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Abstract

This study demonstrated that Bacillus licheniformis HDYM-03 and Bacillus megaterium HDYM-09, isolated from a liquid
sample of flax retting pool, were able to produce pectinolytic enzymes using polysaccharides as substrates. Bacillus mega-
terium HDYM-09 produced pectin lyase that exhibited the highest activity of 2116.71 +11.55 U/mL. Bacillus licheniformis
HDYM-03 produced pectate lyase that exhibited the highest activity of 611.21 +14.54 U/mL. Based on these findings, we
constructed four retting systems to degrade the pectin substance. The results showed that the content of galacturonic acid
in the mixed system was 529.21 pg/mL, the content of reducing sugar was 98.14 mg/mL, and the weight loss ratio of cells
reached 19.49%, which were significantly higher than those in other systems. The mixed system has more advantages, and
the utilization rate of degumming was higher, which further ensured that the degumming can be carried out efficiently and
quickly. The mixed system exhibits feasible applications in the fiber and textile industry.
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Introduction

Flax is an annual herbaceous plant that belongs to the
phloem fiber plant family. Flax fiber is one of the natural
plant fibers that were first used in the textile industry, and it
provides high-quality fiber materials for spinning and other
applications [1]. Regarded as the “Queen” of textile, flax
fiber shows unique advantages such as fast heat dissipation
and good air permeability. The pectin substance in flaxen
stems is normally found in the cell wall of higher plants
in the form of amorphous gum, clinging to adjacent cells
of multicellular plants [2]. The gum components and their
position affect the flax retting effect, process, and charac-
teristics of the fibers. The pectin substance is a complex
polysaccharide containing four components, and these four
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components are, respectively, termed as protopectin, pectin,
pectate, and a-p-galactopyranosyluronic acid [3, 4]. There-
fore, current studies are primarily focused on the degrada-
tion of the pectin substance. Zheng et al. [5] illustrated the
mechanism of pectinase activity in the degumming of flax.
Huang and Zhang [6] screened out four pectinase-producing
strains and then subjected them to flax biological degum-
ming test, which showed that the quality of flax fibers was
significantly improved. Using B. subtilis HW?201 for the
production of flax fibers, Wu et al. [7] demonstrated that the
time spent on flax retting was shortened by 76.81%, with
improved fiber properties. However, the pectin substance
was not thoroughly removed by an enzyme due to the com-
plex structure and diverse composition.

Several studies [7, 8] focused on the activity of only one
type of pectinolytic enzyme, while the activity analysis and
research on two types of pectinases were rarely reported.
The pectin and pectate are the primary components of the
flax stems with relatively high contents. The degradation of
pectin and pectate is known to directly affect the degumming
process and the quality of flax fibers. Li et al. [9] analyzed
the origin, characteristics, and application of microbial pec-
tinase and found that pectin lyase has a substrate different
from that of pectate lyase. The former degrades only pectin,
and the latter degrades pectate.
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In this study, B. licheniformis HDYM-03 and B. megate-
rium HDYM-09 were isolated from a liquid sample of flax
retting pool, and it was observed that the former strain could
produce pectate lyase to degrade pectate, and the latter strain
could produce pectin lyase to degrade pectin. Therefore, this
study focused on the production of pectinolytic enzymes by
the two Bacillus spp. strains and their application in retting
and degumming of natural fibers for their potential use in the
fabric or textile industry.

Materials and Methods
Bacterial Strains and Media

Bacillus licheniformis HDYM-03 and B. megaterium
HDYM-09 used for the production of degumming enzymes
were isolated from a liquid sample of flax retting system,
which was stored, and subcultured every 3 months on beef
extract peptone medium (BP) agar slants. The BP medium
consisted of 0.3% beef extract, 1% peptone and 0.5% NaCl,
with pH 7.0-7.2. The pectin fermentation medium (PEC)
contained 2% pectin, 1% peptone, and 0.5% NaCl (w/v), with
pH 7.0.

Chemicals

Pectin was purchased from Sigma (CAS 9000-69-5). All
other chemicals were analytical reagents.

Enzyme Assays

The analysis of pectin lyase activity was based on the
method described by Wang et al. [10]. Briefly, 1 mL of
sample was mixed with 1 mL of DNS solution. After the
reaction at 50 °C for 6 min, the optical density was measured
spectrophotometrically at 235 nm. The pectate lyase activity
was determined according to a previous study [11]. Again,
1 mL of the sample was mixed with 1 mL of DNS solution.
After the reaction at 40 °C for 10 min, the optical density
was measured spectrophotometrically at 235 nm.

Flax Retting

Fibrous flax seeds were purchased from Heilongjiang Acad-
emy of Agricultural Sciences, China, and grown in fields.
After 110 days, the flax stems were harvested and dried in
preparation for retting. Flax retting was carried out in 30-L
aluminum tanks containing flax bundle and tap water at a
ratio of 1:15. The inoculum ratio of the composite enzyme
and tap water was 1:1 in the enzyme retting tank. The retting
experiment lasted for 120 h at 30 °C [12].
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In this study, the following four retting systems were
constructed: the bacteria-added water retting system (MS)
constructed by adding B. licheniformis HDYM-03 and B.
megaterium HDYM-009, the bacteria-added water retting sys-
tem (BL) constructed by adding B. licheniformis HDYM-03,
the bacteria-added water retting system (BM) constructed
by adding B. megaterium HDYM-09, and the water retting
system (CK) used as the control.

Determination of Parameters Related to Retting
Process

The content of galacturonic acid was determined by car-
bazole colorimetry [13]. The amount of reducing sugar
present in the retting liquor was determined by the DNS
method [14]. Briefly, 1 mL of sample was mixed with 3 mL
of DNS solution and 1 mL of distilled water. After boiling
for 10 min, the optical density was measured spectrophoto-
metrically at 540 nm. A solution of galacturonic acid was
used as a standard. The content of galacturonic acid was
analyzed according to the method described by Wang et al.
[15]. In brief, 1 mL of sample was mixed with 4 mL of DNS
solution. After boiling for 5 min, the optical density was
measured spectrophotometrically at 540 nm. Approximately
5 g of flax stems was sampled at 12-h intervals and dried
at 80 °C until a constant weight was achieved. The weight
loss rate of the flax fibers was calculated according to the
following formula:

M,—-M
L x 100% (1)
MO

Weight loss rate of flax fiber =

M, represents the initial weight of flax retting, g, and M,
represents the constant sample weight at retting time ¢ and
dried at 80 °C, g.

Statistical Analysis

Data were presented in the manner of three independent
experiments considering standard deviation (SD). The dif-
ferences between the systems were compared using ANOVA
and Tukey’s test. Differences were considered to be signifi-
cant when P <0.05. Statistical analyses were carried out by
JMP 9.0.2 (SAS Institute Inc., USA).

Results and Discussion

Pectin Lyase and Pectate Lyase Produced by Two
Bacillus spp. Strains

In this study, PEC was used to simulate the pectin com-
ponents of flax stems to investigate the growth of the two
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Bacillus spp. strains in PEC and the process of producing
the degumming enzyme. The changes in the pectin lyase
activity of the two Bacillus spp. strains are shown in Fig. 1,
while those in the pectate lyase activity are depicted in
Fig. 2. The highest activity of pectin lyase was found to
be 2116.71+11.55 U/mL. Soriano et al. [16] reported the
pectin lyase activities of Paenibacillus sp. BP23 and Bacil-
lus sp. DT7 to be 47 and 52 U/mL, respectively, which were
lower than that observed in this study. The highest activity
of pectate lyase was found to be 611.21 +14.54 U/mL. As
shown in the two figures, the trend of the two curves was of
a “wavy type.” This may be due to the fact that during the
initial stage of fermentation, the microorganisms made use
of micromolecule reducing sugar for their growth. With the
increase in fermentation time and the growth and metabo-
lism of the microorganisms, the two Bacillus spp. strains
produced pectin lyase and pectate lyase, thereby increas-
ing the activities of these two enzymes [17]. At the same
time, the pectin substance was degraded by the enzymes,
and the micromolecule reducing sugar in the fermentation
broth increased, and then the strains used micromolecules to
reduce the sugar, thereby decreasing the enzyme activities.
Therefore, the activity trend of these two enzymes exhibited
a “wavy type.”

Changes in the Activities of Pectin Lyase and Pectate
Lyase During Flax Retting

The trend of pectin lyase activity in the four systems of flax
retting is depicted in Fig. 3. The pectin lyase activity in BL
and BM decreased initially and then increased, whereas the
pectin lyase activity in MS and CK increased initially and
then decreased. This is probably due to the simultaneous
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Fig.1 Pectin lyase activity of B. licheniformis HDYM-03 and B.
megaterium HDYM-09 in the pectin fermentation medium
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Fig.2 Pectate lyase activity of B. licheniformis HDYM-03 and B.
megaterium HDYM-09 in the pectin fermentation medium

addition of the two strains for fermentation, and the syner-
gistic effect was induced to produce pectin lyase, resulting
in a rapid increase in its activity. However, the activities
in the single bacteria-added water retting system and the
natural retting system may be due to the need for excessive
growth and reproduction of the bacteria in the early stage
of fermentation and the production of excessive enzymes
in the middle stage of fermentation. In BL and CK, the
activity of pectin lyase reached the maximum values after
72 h, which were 950.01 +15.99 and 767.39 +16.60 U/mL,
respectively. In MS and BM, the highest activities of pectin
lyase were detected after 144 h, which were 1073.91 +15.37
and 1043.48 +27.67 U/mL, respectively. Wang et al. [18]
used B. cereus P05 and Pseudomonas sp. X12 in the ramie
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Fig. 3 Pectin lyase activity of the four systems in the flax retting pool
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degumming system and found that the activity of pectin
lyase was 80.84 U/mL, although it increased by 68.98%
compared with that in CK; however, this value was lower
than the maximum activity of pectinase found in this study
(P<0.05).

The trend of pectate lyase activity in the four systems of
flax retting is depicted in Fig. 4. The pectate lyase activity
in BL, BM, and CK decreased initially and then increased,
whereas the activity in MS increased initially and then
decreased, probably due to the simultaneous addition of the
two strains for fermentation, and the synergistic effect was
induced to produce pectate lyase, resulting in an increase
in its activity initially. However, other systems may be due
to the early stage of fermentation, the need for excessive
growth and reproduction of the bacteria, resulting in a
rapid decrease in its activity. After 120 h, the pectate lyase
activity reached the peak value. The enzyme activities in
BL, BM, MS, and CK were 214.54+0.07, 180.09 +5.77,
220.79 +5.93, and 186.16 +6.99 U/mL, respectively.

Changes in the Contents of Galacturonic Acid
and Reducing Sugar During Flax Retting

Figure 5 shows the changes in the content of galacturonic
acid during retting. The galacturonic acid content in ret-
ting water indirectly reflects the effect of flax degumming
[19]. In the initial stage of fermentation, the content of
galacturonic acid in the four systems was maintained at
335.26-365.17 pg/mL. With the extension of the fermenta-
tion period, the density of the dominant species of degum-
ming bacteria in BL, BM, and MS became higher than that
in CK (P <0.05), which resulted in the degradation of pectin
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Fig.4 Pectate lyase activity of the four systems in the flax retting
pool

@ Springer

600

400

200

Galacturonic acid (Mg/mL)

24 48 72 96 120 144 168
Time (h)

Fig.5 Changes in the content of galacturonic acid of the four systems
in the flax retting pool

components in BL, BM, and MS and the increase in the con-
tent of galacturonic acid. The content of galacturonic acid in
BM and MS increased significantly in the range of 24-72 h,
and the concentration of galacturonic acid reached the maxi-
mum when the pectinase activity was the highest in BM. Our
findings were consistent with those of Chiliveri et al. [20],
who used Bacillus sp. SV11-UV37 to produce pectinolytic
enzymes in the flax degumming system, which resulted in
a higher content of galacturonic acid than that in CK, the
maximum being 556.69 pg/mL, and an improvement in the
quality of flax fibers. In the present study, the content of
galacturonic acid in BL and CK increased significantly in
the range of 24-96 h. However, during the later stages of
fermentation, the content of galacturonic acid released into
the fermentation broth decreased correspondingly due to the
decrease in the content of gum and the utilization of micro-
organisms in the original stem of flax retting, thus basically
completing the degradation process of gum [21].

The change trend of reducing sugar in the early stages of
fermentation in the four systems showed an initial increase
and then a decline with a “wave type” (Fig. 6) [22]. In the
initial stage of fermentation, the reducing sugar content in
the four systems was about 76.52 +9.68 mg/mL. With the
prolongation of the fermentation time, the components of
the pectin were decomposed, which led to an increase in the
content of reducing sugar in the fermentation broth. All the
curves showed an upward trend due to addition of strains B.
licheniformis HDYM-03 and B. megaterium HDYM-09 in
BL, BM and MS, and parts of the pectin components may be
degraded and the reducing sugar decreased slowly with the
minimum values of 77.72+11.17 (BL, 36 h), 73.14+7.98
(BM, 36 h), 72.61 +£6.21 (MS, 36 h), and 70.27 +7.19 (CK,
24 h) mg/mL. In the later stage of fermentation, the pectin
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Fig.6 Changes in the content of reducing sugar of the four systems in
the flax retting pool

was decomposed, which led to an increase in the content of
reducing sugar in the fermentation broth [23].

Degradation of Pectin and Pectate of Flax Stem

The utilization rates of pectin and pectate were higher in
MS than in the other systems (Table 1), which may primar-
ily be due to the fact that B. licheniformis HDYM-03 and B.
megaterium HDYM-09 significantly increased the relative
abundance and density of the degumming bacteria, which
primarily improved the activity of degummase and enhanced
the ability to degrade pectin. Therefore, the utilization rates
of pectin and pectate were higher in the combined retting
system containing B. licheniformis HDYM-03 and B. mega-
terium HDYM-09 than in the other systems.

At the same time, the results also showed that the addition
of B. licheniformis HDYM-03 and B. megaterium HDYM-09
inhibited the growth of some of the inferior microorgan-
isms in the competition and promoted the growth of sym-
biotic microorganisms, which changed the microbial spe-
cies abundance. For lacking of nutrients available for the

Table 1 Degradation rate of pectin and pectate in the stem of flax

Water ret-
ting system

Pectin utilization rate (%) Pectate utilization rate (%)

CK 76.35+0.71 ¢ 34.07+£1.36¢
BL 85.88+0.69 b 63.09+2.16 b
BM 83.43+194b 60.84+3.63b
MS 96.53+1.13a 7224+2.07 a

Differences between sets were compared using ANOVA software.
Differences were defined significant when P < 0.05

growth of degumming strains in the system, the degumming
bacteria became the predominant bacteria in the water ret-
ting system. The degumming bacteria could significantly
degrade the pectin components in the flax stem and produce
easy-to-use micromolecule nutrients substance to promote
the growth of microorganisms. Our findings are consistent
with those of Mukhopadhyay et al. [24]. However, the deg-
umming enzyme production ability of some degumming
bacteria may be reduced due to the enrichment of nutrients
or the inhibition of some physicochemical factors, until the
nutrients were deficient again [25]. This mechanism eventu-
ally changed the abundance of species in the flax system as
the degumming enzyme activity changed. The results further
demonstrated that the addition of B. licheniformis HDYM-
03 and B. megaterium HDYM-09 could significantly affect
the process of the water retting, causing differences among
different treatments.

Weight Loss of Flax Fiber

The weight loss of flax stem during each fermentation stage
was determined, and furthermore, the role of B. licheniformis
HDYM-03 and B. megaterium HDYM-09 (BL, BM, MS, and
CK) in the degradation of flax stem pectin components was
investigated. To a certain extent, the determination of weight-
lessness of flax indirectly reflects the degradation of pectin
components and predicts the end of flax retting. Figure 7
shows that in the early stage of fermentation of flax retting,
the ratio of stem weight loss in the four systems fell between
6.33% and 8.56%, which may be due to the release of organic
solutes of flax stems in the early stage of fermentation and the
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Fig.7 Analysis of flax stem weight loss ratio of the four systems in

the flax retting pool
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degradation of a small amount of pectin components. Similar
results have been reported by Mukhopadhyay et al. [24].

In the 48-h fermentation stage, the ratio of flax stem weight
loss was higher in MS than in the other three retting systems.
It indicates that the 48-h fermentation was a turning point. At
this time point, the microbial community structure changes
and the metabolites exhibit significant differences. In the mid-
dle and late stages of fermentation, the weight loss rate of
flax in MS increased significantly, reaching the highest point
(19.49%) after 168 h. The rate of weight loss of flax in CK
became stable gradually and remained at 14.27-15.74%, which
indicated that the degradation of pectin components began to
reach a stable phase, and the complete degradation required
extension of fermentation time [26]. Even when the fermenta-
tion time was extended, the degradation of the pectin compo-
nents did not increase, but it may also reduce the quality of flax
fibers (such as fiber breaking strength and spinnability). The
structure of the microbial community in CK exhibited changes,
and the rate of weight loss of the flax stem also changed in dif-
ferent systems and in different fermentation stages of the same
system. Comprehensive analysis of the test strains B. licheni-
formis HDYM-03 and B. megaterium HDYM-09 combined
with retting can change the bacterial community in the water
retting system, speed up the degumming process, improve the
degradation of pectin, and then improve the quality of the flax
fiber.

Conclusions

Bacillus megaterium HDYM-09 and B. licheniformis HDYM-
03 were able to produce pectinolytic enzymes using polysac-
charides as substrates. The former strain could produce pectin
lyase, which exhibited the highest activity of 2116.71 +11.55
U/mL, while the latter strain was able to produce pectate lyase
exhibiting the highest activity of 611.21 +14.54 U/mL. Mixing
the two strains in the water retting system could significantly
degrade the pectin substrate, and the result was better than
that in the single bacteria-added water retting system and the
natural retting system. The system of mixed strains may have
potential applications in the fiber and textile industry.
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