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Gut fungal community composition and metabolic potential in
honeybees and bumblebees

XU Zimeng, LANG Haoyu, WU Qiuyang, WANG Xiaofei’, ZHENG Hao"

College of Food Science and Nutritional Engineering, China Agricultural University, Beijing 100193, China

Abstract: Honeybees and bumblebees are key agricultural pollinators, whose gut microbiota play
critical roles in host nutrient metabolism, immune regulation, and environmental adaptation. While
gut bacterial communities have been extensively studied, the composition and ecological functions
of gut fungi remain poorly understood. This study aims to fill this knowledge gap by systematically
characterizing the diversity, phylogeny, and functional potential of pollinator gut fungi. In this
study, we analyzed the gut fungal community structures of four pollinator species—Apis cerana,
Apis mellifera, Bombus impatiens, and Bombus vosnesenskii—based on publicly available internal
transcribed spacer (ITS) amplicon sequencing data. Additionally, we conducted whole-genome
analyses of 25 cultivable fungal strains isolated from the gut of Apis spp. and Bombus spp.
individuals collected from the Beijing Baihuashan National Nature Reserve. The results showed
that Ascomycota was the dominant fungal phylum across all hosts, with significant differences in
fungal diversity and community composition among host species. Phylogenetic analysis indicated
high taxonomic consistency of isolated strains at the genus and species levels, along with diverse
genome architectures. Functional annotations revealed that gut fungi were broadly involved in
carbohydrate metabolism, cellular structure maintenance, and signal transduction. Notably,
Metschnikowia strains exhibited significant enrichment in CAZyme families, particularly glycoside
hydrolases (GH) and glycosyltransferases (GT). In addition, some strains possess biosynthetic gene
clusters for secondary metabolites, such as nonribosomal peptide synthetase (NRPS) and B-
lactones, which suggested potential roles in microbial competition and fungus-host interactions.
This study uncovers the diversity and functions of fungal communities in bee guts, enriching our
understanding of insect microbiomes and providing a theoretical foundation for pollinator health
maintenance and microbiota-targeted interventions.

Keywords: honeybees; bumblebees; gut fungi; internal transcribed spacer (ITS) amplicon
sequencing; whole-genome sequencing
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Table 1 High-throughput ITS sequencing samples of gut fungal communities from Apis cerana, Apis spp. and
Bombus spp. used in this study

Host Number Sample source Reference
Apis cerana 6 Animal Experimental Research Base of Shandong Agricultural University [36]

Apis mellifera 44 Tocal Agricultural College Bee Research and Training Centre in Paterson; Department of ~ [29,37-38]

Agricultural, Forest and Food Sciences

Bombus 19 Monterey, California [39]
impatiens

Bombus 58 Monterey, California [39]
vosnesenskii
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Table 2 Reference genomes used for phylogenetic analysis in this study

NCBI accession number Taxon

Strain

GCA_030556705.1
GCA_015708715.1
GCA_030573055.1
GCA_030569435.1
GCA_030561035.1
GCA_000026365.1
GCA_042851295.1
GCA_030572115.1
GCA_030555795.1
GCA_030579915.1

Metschnikowia reukaufii
Kodamaea ohmeri

Metschnikowia anglica

Zygosaccharomyces sp.

Starmerella apicola

Starmerella bombi

Metschnikowia koreensis
Wickerhamiella bombiphila

Zygosaccharomyces rouxii

Starmerella sorbosivorans

NRRL Y-7112
UWOPS01-666b4
UWOPS01-666b4
CBS 8854

NRRL Y-27640
CBS 732

NBRC 1877
NRRL Y-2481
NCYC 2938
NRRL Y-17081
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Figure 1 Composition and diversity of gut fungal communities in four pollinator species. A: Phylum-level
composition of gut fungal communities in different insect hosts. Bar plots show the relative abundances of major
fungal phyla in the guts of Apis cerana, Apis mellifera, Bombus impatiens, and Bombus vosnesenskii, including
Ascomycota, Basidiomycota, and Mucoromycota. B: Class-level composition of fungal communities. The
relative abundances of dominant fungal classes, such as Saccharomycetes, Eurotiomycetes, and
Dothideomycetes, are presented for each 4. cerana, A. mellifera, B. impatiens, and B. vosnesenskii species. C-E:
Comparison of a- diversity indices among pollinators, including Shannon index (C), Simpson index (D), and
Chaol index (E). Statistical significance was assessed using the Kruskal-Wallis test, with significance levels
indicated as * P<0.05, *** P<0.001, **** P<(0.0001. F-G: Comparison of B-diversity of gut fungal communities
among pollinators, including principal coordinates analysis (PCoA) (F) and non-metric multidimensional scaling

(NMDS) (G) at the class level.
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Figure 2 Phylogenetic relationships and genomic features of fungal strains isolated from the guts of bumblebees
(Bombus spp.) and honeybees (Apis spp.). A: Summary of genomic features of 25 gut-associated fungal strains,
including genome size (Mb), total coding sequence length (Mb), G+C content (%), number of predicted protein-
coding genes (in thousands), and BUSCO completeness scores (%). These isolates belong to five representative
yeast genera commonly found in insect guts: Zygosaccharomyces, Wickerhamiella, Starmerella, Kodamaea, and
Metschnikowia. B: Whole-genome-based phylogenetic tree constructed using average nucleotide identity (ANI)
values, illustrating the evolutionary relationships among the isolated strains. Genus-level classifications are

indicated by distinct branch colors. Nodes with ANI values greater than 95% are labeled to denote clusters at the

species level.
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Figure 3  Functional annotation and metabolic potential analysis of gut fungal strains isolated from bees. A:
KEGG-based classification at Level 1 (L1), showing the number of annotated genes in major functional
categories including metabolism, genetic information processing, and environmental information processing
across different fungal genera. B: Distribution of genes across representative Level 3 (L3) KEGG pathways such

as ribosome, cell cycle-yeast, and RNA transport, reflecting differences in basic metabolic activity and potential
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physiological functions among genera. C: Gene ontology (GO) annotation results, illustrating the number of
annotated genes in biological process (BP), cellular component (CC), and molecular function (MF) categories for
each genus, and highlighting functional differentiation in organelle structure, biosynthesis, and signal
transduction. D: Total number of carbohydrate-active enzymes (CAZymes) annotated in each genus, including
CBM, CE, GT, and GH families, supporting their diverse roles in carbohydrate metabolism and host-microbe
interactions. E: Comparative heatmap of gene counts across fungal genera for the top glycoside hydrolase (GH)
subfamilies, indicating their involvement in polysaccharide degradation. F: Comparative heatmap of gene counts
for the top glycosyltransferase (GT) subfamilies across genera, reflecting their potential in cell wall synthesis,
glycan modification, and stress response. G: Predicted biosynthetic potential of secondary metabolites, including

gene clusters encoding nonribosomal peptide synthetases (NRPS), terpenes, and B-lactones in different fungal

genera.
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TE M B WA 25 2R G0 ] BB & H5E AS[R) T 41 R Y
A IIRE.

s R oR, BMERE) 2 S 5ok
GRS, (B9 55 AB R M A0 M 45 e 4k
ey . A SCIRIE T, ERER MY
T TR SE Gk R R B D R AR A R R
Z 5 FE IR, (R AT B o o WA IR
A W 5 1 3 S B T A A Vs h S 3t
T R TT SE P ARSI — B R, R
I Hb AE 86 0 b AR 0 Tl T Y Mg A R B R
(Metschnikowia) v 22 JS AT i SOEH 7K it il
(GH) 5L R i (GT) 5 CAZymes K E T ¥R
MR EE A, Wos HAEmK AL & W ARG 5C
DA b HA B Jr . BARME, GHI6,
GHI18 #l GH76 & iZJm i R B R 3 2K
GH %%, Hrb, GHI16 EZAELL B-1,3/1,4- 5
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WE K ff, 0 1] A ) 40 M RE b UL RS S5 A PR 2
WY, GHI8 ZEALHE )L T Tl Fl N- 2 ik -B-#i
ZIWENENE , REA A0k EL R 20 M RE S R LT
JL, RANAEA A T EE 8 (Metschnikowia) i 3
JERIN, WAEIROTEELE & (Wickerhamiella) . /)N
B BB R (Starmerella) F1 #] 35 B B )&
(Kodamaea) h KB = K E S, vligs
TETH S R I REAT G s GHT6 AR
THZEEREEDO, A TR R 1 F
BERET 3l T 22400 R R Y B YR 53 i o
GT G, W& EErE 8 (Metschnikowia) [RIFEAE
GT2. GTI5 Hl GT71 i% 3 ZEMEELAL AL g rp R I
R R, H, GT2 XS 5 HF
2 e BE A SR B B B, SR AR R AR S A RO Y
o g R, 2 RO E B e R
(Wickerhamiella) . /) 2 2415+ J& (Starmerella) 1
o 3K % B J& (Kodamaea) WP 7R 2 30 H 45 v 8
X 3 KRR Z R T AR, JUH LI
REME T b RE NG Ry 32, PEo AB W 7 1 FL TR 7F 21 Y
L YA 5 T Al R ELA — SIS N RS . GT1S
WRCE AR L, 25 2 R E 5 B
GT71 SN A G, AlRefE s W iE AR
A6 B A MRS R A N R S B
J& (Starmerella) WK 53 T Pk H IR R B — o 2
e 28 L, WarEERER (Metschnikowia)TE 2%
ot G B TSI v 1) o 2 B A R W AN L A5 3¢
SR 2 BERE AR RE T, T RES 5 Al ML 45 H0 i
BRI AE N, TR T8 kB A A
LS IRE

B 75 % & W, JE MK Ik & Rl i
(nonribosomal peptide synthetase, NRPS) Fll - A
T Joie 28 45 U AR 7 W 3d v Al o Ak, 7R
AR VR - L AR S AL T S dE E R Y
7 T &A% T AR Y, A 5T AR M 2K T
o A B TS R A A DG Y 2
%, FRAETEAT I WERE B (Kodamaea) F1 /)N 54
I 1) J& (Starmerella) W AR Y, $2 7R i 18 FL A AT
e 22— AL AW J1 . NRPS 724



BT % | B S RENENEREEAR SRS IR

E—REMZHENRELEY, BAE.
TR . RE A IR, EMAE YR
5o G 5 1E E R B B A R E X T OB-
P e AR W S A 2B L TR SE AR R, )
0o A0 B BE S B, TR BT n] BE R B e 32
10 ) V8 A SO B T o A 17 i e R
YA = W AAA B T 18 B R A B
AR S LSRR S WA F, 10 ] g ke
ASAER WG R eEiiE L, x58
A7 ELTE NRPS 267 W BF 5% ey — 5%, i gk
Bk — 0 e T X B S g i L T AR S T RE
FYIA RN, 2R W] TR 45 45 T R R o R Fn 1
J3E 7 TP RE AR SAEH] . M Ah, ATaA BE L)
J& (Kodamaea) F1 /N B L J& (Starmerella) T 1
FEORIE T LG R, $2on HAMRE J) nl Ak
5¥EE s FAEBM B UM,

5 WG Pl L A AT U A IE S AR Rl K AR P R
hmEA R E S TSRS, R K
(Gilliamella apicola) 1 & R X & FF
(Bifidobacterium asteroides)’3 ) 1E 5 s FIZE AR AT
R SCHEERY, AR5 GH 5 GT Kk
TEE T CAZymes 2L R4 X3, #2278 H
A RE S I R R A EIE CE AR, R4
(SR X iR 7/l ORTNA: WA I 4 S
ABRGWRRENE . XA AL YA A
PMELE, (AR IS e . ™
Yo A5 20 T BOMLAR A RIE

AN, BIRER I3 73 B BBRTE ITS 4540 Iy
SRR AR R, BFRERE . 4K
RE SR IE FF R —EER. CF
wrgEda i, B[Rl —8 i, AN e 3R IR el
A SR T (TR AR BRI A B AR )
T A 538 PR S O I T REAEAE 25 R R,
AT XF 22 A W el A R AE R 5T 5 AN /] 1)
PERVER MR HEAT T2 AN T, BIERNH
FEAE T N BRI A T BE ) SRk A
G AE TR RE 22 R, D N
H R AR ST RE R AL IEAL , o R ST L
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BHEIN A5 D RE R IEI T S AR T .

e BRI, AWTSE T I B ARAT AR
HE e A ZEALSKE. CAUTEEY,
Z Pl R AN 22 R B Al A AR T A A . B
W fe kb, IR R AT O Uk AL R B R
AL TE T D, R LA T R Ol
(4 B 18 A6 AR APRE AR R R AR gt
AV 38 R A B R S PR AT AR IE ST N
KB, —SESf PR T A ) PR 5 B AR W A A
by B HU B A R SRR E A B, IR AEE IR
o, Pt A A BT TR 97 48 25 D T A HE VR AR ThBE
X — PR e s A b B IR i 3 BT AN AL %
i B H BRI, b ]R85 R 1Y) A Fi
S SN ERIRCRE 7 s o R 7 1 B S S i B
— LA R ARV A A S R ) L B 4
B, TRATRT I i 00 E B AL e 5 e
FEBITRHZIEHI R F

SRS, ASWFSEm N 1 il AR 1%
Foy B A A W ) T B R ), AN TR R
mEAEE AR B F A R, REEE R
JEB EE AR AR B MY
R R IPRE T A0, Hw M g,
ULAER MR TE OB D 8 HAE B SR A R
S 3 U S A 2 S P i AR IO A
WFFE BT 3 A 1 BB SRy TR B A o 1 LT T
fEREAESR P A AR (A BE5E TR, o TF R HOR
wi TR HESh R R R R 5 T R R 1t
THSA

(3=t

TR JrEut SR PIRSE. Bl
B RRVET . BUREE. rREIT. RHE s
o (BKAE: SEBRHRAE; T/NE. WEEHES . WPHE
e MBik. WS 2.
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