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Abstract

Xylanolytic enzymes of Fusarium species are closely associated with pathogenesis, where they soften
plant cell walls to facilitate infection and nutrient uptake. This study investigated the xylanolytic
system of Fusarium proliferatum PSA-3, a strain isolated from mango leaves showing dark spot
symptoms. When cultivated on rice straw under solid-state fermentation, PSA-3 produced high
xylanase activity against rye arabinoxylan (50.2 U) and beechwood xylan (56.8 U). Partial purification
by ion-exchange and gel-filtration chromatography yielded a large xylanase aggregate (158 kDa),
which appeared as a smear at the top of the gel under native conditions. Mild denaturation resolved
the aggregate into at least four active proteins of ~20, 35, 48, and 63 kDa, indicating that multiple
xylanases assemble into a functional aggregate. The aggregate retained activity across pH 4.0-8.0,
with an optimum at pH 5.0 and 50 °C, and was resistant to Ni*, Fe?, Co?, and [3-mercaptoethanol,
but inhibited by SDS. Hydrolysis of xylo-oligosaccharides (DP 2-6), purified xylans, and plant-
derived xylans confirmed predominantly endo-type action with debranching activity toward A2XX
and A2,3XX. These findings reveal a natural xylanase aggregate in F. proliferatum, providing a
potential mechanism for efficient degradation of arabinoxylan-rich cell walls and offering targets for
antifungal strategies and biotechnological applications.

Keywords: Fusarium proliferatum PSA-3 1; xylanase aggregate; rice straw; arabinoxylan degradation

1. Introduction

Lignocellulose is a complex biopolymer composed of lignin (15-20%), cellulose (40-50%) and
hemicellulose (25-30%) [1,2]. For land plants, xylan represents a major component of hemicellulose,
and their structures vary depending on the plant species and plant tissues. In general, xylan is a
heterogeneous polysaccharide with a backbone of (3-(1,4)-linked D-xylosyl residues containing
numerous side-groups connected to the main chain. a-Glucuronic acid (GlcA) and/or 4-O-methyl-a-
glucuronic acid (MeGlcA) side groups are substituted on the xylan main chains to form
glucuronoxylan, and this kind of xylans is typically found in dicots [3]. In cereal grains, xylan main
chains, particularly in wheat and rye kernels, are frequently decorated with arabinofuranoses suited
at a-(1,2) or a-(1,3), or both of which, on a xylose moiety, giving monosubstituted and disubstituted
xylose residues [4]. This xylan is thus classed as arabinoxylan. In addition, the more complicated
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xylan is known as glucuronoarabinoxylan, which is found in grasses and gymnosperms.
Arabinofuranoses, with a small amount of GlcA, often link to xylan backbones at a-(1,2) or a-(1,3)
positions on the xylose residues, and the a-(1,2) and a-(1,3)-linked arabinofuranoses may be further
substituted with xylose, coumaric acid, or ferulic acid [3,5]. This additional substitution is important
for organizing cell wall architecture and biological function. It has been shown that grass
glucuronoarabinoxylans crosslinked with lignin through ferulate linkages to form ferulate-
polysaccharide-lignin complex [6]. This complex is to provide strength to plant cell walls and
resistance to diseases and pathogenesis [5].

Because of the structural heterogeneity and complexity, degradation of xylan requires several
enzymes with various modes of action. It has been assumed that different types of depolymerizing
[-(1,4)-endoxylanases that act upon internal xylan main chains work in concert with (3-(1,4)-
xylosidases and debranching enzymes such as acetylxylanesterases, feruloylesterases, a-
glucuronidase, and a-L-arabinofuranosidase in breakdown of complex highly branched xylans [2].
In nature, several microorganisms produce repertoire of xylanolytic enzymes, which are cell-
associated or secreted to environment, to degrade xylan [7,8]. Filamentous fungi have been reported
to produce a higher level of extracellular xylanolytic enzymes than bacteria and yeast [9].
Furthermore, (3-(1,4)-endoxylanases belonged to the glycoside hydrolase families (GH): 10 and 11
were found to be the most prevalent in xylanolytic fungi, with little GH5, GH8, andGH30 xylanases
[10]. GH10 and GH11 xylanases have endo-acting manner but show different substrate specificity
with respect to the substituent (MeGIcA or arbinofuranose) position, ability to cleave glycosidic
linkage to MeGIcA or arbinosefuranose-substituted xylose residue, and numbers of unsubstituted
xylose residues [2,11]. However, these two xylanase families can attack all types of xylans, reflecting
the cleavage of xylan backbone is important. However, high substitution of the xylan backbones such
as those found in corn fiber xylan impedes the hydrolyzing performance of GH10 and GHI11
xylanases.

Plant pathogenic fungi have evolved to secrete a diverse arsenal of cell wall-degrading enzymes
that enable them to overcome the structural barriers and defense systems of their hosts [12]. These
enzymes not only facilitate nutrient acquisition but also play central roles in virulence, making them
a rich source of unique cell-wall degradaing enzymes. Among them, xylanases are particularly
significant. Beyond their nutritional function, xylanases contribute directly to pathogenicity, as
evidenced by proteomic analyses and enzyme activity assays that reveal their abundant secretion
during fungal growth on plant biomass [13]. Genetic studies further highlight their importance; for
instance, silencing of the Xyl1 gene markedly reduces fungal virulence, underscoring the role of
xylanases in disease development [14,15] .

Fusarium species exemplify this strategy, producing a broad repertoire of xylanases capable of
degrading plant cell walls and facilitating host colonization [16]. Several cases illustrate this
enzymatic capacity. Fusarium graminearum Schwabe secretes two endoxylanases with high activity
[17]. Similarly, F. heterosporum demonstrates strong xylanase activity when grown on barley-brewing
residues under solid-state fermentation [18]. Other species, including F. proliferatum NRRL 26517 [19]
and F. oxysporum f. sp. cubense [20], also display pronounced xylanolytic potential, highlighting the
evolutionary advantage these enzymes confer in plant-fungus interactions.

Previous work in our laboratory reported the isolation of a novel strain, Fusarium proliferatum
PSA-3, from mango leaves. This strain demonstrates the ability to grow efficiently on plant biomass
and secrete large quantities of xylanase [21]. Members of the genus Fusarium are widely recognized
as plant pathogens, causing diverse diseases such as wilts, rots, and dieback. Several species have
also been implicated in leaf spot diseases, including severe outbreaks on mango leaves in regions
such as Nigeria, Malaysia, and China [22]. A central determinant of pathogenicity in these fungi is
their capacity to deploy cell wall-degrading enzymes, with xylanases serving as one of the key
virulence factors [23,24].

Despite the importance of this enzymatic arsenal, the xylanolytic system of F. proliferatum PSA-
3 remains poorly understood. Elucidating how this strain utilizes its complement of xylanases to
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attack plant cell wall polysaccharides is essential for understanding its infection strategies. In the
present study, the xylanolytic enzyme system of F. proliferatumPSA-3 is characterized for the first
time. Remarkably, these enzymes form aggregate-like multiprotein complexes in their intrinsic state.
The resulting xylanolytic aggregates exhibit broad substrate specificity, efficiently degrading
substrates ranging from simple xylo-oligomers to structurally complex glucuronoarabinoxylans and
highly substituted arabinoxylans. These findings provide new insight into the enzymatic
mechanisms employed by F. proliferatum PSA-3 to breach the highly intricate architecture of plant cell
walls, which have evolved as natural barriers against microbial invasion. The work highlights the co-
evolutionary dynamics between plants and pathogens and underscores the pivotal role of
multiprotein enzyme assemblies in fungal virulence. A deeper understanding of the xylanolytic
machinery of F. proliferatum PSA-3 may ultimately inform the development of innovative biocontrol
strategies to support sustainable agriculture.

2. Results

Rice straw is a renewable lignocellulosic material that could serve as a feedstock in the
production of biofuels and biochemicals in Thailand and other Asian countries. Also, rice straw was
found to be a good growth substrate that induced protein secretion in F. proliferatum PSA-3 with high
xylanolytic activity, surpassing other tested biomasses like Napier grass, cassava pulp, and durian
peel (unpublished data). In addition, the critical involvement of xylanase activity in plant infection
and penetration of plant cell walls during pathogenesis highlights the importance of learning about
Fusarium spp. xylanase enzymes. Unfortunately, there is currently only a small amount of data
available on the xylanolytic enzymes of pathogenic F. proliferatum species. To better understand the
xylanolytic system of F. proliferatum PSA-3, we decided to cultivate the strain in rice straw.

2.1. Enzyme Production by Solid-State Fermentation

F. proliferatum PSA-3 was grown on rice straw for 12 days under solid-state fermentation, and
the protein concentration and enzymatic activities in the crude protein extract at interval time were
determined in this study (Figure 1). We found that the protein concentration increased dramatically
from day 0 to day 7 (0.41+0.01 mg/mL corresponding to a total protein of 99.28+2.56 mg) and then
remained constant. The xylanase activity against RAX (RAXase activity) increased rapidly from day
0 to 4, gradually increased until day 7, and then declined on day 12, whereas the xylanase activity
against BWX (BWXase activity) increased rapidly from day 2 to 6 and then gradually declined.
Herein, we also determined the activity against CMC (CMCase activity) as it has been reported that
cellulase activity was co-expressed with xylanase in some Fusarium species [13,25,26]. We found that
CMCase activity increased steadily from day 0 to day 9 and then decreased slightly. The highest
enzymatic activity of BWXase, RAXase, and CMCase were observe on day 7, corresponding to
0.23+0.03 U/mL (56.85 U), 0.21+0.03 U/mL (50.22 U), and 0.10+0.01 U/mL (24.50 U), respectively. Based
on these findings, F. proliferatum PSA-3 is a potent xylanase producing fungus and represents a good
source of xylanolytic enzymes with low cellulase activity. Fungal xylanolytic and cellulolytic
enzymes have been linked to growth, and the enzymes are secreted into the environment to break
down high molecular weight polymers like xylan and cellulose before sugar assimilation. Our
findings are consistent with other studies in terms of protein secretion, which increased over time
and remained constant when the cells entered stationary phase, as well as xylanolytic and cellulolytic
activity, which was commonly high during exponential growth phases and remained stable
afterwards [27,28].
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Figure 1. Time course profile of RAXase, BWXase, CMCase, and protein productions under solid state

fermentation by F. proliferatum PSA-3 cultivated on rice straw at 28 + 2 °C.

2.2. Partial Purification of Xylanase

The xylanolytic enzyme system was investigated by extracting crude protein from a 7-day old
culture of F. proliferatum PSA-3 cultivated on rice straw. The crude enzyme was partially purified by
ammonium sulfate precipitation (85% saturation) and anion-exchange chromatography at room
temperature (28 2 °C). The purification steps and enzymatic activity against RAX are shown in Table
1.

Table 1. Purification of xylanases from F. proliferatum PSA-3 during growth on rice straw.

Purificati  Volu Protein Enzym  Total Total Specific Yiel Purificati

on step me concentrat e protein  activity activity d  on (fold)

(mL) ion activity (mg) (V) (U/mg) (%)
(mg/mL) (U/mL)

Crude 242 0.41+0.01  3.79+0.1 99.28+3. 917.21+27 9.24+0.28 100 1
enzyme 1 14 .63
(NH,),SO4 45 0.74+0.01  9.15+04 33.46+0. 411.84+18 12.37+0.5 449 1.33
precipitatio 0 44 15 5 0
n
DEAE 1 0.16+0.02  25.04+3. 0.16x0.0 25.04+3.0 156.47+18 2.72 17.19
sepharos 03 2 3 94
e

A total of 45% of the protein was recovered after ammonium sulfate precipitation. Although this
salting-out step reduced the overall protein yield by half, it was essential for removing brownish
pigments from the crude extract, thereby minimizing interference in subsequent chromatographic
purification. The enzyme preparation was then subjected to DEAE-Sepharose ion-exchange
chromatography, which resolved two distinct activity peaks, designated as Peak I and Peak II (Figure
2), both exhibiting RAXase activity.
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Figure 2. Chromatogram of purified xylanases separated by weak anion chromatography on Hitrap™ DEAE
Sepharose FF 1 mL column with flow rate 0.75 mL/min.

It was observed that peak I was eluted at Fractions 1-3 without any added salt, but peak II was
eluted at higher salt concentrations (Figure 2). The abrupt elution of peak I suggests that the protein
was unable to form a stable interaction with the column. Here, we explored raising the pH of the
binding buffer to 8.0 and employing a low ionic strength to increase the proteins' negative charges
and decrease protein-salt competition for the resin binding sites. The peak I protein, however,
continued to show no binding to the column. Peak I was chosen for this investigation because it had
much higher RAXase activity (156.4718.94 U/mg) than Peak II (72.968.25 U/mg). Specific activity
against RAX was 156.4718.94 U/mg, and overall protein recovery from peak I was 2.72%.

2.3. Gel Electrophoresis and Zymogram

The purified enzyme sample was subjected to both SDS-PAGE and active-PAGE analysis under
varying conditions to shed light on the protein nature of peak I and the enzymatic activity. In this
experiment, we studied the effects of SDS and a reducing agent on the protein by mixing the sample
with either a Native-loading buffer (consisting of only dye and glycerol) or an SDS loading buffer
(consisting of SDS and p-mercaptoethanol). The samples were introduced into the gel without
heating it. We found that proteins loaded with either Native or SDS loading buffer showed no
migration, as evidenced by the presence of the smear band at the top of the gel (Figure 3A, Lanes 1
and 2). Proteins are highly unlikely to move possibly because of their massive size, charges, and
unfolding. Nevertheless, the protein showed activity against BWX and RAX (Figure 3B,C, Lanes 1
and 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202509.2067.v1


https://doi.org/10.20944/preprints202509.2067.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.2067.v1

6 of 27

A SDS-PAGE B BWX zymogram C RAX zymogram

M 12 345 6 7 8 M1w2345678 M 123456738
v &

kDa
kDa —~158

75

75
6 L —-63 63 ~63
| 18 ~
48 — L —-48 — 48
; 35 ,
35— «— ~35 5 e—~35
3 ——25 ~25
25 20 [—
20 —
N €1 5101 5 10 NC 15 10 1 5 10 NC 15 10 1 5 10
90°C 100°C 90°C 100°C 90°C 100°C

Figure 3. (A) SDS-PAGE analysis of purified xylanases, (B) Active-PAGE contained beechwood xylan, (C)
Active-PAGE contained rye arabinoxylan. Lane M; protein molecular weight marker. Lane 1; sample mixed with
Native dye (N). Lane 2; samples mixed with SDS loading buffer (no boiling) (S). Lanes 3, 4, and 5; sample mixed
with SDS loading buffer treated at 90°C for 1, 5, and 10 min, respectively. Lanes 6, 7, and 8; enzyme mixed with
SDS loading buffer treated at 100°C for 1, 5, and 10 min, respectively.

To explore protein stability and activity further, peak I protein was heat-treated in the presence
of SDS loading buffer. The sample was treated at two temperatures: 90 and 100 °C, with incubation
times ranging from 1 to 10 min. Heat treatment at 90 and 100 °C for 1 to 10 min broke down peak I
protein into multiple smaller protein fragments (Figure 3A, Lanes 3-8), and at least four protein bands
with sizes of approximately 25, 35, 45, and 63 kDa showed activity against BWX and RAX (Figure
3B,C). Based on the intensity of clear bands corresponding to enzymatic activity against red
backgrounds, proteins with sizes of 63 and 35 kDa showed weak transparent bands on zymograms
containing either BWX or RAX. The protein band with a size of 48 kDa was substantially more
transparent against BWX than RAX. In contrast, the protein band with a size of 25 kDa showed more
clearance on the RAX zymogram than the BWX zymogram. These findings suggested that the four
proteins are distinct enzymes due to their sizes and activities.

We anticipated that the intact form of peak I protein appears as a high molecular weight
aggregated protein with numerous xylanases with diverse modes of action based on the findings
above. If this is correct, in gel-filtration chromatography, one peak should be present after peak I is
applied. As expected, one broad peak with RAX activity occurred about 158 kDa (Figure 4). The
occurrence of a greater molecular weight protein peak than individual proteins suggests that these
protein components combine in their natural state. Therefore, peak I was considered xylanase
aggregate and was further biochemically characterized in this study.
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Figure 4. Gel-filtration chromatogram of peak I protein analyzed by a Superdex TM 200 Increase 10/300 GL
column with a flow rate of 0.75 mL/min. Protein markers are denoted with arrows: Blue dextran (2,200 kDa, void

volume), Thyroglobulin (669 kDa), Ferritin (440 kDa), Aldolasae (158 kDa), Conoalbumin (75 kDa), Ovalbumin
(43 kDa), and Carbonic anhydrase (29 kDa).

2.4. Substrate Preference

The xylanase aggregate was tested for its hydrolyzing capability towards difference kinds of
xylan (i.e.,, RAX, sWAX, iWAX, and BWX) and cellulosic (i.e., CMC and Avicel) substrates (Table 2).
These substrates are B-glycosidic-linked xylose and glucose polymers. We found that the xylanase
aggregate showed strong activity against RAX (156.47+18.94 U/mg), followed by sWAX (110.28+2.73
U/mg) and BWX (63.42+1.69 U/mg). The slight activity was observed with iWAX (31.31+2.59 U/mg)
and CMC (41.86x1.41 U/mg), respectively and exhibited no activity against Avicel. These results
suggested that xylanolytic activity is the main activity of the enzyme aggregate based on the greater
hydrolyzing performance towards a variety of xylans than cellulose, and the inability to degrade
Avicel confirms that insoluble crystalline cellulose is not a preferred substrate for the enzyme.
Compared to the activity against RAX, the four-time lower activity against CMC suggested that
CMCase is a side activity of the xylanase aggregate. The occurrence of side activity is possible because
CMC shares some properties with xylan in terms of chemical bonding and structural similarities.
Furthermore, due to its high solubility, CMC is easily accessible to the active sites of the enzyme.

Table 2. Quantification of enzymactic activity of xylanase aggregate.

Substrate Total activity (U) Specificity (U/mg)
Rye arabinoxylan (RAX) 25.04+3.03 156.47+18.94
Soluble wheat arabinoxylan (sWAX) 17.65+0.44 110.28+2.73
Insoluble wheat arabinoxylan (iWAX) 5.01+0.41 31.31+2.59
Beechwood xylan (BWX) 10.15+0.27 63.42+1.69
Carboxymethyl cellulose (CMC) 6.59+0.22 41.86+1.41
Microcrystalline cellulose (Avicel) 0.00+0.00 0.00+0.00
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2.5. Biochemical Characterization of Xylanase Aggregate

In the following study, we chose RAX and BWX as the xylan substrates with high and low

arabinose substitution to determine the property and working nature of xylanase aggregate towards
the complex xylans.

2.5.1. Effect of pH and Stability

The optimal pHs were determined using RAX and BWX as the substrates (Figure 5A,B). We
found that the aggreated xylnase were active from pH 3.0 to 9.0 against both RAX amd BWX. The
maximal pHs of RAXase and BWXase acivities were 5.0, and more than 80% of maxium activity of
RAXase and BWXase were 4.0-7.0 and 5.0-8.0, repectively. The slight differece in the pH range for
degrading RAX and BWX is possibly due to the fact that the xylanase aggregate contians multiple
xylnases that migh have had diffeent working pHs.

The pH stability of the agregrated xylanase was studied by preincubating the enzyme in the
buffers with different pHs for 1 h prior to determining the residual activity of the enzyme against
RAX and BWX. We found that the RAXase activity of aggregated xylanase retained more than 80%
residual activity in the pH range from 4.0 to 8.0 (Figure 5C), while the BWXases reteaine more 80%
residual activty from pH 5.0-8.0 (Figure 5D).

120 120
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Figure 5. Effect of pH on xylanolytic activity against RAX (A) and BWX (B) of the aggregated xylanase. pH
stability of aggregate xylanase against RAX (C) and BWX (D). Citrate buffer f and Tris-HCI bufffer (O).

2.5.2. Effect of Temperature and Stability

The effefct of temperatures on aggreagted xylanase acivity against RAX and BWX were
determined in the temperature range of 20°C to 80 "C. We found that the maximal temperature of
RAXases and BWXases was 50°C (Figure 6A,B). The RAXases retained more than 60% activity at 40
°C and 50% activty at 50°C, for 2 h (Figure 6C), while, BWXases retained more 70% activity at 40 "C
for 2 h, and rapaidly decreased at 50°C (Figure 5D).
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Figure 6. Effect of temperature on xylanaloytic activity against RAX(A) and BWX (B) by the aggregated xylanase.
Thermal stability of the aggregated xylanase activity against RAX (C) and BWX (D).

2.5.3. Effect of Metal Ion and Chemical Reagent

Enzyme activity can be affected both positively and adversely by different metal ions and
chemical reagents. In the presence of metal ions and chemical reagents, the hydrolysis of RAX and
BWX by xylanase aggregate was investigated to see how the xylanolytic activity was affected. We
found that, at the concentrations of 1 mM and 10 mM, EDTA, Ca%, Mg, Co? slightly reduced the
RAXase and BWXase activities (Figure 7A,B). Moreover, 10 mM Cu? significantly reduced RAXases
(64%) and BWXase (47%) activities, repectively. At a concentration of 10 mM, Ni** and Fe?* slightly
increased RAXase activity by 20% and 13%, respectively; whereas 1 mM Co? and 10 mM Fe?*
increased BWXase activity by 7% and 11%, respectively.
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Figure 7. Effect of metal ion with PSA-3 xylanase.

From Table 3, it was observed that Tween-20 and Tween-80 at the concentrations of 1% and 5%
(v/v) increased approximately 8-30% activty for RAXase and BWXase. At 5% (v/v), Triton X-100
reduced RAXase activity by about 30% but slightly decreased BWAXase activity nore more than 55%.
SDS significantly reduced RAXase and BWXase activities by around 50% and 40% at a comcentration
of 5 mM. -mercaptoethanol increased BWXases activity by 7%, but decreased RAXase activity by
20%.

Table 3. Effect of different chemical reagents on xylanolytic activity against RAX and BWX by xylanase

aggregate.
Compounds Relative activity (%) of RAXase Relative activity (%) of BWXase
1% 5% 1% 5%
Tween-20 108.78+2.66 126.96+3.37 115.61£1.68 130.16+3.62
Tween-80 96.34+4.73 117.09+6.13 117.73+2.22 118.86+1.40
Triton X-100 83.46+3.83 77.00+8.58 97.45+1.91 94.83+5.49
SDS 73.45+3.17 53.41+0.19 71.56+2.33 61.48+1.77
2mM 5mM 2mM 5mM
[B-mercaptoethanol 80.23+0.31 80.65+1.72 107.09+4.10 106.78+1.65
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2.6. Kinetic Parameters of Xylanase Aggregate

Despite the fact that the xylanase aggregate contained multiple xylanases, we opted to determine
the kinetic parameters to understand how the entire xylanases work on the given complicated xylan
substrates and determined the rate of substrate association to anticipate the enzyme performance.
We found that the xylanase aggregate acted differently towards RAX, sWAX, and BWX (Figure 8).
Km and Vmax values for the hydrolysis of RAX were 6.26 mg/mL and 0.87 mM/min, respectively
(Figure 8A), whereas the values for sWAX were 9.91 mg/mL and 1.07 mM/min, respectively (Figure
8B). The Km and Vmax values for BWX hydrolysis were 18.26 mg/mL and 0.68 mM/min, respectively
(Figure 8C). It was observed that Km, an indicator of the enzyme's binding affinity for its substrate,
was found to be lowest for the RAX hydrolysis, suggesting that the enzyme is more effective at
hydrolyzing RAX than sWAX and BWX at lower substrate concentrations. The maximum rate of
hydrolysis (Vmax) of sWAX, however, was somewhat higher than that of RAX. RAX is quite viscous,
thus we reasoned that vicosity might influence the rate with which its hydrolysis reaction proceeds.
Among others, the high Kn and low Vmax values were observed in the hydrolysis of BWX, which
contains very few arabinose substituents.

A B C
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Figure 8. Kinetics parameters (Km and Vmax values) of xylanase aggregate against RAX, sWAX, and BWX.

2.7. Time Course of Enzymatic Hydrolysis and Analysis of Hydrolysis Products

We next investigated the profile of xylan and related substrate hydrolysis by the xylanase
aggregate and determined the hydrolysis products. In this study, three types of substrates were used:
model polysaccharide xylans (RAX, sWAX, iWAX, and BWX), extracted xylans from sugarcane
bagasse and Napier grass, and unbranched and branched xylo-oligosaccharides.

We found that the hydrolysis of RAX, sWAX, iWAX, and BWX by the xylanase aggregate
produced reducing sugar at different degrees (Figure 9A). The release of reducing sugars from RAX
and sWAX increased rapidly from 0 to 5 min, then gradually increased from 15 to 60 min, and
remained constant after 60 min. The maximum reducing sugar yields for RAX and sWAX were
4440.12445.51 pg/mL and 3705.09+149.40 ug/mL, respectively. During BWX hydrolysis, the release of
reducing sugar increased with time, reaching its maximum yield of 4127.84+48.80 ug/mL after 120
min. The release of reducing sugar from iWAX slightly increased from 0 to 30 min and then remained
steady, providing a reducing sugar concentration of 733.38+23.26 ug/mL.

We then qualitatively analyzed the hydrolysis products from RAX, sWAX, iWAX, and BWX at
various time intervals using TLC technique. We found that, from all substrates tested, a series of xylo-
oligosaccharides were generated, and the accomulation of short oligosaccharides increased with time
(Figure 9B-E). Xylobiose (X2) and Xylotriose (X3) appeared to be the major hydrolysis products
followed by larger oligomers such as xylotetraose (X4) and xylopentaose (X5) and a very few
xylohexaose (X6). In addtion, we oberved that some oligomers produced did not match the sugar
standards (Figure 9B-E). We speculated that those oligomers were branched xylo-oligosaccahrides
because the xylan substrates contain either arbinoses or glucuronic acids as substiuents on the xylan
backbones.
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Figure 9. Release of reducing sugar from pure polysaccharides by xylanase aggregate (A) and and TLC analysis
of hydrolysis products from RAX (B), sWAX (C), iWAX (D), and BWX (E). M, standards of xylose and xylo-
oligosaccharides with a degree of polymerization of 2-6 (X2-X6).

For hydrolysis of extracted xylans from sugarcane bagasse and Napier grass, the release of
reducing sugars by aggregate xylanase varied (Figure 10A). The release of reducing sugars from both
sugarcane bagasse and Napier grass xylans was observed to increase rapidly from 0 to 60 min and
then to slowly increase thereafter, with the production rate of sugarcane bagasse xylan being higher
than that of Napier grass xylan. At 120 min of incubution, the release of reducing sugars for sugarcane
bagasse xylan (1759.12+44.51 ug/mL) was about two-time higher than Napier grass xylans
(829.86+0.56 ug/mL). TLC analysis reveals that the primary hydrolysis products obtained from
sugarcane bagasse and Napier grass xylans were very comparable, with X2-X4 being the most
abundant (Figure 10B,C). These findings suggest that xylanase agregate cleaves both xylans at the
same sites, and the variation in reducing sugar yields may be attributable to differences in substrate

solubility.
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Figure 10. Release of reducing sugar from sugarcane bagasse and Napier grass xylans by xylanase aggregate (A)
and TLC analysis of hydrolysis products from sugarcane bagasse (B) and Napier grass (C) xylans. M, standards
of xylose and xylo-oligosaccharides with a degree of polymerization of 2-6 (X2-X6).
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2.8. Modes of Action

We analyzed hydrolysis cleavage of the xylo-oligosaccharide to get insight into the xylanase
agregate's cleavage mechanism. In this case, the unbranched oligomers X2-X6 served as substrates.
We found that X6 was completely converted to X2, X3, and X4 within 1 min, while X5 was gradually
hydrolyzed to X2 and X3, with complete hydrolysis of X5 to X2 and X3 occurring within 30 min
(Figure 11). The hydrolysis of X4 to X2 was observed at 1 min and the conversion of X4 to X2 increased
with time. However, by 30 min, X4 remained, indicating that the rate at which X4 could be converted
to X2 was slow. Under assayed conditions, X2 and X3 were not hydrolyzed by the xylanase aggregate
(Figure 11). The rapid hydrolysis of X6, followed by X5 and X4, suggests that the xylanase aggregate
prefers hydriolyzing xylo-oligosaccharides with a degree of polymerization greater than four. The
inability to hydrolyze X2 and X3 indicate that they are final products.
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Figure 11. TLC analysis of hydrolysis products from xylo-oligosaccharides (X2-X6) by xylanase aggregate at
various times. M, standards of xylose and xylo-oligosaccharides with a degree of polymerization of 2-6 (X2-X6).

Next, we seek to know more about the mechanism by which xylanase aggregate act on
substitued xylans. In arabinoxylan, O-2 and O-3 positions of the (-(1-4)-linked xylopyranosyl
backbone can be mono- or disubstituted with a-L-arabinofuranose [29]. Therefore, its enzymatic
activity was evaluated using the model branched xylo-oligosaccharides, namely 2%-a-L-
arabinofuranosyl-xylotriose (A2XX) , 23,33-di-a-L-Arabinofuranosyl-xylotriose (A%3XX), and 3%-a-L-
arabinofuranosyl-xylobiose (A3X).

We found that the xylanase aggregate did not hydrolyze the substrates A2XX, A23XX, and A3X
within 30 min. However, with a longer incubation time of 19 h (overnight), A2XX, A23XX were slightly
degraded, while A®X remained unchanged (Figure 12). It was noticed that the both mono- and
disubstitued substrates that contained arabinose substituents at O-2 poositions was degraded,
suggesting the ability of the enzyme to hydrolyze a-(1,2)-L-arabinofuranosidic linkages in the
branched arabinoxylan. Moreover, after 1-h incubation, very neglegible activity was detected against
p-nitrophenyl arabinofuranoside, a synthetic substrate typically employed to test for
arabinofuranosidase activity. Due to their slow hydrolysis rate, substituents on xylans are resistant
to breakdown by xylanase aggregate.
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Figure 12. TLC analysis of hydrolysis products by xylanase agrregate using branched xylo-oligosacchraides:
AZXX, A2 XX, and A3X as the substrates. The incubation times were 30 min and 19 h. M, standards of xylose and
xylo-oligosaccharides with a degree of polymerization of 2-6 (X2-X6). Ara, standard of arabinose. The letter C
stands for the reaction control, which includes denatured enzyme and substrate. The letter E stands for

enzymatic reaction, which includes both enzyme and substrate.

3. Discussion

The plant cell wall functions as a primary physical barrier, forming the first line of defense
against environmental stress and microbial attack. To overcome this barrier, plant pathogens secrete
suites of extracellular cell wall-degrading enzymes that act as virulence factors during infection [30].
Enzymes such as pectate lyases, polygalacturonases, cellulases, 3-glucosidases, and xylanases have
all been implicated in the direct degradation of host cell walls [31-33].

Within this context, Fusarium species are notorious plant pathogens responsible for a wide range
of economically important crop diseases. Fusarium proliferatum, in particular, has been reported as a
causal agent of diseases in tomato, pumpkin, banana, soybean, wheat, sugarcane, maize, and rice
[31,32,34-36]. It has also been associated with leaf spot disease in mango, whose leaves can contain
up to 54% dry weight in structural polysaccharides [37]. Although the precise mechanisms by which
F. proliferatum circumvents host defenses remain incompletely understood, several studies indicate
that the fungus penetrates host tissue by secreting a combination of pectinases, cellulases, and
xylanases to breach the cell wall barrier [34].

Because the cell walls of major crops such as sugarcane, maize, barley, and rice are particularly
rich in cellulose and xylan, it is unsurprising that F. proliferatum produces both cellulases and highly
active xylanases during infection, with xylanase secretion being especially prominent ([36,38]. These
enzymes soften host cell walls, thereby facilitating invasion and nutrient uptake. Understanding the
xylanolytic system of F. proliferatum is therefore essential for elucidating the molecular basis of host—
pathogen interactions and may also reveal opportunities for harnessing fungal xylanases in
agricultural and biotechnological applications. To date, however, only a limited number of studies
have investigated xylan-degrading enzymes in F. proliferatum [19,39,40]

In this study, we attempted to investigate and expand our understanding of the xylanolytic
enzyme system of F. proliferatum PSA-3. Under solid state fermentation, we first cultured the fungus
on rice straw, an abundant agricultural byproduct high in xylan (Figure 1). We discovered that F.
proliferatum PSA-3 grew well on rice straw and had substantial xylanolytic activity against RAX and
BWX. RAX and BWX are commonly used substrates to detect endo-3-(1,4)-xylanase activity, with
RAX and BWX being arabinoxylan (arabinose: xylose = 38: 62) and glucuronoxylan (xylose:
glucuronic acid: other sugars = 86.1: 11.3: 2.6) Within 2-day of cultivation, RAXase appeared to
increase quickly, indicating that activity against arabinoxylan is important. The fast and relatively
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high production of RAXase at the early stage of the fungal growth may thus reflect the xylan in rice
straw being present in arabinoxylan and arabinoglucuroxylan forms [41,42]. BWXase activity,
together with CMCase activity, appeared to increase rapidly after 4-day of cultivation. Among the
activities detected, BWXase activity was the greatest, followed by RAXase and CMCasxe activity. Our
findings are similar to those Humicula grisea cultivated on sugarcane bagasse and Aspergillus niger
cultivated on sugarcane bagasse and brewer spent grain for 5-7 days (log phase), with BWXase
activity being the highest [27]. Furthermore, numerous Fusarium spp. are have been identified as
hyper-productive xylanase strains [33,43—45], and the most peak enzyme production occurring
during the exponential phase of growth [46].

The steady concentration of secreted protein, aligned with fungal growth, indicates that F.
proliferatum PSA-3 entered the stationary phase after approximately seven days of incubation.
Growth suppression at this stage is likely due to nutrient depletion, reduced water availability, and
the accumulation of toxic metabolites during fermentation [47,48]. Enzyme activity profiles further
reflected this shift in physiology. BWXase activity declined sharply, whereas CMCase activity
showed only a modest reduction. The loss of activity may be explained by reduced enzyme stability
or feedback inhibition caused by the buildup of hydrolysis byproducts during xylan and cellulose
degradation.

In contrast, RAXase activity remained relatively stable throughout incubation. This persistence
may reflect the enzyme’s higher tolerance to end-product accumulation and inhibitory compounds,
allowing sustained activity even under unfavorable fermentation conditions [49-51]. Such resilience
toward arabinoxylan substrates could provide a selective advantage in natural environments where
plants produce complex, highly substituted xylans as defense barriers. Collectively, these findings
suggest that enzyme regulation in PSA-3 is substrate dependent, with RAXase displaying robustness
that may contribute to the pathogen’s ability to colonize arabinoxylan-rich plant tissues.

Two main protein peaks with xylanolytic activity against RAX were obtained from the crude
extract of F. proliferatum PSA-3 culture by virtue of ammonium sulfate precipitation and anion-
exchange chromatography (Figure 2). Peak I showed a relative higher RAXase activity than peak II
and it existed as a high molecular wight xylanase containing aggregate (158 kDa), which was
evidenced by gel filtration analysis and the dissociation of protein components under heat treatment
in the presence of SDS and p-mercaptoethanol. The major four protein bands with sizes of 63, 48, 35,
and 25 kDa showing distinct enzymatic activity against RAX and BWX proved the protein aggregate
have various xylanases in its structure. In the previous work, the aerobic fungus Chaetomium sp. nov.
MS-017 has shown to produce a massive multienzyme complex [52]. The enzyme complex with a
molecular wight of 468 kDa contained at least five xylanases as well as cellulases and pectinases. It
was proved to be multienzyme complex based on the dissociation of multiple proteins after being
denatured without B-mercaptoethanol at 80 °C for 5 min [52]. Some multiple xylanase complex
referred to as xylanosome have been identified in xylanolytic bacteria that produces large to ultra-
large structures varying in size ranging from 300 to 2000 kDa [53-56]. The features of those
xylanolytic mutienzyme complex are strong interactions among protein components, requiring
strong denaturing conditions (boiling in the presence of SDS and [3-mercaptoethanol for 5 to 10 min)
to completely separate individual polypeptides, and a signature high molecular weight, non-
enzymatic protein serves as a scaffold to integrate several enzyme subunits into the complex [55-58].
In contrast to xylanosome or a discrete multienzyme complex cellulosome assembled though high
affinity protein-protein interaction [59], the peak I was assumed to be xylanase aggregate in our study
because the interaction between polypeptides appeared to be more easily broken down into
fragments, which is evidenced by the dissociation of protein components with the relatively short
heat treatment (1 min for 90 °C). The main interaction of the xylanase aggregate could involve non-
specific charged-charged and electrostatic interactions. In addition, no high molecular weight
proteins can be assumed to be a scaffolding protein based on SDS-PAGE results. Recently, some
studies have demonstrated that Cellulosimicrobium cellulans might use a new way to assemble proteins
into complex by combining monomeric proteins with mono- or bifunctional activity to form compact
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folding structure that is stabilized by calcium [60-62]. Moreover, a few xylanases have been found to
contain more than one polypeptide. The xylanase from Thermoanaerobacterium sp. strain JW/SL-YS485
xylanase was made up of two heterosubunits of 180 and 24 kDa, both of which have xylanase activity
[58,63]. Nevertheless, without heat treatment, the xylanase aggregate showed good resistance to SDS
and p-mercaptoethanol because the protein exists in the aggregate form. Accordingly, although the
assembly of the protein and relationship of active protein components are not clearly elucidated on
the present study, we believe that the incorporation of xylanase into the aggregate may be
advantageous in terms of improved tolerance to chemicals or solvents and spatial proximity effects
[61], and the reason why RAXase activity was functionally active and quite stable throughout the
growth of F. proliferatum PSA-3 on rice straw may be due to the fact that RAXase activity is associated
with xylanase aggregate formation.

The biochemical properties of F. proliferatum PSA-3 xylanase aggregate were studied to ascertain
how environmental variables influence xylanolytic activity. We reported that both RAXase and
BWXase activities of the xylanase aggregate were active in a wide pH range from 3.0 to 9.0, with
activity greater than 80% from pH 4.0 to 8.0. This feature distinguishes it from most fungal xylanases,
which have a narrow working pH range in acidic to neutral conditions. For example, with the activity
more than 80%, the xylanase from Trichoderma inhamatum was active in pH ranges varying from 4.5
to 6.5 [64], and the xylanase from Fusarium heterosporum was active in pH ranges ranging from 4.5 to
5.5 [18]. We reasoned that the hydrolyzing capacity of the xylanase aggregate across a broad pH range
from acid to alkaline conditions is a result of monomeric xylanases in its structure having varying pH
optimum and stability. When testing the influence of temperature on xylanolytic activity, the
xylanase aggregate demonstrated maximum RAXase and BWXase activities at 50 °C. It exhibited
good thermal stability at 40 °C, retaining more than 80% activity against RAX and BWX over 2 h.
Fungal xylanases typically prefer temperatures around 30 to 50 °C [65,66]. Although the activity
immediately reduced when incubated at 60 °C, the half-life (5 min at 60 °C) of the xylanase aggregate
against RAX and BWX was significantly longer than that of monomeric xylanase. For example, the
half-lives of Trichoderma inhamatum xylanases I and II at 60 °C were 40 and 46 s, respectively [64].
Some microorganisms have shown that integrating enzymes into the complex is one strategy for
improving the thermal stability of their enzymes [52,61].

The enzymatic activity of F. proliferatum PSA-3 xylanase aggregate against RAX and BWX was
negligible affected by metal ions: Ca?> Mg?» Co?, Fe?, Ni?» Zn?, and Li** at 10 mM, except Cu 2.
Similar results have been observed in xylanolytic multienzyme complex from Chaetomium sp. nov.
MS-017 [52] and Tepidimicrobium xylanilyticum [53]. The resistance to cations is possibly due to
xylanase aggregate having enzyme components with good tolerance to cations. Moreover, the
assembly of several enzymes into aggregate or complex is thought to relieve the adverse impact of
cations on enzymatic activity [52,53]. However, Cu? has been found to be a strong inhibitor of
xylanase activity.

The xylanolytic activity of the enzyme aggregate from F. proliferatum PSA-3 was only slightly
affected by EDTA, whereas SDS strongly inhibited activity, and [-mercaptoethanol showed no
significant effect (Table 3). These results suggest that intermolecular associations within the aggregate
are stabilized primarily through hydrogen bonding rather than disulfide linkages [18]. Consequently,
the xylanase aggregate remains stable in the presence of reducing agents but is disrupted by heat and
SDS, which break hydrophobic interactions and hydrogen bonds in proteins [67].

The influence of thiol-containing compounds on xylanase activity appears to vary among fungi.
For example, 3-mercaptoethanol and dithiothreitol (DTT) enhanced the activity of xylanase from F.
heterosporum by 55% and 54%, respectively [18]. Likewise, crude xylanases from T. longibrachiatum
and A. niger were activated by L-cysteine, DTT, and -mercaptoethanol [68]. These stimulatory effects
may arise from the ability of reducing agents to prevent oxidative inactivation of the enzymes.
Consistently, the activity of xylanase aggregate was also enhanced in the presence of non-ionic
surfactants such as Tween-20 and Tween-80.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2067.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.2067.v1

17 of 27

Kinetic analysis revealed that the xylanase aggregate from F. proliferatum PSA-3 exhibited a clear
preference for RAX and sWAX, two arabinoxylans with high levels of arabinose substitution (~40%
and ~38%, respectively). The aggregate showed strong binding affinity for both substrates, with K,
values of 6.26 mg/mL for RAX and 9.91 mg/mL for sWAX, indicating that arabinose substitution on
the xylan backbone does not hinder enzyme-substrate interaction. Interestingly, the Viax for sWAX
(1.07 mM/min) was slightly higher than that for RAX (0.87 mM/min), a difference likely attributable
to the higher viscosity of RAX, which may restrict substrate diffusion and mass transfer. By contrast,
BWX, a glucuronoxylan substituted with 13% glucuronic acid, showed a relatively high K, (18.26
mg/mL) and a lower Vyax (0.68 mM/min), reflecting weaker binding affinity and reduced catalytic
efficiency compared with RAX and sWAX. These findings differ from reports of other xylanase
complexes that preferentially hydrolyze long-chain, less substituted xylans [52,55,56], likely due to
steric requirements for substrate accessibility. In contrast, the PSA-3 xylanase aggregate displayed
robust hydrolytic activity against highly substituted arabinoxylans, while retaining activity toward
glucuronoxylans such as BWX. We propose that arabinose residues may serve as recognition
elements for specific monomeric xylanases within the aggregate [69-72]. Supporting this hypothesis,
zymogram analysis revealed a 25-kDa protein band exhibiting strong activity against RAX-
incorporated gel (Figure 3). The strong activity of the enzyme aggregate against complex
arabinoxylans may help explain why Fusarium species are frequently associated with diseases in
cereal grains and mango leaves, which are naturally rich in arabinoxylans [22,73-75].

Hydrolysis of pure polysaccharides (BWX, RAX, sWAX, and iWAX) by the F. proliferatum PSA-
3 xylanase aggregate yielded products ranging from X2 to X6 (Figure 9). In contrast, hydrolysis of
extracted sugarcane xylan and Napier grass xylan produced only X2-X4 on the TLC plate (Figure 10).
The difference in product profiles between pure polysaccharides and extracted xylans is likely due
to the lower solubility and reduced accessibility of the latter, which limit enzymatic attack by the
xylanase aggregate, as observed by the release of reducing sugars (Figures 9A and 10B). Compared
with the action of monomeric xylanases, the PSA-3 aggregate displayed a distinct hydrolytic pattern.
For instance, the xylanase from F. proliferatum NRRL 26517 generated mainly X2 from RAX and WAX
[19], while F. heterosporum produced X2-X5 from birchwood xylan [18]3imilarly, the xylanosome
complex from Streptomyces olivaceoviridis E86 released X2 and X3 as major products from BWX and
X1-X3 plus arabinose from WAX [56]. The xylanosome of the thermophilic fungus Chaetomium sp.
nov. MS-017 produced X2 and X3 as dominant products from oat spelt xylan, along with minor
amounts of X1, X4, X5, and X6 [52]. Taken together, these observations suggest that the PSA-3
xylanase aggregate comprises multiple xylanase components, with endo-type enzymes likely
dominating the activity. This inference is supported by the diverse series of oligosaccharides (X2-X6)
generated during hydrolysis.

To investigate the mode of action of the PSA-3 xylanase agrreagate, xylo-oligosaccharides (X2—
X6) were used as substrates. The enzyme aggregate showed no activity on (X2) or (X3), but readily
hydrolyzed X4 and X5, and completely degraded X6 within 1 min at 37 °C (Figure 11). The
accumulation of X2 and X3 during the hydrolysis of X5 and X6 is consistent with the enzyme’s
inability to cleave these shorter oligomers [52,56], indicating that X2 and X3 represent final products.
These findings demonstrate that the major activity of the PSA-3 xylanase aggregate is directed toward
longer-chain xylo-oligosaccharides, confirming its predominant endo-acting nature. This conclusion
is further supported by hydrolysis studies with pure polysaccharides (BWX, RAX, sWAX, and iWAX)
and extratced xylans (Figures 9 and 10), which yielded a series of products from X2 to X6. The
incomplete hydrolysis of these polysaccharides may be attributable to product inhibition by the
accumulating X2 and X3 [76].

We further examined the activity of the PSA-3 xylanase aggregate against highly substituted
arabinoxylan oligosaccharides using A2XX, A23XX, and A®X as substrates. No hydrolysis was
detected within a short incubation period of 30 min. However, after prolonged incubation for 19 h,
partial hydrolysis of A2XX and A23XX was observed, while A3X remained resistant. The slow catalytic
rate may reflect the short chain length of these substrates, which likely prevents proper
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accommodation within the enzyme’s binding sites, in contrast to the longer polymeric substrates such
as RAX and sWAX [77].

Notably, hydrolysis occurred only with A2XX and A23XX, both of which carry arabinose
substitutions at the O-2 position of xylose residues, whereas A3X, substituted at O-3, was not
hydrolyzed even after extended incubation. These results suggest that the PSA-3 xylanase aggregate
preferentially attacks arabinose-substituted xylans from the non-reducing ends [71]. Such activity has
been reported for specific xylanases with debranching capability ([69,71,72] . Taken together, these
findings indicate that the debranching function of the PSA-3 xylanase aggregate may play an
important role in the degradation of RAX and sWAX.

4. Materials and Methods#

4.1. Materials

Xylooligosaccharides, beechwood xylan (BWX), rye arabinoxylan (RAX), soluble wheat
arabinoxylan (WAX), insoluble wheat arabinoxylan (iWAX) and carboxy methylcellulose 4M (CMC)
were purchased from Megazyme, Denmark. A2XX, A23XX, and A3X were also obtained from
Megazyme. Xylose was purchased from Sigma Chemical, USA. HiTrap DEAE Sepharose FF column
was obtained from Cytiva, Sweden. Xylans from sugarcane bagasse and Napier grass were prepared
as described previously [78].

4.2. Enzyme Production by Solid-State Fermentation

Fusarium proliferatum PSA-3 was isolated from mango leaves as described previously [21]. Rice
straw was used as growth substrate for solid-state fermentation. It was cut into small pieces and
grounded in a blender to give particle sizes around 5 mm. Twenty-five grams of ground rice straw
were placed in 5-L Erlenmeyer flasks and sterilized for 15 min at 121°C. To achieve a moisture content
of 50%, the autoclaved rice straw was moistened with 50 mL sterilized tap water, and the moisture
content was determined by a moisture analyzer. The rice straw medium was used for fungal
cultivation.

Strain PSA-3 was routinely grown on potato-dextose agar (PDA). To initiate enzyme production
by solid-state fermentation, 15 plugs, with 0.5-cm diameter, of active mycelia of strain PSA-3 grown
on PDA (4-day culture) were taken and inoculated on rice straw at room temperature (25 + 3 °C).
After 7 days of fermentation, the enzyme was extracted by adding 200 mL of cold sodium-acetate
buffer saline (ABS, 10 mM sodium-acetate and 137 mM NaCl, pH 5.5) to the growing culture. The
culture suspension was shaken at 150 rpm for 1 h at room temperature and then filtered through a
Whatman No. 1 using a vacuum pump to obtain liquid fraction. The solution was then centrifuged
at 10,000 rpm at 4 °C for 20 min to remove fine particles, and it was considered crude protein extract.#

4.3. Determination of Protein

The protein concentration was determined by Bradford regent assay (BioRad, USA) following
manufacturer’s protocol with minor modification. Briefly, 200 puL of Bradford reagent was mixed
with 20 uL of sample. The reaction mixture was then incubated for 10 min at room temperature, and
the absorbance of the reaction was measured at 595 nm. Bovine serum albumin (BSA), with a
concentration range of 0.05 mg/mL to 50 mg/mL, was used as standard.

4.4. Determination of Enzymatic Activities and Substrate Specificities

The xylanase and cellulase activities were determined based on the production of reducing
sugars from RAX or CMC, respectively. The reaction mixture contained 8 pig of protein and 1% (w/v)
substrate in ABS (pH 5.5), and the total volume of the reaction was adjusted to 200 uL. The reaction
was incubated at 37 °C for 15 min, stopped by placing the reaction tube in ice water bath, and
centrifuged at 13,000 x g at 4 °C for 10 min to separate the substrate from the liquid fraction.
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Reducing sugar in the liquid fraction was determined using the dinitrosalicylic acid (DNS)
method [79] using glucose as the standard. In brief, 100 uL of liquid fraction was mixed 150 uL of
DNS reagent, boiled for 10 min. and centrifuged at high speed. The liquid fraction was measured at
an absorbance of 540 nm. One unit (U) of enzyme activity was defined as the amount of enzyme that
releases 1 umol of glucose reducing sugar equivalents per min under the assayed condition.

The substrate specificities of the enzyme towards different polysaccharides (1%, w/v): BWX,
RAX, WAX, iWAX, and Avicel were tested. The enzymatic reaction was performed as described
above, except for the Avicel that the incubation time was 24 h.

4.5. Xylanase Purification

4.5.1. Ammonium Sulfate Precipitation

To partially purify xylanase, one hundred milliliters of crude protein extract was treated with
ammonium sulphate until 85% saturation reached. The mixture was kept at 4 °C with mild stirring
overnight to precipitate proteins. The protein was collected by centrifugation at 4 °C, 8000 rpm for 15
min. The crude xylanase was then resuspended in 10 mL of ABS (pH 5.5) and dialyzed against the
same buffer at 4 °C with mild stirring overnight. The protein concentration before and after dialysis
was determined by Bradford assay, and the enzyme activity was examined.

4.5.2. Ion-Exchange Chromatography

The purification was carried out with Fast protein liquid chromatography (FPLC) AKTA system,
Amersham Biosciences (USA). To increase protein concentration, the enzyme solution was
precipitated by cold (-20 °C) acetone precipitation. The enzyme solution was mixed with cold acetone
at a ratio of 1:4 and kept at -20 °C for 1 h. After that, the mixture was centrifuged at 10,000 rpm for 15
min, and the precipitated protein was resuspended in 1 mL of ABS. Five hundred microliters of
sample with a concentration of 3 mg/mL was then filtered through 0.22-um syringe filter and loaded
into a 1-mL HiTrap™ DEAE Sepharose FF column pre-equilibrated with 10 mM Tris-HCI buffer (pH
7.4). Enzyme elution was performed with sodium chloride (NaCl gradient (0 — 1 M) in the same buffer
at a flow rate of 0.75 mL/min at room temperature. The sample was collected at 1 mL per fraction.
Enzymatic activity and protein concentration in each fraction were determined.

4.5.3. Gel Filtration Chromatography

The protein purification was carried out with Fast protein liquid chromatography (FPLC) AKTA
system, Amersham Biosciences (USA). Protein sample with a concentration of 0.75 mg/mLwas loaded
into a Superdex TM 200 Increase 10/300 GL column. Enzyme elution was carried out at a flow rate of
0.75 mL/min by using 10 mM Tris-HCl buffer (pH 7.4). The sample was collected at 1 mL for each
fraction. All fractions were determined for protein concentrations and assayed for enzymatic activity.
Molecular weight standards include: Blue dextran (2,200 kDa, void volume), Thyroglobulin (669
kDa), Ferritin (440 kDa), Aldolasae (158 kDa), Conoalbumin (75 kDa), Ovalbumin (43 kDa), and
Carbonic anhydrase (29 kDa)

4.6. Biochemical Characterization of Partially Purified Xylanase

4.6.1. Electrophoresis

10% Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing
conditions was prepared according to []. Five micrograms of protein samples was mixed with 4x
Laemmli sample buffer containing lithium dedocyl sulfate (LDS and 2-mercaptoethanol (Bio-Rad,
USA) and boiled at 100 °C for 10 min before being subjected to the gel for electrophoresis. The gel
was strained with Coomassie Brilliant Blue R-250 to visualize the protein bands. The approximate
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molecular mass of the proteins was determined by calibration against broad range molecular weight
markers using GangNam-STAIN™ Prestained Protein Ladder (iNtRON Biotechnology, South Korea)
In the case of protein stability analysis, samples were mixed with native sample buffer (no
addition of LDS and 3 -mercaptoethanol) and treated at 90 °C or 100°C for 0, 1, 5, and 10 min. After
that, the samples were subjected to 10% SDS-PAGE for electrophoresis, which was run at 200V for 45
min. The protein staining and molecular weight determination were performed as described above.

4.6.2. Zymogram

For in situ enzyme activity analysis, zymogram technique was used. Protein samples were
prepared as described in the section 4.6.1 and loaded into 10% SDS-PAGE, which contained 0.2%
(w/v) substrate (RAX or BWX). The gel was run at 100 V for 45 min. After electrophoresis, the gel was
washed with 2% (v/v) Triton X-100 in 10 mM citrate buffer pH 6.0 for 20 min (repeated 2 times) and
two times with buffer. After that, the gels were incubated with the same buffer at 37 °C for 1 h and
were stained with 1% (w/v) Congo red solution at room temperature for 15 min. The gels were
destained with 1.0 M NaCL

4.6.3. Effect of pH and Stability

The optimal pH of enzyme was determined at a various range of pHs from 3.0 to 9.0 at 37°C for
15 min. The buffer systems used were sodium-citrate buffer (pH 3.0-7.0) and Tris-HCl buffer (pH 7.0-
9.0). The reaction mixture contained 8 ug of protein and 1% (w/v) substrate (RAX or BWX) with a
total volume of 200 uL. The reaction was performed at 37 °C for 15 min, and the enzyme activity was
determined. The pH stability was determined by adding an 8 ug of enzyme to different buffers, and
the samples were then incubated at 4 °C for 1 h. After that, the pH of the sample was adjusted to
optimal pH (10 mM sodium-citrate buffer, pH 5.5) and the reaction was assayed at 37 °C for 15 min
to determine the residual activity.

4.6.4. Effect of Temperature and Stability

The optimal temperature of enzyme was determined in a range of temperature from 20 °C to 60
°C in an optimal buffer for 15 min. The reaction contained 8 ug of protein sample and 1% (w/v)
substrate (RAX or BWX) with a total volume of 200 uL. After incubation, the enzyme activity was
determined. Thermostability of enzyme was determined by incubating the enzyme (8 ug) in the
optimal buffer at different temperatures (40 "C to 70 °C) for various times. The enzymes were taken
at different time intervals and their residual enzyme activities were determined.

4.6.5. Effect of Metal Ion and Chemical Reagent

The effect of various metal ions, such as CaCl., MgClz, CoClz, FeClz, NiClz, LiCl, CuSOs, FeSO4,
ZnSOs, and EDTA at the final concentrations of 1 and 10 mM on enzymatic activity were determined
using 1% (w/v) RAX and 1% (w/v) BWX as substrate. The 0.2 mL reaction mixture was incubated at
37°C for 15 min. For the effect of other reagents included 2 and 5 mM B-mercaptoethanol, 1% and 5%
(v/v) of Triton X-100, Tween 20, Tween 80, and SDS on the activity of enzyme, were studied. The
reaction was preincubated with each reagent at 4°C for 15 min. After that, the substrate was added
and incubated at 37 °C for 15 min. Finally, the effects of metal ions and chemical reagents with
xylanase activity were determined by DNS assay.

4.6.6. Enzyme Kinetic (Michaelis-Menten Parameter)

RAX, sWAX and BWX were used as substrate, and 10 mM citrate buffer pH 6.0 was used as
assay buffer. The reaction was incubated at 37 °C, 300 rpm for 15 min. The released reducing sugar
were assayed by DNS method. Michaelis-Menten constant (Kn) and maximum reaction velocity (Vi)
were estimated using GraphPad Prism 9.0 software.
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4.7. Hydrolysis Products

The hydrolysis products from aggregated xylanase were measured by incubating an enzyme
with substrate. Pure polysaccharides, including RAX, sWAX, iWAX, and BWX and extracted xylands
from sugarcane bagasse Napier grass were used as the substrates for hydrolysis. The reactions were
performed at 37 °C for 0, 5, 15, 30, 60, 120, and 160 min. The release of reducing sugar was determined
by DNS assay. Thin layer chromatography (TLC) using silica gel 60 F2s4 plates was used to measure
the hydrolysis products at various time intervals. As standards, xylose and xylooligosaccharides (X2-
X6) were utilized. The products on TLC plates were developed using butanol: glacial acetic acid: distil
water (2: 1: 1, v/v/v). The hydrolysis products were detected by spraying with Diphenylamine-
Aniline-Phosphoric Acid reagent, followed by heating at 90 °C for 10 min.

For study xylanase mechanism, Xylobiose (X2), Xylotriose (X3), Xylotetraose (X4), Xylopentaose
(X5) and Xylohexaose (X6) were used as chain oligomer substrates. A2XX, A23XX, and A3X
(Megazymes, Denmark) were used as branched oligomer substrates The reaction contained 0.2
mg/mL xylooligosaccharides, citrate buffer pH 6.0, and 8 ug enzyme, and incubated at 0, 1, 5, 15, and
30 min at 37 °C. The hydrolysis product was then performed on TLC plate and visualized.

5. Conclusions

This study provides new insight into the xylanolytic enzyme system of the pathogenic fungus
Fusarium proliferatum PSA-3. A naturally occurring xylanase aggregate with strong activity against
RAX and BWX was isolated from rice straw cultures and partially purified. SDS-PAGE and
zymogram analyses under mild and denaturing conditions revealed at least four protein components
within the aggregate, each displaying distinct modes of action on RAX and BWX. The aggregate
showed remarkable resistance to several metal ions and thiol-containing compounds, and
preferentially degraded highly substituted arabinoxylans such as RAX and sWAX over BWX. It
retained activity across a broad pH range and elevated temperatures, underscoring its robustness.
Hydrolysis product profiles from xylo-oligosaccharides (DP 2-6), purified xylans (RAX, sWAX,
iWAX, and BWX), and extracted xylans from sugarcane bagasse and Napier grass demonstrated
predominant endo-type activity, accompanied by debranching activity toward A2XX and A23XX.
These findings expand our understanding of how multiple xylanases may assemble into functional
aggregates, potentially enhancing enzyme stability and catalytic proximity. Such a mechanism may
contribute to the ability of Fusarium to infect arabinoxylan-rich plant materials, including cereals and
mango leaves. Altogether, this work highlights the role of xylanase aggregates in fungal pathogenesis
and suggests that targeting these enzyme systems could inform strategies for antifungal development
and sustainable disease management in agriculture.
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