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Fiber-degrading enzymes of anaerobic fungi and their
potential for applications: a review
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Nanjing Agricultural University, Nanjing 210095, Jiangsu, China

Abstract: The rumen of ruminants is known as a natural fermenter with the strongest
fiber-degrading ability. The various microorganisms inhabiting the rumen confer it the ability to
digest plant feed. As a group of microorganisms with low abundance in the rumen, anaerobic
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fungi are the first to colonize the cellulosic feed ingested by host animals and degrade
lignocellulose by secreting massive efficient carbohydrate-active enzymes. However, due to the
lack of sufficient genomic information and an effective genetic operating system for anaerobic
fungi, the research on fiber-degrading enzymes secreted by anaerobic fungi and their
degradation mechanisms is limited. This paper summarized the taxonomy and published
genome information of the anaerobic fungi in the rumen, introduced the fiber-degrading
enzymes and the structure and catalytic mechanism of cellulosomes, and recapitulated the
applications of such enzymes in biomass energy, feed processing, textile, papermaking, and
food processing. Studying the properties of fiber-degrading enzymes in anaerobic fungi will
improve our understanding of their ability to degrade lignocellulose and their competition for
resources in a highly complex rumen environment. Further, it will help us to learn the
application potential of the enzymes in biotechnology and provide new strategies for the

application of the enzymes in industries.

Keywords: anaerobic fungi; fiber-degrading enzyme; gene cloning and expression
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lyases, PLs)FIHiBhAfbif i (auxiliary activities,
AAs)H, Z i T CAZymes HIWFFE IR E T 54
P BA RN E AR, TR, A
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Table 1

Anaerobic fungi isolated from different host animals

Genus Representative species Host animal Source References
Aestipascuomyces A. dupliciliberans Aoudad sheep Rumen [7]
Agriosomyces Ag. longus Ovis orientalis Feces [8]
Aklioshbomyces Ak. papillarum Odocoileus virginianus Feces [8]
Anaeromyces An. mucronatus Bos taurus Rumen [9]
Buwchfawromyces B. eastonii Bulbalus bubalis Feces [10]
Caecomyces C. churrovis Ovis aries Feces [11]
Capellomyces Cap. elongates Capra aegagrus Feces [8]
Cyllamyces Cy. aberensis Bos taurus Feces [12]
Feramyces F. austinii Ammotragus lervia Rumen [13]
Ghazallomyces G. constrictus Axis axis Feces [8]
Joblinomyces J. apicalis Capra aegagrus Feces [8]
Khoyollomyces K. ramosus Eauus grevyi Feces [8]
Liebetanzomyces L. polymorphus Capra aegagrus Rumen [14]
Neocallimastix N. frontalis Ovis aries Rumen [15]
Oontomyces O. intercalaris Bos taurus Rumen [16]
Orpinomyces Or. joyonii Bos taurus Rumen [17]
Paucimyces Pa. communis Ovis aries Feces [18]
Pecoramyces Pe. ruminantium Cattle and sheep Feces [19]
Piromyces Pi. dumbonicus Elephas maximus Feces [20]
Tahromyces T. munnarensis Nilgiri tahr Feces [8]

(ZZ R EERCIRAR ) B2 Ui 3l £ 1Y 8 B B (PR
2R T AE WA AR AR AL MR RNA
FE K 1 &8 % 5k 8] B X (internal  transcribed
spacer, ITS) A A IV JE (large subunit, LSU)
FEHEFFINMZHEE. BT ITS KN R 7
G KSR, AR BERRE /Y LSU P81 43 A
VAR KRR L B 2 B E A
NCBI ¥ 3R AT O 28 & 7 285 5 1) 4B IR
AEEM LSU P4, £ Bl RE L B
JEon T AR & Z B R4 e R (B 1),

) BERAEREMEERSER
R

2.1 “FH s
R EARAP I AE) . T EREZM
—FhZ RpE, 2R FRFEE AR,

YRR HEMIT R, ILgFgER P
1,4-B-D-M 1T Bl 7K A 25 S A 20 M, A A0 T Ak
— R O AR A=Y BT, IR
A B IFA4: GHI, GH3. GH5. GH6. GHS,
GH9., GH16., GH31, GH45 fil GH48 f) CAZymes
Fefp 2T 4E R (£ 2). Li ZPXHitk Pecoramyces
sp. F1 RIXMLFAEE MR ETT T Hr e
B, RY GH XA 21k, LI GH6
FE AR, VRBI T DR AR TR X 2 4 W Y e AU
fltRE 1. TEVFZ YT, 4 ML Em
il 7PN SR OHE R A1 R 2RO WO TS . T
Hooker PN B 15 2R BR Piromyces sp.
UH3-1 /3] 4 FhoRZ WAL B AR T 45K
(EOKRFEFE . WIRRR . B A 3R), R BT bk
UH3-1 o] DA KAL) B-H 4 BT, #2055 1
SURLTAE MR A, 5 A b e
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Capellomyces elongatus GFKJal916 (MK775304)
Capellomyces foraminis BGC11 (MK881975)
Liebetanzomyces polymorphusstrain G1SC (MH468763)
99 ° Liebetanzomyces polymorphusstrain G6SC (MH468764)
— Anaeromyces cf. mucronatus JF1 (JN939172)

100L 4naeromyces sp. K9 (IN939157)
Oontomyces anksristrain SSD-CIB1 (JX017314)
Agriosomyces longus MS-2 (MK881996)
Khoyollomyces ramosus ZC33 (MK881981)
Aklioshbomyces papillarum WT-2 (MK882001)

80 Buwchfawromyces eastoniiisolate GE09 (KP205570)
_I——Tahromyces munnarensis TDFKJal193 (MK775310)
ﬁl Joblinomyces apicalis GFH683 (MK910268)

Paucimyces communis (MW694896)
100 E Piromyces sp. 6 GRL-7 (JF974119)
Piromyces sp. 10 GFM-3 (JF974127)

Cyllamyces aberensisisolate AFTOL-ID 846 (DQ273829)
Caecomyces communis enrichment culture clone OF1 (KM878679)
W‘— Caecomyces sp. CYF (JQ782554)

86 Aestipascuomyces (MW019486)
—{—Femmyces austinii OSUS F3a (NG075234)

93 Orpinomyces sp. A SSD-2011 strain NDRI1 (HQ263325)
_|— Orpinomyces sp. C SSD-2011 strain NDRI3 (HQ263327)
Ghazallomyces constrictus AXS31 (MK881971)

Pecoramyces ruminatium strain S4B (KX961618)

— Neocallimastix sp. NYR2 (JQ782547)
100 b— Neocallimastix sp. NYR3 (JQ782548)
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B1 REEFEMRFLER AT LSUJFHIE MEGA 11 P HEKRIREWERGE LB /¥4
M NCBI F#; Geit 3 H5CE A 1000 K H ) B8 HAEL 50%5 5 315 5 5N W
¥RH) GenBank 555 43 L AMEUT: . Bootstrap LR AR 0.02 ZHA040 X KE

Figure 1 The phylogenetic tree of anaerobic fungi. Phylogenetic tree using maximum likelihood method in
MEGA 11 based on LSU sequences; Source: Downloaded from NCBI; Bootstrap values (from 1 000 replicates)
were shown for nodes with more than 50% bootstrap support; Numbers in brackets: GenBank accession

numbers of the strain; Numbers in branch points: Percentages supported by bootstrap; Bar: 0.02 nucleotide
divergence.
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*2 REERDEEKEERHSE

BRI A A AR Sk U8 F GH2 . GH10, GHI1, GH31,
GH39 Hl GH43 1 CAZymes [F&fF 2748 % (3% 2),
Henske Z:0C'E Piromyces finnis %5 5 40 vh & B1
TR G RA AR B, IR RA IR
WTERE R Pt R MR A 7E B K RE. #
Caecomyces churrovis ‘5= Methanobrevibacter
thaueri 3L¥5 3% 875 T C. churrovis TEARRBE I
(18 A K TR R R AR B2 RIRRIE B T IR B
W LF AR RE AR T . DAL 5 HA A D
IR & A 20T D 4 i il ) fe
SIEEDU RIS TR AE L 5 o R A £ A R ot

Table 2 Classification of glycoside hydrolases in anaerobic fungi

GH family Putative function Organism

References

Neocallimastix patriciarum W5, P. ruminantium strain C1A, [10,23-24]

Neocallimastix patriciarum W5, P.

Neocallimastix patriciarum W5, P.
C. churrovis, Pecoramyces sp. F1
Neocallimastix patriciarum WS, P.
C. churrovis, Pecoramyces sp. F1
Neocallimastix patriciarum W5, P.

Neocallimastix patriciarum W5, P.

Neocallimastix patriciarum W5, P.
Neocallimastix patriciarum W5, P.
C. churrovis, Pecoramyces sp. F1

Neocallimastix patriciarum WS, P.

Neocallimastix patriciarum W5, P.

P. ruminantium strain C1A, C. churrovis
ruminantium strain C1A, [10,23-24,26]

Neocallimastix patriciarum W5, P.

C. churrovis, Pecoramyces sp. F1

Neocallimastix patriciarum WS, P.

GHI1 B-glucosidase
C. churrovis
GH2 B-galactosidase, mannase, P. ruminantium strain C1A
endo-1,4-B-mannosidase
GH3 B-glucosidase
Piromyces sp. E2
GH5 Endo-B-1,4-glucanase/cellulase;
mannan endo-f-1,4-mannosidase
GH6 Cellobiohydrolase
GHS Endo-f-1,4-glucanase/cellulase
GH9 Endo-B-1,4-glucanase/cellulase
C. churrovis
GH10 Endo-1,4-B-xylanase
GH11 Endo-1,4-B-xylanase
GHI16 B-(1,3-1,4)-glucanase (Lichenase)
C. churrovis
GH31 a-glucosidase
C. churrovis
GH39 B-xylosidase
GH43 B-xylosidase;
a-N-arabinofuranosidase;
endo-1,4-B-xylanase
GH45 Endo-B-1,4-glucanase/cellulase
GH48 Reducing end-acting

cellobiohydrolase;
endo-fB-1,4-glucanase; chitinase

Neocallimastix patriciarum WS, P.

(23]

ruminantium strain C1A, [23-25]

ruminantium strain C1A, [10,23-24,26]

ruminantium strain C1A, [10,23-24,26]

ruminantium strain C1A [23-24]

ruminantium strain C1A, [10,23-24]

ruminantium strain C1A [23-24]

ruminantium strain C1A, [10,23-24,26]

ruminantium strain C1A, [10,23-24]

ruminantium strain C1A, [10,23-24]

[10,23]

ruminantium strain C1A [23-24]

ruminantium strain C1A, [10,23-26]

Piromyces sp. E2, C. churrovis, Pecoramyces sp. F1
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Cellulose Exoglucanase

Cell membrane
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Figure 2

Endoglucanase
B-glucosidase
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binding module
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Degradation mechanism of cellulosomes and carbohydrate-active enzymes in anaerobic

fungi®’***%!. Anaerobic fungi use CAZymes during biomass conversion; It has been suggested that their
ability to produce secreted free CAZymes and cell-bound multi-enzyme complexes (cellulosomes).
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TTRAE, & B 2 2R 16 28 DL IS (8 22 B i
A SRR S BT RLAG BE ) A0 . R AR
MRS LB LR 20 PRt 4 > GHI0 KRR
WERGSE [, 7E E. coli Th b4 7 5 U5 338 5 I g 3L
Mgk T, 45BN, 4 R EA R A7) pH
TR, XTI EREA R M5, Ca®
Xof TG S 2 AR HEVE AT, A VR AE B Mk i ]
Wil DL SR 4R g M7E s 5an) pH o i fR
FeiG e, RUAHAE TSR A R n
RoEtE. A, BT RKBTFEEREZEY, £

KA BT I S BB EE 1 B R AT B S 1B
Wi, AR AR WS PRI BRI R, B
Jay BRAE
42 EEERIATYERE MRS

— SRR RE R IR R G O IO B T AR MR
Tl o BRI EEEE(Saccharomyces cerevisiae) e fi
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(Kluyveromyces marxianus)VE N3t DA L),
TEACH A . FLIR . BRIRSE IS mT DLy A
REW RO, WO 2 K TR EA%
H iy 15354

WAEYIR A W AR PR 5y R B I T AR L
HAW R APeE, wl Lo b mil =Py e A=k dd &
P, ISR AL FR RO SZ 4. Hillman
SN Piromyces indianae 5 K. marxianus Bt X,
F A B — AP B B AR WAk B B (R R LT
TE 55— B BORRLET 4E 7K i iUl 25 0 . A LR FN
CWE, SRIG A I AE SR — B Bl s Ak R e 5
F=in)s K. marxianus ANYP] LVEE P. indianae WY
IKfERE SR B A, i H AT LR AE LR SR
2-REE LW S, R FLBR B AL A TR
F=W) . Neocallimastix californiae Fl A. robustus
RSP A R 49% 10 2T 4 T R 5 Ak i
IR AIRE RO AR A R LA RS B
PR PG e B 1 A R TR PO TR SR R o B 2B )
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A7 RGN T Ak, (HEL B BB
T e HL AR AR D AR 7 RE T B IR A 1R
FRW, UESE T MOHE LA FH B R A BRI 21 4 v 2R
AR R AT Re b, [ E AR IR AR
] 2T A K2 firk it P v A8 R RE o
43 FHERBERIEAUEHEES

FLRR A S W iH AL R Ge b i DL 2 A=
[P AE RS SREER S /N it C T A LIS B TV g &
HDRRE A, BN FRIRSMEEE R AR R
Guo ZEPH FHFLERAT #i (Lactobacillus plantarum)
IR EHMEEE CbXynl10C Al Bgxgl, X AR R
TARET4EZ A CMC YA IEPE. Ozkose 5P
Jei 5 IR B (Neocallimastix sp.) 4T 4 & i
T 5 DR ) S SR 5 AR A, 3 o i 2L e I
TEFLIRER T (Lactobacillus lactis) I ik, 1
CMC 5 7 Al Pk I 381 =F & A9 R PP ik 21 4 22 i
TR, JEVE N AR S R, S I
L AEEAE U 2 A H T IR T 10%.
W DR AR T T 2T 4 2 T o i 56 DR ) 2 3 FL IR
W, AT A R, POEREIE
W AREHR pH, B2 i ek rh Ak Al v vk 2 I A
R M 25 4 o AR ) % T i S A A
HAER, R, FLRRE A HT iR IR 5 e
FRNFREErh, W] AR R AR ) R0 A A A
W 28 2 A M [0 REUAT 1 i — 20 OGRS

5 OF % AR Y N

PRAA TR R LA B 53 T Ry Ll i ) 590 71 £
i o g WS A, (ELE T R0 B2 X Hs A BE A
AIEREOR , Toik i S — R E L Rk
DR SR LR B TR Ik, FLET 2 e A i D A LAt
R RGP IR SRR, ™ BB
TR . EF YRR R AELE Y RE . kAL
B ARG SRR G N T4 T AR B AT AR
F, 6 RERE PR AR B AT S i L IR s, s

VL B R HEE WG T .
5.1 AYIEMREEN A TEYREE

W T2 48 AN AT A BRI AL A Rk A
B, AR o e AT IR AU . AR i A ik
HFNSERE R, IRIT R T A ) B e 45 T A
REVR O #5 FF o N i3 am i A=l
TSR Ry W 2 A v 1 W AR, AL S
B AR O 928 T AL & D). Li %R
TR E. 1 (Pecoramyces sp.) F1 iz gl & ¥ it
W (Zymomonas mobilis) ATCC 31821 H:J%55% k&
A 7 CIE, TEAR BT Er 4 A= ) S o A i dk 3
THOLT , LEERIFALAE 4 d NS, 7731k 0.32 g/g
WA, SHERATEMALL, KRBT 4ERTE
A WG AL G R b B G S S )0k BT HOHE L
WS S 2 a5, VP 246 7 SR AE W) o s
SRR YR D E . R, KA EE
38 o A B B PR 2E F AT DLk — 2D R AR W A
2L, [R] S0 D DR S v T O U0 S T2 S i
X Uk B A A P A LB R RE ) OF PR
AT AE RIS S T, ¥ BN A 5 R T AR )
CEEEE Ty ]

AR, FEF OB T IR AR A Bt & 15
FEA W e, — ey R b 2 B Ak B AT DA
SRR AR IR, QNZEVR . OB SR 3
Tk AT DI RO IR LT e R I 4 B, e 4
FOK AN T B, AT 2 s IC 1 i A
(AT e U Shi L% FORASFF HEAT 269508
Tl P4k PR F D 48 BB (Pecoramyces sp.) Fl
M. thaveri SLREFR LW, 48R BR, W™
HARPIHAL R IR KA B, XRIIK
AETH 57 B e B B LR 7R R — R AR Ak
FR, AT DL AR 5T 21 4 22 58 i Ak oy F e i e
T HEATAE T AL T . Li SR R A B
(Pecoramyces sp.) F1 Fll M. thaueri :35 5% K 1%
FORFEFF BRI, S5 Eon, "4
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AR SROB RS 1RO I o T AT E R, [RIRE SRR
THRPHLET SR RE ST o USRS R P
7T HE R A W LR T RE IR R A, T DAAE
NS R g 7 5[] I I 25 B (IS ) T AR o
WEE AR FSEAR 1 [ P i v A 7 28038
5.2 SFHERRMRESN BT s iA R

TESC A ) HORR R A0 o1 5 21 e i 1
REAS G PSR RORTRDRLE AR, b fRDRL Y 35 7
Ay, VLR BB i A MR RE K # ST H
(9 PRAAEC TR AT LRI 53 i oIl 6 1 590 7 27
A R WA RBE GG, (i TR N R
il . AN B S DR BRI, H Ak
L 77 21 A % fifp Tl L U I 2= R R 2481
FEHEREAE B AE 10 S 4 s B N B IPRA E
Begwy, 8 SR My e e e
IR I R BEREE . Lee NG 1R BIM
Orpinomyces strain KNGF-2 35 f- ¥ 1 8 B
BEAG Y, RERS TEFRY AR
A YT A 2R L S B 3, (Rl 1 RL2T 4
(P ETOREREAE STIIES 31 =g

IR A 1 S R R, AT RE H &
TF T R R Wang 25190 Piromyces sp. CN6
CGMCC 14449 12 7 I BN AT XS 20k
FORFWR M G 5 IR MRS M LR A
Wi, PRI IGRA AR Tk 30 d
JE BT R R AT A FIIR MR T 4T 4 ) (A
THALA, BB T Asbk TR B I A RS 37
oy, PEw THLET e AL AR . AR, R ETE
PR — RS A PR, AESR SR . ORI A 97
LR AT AETE 22 R . o REAE TRt R EAR TR
FUFIT 7 21 YE AR I, A5 R L AR R 1 R
e E k.
53 SUEMEMBEENATEREFIRI

2T 2 I A T A 38 24T 2 T A IO AT
S AN A . A 4RI R FAL B BN

ARG, REE MR AR RIER 7> 75E, itk
KRR GWAKAE Y B SCREEAE 1T 4 e 52
AL S BRI R B, AR T AR
EI KB R AR AR . You 517
N. patriciarum P& B K GH11 #f iy &4 N
Xyn-CDBFV, HHEAAREMEKMARE TS, 7E 60 C |
pH 10.0 25 T AN ORFRRRE B9 Re Al SO 4T
T AR | ] E— 20 TR 2T 2 [ ik T 1% 17
FH#EFE . Morrison 2 W52 T P. ruminantium
strain C1A = BEFE S - 21 4 2K i GH39 (fiy
24 Bexg )R, R H R B0 ) B- A
Tl - A T v M, T ELRA R R
Iy R FaENE . Bexgl AN HA ZFE LR
B, AR AR P A o i R AT L
W MU el A= fE Ab B RSB, (HALAR
TN 7= A B AR HUR Ak & S 8w, e
A 3 rh Al 2T 4 22 1 n] A S0sGE AL T4
FRARSKHURL O B R BT, T BRI,
54 SFHERMBENATEAMI

HHIT, 525 Bl 500 (B3 R 54 e ity . SRR
fith . AR NVIEGE 10, S8 SROMERGSE) AT DL
TR RO , R o-VERy BFE 1
T LEEM R RER, WA R R g
A B IR 4 i it 0 . AE X PR AR B B R R 2 5
W5EH, Kameshwar Z5VK B N. californiae .
Orpinomyces sp.fl Piromyces sp. E2 e H R i
B M, ool SR B N e R AN o R AR L TR Y
2T Y [ Bt 5 A T BE . Wen 2518 4. robustus
HR R AR R BERGIE N xyldr10 (J&8F GH10 %
%), P. pastoris GS115 H £ iK1 & 4 HE H
ArXynl0 7£ pH 4.0-8.0, 35-45 C j{i [l AR F5 4%
R E s Ve TEALET R 100 g B /N KR
Wi 7.5 mg (9 ArXynl0, iRJ5HES R ATIRR
10.80%. Passarinho 257 Mt T2 MIAGHESE .
Orpinomyces sp. strain PC-2 HH7531| it A 22 i it
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M xynd, FIFH E. coli Feikalifl fa i H/K fi
EMHIRES), ARSI T 60%, i
HOREEEREAR T 50%LA | o 30K UE W DR A B B il 7
R SROME T T A 5 b ELAT Y TE Y 1 T

6 FIEH R AR E

JR 480 B TR FEAE P 2T A 21 2 B i e 4 EE L
VEFR, BT LAdee e 52 5 31 £F 4k 5 1) R} O T4 Rk £
i BT R 22 I R0 AN 225 1Y) W e e AR £ 4E R
MIRE S . HET, AR vk R s BRI AR
7T A I i T O A5 B AL AA AT, KA
WERE R A2 I TR B SRR R G, R
SRAFAE— LR R DRy [R) 8, 4 (1) PRAAETA
WA DRSS IR A5 L SRR B IR R S T 4
ok S T S I, SR R DR AR L A T A i
il () R RS, Y o At oxf e a8, 5 3 ] LA
A0 DR AR LT 14 2 T 25 AP VS fim B 451, 300 5 AN [
AN B PR LA A AR K B0 S 2T 4R IS )
PR AR 00, TR R BT o & 2 RO A ity ™ i 11 T
B, (2) 2 5H L 4e/MER CAZymes 4328
TEANTE M, SCERE VR 2 23 P 0T Tt 1) 5 i
TEPERY S A TERE . BRI ml 8, B 5E s AT
DLk N 455 AR EF CAZymes ZE£F4E/MAE,
B 5 DR b 2 A (] Ty R ) B e P 22 5 O
FEE ] LA SRR VRIS E U A A, TR
AN R Wi 2T AE e ik 1l 7 e S B AR RE IO TR DL T
TR AR i AR (T 2548 o (3) SR AL T A
PR TEA T 2T 2 56 i 1l 4 20 1 WA 14 A TR By
B, TEEWBRE . sh ekl 4R R '
A5 T A 7 v R DR S L R T A e i i )
BRFFA B FERTIGIR) R, B985 0] LA i
PR RS E 1 B TR PR AR AT 20 o R AR T o i
FUNLF R Tl A= e, AT 2835k s L
FASAEMERE /N o 7 i i B 21 2 K e 6

IR A8 L TR 22 1 1) 2 48 3 fie 1l 1) R 2k

R A7 Bh T o 3 FLAE R B 308 oA G 4 RO
W A LT A ) AR 28, o i — 2D s HAE
olb A= 7= R R TR RE o
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