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Abstract: [Objective] This study explored the application potential of symbiotic fungi and
bacteria of Odontotermes formosanus in the degradation of wheat (Triticum aestivum L.) straw
resources, aiming to provide a theoretical basis and supplement strain resources for the
industrialization of straw biodegradation. [Methods] The lignocellulose-degrading fungi and
bacteria were isolated from O. formosanus and screened by Congo red staining and the agar
plate supplemented with carboxymethyl cellulose sodium (CMC-Na), and the enzyme
production of the strains screened out was examined. Liquid fermentation at room temperature
was carried out to evaluate the degradation effects of different strains and strain combinations
on wheat straw. Fourier transform infrared spectroscopy (FTIR), X-ray crystal diffraction
(XRD), and scanning electron microscopy (SEM) were employed to analyze the physical and
chemical properties of wheat straw before and after degradation. [Results] Five species of
fungi and three species of bacteria were isolated from the termite combs, including two species
of Penicillium, one species of Purpureocillium, one species of Aspergillus, one species of
Eutypella, one species of Bacillus, one species of Escherichia, and one species of
Senotrophomonas. Four efficient degrading strains were screened out and identified as
Penicillium citrinum, Aspergillus nomiae, Bacillus subtilis, and Escherichia coli. In the liquid
fermentation at room temperature, the combination of the four strains had the strongest
comprehensive degradation performance, with the degradation rates of 24.35%, 47.24%,
35.75%, and 32.72% for dry matter, cellulose, hemicellulose, and lignin, respectively, in 12 days.
The degradation destroyed the chemical bonds, the intermolecular force, and the composite
structure of lignocellulose in wheat straw, and decreased the crystallinity of cellulose from
37.40% to 32.97%. [Conclusion] The combination of P. citrinum, A. nhomiae, B. subtilis, and
E. coli isolated from the combs of O. formosanus had a good degradation effect on wheat straw,
demonstrating the application potential in the industrialization of straw biodegradation.
Keywords: biodegradation; Odontotermes formosanus; symbiotic bacteria and fungi;
lignocellulose; straw resource utilization
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AT IR — A, HE SR PN AT (] e AR T T B
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BrEEHF 20.98% LT 4EER | 31.89% AT 4E R
A1 11.68% M AR E, HAp, ENIMHE T
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R RAFMREfRRE T .
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1.1 ##
1.1.1 #FRRIR

HE S £ R T 2022 4F 4 T BCE R
AW R, 26 °ChOLMZE ., At/
FEFFIA VLA & =TT, B 05 M et
80 Hi, % HHRAE
1.1.2 EHxE

2 W IELT4E Z 4N (CMC-Na) [l {45 32 F(g/L) -
R 4EZR A 10.0, E 1L ER 2.0, fiS IR M 2.000,
BERRE 4 1.0, BERR S 1.0, LKFIREE
0.5, HEHM 1.0, I8 17.5, pH 7.0, JohRIFEIE
WA RS SR Bk (g/L): FEAbER 2.0, WHEREN 2.0,
BERR A 0 1.0, BEER EM 1.0, L/KMIREE
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0.5, FHIIF 1.0, pH 7.0, R H HLF 4R HRIA
Bigidt(g/L): R IELT4E RN 10.0, TR IEIE
RV AR KRG IR 5L 990.0, /NEFEFFEE IR (g/L): /Iy
FRFFBAR (80 B ) 62.5, JoRRIF R AL F7
#9375, LB RIARES R H(g/L): R MK 10.0,
FEREREECY) 5.0, A 4bH4 10.0, pH 7.0,

1.2 HEEMIBEMEE

1.2.1 HERFSEMiFEE

Bro.5s g 8N FZERE . 0.5 g HNHEE
B & FHFEk R, inA 1 mL PBS 28 Pk, A1 Ak
A3, KRR EEOE, 4°C, 1500 r/min
B0 1 min BOEVEW, BEEERRE 10 000 £, HX
15 pL 7E5R W SR 2F 2 2 p A B 55 5L 1 iAoy
B, KW BHEEERL e, BE 3 kiR
AT TRV,

SRR IR TR 26 CCHEFRAER IR T-14d J, il
1 g/L BINIZRLE G2 5 min J5 A 1 mol/L
PR BRI, K R B AR I DL, Dt
KA B S RV B T DB OK A B BLAR T TR
AR PR 1 A i ik TR R 43 i 41 24 3 1B D1 5 55
PRI, FHRIE SR,

122 EMEE

WM AL )E TV 2% UL WA
PR R R TS 5E . DNA B0 &
(2T 3 e VAN ¢~ SR s R - S R P
(cetyltrimethylammonium bromide, CTAB)y% #
HU DNA, 45 i FHE WA R R 7% b 1 42 B DNA
H A PCR ™3 516 I5 1Y N 5% 5% 8] f X
(internal transcribed spacer, ITS) R F5, 5|49
HEE ITS ZFEBEHBIY ITS1 (5-TCCGTAG
GTGAACCTGCGG-3")#l ITS4 (5-TCCTCCGC
TTATTGATATGC-3"); 4 Fll Fl PCR 434 P
71 16S rRNA JEH P, 5191 4T 16S rRNA
FLRE S 27F (5-AGAGTTTGATCCTGGC
TCAG-3")F1 1492R (5'-GGTTACCTTGTTACG
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ACTT-3"), PCR XK Z (20 pL): 2xTaq Plus
Master Mix I1 10 uL, F. Fi##5147(10 umol/L)
4 1 uL, DNA &4} 0.2 uL, ddH,0 7.8 uL. PCR
SV Z5A e 95 °CHIASYE 3 min; 95 °CAE M 15 s,
55°CiR kK 30's, 72 °CHEAH 2 min, 35 MEIF;
72 °CZA LA 1 min,

AN Py S R R R S I SE S
AR R, R IILTE i R
W%, ERILH AV ARGRA R . DNA
P Uy v Rl 00 20 4 4 IOy vk . B R T
PCR " LB VE 1 1TS 2 741, 4B A PCR
PIGBARTERY 16S rRNA LTS, P iis
Y F Bedfi A pTOPO-T M, J& A ik i 5% ik
B2 S . AR TR SOV AR R (10 pL):
10xpTOPO-T Buffer 1 uL., pTOPO-T Vector 1 uL,
PCR 7#¥ 1 uL, ddH,O 7 pL. #RAA vE [ f i 4%
P RGN 5 min, PGS ZS A0 1Y
AR T, 519 R Ak 3638 1514 M13F
(5'-TGTAAAACGACGGCCAGT-3")f1 MI3R (5'-C
AGGAAACAGCTATGACC-3), PCR JZ Wik ZFl
LI 25 AR A 52 1) PCR SN AR 2R B 25 12F

W J5 8l BLAST 7EZR LR g fl, T
GenBank &1t ¥4 5 .

1.3 BgIENE
1.3.1 FHEGEHI&

HAE 3 PNER 6 mm A PHER T 100 mL
R I AE R PR SR TR, R 3 D EAR
6 mm FEYHERT 100 mL LB kR 73, T
26 °C. 180 r/min MFEIR LGSR 5d fF, B
1 mL AR 5E, 78 4°C. 7000 r/min 514 F
B0 10 min, b3 B0 A R A -

1.3.2 BEgIEMNE

Tt 315 P 0 4 {687 P 53 1 4 R A W I 2 Bl
A PR w0 R e . Hdr N -B-1,4-55 2R
R A 15 M R0 AT) - B-1,4- 7] 5RO T8 5 2 000 o 4R
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M R R fR GRS FFHE T R (2), 100% K H 43 Hdt
HRE
1.4.2 KR4 RE 5 RN TR

AR J5T 2 4 25 41 4y o i 0 B0 22 T VA S5 3R

[ 1] 14 fE YR 52 56 % (National Renewable
Energy Laboratory, NREL)J5 &Sk g &)y
A B B 0.2 g FEIARIGE N my), il
A 20 mL Jo/KZEE, 60 CEF R #HL 2 h,
B JE 80 °CHET 12 he T MA 3 mL &
BB 2%, #2515 30 °C/KiR 1 he
JIA 84 mL 281K, TR RIRIAT 5 R 4%,
RSB RIUG CAmTH HORH, HER R 121 °CliR
fift 2 ho (RN IRFHhE, sEACEE O TR
R TCK E R ACE AR A FIC R a). I
IR AN — I R 2 P B, A 80 °Cad Mt
FIRFREGE R m), FET DI 550 °CHEt
$e4h, BHEHREGH m). B2 mL W,
JA 2.5 mL it 0 500 4% A E LA, 5.5 mL
ZENR K P AN Z b I A R S
ERE L 7 BLGE R Caw) s H 3,5-ZHH KR
P00 7 A8 SR S B (GE N Cry), THRETYER |
£ 2 22 IR 0T 2 50 45 43 850 (53 9112 K Ceet » Chem
Fl Ciig) , oS MR R it 1 21 40 o it 43 B (iE h ©)
FEAR 5 253 B B BN Co) b5 414y B A
FECH Re)o HEWM AKX Q57N

Cea=(Cy1a87%0.90% 103)/myx100% @)
Chen=[(Crs~Cyu)*87%0.88x 10">)/myx 100% 3)
Ciig=(m;—a;—m,)/myx100% 4)
Re=[ 1-(MxC)/(MxC)]%100% (5)

K, Ca NEFYERTREITE(%), Cou NHI%H
BB 3 50 (%), my S AE IR R 4R R (g)
Chem NFEFYER BT 0 50(%), Cos NI JEHE 5T
(%), Cig MR T E0(%), my Mg
BUEAUHET B (), ay MUBAUK MR (g), my
BRI KA i (g), Re WA EEF(%), m
N B EIRE AT (2), C RT3 it o)
(%), M MRS T T BTt (), Co HREfF
JE Ay B (%), 0.90 WET4E K L IL R
B, 87107 AR BATEL, 0.88 J2fef
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1.5 MNEEEFRE
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A AT B AR, B DA AR DR
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1.6 AEEFNERBITERIAE

B T 0 5 L PR O A A s R WL
WOEAESR, ARE AR, WA FU2
FU4 BA1.FU4 BA1 BA2, U 4H 4k FU2 FU4
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¥ 6 A~HAE 0.6 cm HPHEA K G /N
SRR (RS 24, RSP EES 14
TR 5 2 1), 26 °Cb SR 12 do T 5 5 i
G ARTEAAER A o B AR 00 SR S
PATEVE I —3,
1.7 BERERIRNER/TEAERNE
1.7.1 BEMOIRES R

B R A /N 22 FS FEAE i FL(FU2 \FU4 (BAL,
BA2) 4 WU G TARERE AR A, BET 5 B B
Wy A, T A B 0 A1 9% 3% {Y (ThermoFisher
Scientific 2AH) /3T AHEE 4 em™', KA
32 %, HiIE K 4004 000 cm ™.
1.7.2 X H&AT8 94

ISR A T /N2 RS PR S DY P (FU2 . FU4,
BA1. BA2)H WM G R BRSNS, BT
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1 )\ BRENEETSSERERS

BA3. *[& i W MISRAL Qe A 25 R
Figure 1 Morphologies of colony and transparent zone of eight strains. A: FU1. B: FU2. C: FU3. D: FU4. E:
FUS. F: BA1. G: BA2. H: BA3. The image with * shows the results of Congo red staining.

*1 J\#REH D &

Table 1 D, values of eight strains

Strain number D, values
FU1 1.62+0.05
FU2 1.36+0.01
FU3 1.284+0.01
FU4 1.01+0.01
FUS5 1.03+0.01
BA1 1.44+0.01
BA2 2.50+0.06
BA3 1.13+0.03

A: FUIL. B: FU2. C: FU3. D: FU4. E: FUS. F: BAl. G: BA2. H:

SRVHNG G 0w TR R, R
SRIVLFERFEVIRIGE ) ; T BA2. BAL., FU4
() A1) -B-1,4- 7 5 A ity il 05 2 R T AR A
PR, A HEA B il 27 4 2 oK I K R RE .
JRRBA AR 2R o A A i . B A Ak
R BTG PN 40 B 3-5 R 4R R,
FUl., FU2, FU4, BA2, BA3 KRl ALY
P Ve 3 T A R bR, SR A R
K EEMAE ST FUS, FU4, BA3 il Ak
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Table 2 Identification results of eight strains

Strain number GenBank accession number  Similar species (GenBank accession number) Similarity (%)
FU1 PP140834 Penicillium sp. (MK246010) 99.10

FU2 PP126516 %% Penicillium citrinum (MN788102) 100.00

FU3 PP140833 Purpureocillium sp. (OR225858) 99.50

FU4 PP140832 21 %2 5% Aspergillus nomiae (MH279419) 100.00

FU5 PP140835 Eutypella sp. (KT868952) 98.57

BA1 PP140842 F 25 ZE HUAT I Bacillus subtilis (KY766067) 99.74

BA2 PP140843 KM #i Escherichia coli (CP027449) 99.93

BA3 PP140844 Stenotrophomonas sp. (CP051467) 99.47

®3 )\ RETYERREEN

Table 3  Cellulase activities of eight strains

Strain number  Strain name

Endo-1,4-B-glucanases activity (U/L)

Exo-1,4-B-glucanases activity (U/L)

FU1 Penicillium sp. 30.33+0.24d
FU2 Penicillium citrinum 52.37+0.17a
FU3 Purpureocillium sp. 9.9340.12¢
FU4 Aspergillus nomiae 31.89+0.00c
FU5 Eutypella sp. 47.76+0.46b
BA1 Bacillus subtilis 4.95+0.00g
BA2 Escherichia coli 8.10+0.12f
BA3 Senotrophomonas sp. 4.71£0.08¢g

5.45+0.05d
5.5340.05d
5.354+0.00e
5.96+0.05¢
5.274+0.08¢
8.29+0.08b
10.09+0.09a
5.16+0.05f

FAPBAE N I AR EZE , RIS R/ING T RE R AN [ 21 ] A i 74 22 53 (P<0.05)

The values in the table are mean + standard deviation, different lowercase letters on the column indicate differences in enzyme

activity (P<0.05).

60 ¢ a — Endo-1,4-B-glucanases
Q M b activity
2 10 — Exo-1,4-B-glucanases
> F ..
g d c activity
g
% 207
= (& b f a
© d [[d e ||lc ||le g H gf
O

e [ L A A0 0 fe

FU1 FU2 FU3 FU4 FUS BA1 BA2 BA3

3
Strain number

2 )\MREWAEREEEE  EPHSE T
(HEAREZE , R EOAEA R/ NG TR 2R AN R 41 18]
) BTG 22 57 (P<0.05)

Figure 2 Cellulase activities of eight strains. The
column height in the figure is the mean + standard
deviation, different lowercase letters on the same

colored column indicate differences in enzyme
activity between different groups (P<0.05).
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ity 135 1 S v T LA AR, R B BRI
KIEE  BRIEY . ZHTEMEREE T ; FUS,
BA1. BA3 HREHGYER & T HAME M, £
FCRA B I R BT R 5505 B e o B Wk
fiftRE ] -
23 BEENERBRFTEERRE

B AR AT 4E K I, 8 RRE IR B
T —EMIREMRBE S (GR 5). FUS TET W) 5t [ it g
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Table 4 Lignin correlated enzyme activities of eight strains
Strain number  Strain name Lignin peroxidase activity Manganese peroxidase Laccase activity (U/L)

(U/L) activity (U/L)
FUI Penicillium sp. 1.50+0.25a 0.83£0.00ef 52.47+5.35d
FU2 Penicillium citrinum 1.58+0.14a 0.55+0.24f 37.04+8.12d
FU3 Purpureocillium sp. 0.75+0.25b 1.10+0.24de 86.43+5.35d
FU4 Aspergillus nomiae 1.33+0.14a 2.89+0.00b 27.78+0.00d
FU5 Eutypella sp. 0.92+0.14b 3.30+0.00a 125 380.40+£24.35a
BA1 Bacillus subtilis 0.08+0.14¢ 1.38+0.24d 108 419.14+13.66b
BA2 Escherichia coli 1.42+0.29a 1.10+0.24de 9.26+0.00d
BA3 Senotrophomonas sp. 1.42+0.29a 2.07+£0.41c 7 232.06+16.04c

FPBAE bR S, RIS [R)/ING 5= R AN [a] 2 7] A i 18 22 5+ (P<0.05)

The values in the table are mean + standard deviation, different lowercase letters on the column indicate differences in enzyme

activity (P<0.05).
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Figure 3 Lignin peroxidase activities of eight

strains. Different lowercase letters on the column
indicate differences in enzyme activity (P<0.05).
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Figure 4 Mn-dependent peroxidase activities of

eight strains. Different lowercase letters on the column
indicate differences in enzyme activity (P<0.05).
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Figure 5  Laccase activities of eight strains.

Different lowercase letters on the column indicate
differences in enzyme activity (P<0.05).
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Table 5 Single strain degradation rate of dry matter and lignocellulose components in wheat straw
Strain Strain name Degradability of dry Degradability of =~ Degradability of Degradability of
number matter (%) cellulose (%) hemicellulose (%) lignin (%)
FU1 Penicillium sp. 17.15+0.70b 43.12+1.79bc 15.16+2.07d 9.46+2.29¢
FU2 Penicillium citrinum 16.82+0.91b 44.16+1.74ab 8.33+£2.51e 22.09+0.63b
FU3 Purpureocillium sp. 17.06+2.03b 44.27+1.60ab 5.48+2.29ef 16.01+0.74d
FU4 Aspergillus nomiae 18.00+0.78b 47.03+£1.60a 3.56+0.94f 17.56+3.69cd
FU5 Eutypella sp. 20.95+1.10a 40.01+4.80c¢ 4.10+1.96ef 11.23+1.55¢
BAI Bacillus subtilis 18.61+0.55b 35.36+0.72d 64.87+0.36a 10.45+1.23¢
BA2 Escherichia coli 18.37£1.09b 31.87+0.48d 48.22+1.90b 26.20+£3.23a
BA3 Stenotrophomonas sp. 17.39£1.07b 31.80+2.54d 40.47+6.44c 20.01£1.23bc

FPBAE N bR S, RIS [R)/ING 5= BRI AN [a] 2 7] ) 6 A 23 22 53 (P<0.05)

The values in the table are the mean + standard deviation, different lowercase letters in the same column indicate differences in

degradation rates between different groups (P<0.05).
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Table 6 Degradation results of dual strains interaction

Strain number

Strain name

Degradability of dry Degradability of

matter (%)

Degradability of Degradability of

cellulose (%) hemicellulose (%) lignin (%)

FU2+BA1 / 21.09+0.19ab 46.88+2.40a 15.43+2.18f 26.73+0.65de
FU2+BA2 / 19.99+0.70bc 38.89+1.39¢ 27.214+3.27¢ 35.34+1.43a
FU4+BA1 / 21.90+0.68a 43.26+1.77b 34.56+4.05d 34.07+£2.63ab
FU4+BA2 / 20.93+1.72ab 44.82+3.27ab 30.03+£5.87de 31.27+2.14bc
FU2+FU4 / 19.66+0.48bcd 44.97+1.50ab 6.78+1.53gh 32.15+0.11bc
BA1+BA2 / 19.31+0.48cde 35.79+0.70d 58.07+£3.71b 29.48+1.42cd
FU2 Penicillium citrinum 16.82+0.91f 44.16+1.74b 8.33+£2.51g 22.09+0.63f
FU4 Aspergillus nomiae 18.00+0.78ef 47.03£1.60a 3.56+0.94h 17.56+3.69¢
BAL1 Bacillus subtilis 18.61+£0.55¢cde 35.36+0.72d 64.87+0.36a 10.45+1.23h
BA2 Escherichia coli 18.37+1.09de 31.87+0.48¢e 48.22+1.90¢ 26.20+3.23¢

FPBAE bR, RIS [R)/ING R AN [ 20 ] B Fe A 38 22 53 (P<0.05). /RN BBk &, AbriEHAA 4

The values in the table are the mean + standard deviation, different lowercase letters in the same column indicate differences in

degradation rates between different groups (P<0.05). / represents the combination of strains, not marked with specific

scientific name.

=7

NEFRTTYREARRAEREADNESEHRERE

Table 7 Degradation rate of composite strains of dry matter and lignocellulose components in wheat straw

Strain number

Strain name

Degradability of

dry matter (%)

Degradability of
cellulose (%)

Degradability of Degradability of

hemicellulose (%) lignin (%)

FU2/4+BA1 / 23.19+0.88ab 41.66+1.97de 26.57+1.04ef 35.07+0.60ab
FU4+BA1/2 / 23.71+0.54a 42.21+1.43cd 22.4242.97f 35.48+0.39a
FU2/4+BA1/2 / 24.35+0.92a 47.2442.59a 35.75+2.43d 32.72+3.20abc
FU2 Penicilliumcitrinum  16.82+0.91i 44.16+1.74bcd 8.33+2.51h 22.09+0.63g
FU4 Aspergillus nomiae 18.00+0.78hi 47.03£1.60a 3.56+0.941 17.56+3.69h
BAI1 Bacillus subtilis 18.61£0.55¢ghi 35.36+0.72f 64.87+£0.36a 10.45+1.23i
BA2 Escherichia coli 18.37+1.09hi 31.87+0.48¢g 48.22+1.90c 26.20+£3.23f
FU2+BAI / 21.09+0.19¢cd 46.88+2.40ab 15.43+2.18g 26.73+0.65¢ef
FU2+BA2 / 19.99+0.70def 38.89+1.39¢ 27.214£3.27¢ 35.34+1.43a
FU4+BA1 / 21.90+0.68bc 43.26+1.77cd 34.56+4.05d 34.07+2.63abc
FU4+BA2 / 20.93+1.72cde 44.82+3.27abc 30.03+£5.87¢ 31.27+2.14cd
FU2+FU4 / 19.66+0.48efg 44.97+1.50abc 6.78+1.53hi 32.15+0.11bcd
BA1+BA2 / 19.3140.48fgh 35.79+0.70f 58.07+£3.71b 29.48+1.42de

EAB ) T bR, [WAIR /NG T 5 33 R 2T 22 5 (P<0.05). /R BRI Ay bk B IR 42

The values in the table are the mean + standard deviation, different lowercase letters in the same column indicate differences in

degradation rates between different groups (P<0.05). / represents the combination of strains, not marked with specific

scientific name.
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Figure 6 FTIR spectra of wheat straw before and
after composite strains combined degradation.
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Figure 7 XRD patterns of wheat straw before and
after composite strains combined degradation.
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Figure 8 SEM images of wheat straw before and after composite strains combined degradation. A: 1 000x
magnification of wheat straw before degradation. B: 1 000x magnification of wheat straw after degradation.
C: 20 000x magnification of wheat straw before degradation. D: 20 000x magnification of wheat straw after

degradation.
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