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Abstract: Hemp fibers, recognized for their breathability, specific strength, and ultraviolet resis-
tance, are widely utilized in textile manufacturing and composite materials. Bio-degumming is a
promising alternative technology to traditional chemical degumming that can be used to produce
hemp fibers due to its eco-friendly nature. However, its lower efficiency has hindered its widespread
adoption. The unclear and complex structure of the gums leads to a poor understanding on the
enzyme types required for bio-degumming, thereby restricting improvements in its efficiency. In
this study, the morphological characteristics, polysaccharide composition, and branched structure of
hemp stem, roving fibers, and refined fibers were investigated using scanning electron microscopy
and laser scanning confocal microscopy in combination with immunofluorescence techniques, with
a view to identify the enzymes necessary for the efficient bio-degumming of hemp. The results
revealed that the gums were primarily located in the middle lamella, phloem parenchyma, and
certain xylem tissues. These tissues showed chunk-like, fence-like, and plate-like shapes, respectively,
and tightly wrapped around the fiber bundles. In these tissues, pectin comprised low-esterified
homogalacturonan, along with rhamnogalacturonan carrying galactan and arabinan branches. Xy-
lan exhibited acetyl, arabinose, and glucuronic acid branches, while mannan displayed acetyl and
galactose branches. Partial xylan and mannan were masked by pectin, and the branching structures
impeded their enzymatic removal. As a consequence, the necessary enzymes and their synergistic
effects for effective hemp roving degumming were elucidated. Pectin degradation was facilitated
by pectate lyase and rhamnogalacturonan-degrading enzymes. Xylan and mannan were effec-
tively removed by endo-xylanase and endo-mannanase, a process necessitating the synergistic
action of branched-chain-degrading enzymes, including the esterase, α-L-arabinofuranosidase, α-
galactosidase, and α-glucuronidase. This study provided practical strategies to enhance the efficiency
of hemp bio-degumming.

Keywords: hemp fiber; bio-degumming; hemicellulose; pectin; degumming enzymes

1. Introduction

In the context of global sustainable development, bast fibers are attracting interest as a
crucial renewable resource [1]. Hemp, acknowledged as a member of the bast fiber family,
is cultivated widely around the world [2,3]. The remarkable characteristics of hemp fibers,
including its superior breathability, moisture absorption, antibacterial properties, and ultra-
violet resistance, have facilitated its widespread application in textile manufacturing and
industrial composites [4,5]. Traditionally, harvested hemp underwent a retting process and
was then machined into roving in preparation for the production of fine yarns [6]. However,
the fibers in the roving were tightly bound by gums, which consisted of non-cellulosic
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components such as hemicellulose (10–16%), pectin (4–5%), lignin (8–15%), wax (1–4%),
and water-soluble substances (2–6%) [7], limiting the further utilizations in high-value
textiles. Currently, alkali degumming is the predominant technology that is used in hemp
fiber production due to its high degumming efficiency; however, it involves the significant
consumption of alkali and water, causing pollution to the aquatic environment [8,9]. In
contrast, bio-degumming utilizes enzymes or microbes capable of producing enzymes as an
alternative to chemical reagents, thereby promoting energy efficiency and environmental
sustainability [10].

Hemp bio-degumming methods have been optimized through various approaches.
Various studies have included the screening of degumming strains [11], the development of
anaerobic microbial community degumming systems [12], combined enzyme degumming
strategies [13], the immobilization of enzymes for degumming [14], and the integration
of enzymes with chemical auxiliaries for degumming [15–18]. However, these methods
exhibited low gum removal rates and were still inadequate for producing high-grade
hemp fibers. Currently, the gum structure in hemp roving is complex and remains poorly
understood, leading to a limited understanding of the essential enzyme types required
for bio-degumming. Consequently, there is a lack of strategies to further improve the
bio-degumming efficiency of hemp roving.

A widely used method for analyzing lignocellulose structures involves slicing tech-
nology, specific dyes, and microscopy to examine the composition and morphology of
the material. This technique has also been applied to characterize bast fibers [19–21].
Currently, several studies have analyzed the distribution of pectin, xylan, and mannan
in hemp phloem. However, the linkages and side chains of these polysaccharides, as
well as the morphology of the gum within the phloem, remain poorly understood [22,23].
Moreover, residual tissues are expected after the retting and processing of hemp stems into
hemp roving. It is equally essential to elucidate the composition and morphology of these
residual tissues.

This study analyzed the morphological features of hemp stem, roving, and refined
fibers using scanning electron microscopy (SEM), identifying the tissues that needed to
be removed during retting and degumming. Then, the compositions and branched-chain
structures of polysaccharides in various tissues of the hemp stem, roving fibers, and refined
fibers were investigated using a laser scanning confocal microscope (LSCM) combined
with immunofluorescence (IF). Based on these analyses, the structure of hemp roving,
along with the enzymes necessary for bio-degumming, and their synergistic effects were
identified. These findings are expected to benefit the modification of degumming enzymes
and microorganisms, as well as enhance the hemp retting and bio-degumming processes.

2. Materials and Methods
2.1. Materials

Hemp stems, roving, and refined fibers were supplied by Jinghua Textile Company in
Xianning, Hubei Province, China. Monoclonal antibodies against plant cell wall polysaccha-
rides and branched-chain-degrading enzymes were sourced from Megazyme (Bray, Ireland)
and the Plant Probes network (https://plantcellwalls.leeds.ac.uk/plantprobes/ (Paul Knox
Cell Wall Lab, University of Leeds, UK)) [24–26]. Additional chemicals of analytical reagent
grade were procured from Thermo Fisher (Waltham, MA, USA) and Sinopharm Group
(Shanghai, China).

2.2. Methods
2.2.1. Preparation of Slices

The slices were prepared using the paraffin technique, as previously described by
Behr [20]. In brief, the samples were fixed with a fixative containing 70% formalin and
alcohol in a 1:10 ratio for 24 h. They were then dehydrated successively with 75% alcohol
for 4 h, followed by an ethanol series consisting of 85%, 90%, and 95% for 2 h each. The
samples were subsequently dehydrated with absolute alcohol twice for 30 min, followed

https://plantcellwalls.leeds.ac.uk/plantprobes/


Polymers 2024, 16, 3592 3 of 12

by a 1:1 mixture of absolute alcohol and xylene for 10 min, and xylene twice for 10 min.
Afterward, the samples were embedded in paraffin and subjected to cooling at −20 ◦C. The
paraffin block was then sectioned, dried at 60 ◦C, and stored at room temperature. The
hemp roving and refined fibers were wetted with deionized water and immediately dried
at 60 ◦C, which caused the loose fibers to come together, forming a harder sliver, which
facilitated the fixation and cutting.

2.2.2. SEM Analysis

The surfaces of the hemp stem, hemp roving, and refined fibers, along with their
transverse slices, were dried at 60 ◦C overnight, coated with gold for 100 s, and then
observed through an SEM (Nova Nano450, Thermo Fisher, Waltham, MA, USA).

2.2.3. Enzymatic Treatment of Slices

The enzymes involved in the enzymatic treatment are listed in Table S2. The working
concentrations of pectate lyase, endo-xylanase, and endo-mannanase were set at 500 U/mL,
while those for α-L-arabinofuranosidase, acetylxylan esterase, and α-galactosidase were
100 U/mL. In brief, each sample on the slice was outlined with a super PAP pen and was
then treated with 0.1 mL of the corresponding enzyme solution at 37 ◦C for 4 h, with the
enzyme solution being refreshed every hour. Subsequently, the slices were washed three
times with phosphate-buffered saline (PBS, pH 7.2) to prepare for further experiments.

2.2.4. Indirect Immunofluorescence Process

The indirect immunofluorescence process followed established protocols [21]. Tissue
slices were blocked with 100 µL of 3% milk powder in PBS for 30 min, eluted with PBS three
times, and incubated with 100 µL of antibody at 4 ◦C overnight; blank controls received
PBS. After rinsing with PBS, the slices were incubated with fluorescein isothiocyanate
(FITC, Goat anti-Rat IgG) at room temperature for 1 h, followed by incubation with 0.01%
Calcofluor white for 5 min. Following PBS elution, the samples were treated with anti-fade
solution and covered with a coverslip. Observation was carried out using an LSCM (FV3000,
Olympus, Tokyo, Japan). Calcofluor and FITC were viewed through the 405 and FITC
channels, respectively. Olympus FV31S-SW (Ver.2.3.1) software identified polysaccharides
by color—blue (Calcofluor), green (pectin), yellow (xylan), and red (mannan).

3. Results and Discussion
3.1. Morphology Analysis of Hemp Stem, Roving, and Refined Fiber

The morphological features of transverse sections of hemp stem are illustrated in
Figure 1. The outermost to the innermost layers are depicted as follows: epidermis (e),
collenchyma (cl), cortex parenchyma (cp), phloem fibers (pf), phloem parenchyma (pp),
and xylem (x) (Figure 1a). The outer surface of the epidermis exhibited a thick cell wall
(Figure 1b), and its surface displayed a notable trichome (Figure 2a). Both the collenchyma
and cortex parenchyma showed thin cell walls and large lumens, with the notable difference
that the cortex parenchyma had relatively thicker cell walls (Figure 1c,d). Moreover, the
surfaces of these tissues differed significantly. The surface of collenchyma displayed fish-
scale-like chunks (Figure 2b), while the cortex parenchyma exhibited a fence shape and
appeared as membrane-shaped (Figure 2c). The fiber bundles were easily distinguishable
due to their markedly thick cell walls and small lumen (Figure 1e,f). Each fiber bundle
had a smoother surface compared to the original hemp epidermis and was encased in a
chunk-shape middle lamella (Figure 2d). The phloem parenchyma had thin cell walls, but
its lumen was larger than those of the collenchyma and cortex parenchyma (Figure 1g).
However, its surface appeared similar to that of the cortex parenchyma, showing a fence-
like shape superimposed on a membrane shape (Figure 2e). The xylem had thick cell
walls with large lumen and was the thickest tissue on the slice except for the fiber bundles,
making it easy to identify (Figure 1h). Additionally, its surface had a visible vascular
structure (Figure 2f).
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tions’ morphological features of hemp stem. (b) Epidermis. (c) Collenchyma. (d) Cortex parenchyma.
(e,f) Phloem fiber. (g) Phloem parenchyma. (h) Xylem.
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Figure 2. The SEM analysis of various tissues’ morphological features of hemp stem; bar = 20 µm.
(a–f) Epidermis, collenchyma, cortex parenchyma, phloem fiber, phloem parenchyma, and
xylem, respectively.

The transverse slice of the hemp roving exhibited a scattered distribution of tissues due
to the removal of some tissue during the retting process (Figure 3a). The type of residual
tissue was determined based on its shapes and connections. The scattered fiber bundle was
easily distinguishable because it had very thick walls and small lumen (Figure 3b). The
cell walls of the tissue connected to the fiber bundle were also thick, but the lumen was
larger. Only a small amount of tissue with thinner cell walls was present between them
(Figure 3b,c). Based on these results, it was concluded that the residual tissues primarily
included xylem and phloem parenchyma in addition to bundle fibers; most other tissues
were basically removed by the retting process. The phloem parenchyma and xylem showed
fence-like and plate-like shapes, respectively. Notably, the flagella of the epidermis were
not observed, further confirming the above conclusion (Figure 3e–g). Moreover, except
for the fibers, no other tissues were present in the refined fibers (Figure 3h), suggesting
that these remaining tissues belonged to the gums. Therefore, to determine the types
of enzymes required for bio-degumming, it was necessary to identify the composition
of polysaccharides in these remaining tissues and assess their changes due to retting
and degumming.
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Figure 3. The SEM analysis of morphological features of hemp roving; bar = 50 µm. (a) The transverse
sections’ morphological features of hemp roving. (b) The transverse sections of bundle fibers (arrow 2)
and xylem (arrow 1). (c)The transverse sections of phloem parenchyma (arrow 3). (d) The transverse
sections of xylem. (e–g) The surface morphological features of hemp roving—exposed fiber (arrow 4),
chunk shape (arrow 5), stripe shape (arrow 6), fence shape (arrow 7). (h) The surface morphological
features of refined fibers.

3.2. Pectin Structure in Various Tissues of Hemp Stem Bast

The distribution of different types of pectin in various hemp stem tissues is illustrated
in Figure 4. LM18, which indicated the presence of partially esterified homogalacturonan
(HG), was detected in the xylem, phloem parenchyma, cortex parenchyma, collenchyma,
and epidermis, though at lower levels in the middle lamella (Figure 4c). LM20, indica-
tive of highly esterified HG, was found exclusively in the epidermis (Figure 4b). Both
LM5 and LM6M, which bind to nearly all tissues, showed weaker binding in the mid-
dle lamella (Figure 4d,e). The intense fluorescence observed in the phloem fibers of LM5
and LM6M was attributed to the presence of medullary ray in the phloem parenchyma,
which facilitated nutrient transport between fiber bundles [27]. The analyses indicated that
these tissues contained rhamnogalacturonan (RG) with arabinan and galactan branches, in
addition to partially esterified HG.
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The efficient removal of pectin was crucial for a satisfactory separation of phloem
fibers from the stem during the degumming process [28,29]. The results identified the
types of pectin and their branched chains within the hemp stem, revealing the presence
of highly esterified HG in addition to low-esterified HG and branched RG. These pectin
types were predominantly distributed in the peripheral tissues of the hemp fiber bundles,
with only a minimal amount located in the middle lamella region. Previous research has
also shown that HG, 1,4-galactan, and 1,5-arabinan epitopes were present at low levels in
the intercellular matrices and primary walls between fibers in the phloem of hemp stem,
but were virtually absent from the secondary walls of fibers [22]. This finding corroborated
the above results. Therefore, it can be concluded that partially esterified HG-degrading
enzymes, including endo/exo-polygalacturonases [30,31] and pectate lyases [32], as well as
RG-degrading enzymes, such as endo-rhamnogalacturonases [33], endo-arabinanases [34],
and endo-galactanases [35], were pivotal enzymes for hemp bio-degumming and retting. In
contrast, highly esterified HG, degrading enzymes, such as the pectin methylesterases [36],
may play an insignificant role. These findings contributed to clarifying which pectinase
types were essential for hemp bio-degumming and retting, thus facilitating the develop-
ment of efficient bio-degumming technologies.

3.3. Xylan and Mannan Structure in Various Tissues of Hemp Bast

Figure 5 shows the distribution of xylan and mannan in the hemp stem bast. Before
pectin removal, LM10 was bound exclusively to the xylem and middle lamella (Figure 5(a1)).
LM11 displayed a broader distribution, with binding being observed in various tissues
except for the cortex parenchyma (Figure 5(b1)). LM28 and LM22 exhibited binding mainly
to the epidermis, although they showed weak affinity for the xylem (Figure 5(c1,d1)). LM21
was also found to bind to various tissues, with the exception of the phloem parenchyma,
cortex parenchyma, and the collenchyma (Figure 5(e1)). As pectin was removed, LM10,
LM11, and LM21 were able to label various tissues (Figure 5(a2,b2,e2)). LM28 demon-
strated the capacity to bind to a variety of tissues, although it could not bind to the cortex
parenchyma and exhibited weak binding to the phloem parenchyma (Figure 5(c2)). LM22
showed strong binding to the xylem and middle lamella, as well as weak binding to the
phloem parenchyma and collenchyma, but still did not bind to the cortex parenchyma
(Figure 5(d2)). The findings revealed that pectin masked xylan and mannan to varying
extents across different tissues in the hemp stem bast. The masking effect of pectin on
xylan and mannan in the middle lamella, cortex parenchyma, and phloem parenchyma
suggested that pectin may impede the enzymatic removal of these compounds by endo-
xylanase and endo-mannanase. Moreover, the distribution of the LM28 epitope indicated
that xylan with glucuronic acid branching was mainly distributed in the xylem, middle
lamella, and collenchyma, was less present in the phloem parenchyma, and was absent in
the cortex parenchyma. The fluorescence intensity of LM21 was observed to be stronger
than LM22, suggesting the presence of galactose branching in partial mannan, particularly
in the phloem parenchyma and cortex parenchyma. However, since LM11 could bind to
both 1,4-β-D-xylan and arabinoxylan [20], the difference in fluorescence intensity between
LM11 and LM10 in hemp stem bast was not significant. Therefore, further verification of
arabinose branching was required.

The above results were found to be complementary to previous studies [20,22,23,37].
The masking effect of pectin on xylan and mannan could further inhibit the hemicellu-
lose activity, implying a synergistic relationship between pectin-degrading enzymes and
hemicellulose-degrading enzymes during the retting process of the hemp stem. Addition-
ally, hemicellulose, as the major component of gums, was composed of xylan and mannan
with branched chains, which were present in the middle lamella of phloem fiber bundles
and their peripheral tissues. Therefore, it could be surmised that in addition to the key
enzymes responsible for the degradation of the main chains of hemicellulose, the enzymes
capable of degrading the branched chains of hemicellulose also played an instrumental
role in the hemp retting process.
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3.4. Distribution of Pectin, Xylan, and Mannan in Hemp Roving and Refined Fibers

Figure 6 illustrates the distribution of pectin, xylan, and mannan in the transverse
sections of hemp roving. All polysaccharide epitopes were present in these sections,
suggesting that pectin was only partially removed during dew retting, thereby reducing its
masking effect on other polysaccharides. The distribution of the LM18, LM5, and LM6M
epitopes was found to be similar in hemp roving, and was mainly present in the middle
lamella, residual phloem parenchyma, and xylem (Figure 6(a1–c1)). The LM5 and LM6M
epitopes were more abundant than LM18, and in some fiber bundles, LM18 fluorescence
completely disappeared from the middle lamella at the arrowhead (Figure 6(a1)). LM10,
LM11, and LM28 were labeled in positions similar to those observed in the hemp stem bast,
including the middle lamella, residual phloem parenchyma, and xylem, with substantial
accumulation (Figure 6(d1–f1)). Additionally, as previously observed in hemp stem bast,
the fluorescence intensity of LM21 in hemp roving was significantly stronger than that of
LM22 (Figure 6(g1,h1)). These results indicated that during the retting process, the masking
effect of pectin on xylan and mannan was weakened due to the partial removal of pectin.
However, hemp roving still contained a considerable amount of gum in the middle lamella,
residual phloem parenchyma, and xylem. The polysaccharides in these tissues retained
branched chains similar to those present before retting, suggesting that similar enzymes
were required for the effective bio-degumming of hemp roving.

For an effective and controlled degumming process, the retting of hemp bast and the
bio-degumming of hemp roving could be regulated, particularly in the bio-degumming
step. The necessary enzymes could be introduced through the use of engineered bacteria. To
circumvent the potential adverse effects of excessive enzyme introduction on the bacterium,
these enzymes could be cloned into multiple strains for a combined bio-degumming
process [38,39]. In addition, optimized promoter strategies could be employed to regulate
enzyme expression, thereby enhancing the efficiency of hemp roving bio-degumming.
Importantly, to develop a more efficient degumming enzyme system, the interactions
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among different enzyme types involved in the bio-degumming process of hemp roving
must be further investigated.

Polymers 2025, 17, x FOR PEER REVIEW 8 of 13 
 

 

3.4. Distribution of Pectin, Xylan, and Mannan in Hemp Roving and Refined Fibers 

Figure 6 illustrates the distribution of pectin, xylan, and mannan in the transverse 
sections of hemp roving. All polysaccharide epitopes were present in these sections, sug-
gesting that pectin was only partially removed during dew retting, thereby reducing its 
masking effect on other polysaccharides. The distribution of the LM18, LM5, and LM6M 
epitopes was found to be similar in hemp roving, and was mainly present in the middle 
lamella, residual phloem parenchyma, and xylem (Figure 6(a1–c1)). The LM5 and LM6M 
epitopes were more abundant than LM18, and in some fiber bundles, LM18 fluorescence 
completely disappeared from the middle lamella at the arrowhead (Figure 6(a1)). LM10, 
LM11, and LM28 were labeled in positions similar to those observed in the hemp stem 
bast, including the middle lamella, residual phloem parenchyma, and xylem, with sub-
stantial accumulation (Figure 6(d1–f1)). Additionally, as previously observed in hemp 
stem bast, the fluorescence intensity of LM21 in hemp roving was significantly stronger 
than that of LM22 (Figure 6(g1,h1)). These results indicated that during the retting process, 
the masking effect of pectin on xylan and mannan was weakened due to the partial re-
moval of pectin. However, hemp roving still contained a considerable amount of gum in 
the middle lamella, residual phloem parenchyma, and xylem. The polysaccharides in 
these tissues retained branched chains similar to those present before retting, suggesting 
that similar enzymes were required for the effective bio-degumming of hemp roving. 

 

Figure 6. Indirect immunofluorescence analysis of various antibodies binding to xylan and mannan 
in transverse sections of hemp roving (a1–h1) and refined fibers (a2–h2). Bar = 100 µm. (a–h) LM18, 
LM5, LM6M, LM10, LM11, LM28, LM22, LM21.  

For an effective and controlled degumming process, the retting of hemp bast and the 
bio-degumming of hemp roving could be regulated, particularly in the bio-degumming 
step. The necessary enzymes could be introduced through the use of engineered bacteria. 
To circumvent the potential adverse effects of excessive enzyme introduction on the bac-
terium, these enzymes could be cloned into multiple strains for a combined bio-
degumming process [38,39]. In addition, optimized promoter strategies could be em-
ployed to regulate enzyme expression, thereby enhancing the efficiency of hemp roving 
bio-degumming. Importantly, to develop a more efficient degumming enzyme system, 
the interactions among different enzyme types involved in the bio-degumming process of 
hemp roving must be further investigated. 

  

Figure 6. Indirect immunofluorescence analysis of various antibodies binding to xylan and mannan
in transverse sections of hemp roving (a1–h1) and refined fibers (a2–h2). Bar = 100 µm. (a–h) LM18,
LM5, LM6M, LM10, LM11, LM28, LM22, LM21.

3.5. Branched Chains of Xylan and Mannan and Their Influences on Degumming in Hemp Roving

The influence of polysaccharide’s branched structure on the degradation efficiency of
hemicellulose in hemp roving was further analyzed. As shown in Figure 7, all branched
chains were removed through the action of the corresponding branched-chain-degrading
enzymes, except for the acetyl branching of mannan, which was removed using 0.1 M
KOH [40]. The fluorescence intensity of LM21 and LM11 was diminished in slices where
the branched chains were removed first, compared to those where they were removed
later (Figure 7a–h). The results indicated that applying branched-chain-degrading enzymes
prior to main-chain-degrading enzymes was more effective for the removal of xylan and
mannan than the reverse order. This further confirmed that xylan in hemp roving contained
not only glucuronic acid branching but also acetyl and arabinose branching, while mannan
contained acetyl and galactose branching. Moreover, these branched-chain structures
impeded the enzymatic hydrolysis of xylan and mannan by endo-xylanase and endo-
mannanase. Therefore, to effectively remove the gums, branched-chain-degrading enzymes,
in addition to hemicellulose main-chain-degrading enzymes, were required to assist in
the bio-degumming of hemp roving. These included esterase, α-L-arabinofuranosidase,
α-galactosidase, and α-glucuronidase.

The presence of branched chains has been identified as a factor impeding the removal
of hemicellulose polysaccharides during the degumming of hemp roving, indicating that
this issue is prevalent in the bio-degumming of bast fibers. In bast fibers, middle lamella,
phloem parenchyma, and xylem, which contained non-cellulosic polysaccharides, were
identified as primary targets for degumming [41,42]. This study elucidated the polysaccha-
ride composition, branching structures, and enzymatic action on these polysaccharides in
hemp bast fibers (Figure 8). To achieve effective degumming, it was necessary to eliminate
both the masking effect of pectin and the hindering effect of branched chains. The enzymes
involved in the process should include highly active main-chain-degrading enzymes and
a comprehensive array of branched-chain-degrading enzymes, ensuring efficient hemp
bio-degumming through their synergistic interaction. Meanwhile, the composition of
hemicellulose and its branched chains should be further analyzed to accurately determine
the enzyme dosage required for hemp roving bio-degumming.
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Figure 7. Indirect immunofluorescence analysis of LM11 (a–d) and LM21 (e–h) in transverse sections
of hemp roving after different treatments; bar = 100 µm. Acetyl branching (a,b), arabinose branching
(c,d) before and after removal, combined with endo-xylanase treatment. Acetyl branching (e,f),
galactose banching (g,h) before and after removal, combined with endo-mannanase treatment. Ab-
breviations: Xyn—Endo-xylanase, AXE—Acetylxylanesterase, AFase—Arabinofuranosidase, Man—
Endo-mannanase, Galase—α-Galactosidase.
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4. Conclusions

This study characterized the morphological features of hemp stem bast, hemp rov-
ing, and refined fiber; clarified the composition and branching of polysaccharides; and
demonstrated their inhibitory effects on the bio-degumming of hemp roving. The en-
zymes required for hemp bio-degumming and their synergistic effects were identified.
After retting, the remaining tissues in hemp roving included the middle lamella, phloem
parenchyma, and xylem, apart from fibers, while other tissues were largely removed. The
middle lamella, phloem parenchyma, and xylem, which need to be removed during degum-
ming, displayed chunk-like, fence-like, and plate-like morphologies, respectively. The
distribution of pectin, xylan, and mannan was observed in these tissues. Pectin included
low-esterified homogalacturonan, as well as rhamnogalacturonan with galactan and ara-
binan branches. Xylan exhibited acetyl, arabinose, and glucuronic acid branches, while
mannan exhibited acetyl and galactose branches. The masking effect of pectin and the
presence of branched chains impeded the removal of xylan and mannan by endo-xylanase
and endo-mannanase during hemp roving bio-degumming. Consequently, the requisite
enzymes and their synergistic effects for hemp roving degumming were identified. Pec-
tate lyase and rhamnogalacturonan-degrading enzymes facilitated the removal of pectin.
Subsequently, xylan and mannan were removed by endo-xylanase and endo-mannanase,
requiring the cooperative action of branched-chain-degrading enzymes, including esterase,
α-L-arabinofuranosidase, α-galactosidase, and α-glucuronidase. These findings provide
valuable insights for optimizing degumming enzymes and genetically modifying degum-
ming strains.
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Abbreviations

SEM Scanning electron microscope
LSCM Laser scanning confocal microscope
IF Immunofluorescence
LM18 Antibody binding to partially esterified HG
LM20 Antibody binding to highly esterified HG
LM6M Antibody binding to 1,5-α-L-arabinan of RG
LM5 Antibody binding to 1,4-β-D-galactan of RG
LM10 Antibody binding to 1,4-β-D-xylan
LM11 Antibody binding to arabinoxylan
LM28 Antibody binding to glucuronic acid branching of xylan
LM22 Antibody binding to 1,4-β-D-mannan
LM21 Antibody binding to galactomannan
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26. Rydahl, M.G.; Hansen, A.R.; Kračun, S.K.; Mravec, J. Report on the Current Inventory of the Toolbox for Plant Cell Wall Analysis:
Proteinaceous and Small Molecular Probes. Front. Plant Sci. 2018, 9, 581. [CrossRef]

27. Schweingruber, F.H.; Börner, A. The Plant Stem: A Microscopic Aspect, 1st ed.; Springer: Cham, Switzerland, 2018; ISBN 978-3-319-
73524-5.

28. Ribeiro, A.; Pochart, P.; Day, A.; Mennuni, S.; Bono, P.; Baret, J.-L.; Spadoni, J.-L.; Mangin, I. Microbial Diversity Observed during
Hemp Retting. Appl. Microbiol. Biotechnol. 2015, 99, 4471–4484. [CrossRef]

29. Bleuze, L.; Lashermes, G.; Alavoine, G.; Recous, S.; Chabbert, B. Tracking the Dynamics of Hemp Dew Retting under Controlled
Environmental Conditions. Ind. Crops Prod. 2018, 123, 55–63. [CrossRef]

30. Xu, H.; Zhang, P.; Zhang, Y.; Liu, Z.; Zhang, X.; Li, Z.; Li, J.-J.; Du, Y. Overexpression and Biochemical Characterization of an
Endo-α-1,4-Polygalacturonase from Aspergillus Nidulans in Pichia Pastoris. Int. J. Mol. Sci. 2020, 21, 2100. [CrossRef]

31. Carton, C. Structural and Biochemical Characterization of SmoPG1, an Exo -Polygalacturonase from Selaginella Moellendorffii. Int.
J. Biol. Macromol. 2024, 269, 131918. [CrossRef] [PubMed]

32. Deng, Q. Cloning, Expression, and Characterization of Two Pectate Lyases Isolated from the Sheep Rumen Microbiome. Appl.
Microbiol. Biotechnol. 2023, 107, 677–689. [CrossRef]

33. Ohashi, T. Expression of an Endo-Rhamnogalacturonase from Aspergillus Aculeatus Enhances Release of Arabidopsis Transparent
Mucilage. J. Biosci. Bioeng. 2024, 138, 73–82. [CrossRef] [PubMed]

34. Wikiera, A. Structure and Bioactivity of Apple Pectin Isolated with Arabinanase and Mannanase. Food Chem. 2022, 388, 133020.
[CrossRef] [PubMed]

35. Lemaire, A.; Duran Garzon, C.; Perrin, A.; Habrylo, O.; Trezel, P.; Bassard, S.; Lefebvre, V.; Van Wuytswinkel, O.; Guillaume,
A.; Pau-Roblot, C. Three Novel Rhamnogalacturonan I-Pectins Degrading Enzymes from Aspergillus Aculeatinus: Biochemical
Characterization and Application Potential. Carbohydr. Polym. 2020, 248, 116752. [CrossRef] [PubMed]

36. Zhong, L. Characterization of an Acidic Pectin Methylesterase from Paenibacillus Xylanexedens and Its Application in Fruit
Processing. Protein Expr. Purif. 2021, 179, 105798. [CrossRef] [PubMed]

37. Behr, M.; Legay, S.; Žižková, E.; Motyka, V.; Dobrev, P.I.; Hausman, J.-F.; Lutts, S.; Guerriero, G. Studying Secondary Growth and
Bast Fiber Development: The Hemp Hypocotyl Peeks behind the Wall. Front. Plant Sci. 2016, 7, 1733. [CrossRef]

https://doi.org/10.1016/j.indcrop.2021.114158
https://doi.org/10.1007/s00449-021-02622-7
https://doi.org/10.1016/j.jece.2022.108057
https://doi.org/10.1007/s10570-022-04858-2
https://doi.org/10.1039/D2NJ04965A
https://doi.org/10.1177/0040517517736476
https://doi.org/10.15376/biores.12.1.1566-1578
https://doi.org/10.1021/acsomega.1c05831
https://www.ncbi.nlm.nih.gov/pubmed/34963988
https://doi.org/10.1080/15440478.2020.1838986
https://doi.org/10.1016/j.indcrop.2018.02.082
https://doi.org/10.1007/s00425-019-03245-9
https://doi.org/10.1007/s10570-020-03599-4
https://doi.org/10.1007/s00425-008-0713-5
https://doi.org/10.1017/S1431927618012448
https://www.ncbi.nlm.nih.gov/pubmed/30175708
https://doi.org/10.1016/j.carres.2016.10.012
https://doi.org/10.1104/pp.17.00737
https://doi.org/10.3389/fpls.2018.00581
https://doi.org/10.1007/s00253-014-6356-5
https://doi.org/10.1016/j.indcrop.2018.06.054
https://doi.org/10.3390/ijms21062100
https://doi.org/10.1016/j.ijbiomac.2024.131918
https://www.ncbi.nlm.nih.gov/pubmed/38697418
https://doi.org/10.1007/s00253-022-12344-9
https://doi.org/10.1016/j.jbiosc.2024.03.006
https://www.ncbi.nlm.nih.gov/pubmed/38643032
https://doi.org/10.1016/j.foodchem.2022.133020
https://www.ncbi.nlm.nih.gov/pubmed/35483285
https://doi.org/10.1016/j.carbpol.2020.116752
https://www.ncbi.nlm.nih.gov/pubmed/32919555
https://doi.org/10.1016/j.pep.2020.105798
https://www.ncbi.nlm.nih.gov/pubmed/33232801
https://doi.org/10.3389/fpls.2016.01733


Polymers 2024, 16, 3592 12 of 12

38. Tu, X. Effect of Combined Bacteria on the Flax Dew Degumming Process: Substance Degradation Sequence and Changes in
Functional Bacteria Taxa. Int. J. Biol. Macromol. 2024, 273, 132877. [CrossRef]

39. Yang, Q.; Duan, S.; Cheng, L.; Feng, X.; Zheng, K.; Gao, M.; Peng, Y. An Effective Degumming Technology for Ramie Fibers Based
on Microbial Coculture Strategy. J. Nat. Fibers 2022, 19, 1555–1565. [CrossRef]

40. Marcus, S.E.; Blake, A.W.; Benians, T.A.S.; Lee, K.J.D.; Poyser, C.; Donaldson, L.; Leroux, O.; Rogowski, A.; Petersen, H.L.; Boraston,
A. Restricted Access of Proteins to Mannan Polysaccharides in Intact Plant Cell Walls: Masking of Mannan Polysaccharides. Plant
J. 2010, 64, 191–203. [CrossRef]

41. Hossain, M.M.; Siddiquee, S.; Kumar, V. Critical Factors for Optimum Biodegradation of Bast Fiber’s Gums in Bacterial Retting.
Fibers 2021, 9, 52. [CrossRef]

42. Subash, M.C.; Muthiah, P. Eco-Friendly Degumming of Natural Fibers for Textile Applications: A Comprehensive Review. Clean.
Eng. Technol. 2021, 5, 100304. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijbiomac.2024.132877
https://doi.org/10.1080/15440478.2020.1784819
https://doi.org/10.1111/j.1365-313X.2010.04319.x
https://doi.org/10.3390/fib9080052
https://doi.org/10.1016/j.clet.2021.100304

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Slices 
	SEM Analysis 
	Enzymatic Treatment of Slices 
	Indirect Immunofluorescence Process 


	Results and Discussion 
	Morphology Analysis of Hemp Stem, Roving, and Refined Fiber 
	Pectin Structure in Various Tissues of Hemp Stem Bast 
	Xylan and Mannan Structure in Various Tissues of Hemp Bast 
	Distribution of Pectin, Xylan, and Mannan in Hemp Roving and Refined Fibers 
	Branched Chains of Xylan and Mannan and Their Influences on Degumming in Hemp Roving 

	Conclusions 
	References

