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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni Despite lignocellulose hindering the extraction of intracellular components, tea residue can serve as an excellent
substrate for fungal fermentation owing to their lignocellulose-degrading abilities. Thus, the fermentation effi-
ciencies of Lentinus edodes, Lentinus sajor-caju (Fr.), Flammulina filiformis, Hericium erinaceus, Pleurotus pulmo-
narius, and Monascus kaoliang B6 were evaluated using tea residue as a medium. P. pulmonarius and L. sajor-caju
(Fr.) exhibited the fastest growth rates, with colony radii of 33.1 and 28.5 mm, respectively. M. kaoliang B6
demonstrated substantial degradation abilities for cellulose, hemicellulose, and lignin, with decolorization radii
of 12.2, 0.9, and 8.5 mm, respectively. After a 9-days liquid fermentation, M. kaoliang B6 achieved the highest
conversion efficiency at 27.8%, attributed to its high cellulase (191 UomL’l) and lignin peroxidase (36.9 UoL’l)
activities. P. pulmonarius and L. sajor-caju (Fr.) showed lower conversion rates of 8.6% and 3.8%, despite having
high hemicellulase activities (67.1 and 70.9 UemL ™). Fermentation by M. kaoliang B6 resulted in a reduction of
protein and total sugar content in the tea residue by 174 and 192 mg g™, by which the mycelium’s protein and
total sugar content increased by 73 and 188 mg g~ '. Co-fermentation of these three strains had little effect on the
improvement of conversion efficiency, which might owe to the antagonistic interactions among the strains.
Generally, utilizing tea residue for edible fungi fermentation is a sustainable process for bio-waste treatment,
enabling efficient nutrient conversion under mild conditions without adding chemicals.
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1. Introduction

In recent years, the rapid development of instant tea industry has
resulted in significant economic benefits and a substantial increase in
the generation of tea residue (Hussain et al., 2018). Tea residue is
commonly disposed of through incineration, composting, and used as
animal feed. However, these methods often lead to environmental
pollution and inefficient resource utilization (Xu et al., 2021). Although
containing various nutrients, such as proteins and polysaccharides, the
complex network structure composed of cellulose, hemicellulose, and
lignin in the cell walls of tea residue hinders the release of these valuable
components (Debnath et al., 2021; Lin et al., 2023).

Proteins are commonly extracted using alkaline and enzymatic
methods (Lin et al., 2022; Zhang et al., 2016), while polysaccharides are
mainly extracted using high temperatures and physical assistance
methods, such as ultrasound-assisted extraction (UAE) and
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microwave-assisted extraction (MAE). Alkaline extraction involves
exposing plant materials to a strong alkaline environment, which dis-
rupts pectin components in cell walls and increases protein solubility.
However, both alkaline and high-temperature methods may lead to
protein degradation or Maillard reaction (Liu et al., 2011; Ye et al.,
2024), resulting in the formation of brown substances. Enzymatic
methods use enzymes to improve the release of nutrients by the degra-
dation of plant cell wall or protein. However, these methods can be
expensive and exhibit low efficiency with leafy biomass (Huang et al.,
2021; Lin et al., 2022). In fact, edible fungal can ferment tea residue
under mild conditions with low costs and convenient operation, offering
a potentially efficient method for its utilization (Cano y Postigo et al.,
2021; Xu et al, 2024). Some fungal can produce
lignocellulose-degrading enzymes, facilitating tea residue utilization
(Cano y Postigo et al., 2021; Wang and Zhao, 2023), while fungal
mycelium with high protein content can serve as ingredients in meat
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analogues (Zhang et al., 2024). Selecting suitable fungal strains adapt-
able is crucial for effective fermentation added-value of tea residue.

Edible fungi belonging to genera, such as Lentinus (Lechner and
Papinutti, 2006), Flammulina (Wang et al., 2022), Hericium (Xu et al.,
2024), Pleurotus (Aratjo et al., 2021) and Monascus (Xu et al., 2024),
possess enzymatic systems capable of secreting various enzymes,
including cellulases, hemicellulases, and lignin-degrading enzymes.
These enzymes have been proven effective in decomposing lignocellu-
lose, making them promising candidates for degrading tea residue cell
walls (Arora and Sharma, 2010; Leite et al., 2021; Saini and Sharma,
2021). Lentinus edodes and Flammulina filiformis can effectively increase
the soluble dietary fiber content in the liquid fermentation of rice bran
(Arora and Sharma, 2010; Moonmoon et al., 2011). Additionally,
F. filiformis has demonstrated the capacity to degrade hemicellulose in
Eucommia bark by over 50% and cellulose by 83%, which is twice that
of Pleurotus ostreatus (Bonatti et al., 2004; Dedousi et al., 2024; Lu et al.,
2023b; Reddy et al., 2003). Pleurotus pulmonarius and L. sajor-caju (Fr.)
produce cellulases and hemicellulases during their growth, which are
influenced by their cultivation time as well as the carbon and nitrogen
sources in the medium (Arora and Sharma, 2010; Chai et al., 2021;
Gupta et al., 2013; Kayode et al., 2015; Kurt and Buyukalaca, 2010).
Both Hericium erinaceus and M. kaoliang B6 have strong
lignocellulose-degrading capabilities (Duan et al., 2024; Huang et al.,
2020; Wang et al., 2023b). However, although the cell wall degrading
effects of these edible fungi have been tested, their efficacy may vary
when applied to tea residue.

Thus, this study aimed to identify edible fungi with high degradation
efficiency, which were L. edodes, F. filiformis, H. erinaceus,
P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6. Their growth in tea
residue medium and discoloration effects on cellulose, hemicellulose,
and lignin media in agar plates were assessed. Discrepancies in growth
and enzyme production between tea residue and malt extract media
were examined, and the biological conversion rate was determined by
analyzing the amount of ergosterol using high-performance liquid
chromatography (HPLC). Structural changes in the tea residue were
examined using optical and scanning electron microscopes. Variations in
medium composition pre- and post-fermentation were compared to
evaluate growth status and nutrient transformation capacity, aiding in
the selection of suitable edible fungi for tea residue fermentation and
laying a scientific foundation for the valuable utilization of other leafy
biomass.

2. Materials and methods
2.1. Experimental materials

Lentinus edodes, Flammulina filiformis, Hericium erinaceus, Pleurotus
pulmonarius, Lentinus sajor-caju (Fr.), and Monascus kaoliang B6 were
purchased from the China General Microbiological Culture Collection
Center (CGMCC) and deposited at the Fuzhou University Institute of
Food Science and Technology.

Green tea residue was provided by Fujian Damin Food Co., Ltd.
(Zhangzhou, China). Green tea residue was obtained by soaking tea
leaves in hot water at 85 °C for 45 min, followed by filtration to collect
the precipitate, which was then dried at 60 °C for 24 h.

Sodium carboxymethyl cellulose, 1-octen-3-ol, vanillin, and aceto-
phenone were purchased from Shanghai Yuan Ye Biotechnology Co.,
Ltd. Azure-B was purchased from Sigma (St. Louis, MO, USA), and
alkaline lignin was purchased from Shanghai Maclin Biochemical
Technology Co., Ltd. 3-Octanone was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd., while xylan was purchased from
Xi’an Fohes Biotechnology Co., Ltd. 2-Octanol was purchased from Dr.
Ehrensortfer (Augsburg, Germany). All other analytical grade reagents
were purchased from Shanghai National Pharmaceutical Group Chem-
ical Reagent Co., Ltd. (Shanghai, China).
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2.2. Analysis of strain growth rate and growth status

After the activation of strain, an 8 mm diameter block of mycelium
was inoculated onto tea residue medium (with the mycelium side facing
down, placed in the center of the medium) and cultured (Monascus
kaoliang at 32 °C, and other strains at 24 °C) in a constant temperature
incubator (ZWY-2102C; Shanghai Hongji Instrument Equipment Co.,
Ltd., Shanghai, China). The colony radii were measured every 2 days
with a ruler, and photographs were taken and recorded to document the
density, length, morphology, and colony color of the mycelium.

2.3. Color change ring experiment

The cellulose-degrading capability of strains was evaluated using the
Oxford cup method (Sherwood and De Beer, 1947). A control with 200
pL of physiological saline was applied. From days 0-4, 200 pL of spore
suspension was added daily to each well, with strains incubated at 24 °C
(for edible fungi) or 32 °C (for Monascus kaoliang). On day 4, the media
were stained with 2 mg mL™! Congo red for 15 min, followed by the
removal of the dye. Afterward, 1 mol L™ NaCl solution was added to the
media for 15 min before being decanted. The resulting change in color of
the media was observed, photographed, and measured using ImageJ
software (Bethesda, MD, USA) for both colonies and color change rings.

2.4. Enzyme production capacity testing in edible fungi

Spore suspensions were prepared by rinsing the mycelium-covered
culture medium with sterile physiological saline (9 g L™!) and filtering
through six layers of sterile gauze to obtain a spore suspension. The
spore concentration was adjusted to 108 sporese mL ™! using a
hemocytometer.

Cellulase and hemicellulase activities in the fermentation broth were
determined following the method of Barr (Barr et al., 2012), while lignin
peroxidase activity was assessed according to the procedure reported by
Pradeep Kumar (Pradeep Kumar et al., 2023). Glucose and xylose were
used as standard substrates for cellulase and hemicellulase assays,
respectively. Distilled water was used in place of HyO5 solution as a
blank control for lignin peroxidase activity.

The cellulase activity (Ue mLfl) was calculated using the following
formula:

Cellulase activity (U-mL™) =A/t,

where A is the content of glucose produced in the reaction (pg), and t is
the reaction time (min).

Lignin peroxidase activity (Ue L) was calculated using the
following formula:
(A1-Ag) Vi

X — X1
ext V, ’

Lignin peroxidase activity (UL ") =
where A; is the absorbance of the sample, Ag is the absorbance of the
sample blank, and ¢ is the molar absorption coefficient: €319 = 9300
(moleL ™! min™1). t is the reaction time (min), V; is the total volume of
the reaction solution (mL), V5 is the total volume of the fermentation
broth (mL), and n is the dilution factor.

2.5. Sample preparation of edible fungi in tea residue liquid medium

Using an 8 mm diameter punched to extract activated mycelium-
covered culture medium and it was inoculated into different media
(one piece per 20 mL of medium). Then, the media were incubated on a
constant temperature shaker (ZWY-2102C; Shanghai Hongji Instrument
Equipment Co., Ltd., Shanghai, China) at 150 rpm for 7 d (24 °C for
edible fungi, 32 °C for Monascus kaoliang B6) to obtain the seed culture.
This seed culture was inoculated into malt extract or tea residue media
at a 10% (ve v~ 1) ratio and incubated under the same conditions. The
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Fig. 1. Colony radius of edible fungi in tea residue medium.

culture liquid was centrifuged (4000 rpm, 10 min) to separate the su-
pernatant and pellet. Then, the supernatant was stored at —20 °C for
subsequent analysis. The pellet was washed with distilled water (1:20,
ve v 1) and centrifuged to remove the supernatant. This washing process
was repeated twice, and afterward, the pellet was freeze-dried and
ground into a fungal powder sample for analysis.

2.6. Estimation of mycelium conversion rate and components

The concentrations of tea residue components in the culture medium
were calculated by subtracting the total weight of the mycelium from
the total sediment weight of the corresponding medium, followed by the
calculation of the dry weight of the tea residue. Due to the intertwining
of tea residue and mycelium during fermentation, which makes physical
separation challenging, it was assumed that the concentrations of
components within the mycelium remained constant throughout the
fermentation process. The component concentrations in the seed culture
mycelium were used for the calculations above.

2.6.1. Determination of biological conversion rate

The fungal powder (0.2 g) was mixed with hexane (6 mL) and vor-
texed for 5 min on an oscillator (XW-80 A; Shanghai Chitang Electronics
Co., Ltd., Shanghai, China), followed by centrifugation at 4000 rpm for
10 min. The supernatant was collected, and this extraction process was
repeated twice. Then, combined supernatants were dried using a nitro-
gen blower, reconstituted in 10 mL of ethanol, and filtered using a 0.45
pm PVDF filter prior to HPLC analysis.

Ergosterol content was quantified using an HPLC system (Thermo
Fisher Scientific 3000; Waltham, MA, USA) equipped with a Thermo
C18 column (4.6 x 250 mm, pore size: 5 pm). The binary mobile phase
consisted of solvent A (methanol/water, 80:20 ve v‘l) and solvent B
(methanol/dichloromethane, 75:25 ve v D). The gradient elution pro-
gram was as follows: 0-5 min, 50-80% B; 5-15 min, 80-100% B; and
15-20.5 min, back to 50% B. The flow rate was set at 1.0 mL min~" with
an injection volume of 100 pL. The UV detector was operated at a
wavelength of 280 nm (Villares et al., 2014). The equation of the stan-
dard curve for ergosterol was y = 0.5849x with an R? of 0.99. The
ergosterol content in the mycelium of P. pulmonarius, L. sajor-caju (Fr.),
and M. kaoliang B6 was found to be 1.1, 1.5, and 1.7 pg mg !,
respectively.

The biological conversion rate was calculated using the following
formula:

. . . Dry weight of mycelium
Biological conversion rate (%) = Amount of tea residue in medium

x 100.

2.6.2. Dry weight
Samples were dried at 60 °C until a constant weight was reached.

2.6.3. Polyphenols
Polyphenols were determined using the ferrous sulfate-ascorbic acid
method (Avelino, 2024) at 540 nm.

2.6.4. Total sugars

The total sugar content of the samples was measured using the
anthrone-sulfuric acid method (Leyva et al., 2008). The sample absor-
bance was measured at 625 nm using a glucose solution (100 pg mL™!)
as the standard. Solid samples were fully hydrolyzed before measure-
ment. Then, 20 mg of solid sample were mixed with 6 mL of 65% sulfuric
acid, incubated in an 80 °C water bath for 60 min, and centrifuged at
4000 rpm for 10 min. Afterward, the obtained supernatant was used to
determine the total sugar content.

2.6.5. Pectin

The pectin content in samples was determined using the carthamin
colorimetric method (Bizzani et al., 2020), and the sample absorbance
was measured at 530 nm using galacturonic acid (200 pg mL™}) as the
standard.

2.6.6. Protein

Protein content in samples was measured using a total organic car-
bon analyzer (TNM-L ROHS; Shimadzu Corporation, Kyoto, Japan), with
a potassium nitrate solution (100 mg L) used as the standard and a
conversion factor of 6.25.

2.7. Analysis of tea residue cell wall structure

Structural changes in tea residue before and after fermentation were
examined using an optical microscope.

2.8. Compatibility test of strains

Following the methodology outlined in Section 2.5, mycelium blocks
of P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6 were subjected to
antagonistic inoculation at the center of potato dextrose agar solid
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Table 1
Growth status of edible fungi in tea residue medium.

Strain Mycelium Mycelium Mycelium Colony color
density length morphology

L. edodes +++ +++ Carpet-like White

F. filiformis +++ ++ Velvety White

H. erinaceus ++ + Velvety White,
brownish edge

P. pulmonarius ~ ++++ ++++ Carpet-like White

L. sajor-caju ++++ ++++ Carpet-like White

M. kaoliangB6 ~ + + Velvety Orange-yellow

interior and
white exterior

Note: "+" indicates sparse/short mycelium; "++" indicates sparse/short myce-
lium; "+++" indicates dense/long mycelium; and "++++" indicates very dense/
very long mycelium.

medium, with equidistant spacing between blocks. The plates were
incubated at a consistent temperature for 7 d. Subsequent observation
focused on the interface of colonies of the three strains, specifically
assessing the presence or absence of antagonistic lines (El-Debaiky,
2017).

2.9. Data analysis

Data were statistically analyzed using Microsoft Excel 2016, with
samples measured in triplicate and results expressed as "mean + stan-
dard deviation (Means + SD)." One-way ANOVA and Duncan’s multiple
range test were used to analyze the significance of differences between
groups, with a significance level of P < 0.05. Heatmaps were created
using the website LianChuan BioCloud Platform (omicstudio.cn).

3. Results and discussion
3.1. Growth analysis of edible fungi on tea residue plates

The colony radii of six fungal strains were measured over time
(Fig. 1). Among the strains, P. pulmonarius exhibited the fastest growth
rate, reaching a colony radius of 33.1 mm after 6 d, followed by L. sajor-
caju (Fr.), F. filiformis, and L. edodes, with colony radii of 28.5, 26.5, and
23.3 mm, respectively. Monascus kaoliang B6 and H. erinaceus exhibited
the slowest growth rates, and their colony radii were 12.3 and 10.0 mm,
respectively, after 6 d.

Table 1 provides the mycelium density, length, morphology, and
color of the six strains after a 6 d growth, and their pictures can be seen
in Supplementary Fig. Al. Pleurotus pulmonarius and L. sajor-caju (Fr.)
exhibited longer and denser mycelia, while L. edodes and F. filiformis
displayed relatively sparse and short mycelia. Hericium erinaceus and
M. kaoliang B6 had the shortest and sparsest mycelia. Additionally, the
surrounding medium of H. erinaceus colonies appeared brown, while the
center of M. kaoliang B6 colonies exhibited an orange color, which was
attributed to pigment production by these fungi (Chaudhary et al., 2024;
Ju et al, 2023). These results showed that P. pulmonarius and
L. sajor-caju (Fr.) stood out for their rapid growth rates and dense, long
mycelium, which display a distinct fibrous structure.
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3.2. Analysis of decolorization zones of edible fungi on different
lignocellulosic plates

Fig. 2 shows the color change observed in carboxymethyl cellulose
sodium (CMC-Na), xylan, sky blue, and lignin media assessed for six
fungal strains. Monascus kaoliang B6 demonstrated the most extensive
color change zones across all media after 4 d, while P. pulmonarius and
L. sajor-caju (Fr.) exhibited color zones only on CMC-Na and lignin
media. Lentinus edodes, F. filiformis, and H. erinaceus showed color
change exclusively on the lignin media.

Specifically, the color change zone diameters for P. pulmonarius,
L. sajor-caju (Fr.), and M. kaoliang B6 on CMC-Na medium after 4 d were
9.12, 7.76, and 12.23 mm, respectively. In contrast, L. edodes,
F. filiformis, and H. erinaceus did not exhibit any colony growth or color
change. In xylan medium, only M. kaoliang B6 produced a faint color
with a zone diameter of 0.9 mm. In lignin medium, notable variations in
color change were observed among the strains, with P. pulmonarius and
L. sajor-caju (Fr.) having the largest and darkest zones at 8.6 and 6.8 mm,
respectively. The other strains, including L. edodes, F. filiformis, and
H. erinaceus, had zone diameters of approximately 2.5 mm and produced
much fainter color. Monascus kaoliang B6 in sky blue medium formed
larger colonies with distinct color change zones, while the other strains
showed no color zones, underscoring its lignin degradation potential.

Pleurotus pulmonarius and L. sajor-caju (Fr.) exhibited outstanding
enzymatic activities, followed by F. filiformis, while H. erinaceus and
M. kaoliang B6 were the least effective. The slow growth rate and poor
enzymatic activity of H. erinaceus might be due to insufficient water
content in the solid medium (Lin et al., 2023). The strains that produced
cellulase, hemicellulose, ligninase may degrade the lignocellulose
structure that traps nutrients, thereby promoting the release and utili-
zation of nutrients in the tea residue.

Due to the slow growth rate and poor enzymatic activity of
H. erinaceus, L. edodes, F. filiformis, P. pulmonarius, L. sajor-caju (Fr.), and
M. kaoliang B6 were chosen for further investigation into the influence of
medium lignocellulose on enzyme production.
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Fig. 3. Biological conversion rates of different edible fungi in malt extract and
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3.3. Growth and enzyme production of edible fungi in tea residue or malt
extract media

3.3.1. Fungal conversion efficiency of culture media

Fig. 3 shows the conversion rates of P. pulmonarius, L. sajor-caju (Fr.),
and M. kaoliang B6 in malt extract and tea residue liquid media after 9
d of cultivation. When malt extract was used as the medium, L. sajor-caju
(Fr.) exhibited the highest conversion rates of 36.9%, while
P. pulmonarius showed a relatively lower rate of 31.0%, and M. kaoliang
B6 exhibited the lowest rate of 14.1%. When tea residue was used as the
medium, the conversion rate of M. kaoliang B6 significantly increased to
27.8%, whereas the conversion rates of P. pulmonarius and L. sajor-caju
(Fr.) both significantly decreased to 8.6% and 3.8%, respectively. A
significant difference in the conversion rates of the three fungi was
observed between malt extract and tea residue media (Fig. 3). The
growth status of M. kaoliang B6 on solid tea residue plates was inferior to
that of P. pulmonarius and L. sajor-caju (Fr.) (Fig. 1 and Table 1). This
phenomenon might be attributed to the fact that P. pulmonarius and
L. sajor-caju (Fr.) mainly used agar as a nutrient source (Chen et al.,
2020; Smiderle et al., 2012), while M. kaoliang B6 mainly used sub-
stances in tea residue (such as cell wall polysaccharides and poly-
phenols) for growth (Long et al., 2023; Shi et al., 2022). In addition,
M. kaoliang B6 experienced increased exposure to tea residue in liquid

media, which stimulated the secretion of (hemi) cellulases and lig-
ninases (Fig. 2), thereby enhancing its ability to degrade tea residue.

3.3.2. Differences in activities of cellulases, hemicellulases, and ligninases

To further analyze the cell wall degradation ability of P. pulmonarius,
P. sajor-caju, and M. kaoliang B6, cellulase, hemicellulase, or ligninase
activities were determined after fermentation in malt extract medium
supplemented with additional CMC-Na, xylan, or lignin.

As shown in Fig. 4A and B, after fermentation in malt extract me-
dium, M. kaoliang B6 exhibited relatively higher cellulase activity in the
broth, while P. pulmonarius exhibited higher hemicellulase and ligninase
activities. After 3 d of fermentation, the cellulase activity in M. kaoliang
B6 fermentation broth peaked at 139 UemL ™!, approximately 3 times
that of P. pulmonarius and 9 times that of L. sajor-caju (Fr.). The hemi-
cellulase activity in P. pulmonarius fermentation broth peaked at 62.5
UemL ™!, approximately 3.5 times those of L. sajor-caju (Fr.) and
M. kaoliang B6. The ligninase activity in P. pulmonarius was 13.4 UL,
which was twice those of L. sajor-caju (Fr.) and M. kaoliang B6. However,
the enzymatic activities of P. pulmonarius showed a negative correlation
with fermentation time. This phenomenon might be attributed to the
rapid growth of P. pulmonarius, resulting in smaller surface area contact
between mycelium balls and the medium.

In the media supplemented with CMC-Na, xylan, or lignin, the
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Table 2

Weight hanges in nutrient composition of tea residue, mycelium, and fermentation broth before and after fermentation by edible fungi (mgeg™?).

Fermentation broth

Mycelium sediment

Tea residue sediment

Strain

Fermentation
time (d)

Protein Total sugar  Pectin Other
content

content

Other  Total dry
weight

Pectin

Total sugar
content

Other  Total dry Protein
weight

Pectin

Total sugar
content

Protein
content

Total dry
weight

content

content

content

content

59 52 151

31

230

0.0 0.0 0.0 0.0

0.0

770 239 250 34 246

Control-24/

32

106
116
136

50
50
49

100
90
69

34
34
34

222
221
220

1.3
1.0

0.7

0.4
0.5
0.2

4.2

1.8
1.5
2.6

8.3
8.7

P. pulmonarius
L. sajor-caju

5.3

6.6

10.3

M. kaoliang B6

136
120
116
118
199

61

64
78
97

31

229
231
238
278
310

0.0

0.0
0.0
0.4
7.4

0.0
0.0
5.1

0.0
0.0
2.2
7.4

0.0
0.0

259
265
276
260
272

33
34
31

249
256
245
194
154

230
215
200

771

Control-24

64
56
59

62

31

0.0

769
752

Control-32

32

1.6
1.1

10.0

P. pulmonarius
L. sajor-caju

133
82

32
33

25.6

42.0

26
24

199
172

679

16.8 43.3 1.3 4.6

68.1

622

M. kaoliang B6

127
114
184
263
213

70
73
55
54
78

65
74
47

31

231
230
268
361
331

0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

237
281

33
33
27
20
15

265
261

233
195
195
143
84

769

770

Control-24

31

0.0

Control-32

18
23
33

9.1

2.4

7.4
4.9

12.5 21.5

49.6

247
305
269

213
82

683

P. pulmonarius
L. sajor-caju

68
74

12.0

23.5 40.5

6

88.7

550
410

24.5

154.7

4.1

41 259.1

M. kaoliang B6

109
111
237
276
207

70
69
47
35
76

82
81

30
30
18
20
36

231

0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

263
301

34
33
24
21

268
265
198
102
58

769 204

Control-24

232
316
354
319

0.0

170
150
133
65

768

635

Control-32

50
62
72

10.9 25.2 2.1 7.9

49.6

264
282
239

P. pulmonarius
L. sajor-caju

15.1

5.7
5.8

18.1 62.3

108.0
305.7

538

20.8

194.2

75.6

13

375

M. kaoliang B6
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cellulase, hemicellulase, and ligninase activities were enhanced (Fig. 4C
and D). After 3 d of fermentation, M. kaoliang B6 exhibited the highest
cellulase activity of 179 UemL™!, which was twice those of
P. pulmonarius and L. sajor-caju (Fr.). The hemicellulase activity in
P. pulmonarius peaked at 57.8 UemL ™!, which was 6 times higher than
that of M. kaoliang B6. L. sajor-caju (Fr.) exhibited the highest ligninase
activity of 22.0 UsL ™2, followed by P. pulmonarius (17.1 UsL™1), which
were both higher than that of the pure malt extract fermentation. On day
7, M. kaoliang B6 maintained the highest cellulase activity of 191
UemL ™!, which increased by 26 UemL™! compared with pure malt
extract fermentation. The hemicellulase activities in P. pulmonarius and
L. sajor-caju (Fr.) peaked at 67.1 and 70.9 UemL!, respectively,
showing enhancements compared with malt extract fermentation. Lig-
ninase activities in P. pulmonarius and M. kaoliang B6 peaked at 36.2 and
36.9 UeL ™, respectively, which were approximately 4 times higher than
the values observed on day 3 and surpassing levels in malt extract
fermentation on day 7. This phenomenon indicated that the addition of
CMC-Na, xylan, or lignin stimulated the production of corresponding
degrading enzymes by the strains (Kannan et al., 1990; Lu et al., 2023a).

The higher conversion efficiency of M. kaoliang B6 could be attrib-
uted to its superior cellulase and lignin enzyme activities, which effec-
tively degraded the lignocellulosic structure in the tea residue cell walls,
leading to nutrient release and utilization. Although P. pulmonarius and
L. sajor-caju (Fr.) exhibited the highest hemicellulase activities, hemi-
cellulose was less abundant in tea residue than cellulose (Pang et al.,
2021) and was not its primary structural component of the cell wall.
Therefore, its degradation alone was insufficient for effective nutrient
release.

3.4. Fermentation of P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang
B6 in tea residue liquid medium

3.4.1. Tea residue changes under optical microscope

Fig. 5 shows the electron microscopy results of tea residue fermented
by P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6 after 9 d. The
original tea residue had low transparency and a smooth surface,
remaining unchanged after 9 d in a shaker at a constant temperature.
Both control groups exhibited minimal structural changes, indicating
that incubation at a constant temperature did not significantly damage
the tea residue. Tea residue fermented by P. pulmonarius and L. sajor-caju
(Fr.) showed increased transparency, grooved surfaces with wrinkles,
and thinning. The mycelia of M. kaoliang B6 intertwined with the tea
residue, leading to noticeable fragmentation into small pieces, increased
transparency, hollow structures, reduced surface flesh, and depressions.
This phenomenon was attributed to the production of various enzymes,
such as cellulases, pectinases, and proteases, by strains during fermen-
tation. These enzymes acted on the tea residue surface, thus disrupting
its structure. Comparing the degree of tea residue destruction,
M. kaoliang B6 exhibited a strong enzyme production ability in tea res-
idue medium and a robust capacity to use tea residue, aligning with its
higher biological conversion rate among the three strains (Fig. 3).

3.4.2. Analysis of component transformation in tea residue medium

Tea residue liquid medium was separately fermented by
P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6, and Table 2 shows
the composition changes in tea residue, mycelium, and fermentation
broth. During fermentation, all three strains showed a decrease in the
dry weight of tea residue and an increase in the dry weight of mycelium.
Among them, the changes in tea residue dry weight and mycelium dry
weight after fermentation by M. kaoliang B6 were the most significant,
decreasing by 395 mg g~ ! and increasing by 306 mg g~?, respectively.
The total sugar content in the tea residue after it was fermented by
M. kaoliang B6 decreased the most by 192 mg g™, followed by protein,
which decreased by 181 mg g~!, approximately 3 times that of
P. pulmonarius and twice that of L. sajor-caju (Fr.). At the same time, the
protein and total sugar content in the mycelium of M. kaoliang B6
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Fig. 6. (A) Biological conversion rates of combined fermentation at different temperatures in tea residue medium; (B) changes in tea residue structure before and
after combined fermentation at different temperatures (0, 9: fermentation time 0, 9 days; MF24: combined fermentation group at 24 °C; and MF32: combined

fermentation group at 32 °C); and (C) compatibility of strains.

increased to 76 and 194 mg g}, respectively, which were approxi-
mately 7 times that of P. pulmonarius and 4 times that of L. sajor-caju
(Fr.), corresponding to the decrease in protein and total sugar content in
the tea residue. The increase in the mycelium of M. kaoliang B6 among
the three strains was the highest at 73 mg g1, which was 8 times that of
P. pulmonarius and 4.4 times that of L. sajor-caju (Fr.). Monascus kaoliang
B6 could effectively degrade the cell wall of tea residue and fully use its
biomass for growth during liquid-state fermentation of tea residue.
Although M. kaoliang B6 exhibited the highest yield and protein content
in tea residue liquid medium, along with the ability to produce red
pigment, its application might be influenced by toxicity concerns. It
could only serve as a substitute for hemoglobin as a colorant for meat
analogues.

During the 9-day fermentation, all three strains exhibited an increase
in the dry weight of the fermentation broth. The most substantial
increased in dry weight (133 mg g~ 1) was observed in the fermentation
broth of L. sajor-caju (Fr.), followed by P. pulmonarius and M. kaoliang
B6, which increased by 94 and 99 mg g™}, respectively. The total sugar
and pectin content in both L. sajor-caju (Fr.) and M. kaoliang B6 initially
increased in the fermentation broth and decreased, with pectin
increasing by 9 and 29 mg g1, respectively. This phenomenon might be
attributed to the active cellulase and lignin peroxidase enzyme systems
of M. kaoliang B6, which facilitated cellulose degradation and nutrient
utilization in the tea residue. Furthermore, the early-stage cellulose
degradation by L. sajor-caju (Fr.) and M. kaoliang B6 increased poly-
saccharides and pectin contents in the fermentation broth (Awafo et al.,
1995; Salis et al., 2009), followed by rapid strain growth, sugar ab-
sorption, and preferential utilization of proteins and sugars by
M. kaoliang B6, primarily targeting monosaccharides (Wang et al.,
2023a).

Additionally, the concentrations of other substances in the fermen-
tation broth of the three strains significantly increased. The highest in-
crease in the concentration of other substances was observed (160 mg
g_l) in L. sajor-caju (Fr.) fermentation broth, followed by P. pulmonarius
fermentation broth (131 mg g~ %), and the smallest increase of 71 mg g !
was observed in M. kaoliang B6 fermentation broth. This phenomenon
might be attributed to the presence of polyphenolic substances in the
fermentation broth; thus, supplementary experiments were conducted
(see Table A.1 in Supplementary). However, the results showed that on
day 5 of fermentation, the polyphenol contents in the fermentation
broth of P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6 were only
9.57, 5.65, and 4.57 mg g}, respectively. These results might be
attributed to the oxidation of tea polyphenols into quinones or some
active substances during the fermentation process, or they were
metabolized by the strains to synthesize other substances (Bei et al.,
2018), thus decreasing polyphenol content. In summary, M. kaoliang B6
had the best fermentation effect on tea residue, with a significant
decrease in tea residue dry weight and a significant increase in myce-
lium dry weight after fermentation. The protein and pectin contents in
the fermentation broth also increased.

Fungal fermentation broke down the complex lignocellulosic

structure in tea residue, facilitating the conversion of proteins, poly-
saccharides, and other nutrients into fungal protein and valuable
nutritional components. Utilizing these fungi promoted environmental
sustainability by recycling agricultural waste into useful products,
reducing reliance on chemical processing and minimizing waste
disposal. For instance, Aspergillus tubingensis was utilized for the con-
version of waste lignocellulosic biomass, such as palm empty fruit
bunches, into fungal lipids. This process effectively removed lignin and
hemicellulose while minimizing the generation of waste biomass (Intasit
et al., 2023).

To further improve the nutrient conversion from tea residue and
reduce biomass waste, the three selected strains was used for combined
fermentation to explore the potential benefits of co-growth in optimizing
nutrient utilization.

3.4.3. Fermentation effects of three mixed edible fungi on tea residue

Fig. 6A shows the conversion rates of P. pulmonarius, L. sajor-caju
(Fr.), and M. kaoliang B6 or their combination used for fermentation in
tea residue liquid medium for 9 d at 24 °C and 32 °C. When the three
strains were used for fermentation at 24 °C or 32 °C, their conversion
rates of tea residue were 4.73% and 4.24%, respectively, which are
relatively low. Fig. 6B shows the electron microscope results of the co-
fermentation of P. pulmonarius, L. sajor-caju (Fr.), and M. kaoliang B6
in tea residue after 9 d. The results revealed a slight decrease in tea
residue transparency, but the surface remains relatively smooth without
significant degradation. As shown in Fig. 6C-P pulmonarius and L. sajor-
caju (Fr.) were dense and exhibit outstanding growth rates. Their
mycelia could intertwine and grow without antagonistic lines, enabling
co-fermentation. However, the colonies of M. kaoliang B6 were covered
by those of P. pulmonarius and L. sajor-caju (Fr.), and the colony radius in
the covered area was significantly smaller than on the other side without
antagonistic strains. This phenomenon indicated that P. pulmonarius and
L. sajor-caju (Fr.) were dominant species in the co-cultured system and
inhibited the growth of M. kaoliang B6. The dominance of P. pulmonarius
and L. sajor-caju (Fr.) might be attributed to their rapid growth, thus
competing for growth resources with M. kaoliang B6. Monascus kaoliang
B6 was not suitable for co-cultivation with P. pulmonarius and L. sajor-
caju (Fr.).

4. Conclusion

Using tea residue as a medium, P. pulmonarius and L. sajor-caju (Fr.)
grew fastest in plate, with colony radii of 33.1 and 28.5 mm after 8 dads.
M. kaoliang B6 exhibited significant degradation of cellulose, hemicel-
lulose, and lignin, with decolorization radii of 12.2, 0.9, and 8.5 mm.
Thereby these strains had potential to covert tea residue. After liquid
fermentation, P. pulmonarius and L. sajor-caju (Fr.) produced 108 and 50
mg g~ ! mycelium, which could be served as raw materials for meat
analogues. M. kaoliang B6 demonstrated the highest conversion effi-
ciency of 27.8%, attributed to its exceptional cellulase (191 UemL ™)
and lignin enzyme activity (36.9 UsL 1), allowing effective degradation
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of cell walls and nutrient release. Co-fermentation of these three strains
had little effect on the improvement of conversion efficiency that a
further optimization or screen of more strains might further improve the
fermentation efficiency. Generally, utilizing tea residue for edible fungi
fermentation was a sustainable process for biowaste treatment, enabling
efficient nutrient conversion under mild conditions without adding
chemicals.
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