a fragment ion mass tolerance of 0.020 Da and a parent
ion tolerance of 5.0 ppm. In addition, Scaffold Q+ (ver-
sion Scaffold_4.6.2, Proteome Software Inc., Portland,
OR, USA) was used to quantify TMT Label Based Quan-
titation peptide and protein identification. Normalization
was performed iteratively (across samples and spectra)
on intensities, as described in Statistical Analysis of Rela-
tive Labeled Mass Spectrometry Data from Complex
Samples Using ANOVA. Besides, medians were used for
averaging. Spectra data were log-transformed, pruned of
those matched to multiple proteins and weighted using
an adaptive intensity weighting algorithm. We deter-
mined differentially expressed proteins using a Mann-
Whitney test with unadjusted significance level p<0.05
corrected by Benjamini-Hochberg.

Statistical analysis
The fiber yields data were presented as a mean=*SD. Sta-
tistical analysis was conducted by the Student’s t-test or
ANOVA analysis. A p-value<0.05 was considered statis-
tically significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-022-03890-5.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
None.


http://dx.doi.org/10.1186/s12870-022-03890-5
http://dx.doi.org/10.1186/s12870-022-03890-5

Xu et al. BMC Plant Biology (2022) 22:516

Authors’ contributions

Conceptualization: HX and SD; Methodology: HX, LZ and XF; Software:

XF and QY; Formal Analysis: HX, QY and KZ; Investigation, XF and LC; Data
Curation: LZ and KZ; Writing — Original Draft Preparation: HX, LZ, SD and LG,
Writing — Review & Editing: HX and LC. All authors read and approve the final
manuscript.

Funding

This work was supported by the Yuelu Youth Funds of IBFC (IBFC-
YLQN-202102); the Central Public-interest Scientific Institution Basal Research
Fund (No. 1610242021002); the National Natural Science Foundation of China
(No. 31700438 and 31871675); the China Agriculture Research System (CARS-
19-E22); and the Chinese Agricultural Science and Technology Innovation
Project (ASTIP-IBFC).

Data availability

Metagenomic sequencing data files have been uploaded to the Sequencing
Read Archive (PRINA850647). All proteome raw data were uploaded to the
ProteomeXchange Consortium (proteomecentral. proteomexchange.org) with
the access ID of PXD035056.

Declarations

Ethics approval and consent to participate

In this study, kenaf bast plants were obtained from the Institute of Bast Fiber
Crops, Chinese Academy of Agricultural Science and used in accordance
with national and international standards and local laws and regulations. No
specific permission is required for the collection of kenaf bast plants and the
use of kenaf bast does not pose any risk to other species in nature. The kenaf
bast materials can be accessed at the request of the corresponding author.

Rights and licenses

This study was approved by the Institute of Bast Fiber Crops of Chinese
Academy of Agricultural Science, and the kenaf seeds were obtained from the
seed resource bank of the Institute.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

Ynstitute of Bast Fiber Crops, Chinese Academy of Agricultural Science,
348 West XianJiahu Road, Changsha, China

’Xinyang City Academy of Agricultural Sciences, 20 Minquan South
Street, Shihe District, Xinyang, Henan, China

Received: 5 June 2022 / Accepted: 19 October 2022
Published online: 05 November 2022

References

1. Islam MM. Kenaf (Hibiscus cannabinus L., Malvaceae) Research and Develop-
ment Advances in Bangladesh: A Review. Nutrition and Food Processing; 2019.

2. Zhao D, Liu P, Pan C, Du R, Ping W, Ge J. Bacterial succession and metabolite
changes during flax (Linum usitatissimum L.) retting with Bacillus cereus
HDYM-02. Sci Rep. 2016;6(1):31812.

3. MunshiTK, Chattoo BB. Bacterial Population Structure of the Jute-Retting
Environment. Microb Ecol. 2008;56(2):270-82.

4. Das B, Chakrabarti K, Ghosh S, Chakraborty A, Saha MN. Assessment of
changes in community level physiological profile and molecular diversity of
bacterial communities in different stages of jute retting. Pakistan J Biol sci-
ences: PJBS. 2013;16(23):1722-9.

5. Hongzhi, Jingping G, Wei W, Wenxiang P. Analysis of bacterial community
in water retting of flax. Chinese Journal of Applied & Environmental Biology
2009, 5.

6. Visi DK, D'Souza N, Ayre BG, Webber lii CL, Allen MS. Investigation of the
bacterial retting community of kenaf (Hibiscus cannabinus) under different

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10 of 11

conditions using next-generation semiconductor sequencing. J Ind Micro-
biol Biotechnol. 2013;40(5):465-75.

Duan S, Cheng L, Liu Z, Feng X, Zheng K, Peng Y. Diversity and Charac-
teristics of Kenaf Bast Degumming Microbial Resources. J Nat Fibers.
2018;15(6):799-807.

Kakuta M, Suzuki S, Izawa K, Ishida T, Akiyama Y. A Massively Parallel
Sequence Similarity Search for Metagenomic Sequencing Data. Int J Mol Sci.
2017;18(10):2124.

Pan S, Hullar MAJ, Lai LA, Peng H, May DH, Noble WS, Raftery D, Navarro SL,
Neuhouser ML, Lampe PD, et al. Gut Microbial Protein Expression in Response
to Dietary Patterns in a Controlled Feeding Study: A Metaproteomic
Approach. Microorganisms. 2020;8(3):379.

Wang Y, Chen X, MaY, LiY, Li H, Ren L. Microbial community structure of
anaerobic biological hemp fiber continuous stream degumming system. J
Environ Chem Eng. 2022;10(4):108057.

Zheng KPY, Liu Z, Feng X, Deng S, Hu Z, Duan S. Study on Techniques of Fast
Microbial Retting of Flax Il.The Change Regularity of Composition in Ferment-
ing Liquid. Plant Fiber Sciences in China. 2004;26(1):31-4.

Hong P-Y, Wheeler E, Cann IKO, Mackie RI. Phylogenetic analysis of the fecal
microbial community in herbivorous land and marine iguanas of the Galdpa-
gos Islands using 16S rRNA-based pyrosequencing. ISME J. 2011;5(9):1461-70.
Matte A, Forsberg CW, Verrinder Gibbins AM. Enzymes associated with
metabolism of xylose and other pentoses by Prevotella (Bacteroides) rumi-
nicola strains, Selenomonas ruminantium D, and Fibrobacter succinogenes
$85. Can J Microbiol. 1992;38(5):370-6.

Yuan P, Meng K, Wang Y, Luo H, Huang H, Shi P, Bai Y, Yang P, Yao B. Abun-
dance and Genetic Diversity of Microbial Polygalacturonase and Pectate
Lyase in the Sheep Rumen Ecosystem. PLoS ONE. 2012;7(7):e40940.

Cheng F. Studies on key enzymes in straw dissociation process: screening
and characterization. Beijing: China Agricultural University; 2012.

Wang Q, Chen H-g, Fang G, Chen A-g, Yuan P, Liu J-s. Isolation of Bacillus
cereus P05 and Pseudomonas sp. X12 and their application in the ramie ret-
ting. Ind Crops Prod. 2017,97:518-24.

Ribeiro A, Pochart P, Day A, Mennuni S, Bono P, Baret JL, Spadoni JL, Mangin I.
Microbial diversity observed during hemp retting. Appl Microbiol Biotechnol.
2015,99(10):4471-84.

Hu Q, Zhang J, Xu C, Li C, Liu S. The Dynamic Microbiota Profile During Pep-
per (Piper nigrum L.) Peeling by Solid-State Fermentation. Curr Microbiol.
2017;74(6):739-46.

Zheng L, Du B, Xue W. Screening and identification of Acinetobacter

junii for Apocynum vernetum L. fiber enzymatic retting. J Text Inst.
2011;102(8):675-80.

Levasseur A, Drula E, Lombard V, Coutinho PM, Henrissat B. Expansion of

the enzymatic repertoire of the CAZy database to integrate auxiliary redox
enzymes. Biotechnol Biofuels. 2013;6(1):41.

Chapter 19 - Wine Colloids. In: Enological Chemistry Edited by Moreno J,
Peinado R. San Diego: Academic Press; 2012: 323-354.

Duan S. Microbial diversity and differential protein expression for Kenaf bio-
degumming. Beijing: Chinese Academy of Agricultural Sciences; 2018.

Yadav A, Simha P, Sathe P, Gantayet LM, Pandit A. Coupling chemical degum-
ming with enzymatic degumming of ultrasound pre-treated ramie fiber
using Bacillus subtilis ABDRO1. Environ Technol Innov. 2022;28:102666.

Kohli P, Gupta R. Application of calcium alginate immobilized and crude
pectin lyase from Bacillus cereus in degumming of plant fibres. Biocatal
Biotransform. 2019;37(5):341-8.

Zheng X, Zhang Y, Liu X, Li C, Lin Y, Liang S. High-Level Expression and
Biochemical Properties of A Thermo-Alkaline Pectate Lyase From Bacillus

sp. RNT in Pichia pastoris With Potential in Ramie Degumming. Frontiers in
Bioengineering and Biotechnology 2020, 8.

Yakul K, Takenaka S, Nakamura K, Techapun C, Leksawasdi N, Seesuriyachan P,
Watanabe M, Chaiyaso T. Characterization of thermostable alkaline protease
from Bacillus halodurans SE5 and its application in degumming coupled
with sericin hydrolysate production from yellow cocoon. Process Biochem.
2019;78:63-70.

Yang Q, Duan S, Cheng L, Feng X, Zheng K, Xie C, Liu Z, Pen Y. Engineering of
a Bacillus subtilis Strain Deficient in Cellulase: Application in Degumming of
Ramie. Fibers Polym. 2019;20(1):57-62.

Kashyap DR, Chandra S, Kaul A, Tewari R. Production, purification and charac-
terization of pectinase from a Bacillus sp. DT7. World J Microbiol Biotechnol.
2000;16(3):277-82.



Xu et al. BMC Plant Biology

29.

30.

31.

32.

33.

34.

(2022) 22:516

Oumer OJ, Abate D. Characterization of Pectinase from Bacillus subtilis Strain
Btk 27 and Its Potential Application in Removal of Mucilage from Coffee
Beans. Enzyme Res. 2017;2017:7686904.

Yadav A, Mahaboob Ali AA, Ingawale M, Raychaudhuri S, Gantayet LM, Pandit
A. Enhanced co-production of pectinase, cellulase and xylanase enzymes
from Bacillus subtilis ABDRO1 upon ultrasonic irradiation. Process Biochem.
2020;92:197-201.

Santos CR, Polo CC, Costa MC, Nascimento AF, Meza AN, Cota J, Hoffmam ZB,
Honorato RV, Oliveira PS, Goldman GH, et al. Mechanistic strategies for cataly-
sis adopted by evolutionary distinct family 43 arabinanases. J Biol Chem.
2014,289(11):7362-73.

LiuY, Vanderhaeghen S, Feiler W, Angelov A, Baudrexl M, Zverlov V, Liebl W.
Characterization of Two a-l-Arabinofuranosidases from Acetivibrio mesophi-
lus and Their Synergistic Effect in Degradation of Arabinose-Containing
Substrates. Microorganisms 2021, 9(7).

Broeker J, Mechelke M, BaudrexI M, Mennerich D, Hornburg D, Mann M,
Schwarz WH, Liebl W, Zverlov V. The hemicellulose-degrading enzyme
system of the thermophilic bacterium Clostridium stercorarium: comparative
characterisation and addition of new hemicellulolytic glycoside hydrolases.
Biotechnol Biofuels. 2018;11:229.

Squillaci G, Esposito A, Cara F, Morana A. Free and immobilized thermophilic
alpha-L-arabinofuranosidase for arabinose production. Archives of Industrial
Biotechnology. 2017;1(1):27-34.

35.

36.

37.
38.

39.

Page 11 of 11

Yang W, BaiY, Yang P, Luo H, Huang H, Meng K, Shi P, Wang Y, Yao B. A novel
bifunctional GH51 exo-a-l-arabinofuranosidase/endo-xylanase from Alicy-
clobacillus sp. A4 with significant biomass-degrading capacity. Biotechnol
Biofuels. 2015;8:197.

Kaneko S, Kusakabe I. Substrate Specificity of a-L-Arabinofuranosidase from
Bacillus subtilis 3-6 toward Arabinofurano-oligosaccharides. Biosci Biotech-
nol Biochem. 1995;59(11):2132-3.

Applied and Environmental Microbiology 2011, 77(4):1528-1531.

Hu R, Lin L, Liu T, Ouyang P, He B, Liu S. Reducing sugar content in hemicel-
lulose hydrolysate by DNS method: a revisit. J Biobased Mater Bioenergy.
2008;2(2):156-61.

Santiago-Rodriguez TM, Fornaciari G, Luciani S, Dowd SE, Toranzos GA,
Marota |, Cano RJ. Gut Microbiome of an 11th Century A.D. Pre-Columbian
Andean Mummy. PLoS ONE. 2015;10(9):e0138135.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Metagenomic and proteomic analysis of bacterial retting community and proteome profile in the degumming process of kenaf bast
	﻿Abstract
	﻿Highlights
	﻿Background
	﻿Results
	﻿The physical and chemical characteristics of the retting liquid
	﻿Kenaf fiber morphology and yield
	﻿Metagenomic sequence data
	﻿Taxonomic classification
	﻿Analysis of the carbohydrate active enzymes
	﻿Proteomics data
	﻿Differentially expressed proteins and functional analysis
	﻿Redundancy analysis (RDA)

	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Retting system establishment
	﻿Plant materials and sampling
	﻿Determination of physical and chemical characteristics of retting liquid
	﻿Determination of fiber yield
	﻿Observation of fiber morphology
	﻿Next-generation sequencing of the retting liquid microbiome
	﻿Proteome sample preparation, TMT labeling and LC–MS/MS analysis
	﻿Processing of proteome data
	﻿Statistical analysis

	﻿References


