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DIVERSITY ANALYSIS OF ANAEROBIC FUNGI
AND ISOLATION, IDENTIFICATION AND THE
FIBER DEGRADING ABILITY OF Oontomyces FROM
CAMEAL

ABSTRACT

Anaerobic fungi are microorganisms that exist only in the digestive tract of herbivores
and have strong fiber-degrading abilities. In the process of rumen crude fiber degradation,
the rhizoid of anaerobic fungi first penetrates and break plant fibers, helping other
microorganisms to fully contact with plant fibers, and realizing the efficient utilization of
plant fibers by herbivores. Therefore, anaerobic fungi play a crucial role in herbivore nutrient
digestion, especially their crude fiber digestion and degradation. Although some studies have
reported the structure of herbivorous anaerobic fungi community and its relationship with the
environment (including climate, feed, population, etc.) So far, the research on anaerobic fungi
is difficult due to harsh culture conditions and high AT content in genomic DNA, and related
reports are still very lacking. In this study, we first downloaded the ITS1 sequences of
anaerobic fungi from the NCBI database. By analyzing the polymorphisms of ITS1
sequences of anaerobic fungi in different environments, different intestinal segments, and
different regions, we systematically studied the factors affecting the diversity of anaerobic
fungi, and explored their ecology significance, laying on the foundation for an in-depth
understanding of the importance and resource development of anaerobic fungi in the rumen
of herbivores. On this basis, this study collected the rumen contents and feces of Bactrian
camels living in arid environment. The enrichment, the isolation and identification of
anaerobic fungi were carried out, and then the application potential of these anaerobic fungal
strains was evaluated. This study lays a foundation for in-depth understanding of the
ecological functions of anaerobic fungi, especially their role in rumen crude fiber degradation,
and provides a feasible way and basic data for anaerobic fungi to degrade lignocellulose in

the efficient utilization of non-grain feeds such as straw.



1. Diversity and distribution analysis of anaerobic fungi by ITS1 sequences

The purpose of this experiment was to analyze the diversity and ecological distribution
of anaerobic fungi by collecting ITS1 sequences of anaerobic fungi. The study collected
291,687,492 anaerobic fungal ITS1 sequences in the NCBI database before December 31,
2020. After quality control and splicing, a total of 88,173,845 sequences with a size of about
19 G were obtained for subsequent analysis. Species annotation analysis was performed using
the ITS1 database in the Anaerobic Fungi Network (https://anaerobicfunginetwork.wordpres
s.com), using the QIIME2 platform to conduct 97% of the parametric clustering, diversity
analysis and species annotation to analyze the diversity of anaerobic fungi and their
influencing factors. The results showed that the anaerobic fungi ITS1 sequences were
assigned to 20 genera and 97 species, including 13 isolated genera and 7 un-isolated genera.
By comparing with the anaerobic fungi that have been isolated and identified, the 7 anaerobic
fungi isolated and identified in the past 4 years have not been clustered. Different regions,
different species, different intestinal breaks, different diets, different feeding methods and
other factors have significant effects on the diversity and bacterial community structure of
anaerobic fungi. In terms of geography, North America had the highest alpha diversity (P <
0.05), and the community structure was more complex, in which the relative abundances of
Aestipascuomyces, Cyllamyces, RH1, SK3 were significantly higher than those in other
regions (P < 0.05, LDA > 2.0); the anaerobic fungal community structure in South America
was relatively single and uniform, and the relative abundances of Piromyces, Pecoramyces,
Caecomyces, Feramyces, and RH2 were significantly higher than those in other regions (P <
0.001, LDA > 2.0); European Neocallimastix had the highest relative abundance (P < 0.05,
LDA > 2.0); Asian Orpinomyces, Anaeromyces and AL8 had the highest relative abundance
(P <0.001, LDA > 2.0). The alpha diversity of anaerobic fungi was significantly different
among different species (P < 0.05), and the anaerobic fungi community structure composition
was also significantly different (P < 0.05, LDA > 2.0). The relative abundance of
Neocalliastix in Holstein cows was the highest, followed by Piromyces and Agriosomyces;
the relative abundance of Pecoramyces in Angus cattle was the highest, followed by
Caecomyces; the relative abundance of Orpinomyces in yak was the highest, followed by
Anaeromyces, AL8, RH3. The analysis results of different intestinal segments showed that
the alpha diversity of anaerobic fungi in feces was the lowest, among which Khyollomyces



had the highest relative abundance, followed by Joblinomyces, Anaeromyces, Caecomyces,
AL3, AL8, RH3; Cyllamyces had the highest relative abundance in rumen contents, followed
by RH1, RH2; Neocalliastix had the highest relative abundance in rumen fluid, followed by
Agriosomyces. The analysis of the effect of different diets on the diversity of anaerobic fungi
found that the alpha diversity of anaerobic fungi was the highest in herbivores diet (P < 0.05).
The alpha diversity of anaerobic fungi in wild animals was lower (P < 0.05), and the
composition was simpler; the relative abundance of Neocalliastix, Feramyces, Orpinomyces,
RH5 in domestic animals was higher, while relative abundance of Piromyces, Khyollomyces,
Joblinomyces, AL3, AL7 in wild animals is high. There were significant differences in the
structure of anaerobic fungal flora between summer and winter (P < 0.05, LDA > 2.0), the
relative abundances of Pecoramyces, Caecomyces, RH1, RH3, SK3 were higher in summer,
and the relative abundances of Cyllamyces and Aestipasuomyces were higher in winter. The
above results show that the diversity of anaerobic fungi is affected by a variety of factors,
specifically, North America is higher than other continents, rumen is higher than feces, eating
forage animals are higher than eating feed animals, domestic animals are higher than wild

animals, and the composition of anaerobic fungi within species varies significantly.

2. Isolation, purification and identification of anaerobic fungus Qontomyces

The isolated and identified anaerobic fungus Oontomyces that was not clustered in the
above study has not been found in other animals since it was first isolated from Indian camel
samples in 2015, and the type strain Oontomyces sp. SSD-C1B1 has died. There are no viable
strains of anaerobic fungi. Camels are known for their high-efficiency fiber-degrading ability.
The isolation and identification of Oontomyces is not only conducive to the collection and
protection of anaerobic fungal resources, but also to the development of high-efficiency fiber-
degrading anaerobic fungi. In this experiment, anaerobic fungal strains were isolated and
purified by Hungate rolling tube technology using feces and rumen contents of Junggar
Bactrian camels and their morphology was observed and identified by ITS sequencing. In
this experiment, 22 anaerobic fungal strains were isolated from camel rumen, and 11
anaerobic fungal strains were obtained from camel feces. Morphological observation found
that the rumen-derived anaerobic fungal strains were monocentric, polyflagellate,
filamentous; The results of ITS sequencing showed that the rumen-isolated anaerobic fungal
strains were Oontomyces sp., and the fecal-isolated anaerobic fungal strains were Piromyces



sp.. The phylogenetic tree showed that the similarity between the rumen-isolated anaerobic
fungi Oontomyces sp. CR1-CR22 and Oontomyces anksri strains SSD-CIB1 belonged to the
same clade, and the similarity between fecal-isolated anaerobic fungi Piromyces sp. CF1-
CF11 and Piromyces sp. Jenl belonged to the same clade. The results of methane
determination showed that there were one rumen-isolated anaerobic fungal strain and one
fecal-isolated anaerobic fungal strain with co-culture methanogens. The results of 16S rRNA
gene sequencing of methanogens showed that the methanogens in the two anaerobic fungal
strains were Methanobrevibacter sp., and the phylogenetic tree showed that the rumen-
isolated methanogens Methanobrevibacter sp. LGM-CR1, the fecal-isolated methanogens
Methanobrevibacter sp. LGM-CF1 and Methanobrevibacter ruminantium strain CY4
belonged to the same clade. The above results show that Oontomyces sp. strains were
successfully isolated from the rumen of Bactrian camels in this study, and one of the strains
coexisted with Methanobrevibacter sp., and the strains of anaerobic fungi in the feces of
Bactrian camels were significantly different from those in the rumen.

3. Fiber degradation characteristics and application potential of anaerobic

fungus Oontomyces

The purpose of this experiment was to explore the fiber degradation characteristics of
the isolated and cultured camel-isolated anaerobic fungi and to evaluate their application
potential. The experiment was first screened with rice straw as the substrate. From the pure
culture of the anaerobic fungi isolated and identified in the previous chapter, one anaerobic
fungus with the highest fiber degrading ability was screened, which were Oontomyces sp.
CR2 from rumen and Piromyces sp. CF9 from feces. On this basis, the anaerobic fungus
strain Pecoramyces sp. F1 with high fiber degradation ability preserved in the laboratory was
used as a reference to study the effects of two anaerobic fungi on lignocellulose substrates
with different nutrients, such as reed, Broussonetia papyrifera leaves, alfalfa stalk, Melilotus
officinalis. The results showed that Oontomyces sp. CR2 had the highest substrate
degradation rate, gas production and hydrogen production, and the highest acetate, formate,
lactate and ethanol yield (P < 0.05) when degrading lignocellulose substrates with different
nutrients. The study on fiber degradation characteristics of co-culture of anaerobic fungi and
methanogens showed that the co-culture of Pecoramyces sp. F1 and methanogen



Methanobrevibacter thaueri had the highest substrate degradation rate, highest gas, methane
production, and highest acetate, lactate production (P < 0.05)when degrading lignocellulose
substrates with different nutrients; co-cultures of anaerobic fungi and methanogens had
higher substrate degradation rates but less formate production than pure anaerobic fungi
cultures . The above results show that the pure strain of anaerobic fungi Oontomyces sp. CR2
isolated from camel rumen has more vigorous hydrogensome metabolism, while among the
anaerobic fungi with methanogens, Pecoramyces sp. F1 has stronger degradation ability.

In conclusion, factors such as different regions, different species, different intestinal
segments, different diets, and different feeding methods have significant effects on the
diversity of anaerobic fungi and their community structure. In this study, Oontomyces sp.
strain were successfully isolated from the rumen of Junggar Bactrian camels, its fiber
degradation ability and hydrogen metabolism ability are higher than those of the existing
laboratory strain Pecoramyces sp. F1, while its fiber degradation ability of co-cultured
methanogens is not as good as the existing laboratory co-culture. The results of this study
provide feasible way and basic data for the degradation of lignocellulose in the efficient
utilization of non-grain feeds such as straw by anaerobic fungi.

KEY WORDS: Anaerobic fungi; ITS1; Junggar Bactrian camel; Lignocellulose

degradation; Methanogen
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Figure 0-1 Glucose and xylose metabolism by anaerobic fungi. The main path is indicated by bold
arrows. The proposed metabolites are indicated initalics

F: AC, INZLERES; ACH, ZEisEs A/KMRES; ADH, ZEZMiSES; CS, H3EREES; E, HEXILES;

FBA, RUE_MEEYANE; F, LAKRES; FR, EDIRILIRES; GAPDH, 3-BARGH MBI SEE; GPI, HETE-6-
BESES; HK, SHEHES; ICD, BB ERSES; LDH, ABRIRSES; MDH, EREMSE; ME, EREK
f§; NADHD, NADH Bi&Eg; SCS, IEIALHES A SAKES; TPI, BEREMEREE; XK, KEEFEREE; X1, K
PESIOEE; PFK, MSBRSRAEAEE; PFL, RENERFAERZLAZES; PCK, 3-HSBXHMBRAEE; PGM, BEREIEMET(L
§; PK, AEIELHES; PEPCK, MEREEEAENELIRNES

Note: AC, aconitase; ACH, acetyl-CoA hydrolase; ADH, alcohol dehydrogenase; CS, citrate synthase; E, enolase; FBA,

fructose bisphosphate aldolase; F, fumarase; FR, fumarate reductase; GAPDH, glyceraldehyde-3-
phosphatedehydrogenase; GPI, glucose-6-phosphateisomerase; HK, hexokinase; ICD, isocitrate dehydrogenase; LDH,
lactate dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme; NADHD, NADH dehydrogenase; SCS,
succinyl-CoA synthetase; TPI, triose phosphate isomerase; XK, xylulokinase; XI, xylose isomerase; PFK, phosphor
fructokinase; PFL, pyruvate formate lyase; PGK, 3-phosphoglycerate kinase; PGM, phosphoglucomutase; PK, pyruvate

kinase; PEPCK, phosphoenolpyruvate carboxy kinase
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sp. F1 4G DUAS AN 2 WEZ4 % (Polysaccharide Lyases, PL) ZJ%& (PL1. PL3.
PLA AT PLY) MR, IXEEGEME N AT BE A N R A R s (B 0-28)
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A, A CAZyme [ 17% 4 4 . £ Pecoramyces sp. F1 77, GT &l &k 45 18 GT2.
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0-2 [RE EE Pecoramyces sp. F1 BUi/kK (b EHEMES.  (a: MoKLEYEMEE; b: Wkt
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fifg) (6]

Figure 0-2: The CAZymes in anaerobic fungal strain Pecoramyces sp. F1. (a: CAZymes; b:
Carbohydrate binding modules; c¢: glycoside hydrolases; d: Carbohydrate esterases; e: Polysaccharide
lyases; f: Glycosyltransferases)
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Figure 0-3 The production and application of an anaerobic fungi-based silage additive, as well as its
potential mode of action during ensiling
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FrE, JFRAARAATHEARDF LT, eI AE RS R ERSSEN T %
RAEAT JRAL AT 2Bk, A e S H U™ TR . AR 2R CLELE =
BN T A R B R G, AR S0, R R, XL
FORGHERFE AR A LA E®, AU, i B0, AIrafh e 5 plY, X e
AR EBRBOR WA R A EEATIE NG, X REE W (BT HHER
UL AR AN 1T 52— AN ARCE B SCIRE T4, AT Al O PR 48 L 1 5K
BB AR K.

RO-1REEEWCEEF

Table 0-1. Ethanol production by anaerobic fungi

I B HE 7 I = & [pmol gg L] 2253k
Fungal Isolate Substrate Ethanol Yield [pmol gg L] * Reference
Piromyces sp., isolate E2 ~ Cellobiose 50 [76]
Piromyces sp., isolate E2 ~ Glucose 80 [76]
Piromyces sp., isolate E2 ~ Fructose 80 [76]
Piromyces sp., isolate E2 ~ Mannose 80 [76]
Piromyces sp., isolate E2  Lactose 14.77 [76]
Piromyces sp., isolate F1 ~ Xylose 1920 [81]
Piromyces sp., isolate E2 ~ Xylose 113 [76]
Piromyces sp., isolate E2 ~ Xylan 84 [76]
N. frontalis Cellulose 2310 [82]
N. frontalis Cellulose 3750 [83]
Piromyces sp., isolate E2 ~ Cellulose 157 [76]
Piromyces sp., isolate E2 ~ Wheat straw 695 [76]
Piromyces sp., isolate E2 ~ Wheat bran 891 [76]
Piromyces sp., isolate E2  Starch 157 [76]
Pecoramyces ruminantium  Switch grass ** 540 [77]
P. ruminantium Energy cane ** 510 [77]
P. ruminantium Sorghum ** 560 [77]
P. ruminantium Mixed prairie ** 490 [77]
P. ruminantium Corn stover ** 1030 [77]

* S| AR EAEM NG, ~*RYIA 3% NaOH TR, FBRMMIALXEAIEERNE, SHtiES.
* Values quoted are with zero decimal places. ** Substrates were pretreated with 3% NaOH. All substrates were



autoclaved prior to fermentation and fermented in batch culture.



%02 REHBMESES
Table 0-2. Hydrogen production by anaerobic fungi

Ir B HIA JEA) A5 E[umol gg L] * &% 3k
Fungal Isolate Substrate H> Yield [pmol gg L] Reference
Piromyces sp., isolate E2 Cellobiose 54 [76]
Neocallimastix sp., isolate R1  Glucose 3464 [25]
Piromyces sp., isolate F1 Glucose =377 [92]
Piromyces sp., isolate E2 Glucose 70 [76]
Piromyces sp., isolate E2 Fructose 161 [76]
Piromyces sp., isolate E2 Lactose 106 [76]
Piromyces sp., isolate E2 Mannose 88 [76]
Piromyces sp., isolate E2 Xylose 106 [76]
Neocallimastix sp., isolate R1  Xylose 8020 [25]
N. frontalis Cellulose 2177 [82]
Sphaeromonas communis Cellulose 2880 [93]
Neocallimastix sp., isolate N1  Cellulose 2520 [94]
Neocallimastix sp., isolate N2  Cellulose 2620 [94]
Piromyces sp., isolate E2 Cellulose 2220 [94]
Piromyces sp., isolate R1 Cellulose 2460 [94]
Piromyces sp., isolate E2 Cellulose 159 [76]
N. frontalis Xylan ~2381 [95]
Piromyces sp., isolate E2 Wheat Straw 2261 [76]
Piromyces sp., isolate E2 Wheat Bran 1370 [76]
Piromyces sp., isolate E2 Bagasse 1957 [76]
N. frontalis Poplar wood 1984 [96]
chips
Piromyces sp., isolate E2 Xylan 134 [76]

* S| REAFLNBLL. BRI ALEISERE, FitEF.
* Values quoted are with zero decimal places. All substrates were autoclaved prior to fermentation and fermented in batch

culture.

3. REXHRWBEMSEX

PRAF W HAT R eF e e 7o, (et 7 S ash P lia st fF i, e R
e FRR A, R nl e HAL LT 4E AL PR ol R R . B H AT IE,
M TR R Z]L FERI4L DNA AT & 8K a5 5 B 3 EUR S 1 i Fe Oy I
A, AR T HE YR A EFE RN A AL 58 (R Rk FhESE)
KA MR IE IR AR H R B ABETUE 56 T8 NCBI Hdfe i RS KR 1TSL P4,
W A FEAE AFEBBL AFRMBX AR T IRERE 1TSS o2&k, /4
WHFtsm R A H B 2 R R, IR AR E G RN TIRIRA R B AR ')



Yoged B i) SR MR T R SR ARG . AESLIEAN B, ARBEFURAE T AT TR
Y55 PR MG JR XU BE IR B ) 5 MR, AT RS U SRR R B R 0 R R S
€, BEJRPRAL I PR R PRI N T FT . AR TR TR PR SR R A2
ASTHRE, Rl e H AT B R AT YRR AR P O AE 50 1 ARAL, RN O RS AE RS A
SRR AL e OO P R A5 AT 44 2R I A T 42 (4 T AT I AR A R b A



E_#B5 B ER S

E—EF ET ITS1 FISHTREERZHFMEREZIWE R

RAEFLE A B S W i A etk e E G E R, BEIE R, R4
W2 FEVEZ B 2 PR R A, R IRFI S, A, SRR B &R, 1TS1
FFARE ) IZ NN R IR EHEFH N RGE R E IR, A LR R AR K E%SE RE RS
REGRBE, [HBFRFEZEMFZ]. FEKRA DNA F AT & 8K mE SRR S8R E K
R FORF TS O R, MO IRIE IR AR5 R k. 76 NCBI B, 778 KRR &R
IS TS X R I EE, S0 — WA i . KR4 1 1ITSL 741k H g s Fl 3
fEFEA) PCR 7384, "LUEE REK B KT EREEFINRAEMMM, A
MR ITSLFFHIR B BB 7 Btk . = SH @ S iUEE 1ITSL FAIK RS K E 5
r, MEESE TRAHEEIE, B85 Buwchfawromyces®! . Oontomyces®IFl
Pecoramyces™®, #Rifi, XtPRAE R ITSL P8 MR AT &, PAFhIX—
HEM AR IR 2 .

Ak, —2 TS A CAE AN A LB G P, HMRAE TR PR R el . Jid
XA PRARR ITSL JPHHTRTM RGE K E 20T, AT FRIREAE R aEkE
FEME Ry R RS- ML 22 o B T A LB E T FAERERARE ITSL 751,
Kittelmann 2518y m] DUs I E— 2B a4 B vl B 1TSY P A 77, dE—2B s
PRAEFLE AT B 3 SRR SR . AL T 6 BT S T VP4 89 1 20 B R 1 48 TR 1 4
BRZ FEPERON 528 gyt 21 A (LOPVRT 35 Hp ) A0 v 11081

BT UL LB, AU T E NCBI ¥ 2 IRE L 1TSL 741, it bt
AL ANFEpE . AFEMIXEEZFGTIREER TS A 280, #—2 R80
Fma RAAH 2 PR, SR HASESNL, RN THRRARRER T
I8 5 1) R L AN B YR T B A

1. MREFHE



L1 RIGHHRIE R ST

b3 2020 4F 12 J1 31 H, £ NCBI ##fs 2 SRA T H N 42 B LR SR ia] AT
BRI 2 C (Neocallimastigales AND (1TS1 OR internal transcribed spacer 1) )
OR (anaerobic fungi AND (ITS1 OR internal transcribed spacer 1) ) OR ( (rumen OR
feces OR manure) AND (ITS1 OR internal transcribed spacer 1) ) ) .

PAFFEIEHAE ) METADATA J&, KR 468HE ) SRA RIS TXT XA FH 5,
fd FH NCBI % 2 1 1) SRAToolkit T BT J5UAA R 1 R 8. [, &% SRA
THMY T HE, y877 sIWEE FEACRTESE Ea R WA, faebapk,
PR, RIEGLE . T, Bl . B LRNEER, BEK METADATA ft)s
ZrorHr i A . AT H sk 3352 MREAL,  32G Hidhi

1.2 HIEEE, HRiE. OTU BAERZ L EME

1558 R MG HAE 1) N8, 8 FastQC T L POIR A7 [ 4 B d i o s, A
FASTX-Toolkit T. By fastq_quality filter X J5 24 8 H8 34T i B4 4], L&
SEULT 20 ()75, BEJE/E QUMERIH @ T A fastqCombinePairedEnd0719.py Xif
JFR I3 G W BEE AT X & I, BEEASE— 1 fastq #2000 R seqtk(M08LH fastq 4%
Ay fasta M6 CH, FRRHICT 100bp BIFFA2:B, SKIGH TR 240 M i)
clean data.

Y e fii A vsearchl® X} clean data # 17 % JU & - fF H OB A
parallel_identify_chimeric_seqs.py, filter fasta.py #E47 1TS1 751k & 44 1 % 5 A1 25
SR J5 LA Anaerobic Fungi Network Chttps://anaerobicfunginetwork.wordpress.com)
W REE W ITSLEIEE NS 2%, FIH QUME2MOPH T OTU B S JE, RM:
Iy BN 95%. 97%. 98% K 99%. FiH] make_phylogeny.py JEIAS Xt 2 OTU XK 14
FEONHAT RGUR B i M E R G E W, Kk 55 B LA fasttree-tree.qza #% 2 i )=
7E iTOL PsEMUBHT RGUK EREAL, LRSS EMIE S Kok o2& iRiEm
20 &7 B 8 E IR A B R 5 AR P IR E B W RGK B M EAT L.

L3 RN REEE ST



FH Anaerobic Fungi Network Chttps://anaerobicfunginetwork.wordpress.com)
TERMKRE AR ITSL 25 5 FEXT 2 OTU MR H AT FERE. 18
QIME2Meh, {i ] diversity core-metrics-phylogenetic T4 70T KA ELH A o ZREE
B LM, {4 output-dir core-metrics-results fir 45 545 5 . ¥ Shannon T5%k
SR Excel (R, HEZEME, KE) M ®HE, KBEdE ST Origin (9.1,
OriginLab, 4%y, KE) heflfae BT T ERAE, FEET 2 R Rbni.

TRIE B ZREME TSR, A At S s fh. BB, 1RSSR & R Z X IR
AR YR, HEREERFEAREAR AP T, AR
& (https:// www.bioincloud.tech)iZF47 R4 FL B AN [F] 70 4417 LEfSe 3 #fr, Ffik#E LDA
HARTF 285 R TR, B85 RS Graphpad (9.1.1, GraphPad Software, 41%,
FED g A F Y 7 AT 45 R vl Ak

1.4 AR

BT A ) SEE B 7E Excel 2019 (fidk, FfEZgfE, L) #HTWI b8, FEjEfE
FH SPSS (IBM SPSS Statistics, 26.0; IBM A#], 4%, ZE) %A Kruskal-Wallis
HK)AESEAG I 081, BASIXIAIEE N 95%, HE N THIME £ FruEiR R oRn K.

2. 458

2.1 RGBSR SHIRAIE

£ NCBI A R 5 e UR A B B TS R EE 0 N3, JRah % & 3352 £
mh, 3t 291,687,492 sk 5464, 32 G #dw, Hozhy (B, WA , KM, EHE,
W IREARSCH 3352, SRBIEAR AN REEALE 3217 HEA, W) 972 R4, 1]
AR 620 FEAS, ZET 320 FEAS. W insdR g i e, HIRE T 2301 4
FEAS, 3L 88,173,845 5 JRUGF 41, SUIFR/NY 19 Go HrboRWN, E S, 3T FIFEA
ol 2301, HBMEHRHIN: REEALE 2210 BEA, W) 212 BEAS, FVERLR 164
FEAR, FEWITOREA. 4R E/R, @iy, 25T RENTRERZENRKEE
ITS1 81 (3R 1-1) o REZFIR T IRARE ZF R 7Y, 78 DNA #2HLLL



K PCR Y 4B BAAFAE— 5 1) L, W] BEJR R A R4 B B ) DNA ZE$2 B PUd G . 5
/D IERET ITSL X3P 484 5 9 L K PCR 3 82 6 1%

T 1HERER
Table 1-1 Sample information
I GEAES A H s
i H Raw data Clean data
Items FEAREL  FPHI4E RN BEAREL PRI SCAF RN
Number  Sequence File Size Number  Sequence File size
FEAR 3352 291,687,492 32G 2301 88,173,845 19G
/Total sample
RHFamily 3352 201,687,492 32G 2301 88,173,845 19G
W) 3352 291,687,492 32G 2301 88,173,845 19G
/Animal(subspecies)
B ¥)IFeed 972 64,582,411 146G 212 23,462,362 54G
T M A X/ Feed type 620 63,372,973 15G 164 46,273,289 5G
KRN E 3127 241,236,293 28G 7210 81,236,293 16 G
1
/Sample source
Z=75/Season 320 23,673,632 59G 179 14,836,289 386G
KH/Continent 3352 291,687,492 32G 2301 88,173,845 19G
ZICountry 3352 201,687,492 32G 2301 88,173,845 19G
T /City 3352 291,687,492 32G 2301 88,173,845 19G

x: ERRRE S BIKT 20 F4<E )T 100 bp BFF

Note: Remove sequences with quality scores less than 20 and lengths less than 100 bp

22 0TU BRERZ L ERE

PL Anaerobic Fungi Network Chttps://anaerobicfunginetwork.wordpress.com)
BN PRA T ITS1 ZHE R E NS HFA, X Bk Cleandata #iTH S, %M 4
FOANF EEBIEATH S REW M, o R ANR 1-2 s, kS 97% M H 2 RN,
OTU =M, HEFIEUS LB, FEEE 97%HAH S REHT T —H 7
e

UREEE ITS1 %535 (https://anaerobicfunginetwork.wordpress.com) N
%, % OTUREFIHIT RAK B /M, &R E 1-1 fos. REERF ITSL 751
RRH 20 Mg, 97 . HAHFEBEORARERR —NMREEFENE, F— M@K
AEEAFMRELT ik, R THIINRAEK G



7 BACLYEEENET, B2 OTUs M FEMF %25 Neocallimastix
(18) . Piromyces (15) . Feamyces (10) . Anaeromyces (8) . Capcomyces (7) ,
ifii Agriosomyces (1) . Buwchfawromyces (1) . Joblinomyces (1) H# /&[] OTUs
REMFHIEER. E-%HKE (genus-eq) MIr2KEEF, HADH OTUs REMF

B EHKF| SK3 (2) , RH2 (2) , AL8 (2) & AL3 (3) .
K12 TRBEALLBESBEANONER

Table 1-2 Analysis results with different percentages of clusters

FEAHL OTU % S ELXS FE A B 7 b
Sample number OTU number Total sequence Alignment percent

9% H S Fk
SRR 3352 104 15750875 17.86%
/99% Parameter cluster

98%H =

HERR 3352 127 31204975 35.39%
/98% Parameter cluster
97%H S K

/97% Parameter cluster

B S
OHZRR 3352 146 42378647 48.06%
/95% Parameter cluster

3352 136 36767924 41.70%

I BERE, SERBWEAREER ITSLSEHIEE (https://anaerobicfunginetwork.wordpress.com) Note:

There are reference alignment, and the reference database is the anaerobic fungi ITS1 reference database

(https://anaerobicfunginetwork.wordpress.com)
Feamyces Cylla‘mgges

Caecomyces

SR
4 \'%E‘%&% ;& Caecomyces
*5%%\:‘;\‘ 3 Y %%
h‘:% Q:}k:"}“t "
%\. ‘\“:\aﬁ":wt‘
MA“'«;:M,:{'* Anaeromyces
%%M 4

AL3

Anaeromyces

iy Agriosomyces

RH5 Buwchfawromyces
Joblinomyces
AL4

Feamyces

Neocallimastix

1-1 REERRG L ENEE
Figure 1-1 Phylogenetic analysis of anaerobic fungal ITS1 sequences



HE S BRI 20 NRAEE B, AR FHRE T 1310280 BRI
REEFWE, 77 NMREARERBARPEEL, X7TNMREAEFBWE 1-83 Frn. X 74
IRE B BR Oontomyces 4, #NIT 4 5E N5 B 58 IR B, AR TR IR
BB R R I S ) R B e, B T IREA R W BE ERA R, SBEASEE
W77 NRARERR, XWERPEETRAREN &S E TENAEN L. K,
Oontomyces H RV &I — R & Oontomyces sp. SSD-C1B1, HC&FET:, Kk
KT REERM BRI KGRIV Z TAEZEM

R I3 RBREAREERBIESIFER T BIR

Table 1-3 The characteristics of un-clustered anaerobic fungal genera

& A 43 B UE ERACC I =5 s
Genus Morphology Isolation source Isolation time Reference
Oontomyces Bty FEEE, 22RER BN 0% D R 2015 [99]
Liebetanzomyces ~ HiH.0y, FREEE, ZRMBR LIFERHE 2018 [112]
Aklioshbomyces — FRHLy, HUEEE, ZOR{EMR SP5=Y e 2019 [33]
Capellomyces By, R, ORI fRIEEE 2019 [33]
Ghazallomyces iy, ZHEE, ZREBIR  HIFEIE 2019 [33]
Tahromyces By, R, R JERE HERFESAE 2019 [33]
Paucimyces Zrhl, IR, 2RER BRI 2021 [8]

23 REERSHMESES T MEHE

Wk 1-4 fon, AEEEERREAEEREA alpha 2R 455 (Shannon 15
%, Evenness T5%0, WINSAE(E, Faith pd) - AERZGR ERET, RATFLEES
T 974 OUT, TMEEA KP4 00 B RFAE(E H A 13.83+0.10, R A L AR
k.
* 1-4 REEEHAR alpha ZHFMHEER

Table 1-4 Alpha diversity of anaerobic fungal samples

MEBEb Vg7

Clean data
Shannon F&#{/Shannon index 1.22 +0.01
Evenness 544/ Evenness index 0.59 +0.00
NN 3 ) 5 AE (E /Observed features 13.83 +0.10

Faith pd 2.22 +0.00




el 1-2 Pron, ARAEE AR S SR EME AN REEEEN
Neocallimastix ( 80.16% =+ 0.65% ) . Orpinomyces (10.43% =+ 0.47%) .
Pecoramyces (2.37% =+ 0.20%) . Piromyces (1.93% =+ 0.17%) . AL8 (1.34% =+
0.10%) . FATHE— DGt TEMRMS B S iR e LA REAE M (K 1-5) , 45

REIR, AE 2301 MAEAS 1 H I B B 22 1 PR AR LR AR XY Neocallimastix sp. NYR3

(2215, 96.2%) , Neocallimastix sp. NYR4 (2191, 95.2%) , Neocallimastix sp.
GfMa3-1 (2174, 94.5%) , Neocallimastix sp. NYR1 (2164, 94%) , Neocallimastix
sp. Hef66 (2153, 93.6%) -

Neocallimastix
Orpinomyces
Pecoramyces
AL8

RH3

RH1
Piromyces
SK3
Caecomyces
Cyllamyces
RH2
Khyollomyces
1 Anaeromyces
] AL3

] Feramyces
B RH5

[ Agriosomyces
B Joblinomyces
[ Aestipascuomyces

£ AL

ONNENENCORONN

1-2 REEERZHMERK
Figure 1-2 Diversity composition of anaerobic fungi

= 15 HATSHRREEEM

Table 1-5 High-frequency anaerobic fungi species in the samples

PREE LA FEAHE S NEESE
Anaerobic fungi species Sample size Sample occupancy
Neocallimastix sp. NYR3 2215 96.2%
Neocallimastix sp. NYR4 2191 95.2%
Neocallimastix sp. GfMa3-1 2174 94.5%
Neocallimastix sp. NYR1 2164 94%

Neocallimastix sp. Hef66 2153 93.6%
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Figure 1-3 PCoA analysis of anaerobic fungi (A: continents
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Figure 1-4 PCoA analysis of anaerobic fungi (A: continents; B: country; C: species)

2.4 AEIMX X REEE SRS/

F 1-6 NAFRIMIX IREAETF T alpha ZFEVESE R, 25 B3R B A [A] 3 X 2 25 520 IR
‘A EH ¥ Shannon 5% (P < 0.05) , Evenness 8% (P < 0.05) , M2 I 4EAE (R



(P <0.05) PAK Faith pd (P <0.05) , HrdbseMpyZrEttmm, rMcMp) 2L
A%
7 1-6 T EMIX REEEHR) alpha ZHEMLE
Table 1-6 Alpha diversity of anaerobic fungi by regions

IR R JEZE N BE P
Asia Europe North America  South America P value
Shannon 5% 1.87 £0.07°  2.19+0.01° 2.68 +0.06* 1.52 +0.23°¢ <0.05
/Shannon index
Evenness fi %%/ 0.64 +£0.012  0.59+0.00¢ 0.66 +0.012 0.42 +0.05° <0.05
Evenness index
%g‘gﬁ'{/‘gﬁf;ﬁﬁ o 1049+050° 1339+0.07° 17.26+1.18%  14.50 +2.25" <0.05
Faith pd 0.60 +£0.03¢  071+0.00° 116001  0.96 +0.08" <0.05

1-5 RPEFEBEARM (AL C© RFEEZEK (B. D) MAaAmiEI. ERIA
B RN e S R [ o T B i/ i N i (SRR S )7 N =
AN REOH A . (MR FRE R BE, ASEHLX PR SR G AR, RE R
WA A AE R ROR 2 5, P LSRN IR AL IR 5 M S R, BETE 2 FE I
B, o AfEALSE P Aestipascuomyces. Cyllamyces. RH1. SK3 HIAHN £ &5
THAhHX, 63PN Neocallimastix AHXT =B fe i, 10 R 38 I IR 4803 B AR VA 285 A 42
R, [FIIAS[E] PR AR B R AR E R 2 R 22 R b, s AnAE R 32N Piromyces.
Pecoramyces. Caecomyces. Feramyces. RH2 FJAHXT=F & B & & T HMHX (P <
0.001, LDA >2.0) . MEHHFIRRIHL X 7] G K M3 AL B (1 3r, FEHA KIMREA
LA RV 2 BORBUREAL,  HARR 3= B2 e s T AT PR S I #59 Neocallimastix  CIE -
47.3%; KKIM: 86.1%) F1 Orpinomyces (Wi: 37.9%; BR#M: 8.6%) . Hdr, /3Af
FEBERINY) Neocallimastix AHXS=FFE &, 140 A £ #HE) Oroinomyces. Anaeromyces
A AL X FF i (P < 0.001, LDA >2.0) » REEEAEAFE K AHFE S
B e RNEEE, fEA——10R.

2.5 NEIEIHMS  REEE SRR

xR 1-7T AR IRA B ER alpha 2R, 45 RERHA RS YFHE
2B RS2 BT 119 Shannon $8%% (P < 0.05) , Evenness 354t (P <0.05) , Wil )
R (P < 0.05) LK Faith pd (P < 0.05) , Hr 4kt MRt
P B
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Figure 1-5 Distribution of anaerobic fungi on continents (A. C) and major countries (B. D)




& 17 T EEIIMREEER alpha ZHFM4LER

Table 1-7 Alpha diversity results of anaerobic fungi by animal species

Shannon ?E%I Evenness T'éiﬁ( pESIROESZAR(EY Faith pd

/Shannon index /Evenness index /Observed features
A% 2 IAberdeen Angus Steers  3.07 +0.05° 0.67 £0.01° 23.72 +0.33° 1.18 +£0.01°
T /Horse 217 +0.00¢  0.68+0.00" 9.00 +0.00 ¢ 0.96 +0.00°
fir iR 452 /Holstein Dairy Calves 5 35 +0.10¢ 0.59 +0.01° 15.10 +0.72°¢ 0.78 +0.03¢
4=F/Sheep 3.87£0.02°  0.75+0.00° 35.33 +0.35% 1.55 +0.012
#E/-/Bos Grunniens 1.84+0.11¢  0.56 +£0.03°¢ 9.90 £0.44 ¢ 0.91 40.02¢
P {/P value <0.05 <0.05 <0.05 <0.05

YR (B 1-6 « B 1-7) , AR EE SR HAAR N R A E HE A5
%W, Cyllamyces. Feramyces. Aestipasuomyces. SK3 7E 45 3 A %) 4 15 & &
Khyollomyces. Joblinomyces. AL3. ALT77EIhHAH X =B fpe iy, RIS R B H Bl R4
HE-TE Bk FER R, REERB Khyollomyces HAFET Hix— fhfl. [, FriitE gy
A4, gk, A BEREE TR (Bos) , HAKKEFRR LHEEHILMIES,
EARNDARREAFNFEEEER (P<0.05 LDA>20) , {EHT4H,
Neocalliastix. Piromyces. Agriosomyces #HX} 5 &=, E2kE M4+, Pecoramyces.
Caecomyces FHXT - &=, M7E4EZEH, Orpinomyces. Anaeromyces AH X =F B 5 &
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Figurel-6 Relative abundances of anaerobic fungi by animal species
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Figure 1-7 LEfSe analysis of anaerobic fungi by animal species

2.6 PRIRFEFRIFEFREEHSHIERIF N

K 1-8 NANFERARIE R A B 1 alpha ZREMEZE R, 45 R A FERARIE &
R A LA 1) Shannon #6340 (P <0.05) , MIEI4FAEE (P<0.05) LK Faith
pd (P<0.05) , B ABEDHZ e RE, BB 2Z ARG,

FERAEARIE T, AT FREEERE R (B 1-8) , Feld i) RA A AH A B
WY CEFEEAFRAMA) AR KZES, LEfSe it —PExR (K 1-9) , Ff#
4 1 Khyollomyces. Joblinomyces. Anaeromyces. Caecomyces. AL3. ALS.
RH3 AHXS F2 5 B, 10980 B A& Cyllamyces. RH1. RH2 AHXS 325 femr, 80 Bl
H1 Neocalliastix £ Agriosomyces AHXf + = (P <0.001, LDA>2.0) .

* 1-8 PEIRAERIRREEHEHR) alpha ZHMLER

Table 1-8 Alpha diversity of anaerobic fungi by sample sources

FefE B NEY) AR P i

Manure Rumen solid Rumen liquid P value
Shannon f&#/Shannon index 2.39 +0.11° 2.53 £0.152 2.19+0.01°¢ <0.05
Evenness 5%/ Evenness index  0.61 +0.03 0.54 +0.02 0.57 £0.05 0.143
??;?ﬂﬂ HUHSIE {1 /Observed 16.17 £1.10° 17.78 +1.532 1336 £0.07¢ < 0.05

Faith pd 0.98 +£0.042  0.95 +0.052 0.86 +0.06" <0.05
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Figurel-8 Relative abundances of anaerobic fungi by sample sources
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Figure 1-9 LEfSe analysis of anaerobic fungi by sample sources
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X 1-9 NAFIAMER R RAZFEN alpha ZREMESER, 45 BE AR AR R
25 B R 48 B T8 119 Shannon $8%% (P <0.05) , Evenness 383t (P <0.05) , H 93

VIR 2 AR s, BB 2 FEPE AR AR

& 19T EIAREXREEEHR alpha ZHMLER
Table 1-9 Alpha diversity of anaerobic fungi by feed types

Liiges DS P{E

Wild Domesticated P value
Shannon #&#%/Shannon index 1.16 +0.30°  2.42 +0.062 <0.05
Evenness 5%/ Evenness index 0.37 £0.06°  0.61+0.02° <0.05
ML FEHE (G /Observed features 14334242  16.17 +1.16 0.787
Faith pd 1.05+0.19  0.98 +0.04 0.934

VAR T T, B A S A I SR B AR N R W R = R R, B AEEh )
RN REEE A B N R (E1-10) , X5 o 2RO R 5. LEfSe /0#h
Rk —PER (KH 1-11) , EYIFE3Y & N, Neocalliastix, Feramyces,
Orpinomyces, RH5 AHX}=FJE i, MEEAEsPAP, Piromyces, Khyollomyces,

Joblinomyces, AL3, AL7 A% f ey o
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Figurel-10 Relative abundances of anaerobic fungi by feed types
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Figure 1-11 LEfSe analysis of anaerobic fungi by feed types

2.8 AEIHIR REEE S MHERIFNT

# 1-10 AE HRR DA B 11 alpha 2 FEPESE IR, 45 BER WIANIR] FDMR I 2 50 IR
A Shannon 1848 (P <0.05) , WMIWEIFIFFEE (P <0.05) , He HIRAEE
MR 2 iR, FRATREH B3 2 It K.

Bl 1-12 A R FRR I B sh M sh Wik N IR A S 4,  Forb FURCA iR 2 Al
TRDRL B B B0 W AA P AR GE S R s B TR S R4 BT B #9 Neocallimastix 1
Orpinomyces. [FIINf, FE&E RNV EARKISAE, LEfSe 7 irds Ridt— PR (& 1-
13D, AHIE RS 0 PR LB AE FURR O TR R ) S 3k 9 S BB s (P < 0.05, LDA >
2.0) , RWPEHERA TSR SWE N REFE AN FEE, S TEEIY
RN IRE R 2 B EE L

& 1-10 A E HIRKEEHEHY alpha ZHFMLER
Table 1-10 Alpha diversity of anaerobic fungi by diets

pe] B ks P1H

Forge Mix feed P value
Shannon #i4it/Shannon index 2.90 +0.08 2.33 £0.06 <0.05
Evenness $5%%/ Evenness index 0.61 +0.02 0.63 +0.02 0.467
BLNEIFIRFIE{H/Observed features 1971 +162  17.73 +1.34 <0.05

Faith pd 1.09 4005  1.07 +0.05 0.635
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