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An iron-binding protein 
of entomopathogenic fungus suppresses 
the proliferation of host symbiotic bacteria
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Abstract 

Background  Entomopathogenic fungal infection-induced dysbiosis of host microbiota offers a window into under-
standing the complex interactions between pathogenic fungi and host symbionts. Such insights are critical 
for enhancing the efficacy of mycoinsecticides. However, the utilization of these interactions in pest control remains 
largely unexplored.

Results  Here, we found that infection by the host-specialist fungus Metarhizium acridum alters the composition 
of the symbiotic microbiota and increases the dominance of some bacterial symbionts in locusts. Meanwhile, M. 
acridum also effectively limits the overgrowth of the predominant bacteria. Comparative transcriptomic screening 
revealed that the fungus upregulates the production of MaCFEM1, an iron-binding protein, in the presence of bacte-
ria. This protein sequesters iron, thereby limiting its availability. Functionally, overexpression of MaCFEM1 in the fungus 
induces iron deprivation, which significantly suppresses bacterial growth. Conversely, MaCFEM1 knockout relieves 
the restriction on bacterial iron availability, resulting in iron reallocation. Upon ΔMaCFEM1 infection, some host bacte-
rial symbionts proliferate uncontrollably, turning into opportunistic pathogens and significantly accelerating host 
death.

Conclusions  This study elucidates the critical role of pathogenic fungal-dominated iron allocation in mediating 
the shift of host microbes from symbiosis to pathogenicity. It also highlights a unique biocontrol strategy that jointly 
exploits pathogenic fungi and bacterial symbionts to increase host mortality.

Introduction
Successful pathogens are capable of modifying the inter-
nal environment of their hosts and take advantage of the 
host microbiota to enhance their within-host fitness [1, 
2]. Conversely, the host microbiota typically serves as a 
barrier against the invasion of pathogens. However, there 
are instances in which some symbiotic microbes may 
inadvertently facilitate the pathogenic impact of invad-
ers or even transform into pathogens themselves [3–5]. 
Thus, microbial interactions have profound effects on 
host health and can shape the evolution of host-microbe 
relationships. The elucidation of ecological effects and 
molecular mechanisms underlying the interactions 
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among hosts, symbiotic microbiota, and invading patho-
gens is crucial for the development of medicine and bio-
control technology.

Entomopathogenic fungi have been widely used in 
various agricultural pest controls and play a pivotal role 
in ecosystems by occupying diverse ecological niches 
[6–8]. These fungi initiate infection in insect hosts by 
piercing the exoskeleton with germinating spores and 
subsequently transforming into hyphal bodies within the 
hemocoel to assimilate nutrients for proliferation [9–
11]. The host immune response is triggered when fungi 
adhere to and penetrate the cuticle. Additionally, bacte-
ria present on the cuticle interact with the fungi during 
this process [12]. Therefore, during host infection, fungi 
face not only the host’s immune system but also competi-
tion and potential antagonism from the host’s symbiotic 
microbiota. Therefore, during host infection, fungi face 
not only the host’s immune system but also competition 
and antagonism from the host’s symbiotic microbiota. 
The bacteria residing on the epicuticle of many insects 
can inhibit the colonization of pathogenic fungi directly 
or indirectly through the production of multiple defense 
secretions [13, 14]. As an extension of cuticle inside 
insects, gut harbors a more diverse microbiome than 
epicuticle does. The conidia of a M. anisopliae only ger-
minated in the gut of axenic desert locusts (Schistocerca 
gregaria), implying the potential antifungal role of gut 
microbiota [15]. Then, the gut microbial-derived com-
pounds with antifungal activity have been isolated from 
a variety of insects [16–18]. During the infection, the 
host’s hemocoel emerges as the principal niche for fungal 
entrenchment and expansion. This environment is char-
acteristically deficient in symbiotic bacteria or presents 
them at an extremely low level. However, the invasion of 
entomopathogenic fungus can disrupt the composition 
of host microbiota, leading to the translocation and pro-
liferation of symbiotic bacteria within the hemocoel [4, 
19, 20]. The proliferation of the predominant symbiotic 
bacteria competes for nutritional resources with the fun-
gus and potentially affects host survival. Recent studies 
suggest that Beauveria and Metarhizium species secrete 
antimicrobial peptides or secondary metabolites on the 
cuticle to inhibit the growth of Gram-positive bacteria 
and indirectly suppress the proliferation of predominant 
symbiotic bacteria in the hemocoel by affecting the host’s 
immune responses [21–23], while the interrelationships 
between entomopathogenic fungi and symbiotic bac-
teria within host hemocoel are intricate and more than 
just the antagonism. A comprehensive understanding 
of the interactions between these microorganisms and 
the underlying molecular mechanisms can offer critical 
insights into enhancing the efficiency of biological con-
trol. However, purposeful manipulation of this process 

within a living system, based on the interplay among 
pathogenic fungi, symbionts, and the host, has not yet 
been explored.

While entomopathogenic fungi are considered an eco-
friendly alternative to chemical pesticides, promoting 
their insecticidal efficacy remains a great challenge [24]. 
One effective strategy to augment the pathogenicity of 
these fungi is through genetic modification, such as the 
introduction of exogenous toxins or non-coding RNAs 
[25–27]. However, the use of transgenic fungal strains 
with exogenous genes or toxins may raise ecological 
safety concerns. Alternatively, since the proliferation of 
some symbiotic bacteria during fungal infection contrib-
utes to the host death [4], leveraging symbiotic microbes 
could offer another strategy for improving biocontrol 
technologies. By gaining a comprehensive understanding 
of the mechanisms underpinning fungal-bacterial inter-
actions in the host and actively modulating these inter-
actions, we have the potential to develop a unique and 
powerful approach to enhance the effectiveness of fungal 
biopesticides.

Locusts, with their swarming behavior and long-dis-
tance migration, are highly destructive pests globally 
[28–31]. Efforts to utilize entomopathogenic fungi, par-
ticularly the Metarhizium spp., for locust plague control 
have been in practice since the 1990s [32]. M. acridum, a 
host-specialist that only infects grasshoppers and locusts 
[33], exhibits greater lethality against these hosts com-
pared to some host-generalist Metarhizium species [34, 
35]. Considering the approximately 48 million years of 
coevolution between M. acridum and locusts, this host–
pathogen system may offer a well-developed model for 
studying the within-host microbial interactions [36, 37]. 
The present study reveals that suppression of the fungal 
iron-binding protein’s expression can prompt a shift of 
commensal bacteria into opportunistic pathogens, which 
consequently shortens the lifespan and promotes the 
mortality of fungal-infected locusts.

Results
M. acridum infection results in dysbiosis of locust symbiotic 
microbiota
To investigate the interactions between M. acridum, a 
host-specific entomopathogenic fungus, and the symbi-
otic bacteria of migratory locusts, we initially conducted 
a dynamic analysis of both the fungal and symbiotic bac-
terial loads in the host. Given that M. acridum primar-
ily colonizes the hemocoel of locusts during infection, 
we quantified the fungal and bacterial loads from hemo-
lymph samples of locusts at specified intervals, ranging 
from 0 to 120 h post injection (hpi). The gene expression 
levels of the glyceraldehyde-3-phosphate dehydrogenase 
gene (GPD) and 16S ribosomal RNA (16S rRNA) were 
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used to determine the loads of M. acridum and symbi-
otic bacterial in  vivo, respectively. Compared to 0 hpi, 
the M. acridum load significantly increased at 72 hpi and 
reached its peak at 120 hpi (Fig. 1A). Similarly, the bac-
terial load showed a substantial elevation at 96 and 120 
hpi (Fig. 1B and Fig. S1A). To evaluate if interactions exist 
between the pathogenic fungus and symbiotic bacteria 
in locusts, we generated axenic locusts by continuously 
injecting antibiotics into the hemocoel (Fig. 1C). Post fun-
gal infection, non-axenic locusts exhibited significantly 
higher mortality compared to axenic locusts (Log-rank 

test, p < 0.05) (Fig.  1D). The fungal load of M. acridum 
was approximately 1.5-fold higher in axenic locusts at 96 
hpi compared to non-axenic locusts (p = 0.026, Mann–
Whitney U test) (Fig. S1B). Furthermore, the expression 
levels of several antimicrobial genes (Serpin, Lysozyme, 
and Attacin) were significantly lower in axenic locusts 
compared to non-axenic locusts (Fig. S1C). These find-
ings suggest that the proliferation of symbiotic bacteria 
within the host’s hemocoel can influence the growth of 
M. acridum, amplify the host’s inflammatory responses, 
and ultimately affect the host’s survival.

Fig. 1  M. acridum (MAC) infection causes dysbiosis of microbiota in locusts. A and B Quantifications of fungal (A) and total bacterial (B) loads 
in the hemolymph of locusts (n = 6, 10 individuals per replicate). Kruskal–Wallis test for multiple comparisons. Values are mean ± standard deviation 
(SD). Locusts injected with 0.1% Tween 80 serve as the control. C Quantifications of bacterial load in the hemolymph of axenic and non-axenic 
locusts after MAC injections (n = 4, 10 individuals per replicate). D Survival of axenic and non-axenic locusts after MAC injections (n ≥ 62). Differences 
between axenic and non-axenic groups are analyzed using the Log-rank test. E Alpha diversity metrics (Chao1 and Shannon index) of bacterial 
communities in gut of locusts at amplicon sequencing variants (ASV)-level. Differences between control and MAC-infected groups were analyzed 
using the Mann–Whitney U test, with significant differences denoted as **p < 0.01, and ***p < 0.001. F Principal coordinate analysis (PCoA) 
at the ASV-level showing the overall differences in gut microbial communities between control and MAC-infected locusts. G Alterations in microbial 
communities at the family level in the gut of control and MAC-infected locusts. H Bacterial abundance at the family level in hemolymph and gut 
of locusts after MAC infection
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The impact of M. acridum infection on the locust’s 
microbial composition was further examined. Given 
that the gut is one of the predominant sites for the colo-
nization of the host’s symbiotic bacteria, and recogniz-
ing that the symbiotic bacteria present in the hemocoel 
of the fungal-infected locusts originate, to a certain 
degree, from the gut, we investigated the dynamics of 
the symbiotic bacterial populations within the gut of the 
locusts at 0 (control) and 96 hpi with M. acridum, using 
deep sequencing of the 16S rRNA gene. Alpha diver-
sity metrics revealed that M. acridum infection signifi-
cantly reduced the richness (measured by Chao1 index, 
p < 0.001, Mann–Whitney U test) and evenness (meas-
ured by Shannon’s index, p = 0.002, Mann–Whitney 
U test) of the microbial communities in the gut of the 
locusts (Fig.  1E). Principal coordinate analysis (PCoA) 
showed that the microbial communities in infected and 
non-infected locusts were primarily separated along the 
first principal coordinate, accounting for 80.05% of the 
variances (Fig. 1F). The analysis of the bacterial commu-
nity at the family level indicated that the gut microbiota 
of non-infected locusts was predominantly comprised of 
Leuconostocaceae, Enterobacteriaceae, Enterococcaceae, 
Lactobacillaceae, and Streptococcaceae. However, at 
96 hpi, Leuconostocaceae was substantially replaced by 
Morganellaceae. Consequently, the gut microbiota was 
primarily dominated by four bacterial families: Morga-
nellaceae, Enterococcaceae, Enterobacteriaceae, and Lac-
tobacillaceae (Fig. 1G). Moreover, since the bacterial load 
in the hemolymph of locusts significantly increased after 
fungal infection, the compositions of microbial com-
munities in the hemolymph of fungal-infected locusts 
were further analyzed. Similar to those in the gut, the 
predominant bacterial families in the hemolymph at 96 
hpi were Enterococcaceae, Enterobacteriaceae, Morga-
nellaceae, and Lactobacillaceae (Fig.  1H). However, the 
microbial community structures displayed significant 
differences between these two tissues. The hemolymph 
was mainly occupied by the Enterococcaceae and Enter-
obacteriaceae, contributing to 43.7% and 48.1% of the 
proportions, respectively. In contrast, the gut was largely 
populated by the Morganellaceae, with a proportion of 
70.8% (Fig. 1H). Thus, M. acridum infection reduces the 
microbial diversity and alters the microbial composition 
in locusts.

M. acridum infection induces dominance of some symbiotic 
bacteria in the hemocoel
To identify the species of the predominant symbiotic 
bacteria induced by M. acridum infection, the culturable 
bacteria from the hemocoel were isolated. Hemolymph 
from M. acridum-infected locusts was collected, spread 
onto Luria broth (LB) and Man Rogosa and Sharpe 

(MRS) plates, and incubated to allow bacterial growth. 
Isolated single bacterial colonies were identified through 
PCR amplification of the 16S rRNA gene using universal 
primers 27F and 1492R. Six predominant bacteria were 
ultimately identified, including Enterococcus faecalis 
and Enterococcus gallinarum from the Enterococcaceae 
family, Proteus mirabilis from the Morganellaceae fam-
ily, Weissella confusa from the Lactobacillaceae family, 
and Enterobacter hormaechei and Klebsiella aerogenes 
from the Enterobacteriaceae family (Fig.  2A). Quantita-
tive real-time PCR (q-PCR) results confirmed that the 
16S rRNA genes of these six species were either nearly 
undetectable or maintained at extremely low levels in the 
hemolymph of noninfected locusts. In contrast, at 96 hpi 
with M. acridum, there was a significant increase in bac-
terial load within the hemolymph (Fig. 2B). Additionally, 
increases in the abundance of E. faecalis, E. gallinarum, 
P. mirabilis, and K. aerogenes in the hemocoel of locusts 
post-M. acridum infection were further corroborated 
by long-read sequencing at the species level (Table  S1). 
When M. acridum and the predominant symbiotic bac-
teria were co-cultured on LB or MRS agar plates, no 
apparent antagonistic effects were observed between M. 
acridum and the bacterial isolates (Fig. S2). Therefore, 
the predominant symbiotic bacteria induced by M. acri-
dum infection exhibit no antagonistic effects on fungal 
growth.

The predominant symbiotic bacteria, E. faecalis 
and P. mirabilis, have the potential to transform 
into opportunistic pathogens
To assess the potential impact of the predominant sym-
biotic bacteria on the survival of locusts, we individu-
ally injected 5 × 105 colony-forming units (CFUs) of each 
bacterial species into the hemocoel of 6 separate groups 
of locusts. The results showed that only E. faecalis, P. 
mirabilis, and K. aerogenes caused significant increases 
in locust mortalities. Notably, E. faecalis and P. mirabilis 
induced mortalities of the locust up to 93.1% and 79.3% 
within 2  days, respectively (Fig.  2C). Furthermore, we 
observed rapid proliferation of E. faecalis and P. mirabilis 
within 24 h post-injection into the locust’s hemocoel (Fig. 
S3A). Absolute quantification results showed that E. fae-
calis and P. mirabilis were detectable in the gut of unin-
fected locusts, with mean 16S rRNA gene copy numbers 
of 1.67 × 107 ± 6.31 × 106 and 2.99 × 108 ± 1.23 × 108 per mL 
of gDNA, respectively, and proliferated extensively fol-
lowing fungal infection (Fig. S3B). Therefore, E. faecalis 
and P. mirabilis are commensal bacteria that reside in the 
locust gut. Should their expansion within the hemocoel 
become unregulated, they may transform into opportun-
istic pathogens, leading to the rapid death of the host.
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In one-quarter-strength Sabouraud dextrose (¼SDAY) 
liquid medium, a high bacterial load (over 3.0 OD600) of E. 
faecalis and P. mirabilis significantly inhibited M. acridum 
growth (Fig. S3C). These results imply that excessive pro-
liferations of the predominant symbiotic bacteria have the 
potential to negatively impact fungal growth. Therefore, we 
speculate that to effectively exploit host resources, M. acri-
dum must develop strategies to limit the rapid proliferation 
of these bacteria.

MaCFEM1 is indispensable for M. acridum hyphal growth 
when exposed to bacteria
To elucidate the direct interactions between M. acri-
dum and bacteria in  vivo, we compared the gene 
expression profiles of M. acridum in both axenic and 
non-axenic locusts. Total RNA was extracted from the 
hemolymph of M. acridum-infected locusts and sub-
jected to RNA sequencing (RNA-seq) (Fig.  3A). After 
filtering, correcting, and aligning the raw data to the 

Fig. 2  Transformation from symbiotic bacteria to opportunistic pathogens results in the death of locusts. A Culturable bacterial isolates derived 
from hemolymph samples of locusts at 96 h post-infection (hpi) with MAC. B Quantification of relative bacterial levels in locusts’ hemolymph at 96 
hpi with MAC using specific 16S rRNA primers (n = 8; 5 locusts per replicate). The heatmap illustrates log2 fold-change values. C Survival of locusts 
(n = 30) after injection of 5 × 105 colony-forming units (CFUs) of bacterial isolates into the hemocoel. Locusts injected with H2O serve as controls. 
Differences between the control and bacteria-injected groups are analyzed using the Log-rank test
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genome of M. acridum, we identified 198 differentially 
expressed genes (DEGs) with an adjusted p-value lower 
than 0.05. Among these DEGs, 102 were upregulated in 
non-axenic locusts and 96 in axenic locusts (Fig.  3B). 
Gene Ontology (GO) enrichment analysis indicated 

that the DEGs highly expressed in axenic locusts were 
primarily involved in protein folding, anion transport, 
and mitosis. In contrast, DEGs highly expressed in 
non-axenic locusts were mainly associated with nutri-
ent binding or acted as components of the cell wall, 

Fig. 3  MaCFEM1 is crucial for the colonization of MAC in the presence of symbiotic bacteria. A Experimental procedure for analyzing MAC gene 
expression in axenic and non-axenic locusts. B Volcano plot showing the overall gene expression pattern of MAC in axenic and non-axenic locusts. 
C GO enrichment analysis of differentially expressed genes (DEGs), displaying only GO terms with a p value < 0.05. CC, MF, and BP represent cellular 
components, molecular functions, and biological processes, respectively. D The Venn diagram shows the shared and unique DEGs induced 
by different bacterial species under fungal-bacterial co-culture conditions. E Gene expression patterns of the candidate DEGs under co-culture 
conditions. The heat map signal indicates log2 fold-change values of co-cultured groups relative to the control group. MAC cultured alone 
in ¼SDAY liquid medium serves as the control. Treatments with adjusted p value < 0.05 are denoted by *. F Fungal biomass of WT and mutant strains 
when co-cultured with E. faecalis, P. mirabilis, S. aureus, and E. coli in ¼SDAY liquid medium, respectively (n = 4). Values are presented as mean ± SD., 
and differences between WT and mutant strains were analyzed using Student’s t-test, with significant differences denoted as *p < 0.05, **p < 0.01, 
***p < 0.001. MaPR1C, MaCWG​, and MaGLUS are gene names for subtilisin-like serine protease PR1C, antigenic cell wall galactomannoprotein, 
and alpha-glucosidase, respectively
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external encapsulating structures, and the extracellular 
region (Fig. 3C).

Through whole genome scanning of M. acridum, we 
did not observe genes encoding proteins with high simi-
larity to fungal antimicrobial peptides. Instead, we identi-
fied six genes in M. acridum encoding proteins belonging 
to the lysozyme superfamily, including two genes encod-
ing proteins with family 25 glycoside hydrolase domains. 
However, these genes exhibited extremely low expression 
levels under both axenic and non-axenic conditions (Fig. 
S4). Furthermore, the only gene cluster systematically 
upregulated in non-axenic locusts was responsible for 
swainsonine biosynthesis (Fig. S5A–C). Swainsonine, an 
indolizidine alkaloid and the main toxin in locoweeds, 
is produced by some toxic legumes and fungi [38, 39]. 
However, an inhibition zone assay demonstrated that it 
did not have a discernible effect on bacterial growth (Fig. 
S5D). Therefore, when confronted with bacteria in vivo, 
M. acridum upregulate a variety of proteins primarily 
involved in the extracellular region, cell wall components, 
and nutrient binding.

Thirty DEGs, encoding proteins involved in the extra-
cellular region, cell wall components, and nutrient bind-
ing, were pinpointed as candidate genes (Table  S2). To 
further investigate the involvement of these biological 
processes in fungal-bacterial interactions and to mini-
mize the potential influences of in vivo factors introduced 
by the locusts, we conducted co-culture assays in  vitro. 
Conidia of M. acridum were cultured in ¼ strength SDAY 
liquid medium for 24  h either alone, or in co-culture 
with E. faecalis, P. mirabilis, Staphylococcus aureus, and 
Escherichia coli, respectively. All these bacteria grow well 
in ¼ strength SDAY liquid medium when cultured alone 
(Fig. S6). Gene expression profiles for M. acridum were 
generated through RNA-seq analysis. According to the 
Venn diagram, approximately 37% of DEGs were spe-
cific to a single bacterial treatment, while a mere 3% were 
responsive to all four bacterial species (Fig. 3D). To iden-
tify genes that interact with a wide range of bacteria, we 
focused on DEGs induced by at least three of the bacte-
rial species mentioned above. In comparison to the con-
trol group, the expressions of MAC_06277, MAC_07470, 
MAC_05852, and MAC_04525 among the thirty candi-
dates were significantly induced by at least three of the 
aforementioned bacterial species (Fig.  3E). These genes 
encode the proteins MaCFEM1, Subtilisin-like serine 
protease PR1C, Antigenic cell wall galactomannoprotein 
(MaCWG), and Alpha-glucosidase (MaGLUS), respec-
tively. To further investigate the involvement of these 
genes in fungal-bacterial interactions, null mutant strains 
were generated (Fig. S7). Compared to the wild-type 
strain (WT), the mutant strains did not exhibit any obvi-
ous growth defects when cultured alone. However, under 

co-culture conditions, only the biomass of the MaCFEM1 
knockout strain (∆MaCFEM1) was extensively repressed 
by at least 60% in the presence of all tested bacterial 
isolates. In contrast, the biomasses of the other mutant 
strains (∆MaPR1C, ∆MaCWG​, and ∆MaGLUS) exhib-
ited either no significant changes or were only slightly 
reduced (Fig.  3F). Therefore, MaCFEM1 is the crucial 
effector for M. acridum growth when confronted with 
bacterial challenges.

MaCFEM1, a fungal iron‑binding protein, functions in iron 
uptake
To investigate the possible function of MaCFEM1, we 
conducted structural and functional analyses. Based on 
the gene and amino acid sequences of MaCFEM1, we 
modeled the structure of the protein. MaCFEM1 contains 
a Common in Fungal Extracellular Membrane (CFEM) 
domain (Fig.  4A), the three-dimensional structure of 
which was generated using RoseTTAFold [40] (Fig. S8A). 
This domain is comprised by 6 alpha-helices which are 
held together by 4 disulfide bonds. Additionally, an aspar-
tic acid residue at position 45 (D45) forms an axial ligand, 
which is structurally similar to that in Csa2 (Secreted 
hemophore CSA2), a CFEM protein in Candida albicans 
[41]. We then conducted sequence alignment between 
MaCFEM1 and CFEM proteins in C. albicans, includ-
ing Csa2, Pga7 (GPI-anchored hemophore PGA7), and 
Rbt5 (GPI-anchored hemophore RBT5). The CFEM 
domain of MaCFEM1 is characterized by a conserved 
pattern of eight cysteine residues with specific spacing 
(Cx3Cx10–12Cx6–7CxCx11–14Cx4Cx15–16C) along with a 
conserved aspartic acid residue (D45) (Fig. S8B). Given 
the high structural similarity of MaCFEM1 with the 
CFEM proteins in C. albicans, we suspected the func-
tions of MaCFEM1 could be involved in iron assimilation 
[41]. Thus, we tested the expression levels of MaCFEM1 
under iron-deficient conditions. Compared to the control 
group (cultured in ¼SDAY liquid medium), MaCFEM1 
showed significant upregulation in response to iron defi-
ciency (p < 0.001, Mann–Whitney U test) (Fig.  4B). Fur-
thermore, no significant differences in fungal growth 
were observed between the WT and ∆MaCFEM1 under 
iron-sufficient conditions. However, under iron-deficient 
conditions, ∆MaCFEM1 displayed a marked reduction 
in growth (Fig.  4C). We then expressed MaCFEM1 in 
the Origami-B E. coli strain that permits disulfide-bond 
formation within the bacterial cytoplasm (Fig.  4D). The 
binding affinity of MaCFEM1 on iron was measured 
using isothermal titration calorimetry, with a mean dis-
sociation constant from three independent experiments 
as 0.67 ± 0.34  µM (Fig.  4E). Therefore, MaCFEM1 is an 
iron-binding protein that enables M. acridum to assimi-
late iron under iron-deficient conditions.
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The sequences and structures of MaCFEM1 orthol-
ogous genes were further compared across sev-
eral Metarhizium species. In addition to the CFEM 
domain, MaCFEM1 also possesses a C-terminal gly-
cosylphosphatidylinositol (GPI) anchor and a trans-
membrane domain. Only the host-specialist species, 
M. acridum and M. album, in the genus Metarhizium 
were found to possess MaCFEM1 orthologs with a 
transmembrane domain (Fig.  4A). To determine the 

subcellular localization of MaCFEM1, we inserted 
green fluorescent protein (GFP) tag in a position 
between the signal peptide and CFEM domain, gener-
ating a GFP-MaCFEM1 fusion protein (Fig.  4F). After 
72 h of in vitro culture, strong green fluorescence sig-
nals of GFP-MaCFEM1 were observed at the cell sur-
face of growing hyphae (Fig. 4G). Therefore, MaCFEM1 
is possibly a transmembrane or anchoring protein 
located at the cell surface of M. acridum.

Fig. 4  MaCFEM1 is an iron-binding protein participating in iron uptake and competition. A Phylogenetic tree illustrates the relationship 
among MaCFEM1 orthologues in different Metarhizium species. M. acridum and M. album are host-specialists, while M. robertsii, M. brunneum, 
and M. anisopliae are host-generalists. M. majus and M. guizhouense are transitional species. The phylogenetic tree was conducted using 
maximum likelihood method. B Gene expression profile of MaCFEM1 under normal and iron-deficient conditions (n = 7). FZ is the abbreviation 
for Ferrozine, an iron chelator. C Growth of WT and ∆MaCFEM1 under iron-deficient conditions. Relative fungal growth was calculated 
by normalizing against the area of fungal colonies of the WT grown on the ¼SDAY agar plates. D In vitro expression and purification 
of MaCFEM1. E Isothermal titration calorimetry analysis for the interaction between Mcfem1 and ferric iron. In three independent experiments, 
titrating 100 µM proteins into a solution of 10 µM ferric iron resulted in MaCFEM1-Fe3+N = 3.03 ± 0.86 sites, Ka = 1.69 × 106 ± 8.329 × 105 M − 1, 
and ∆H =  − 1.17 × 106 ± 7.935 × 105 J/mol. F Schematic diagram for the structure of GFP-MaCFEM1. G Subcellular localization of GFP-MaCFEM1 
in MAC hyphae. Scale bar: 10 µm. H MAC upregulates MaCFEM1 expressions when co-cultured with E. faecalis, P. mirabilis, E. coli, and S. aureus, 
respectively (n = 6). MAC cultured alone in ¼SDAY liquid medium is set as the control. I Iron content per gram of mycelium (n = 10). J CFU of E. 
faecalis and P. mirabilis per milliliter of liquid medium under co-culture conditions (n = 5). Values are presented as mean ± SD, One-way ANOVA 
with Bonferroni’s test for multiple comparisons (C and H), Mann–Whitney U test (B, I, and J) for pairwise comparisons. Significant differences are 
denoted by ***p < 0.001 or by different letters
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M. acridum employs MaCFEM1 for constraining bacterial 
overgrowth by restricting iron availability
To test the function of MaCFEM1 in fungal-bacterial 
interactions, we conducted in  vitro co-culture assays. 
Firstly, the expression levels of MaCFEM1 were exam-
ined when M. acridum was co-cultured with E. faecalis, 
P. mirabilis, S. aureus, and E. coli, respectively. Com-
pared to the control group, M. acridum cultured alone, 
the expression of MaCFEM1 increased by approxi-
mately fivefold when induced by the bacteria (Fig. 4H). 
Subsequently, iron uptake mediated by MaCFEM1 was 
assessed by measuring the iron content of M. acridum 
hyphae under fungal-bacterial co-culture conditions. 
The iron concentration in the ∆MaCFEM1 hyphae was 
found to be reduced by approximately 50% and 60%, 
compared to the WT, when co-cultured with E. faecalis 
and P. mirabilis, respectively (Fig. 4I). Furthermore, co-
culturing with the ∆MaCFEM1 resulted in a substantial 
increase in the bacterial load of E. faecalis and P. mira-
bilis, approximately 1500-fold and 2500-fold, respec-
tively, compared to co-culturing with the WT (Fig. 4J). 
While the absence of MaCFEM1 does not affect the 
fundamental iron uptake of M. acridum, its deficiency 
compromises the fungus’s ability to compete for iron 
with bacteria. This shift in iron allocation gives bacteria 
a chance to access a greater supply of iron, resulting in 
their extensive proliferation.

Given the acquisition of iron through CFEM pro-
teins operates as a relay system, which is facilitated by 
the collaborative efforts of various CFEM proteins [41, 
42]. We conducted a systematic analyzation of CFEM 
genes in M. acridum and finally identified 10 CFEM 
genes based on the genome-wide scanning (Fig. S9A). 
Their CFEM domains are highly conserved in the eight 
cysteine residues (Fig. S9B). In addition to MaCFEM1, 
MaCFEM3, 5, 6, and 10 also exhibited significant 
upregulations in response to iron deficiency (Fig. S9C). 
Additionally, the expression patterns of CFEM genes 
in M. acridum were examined both in vitro and in vivo 
upon bacterial stimulations. According to the RNA-seq 
data, in vitro co-culture conditions resulted in a general 
upregulation of CFEM genes in response to bacterial 
induction, except for MaCFEM2, 5, and 10 (Fig. S9D). 
However, only MaCFEM1 exhibited a dramatic upreg-
ulation in non-axenic locusts compared with axenic 
locusts, while the remaining CFEM genes were less 
sensitive to bacterial induction in vivo (Fig. S9E). Thus, 
the acquisition of iron in M. acridum is possibly con-
ducted by collaborations of multiple CFEM proteins. 
When it comes to microbial iron-competitions in the 
host, MaCFEM1 may occupy a pivotal position.

Locusts infected with ∆MaCFEM1 died rapidly due 
to extensive bacterial proliferation
We evaluate the effect of MaCFEM1-mediated fungal-
bacterial interactions on the host for the potential appli-
cation in pest control. The expression of MaCFEM1 in 
M. acridum-infected locusts was quantified through 
q-PCR at 96 hpi. Results showed a significant upregula-
tion of MaCFEM1 in non-axenic locusts compared to the 
axenic ones (Fig. 5A). Then, we assessed the pathogenic-
ity of WT and ∆MaCFEM1 by comparing their respec-
tive impacts on locust mortality. In non-axenic locusts, 
both injection and topical infection assays demonstrated 
that ∆MaCFEM1 infection caused significantly higher 
mortality compared to WT infection (Log-rank test, 
p < 0.001 for injection, and p < 0.01 for topical infection) 
(Fig. 5B). On the contrary, no significant difference in the 
mortalities of axenic locusts was observed while infected 
with these fungal strains (Fig. 5C).

We then measured the bacterial and fungal bur-
dens in locusts following infection with the WT and 
∆MaCFEM1 at 96 hpi (Fig. 5D and E). In the hemolymph 
of non-axenic locusts, infections with ∆MaCFEM1 
resulted in a dramatic elevation of bacterial load com-
pared to that with the WT (p < 0.001, Student’s t-test). 
Meanwhile, the fungal load of ∆MaCFEM1 was 50% 
lower than that of the WT (p < 0.01, Mann–Whitney U 
test) (Fig.  5D and Fig. S10). In axenic locusts, bacterial 
16S rRNA was scarcely detectable by q-PCR following M. 
acridum infection, and the fungal loads exhibited no sig-
nificant differences between infections with the WT and 
∆MaCFEM1 (p = 0.24, Mann–Whitney U test) (Fig. 5D). 
Furthermore, the presence of E. faecalis and P. mirabilis 
16S rRNA genes was confirmed only in the hemolymph 
of non-axenic locusts. In these locusts, the ∆MaCFEM1 
infection resulted in a fourfold increase in E. faecalis load 
(p < 0.01, Mann–Whitney U test) and a tenfold increase 
in P. mirabilis load (p < 0.01, Mann–Whitney U test), 
when compared to the WT infection (Fig. 5E). To deter-
mine if the elevated bacterial load observed in locusts 
infected with ΔMaCFEM1 was due to increased iron 
availability in the hemolymph, we quantified the iron 
concentrations. We noted an approximate 1.5-fold rise 
in the iron levels in the hemolymph of locusts infected 
with ΔMaCFEM1 relative to those infected with the WT 
(Fig.  5F). Additionally, in  vitro cultivation assays dem-
onstrated the importance of a sufficient iron supply for 
bacterial proliferation (Fig. S11). Thus, Infection with 
∆MaCFEM1 allows the predominant symbiotic bacteria 
to access abundant iron resources. As a result, certain 
bacteria proliferate rapidly and evolve into opportunistic 
pathogens, significantly accelerating the death of locusts.

To determine if the ∆MaCFEM1-infected locusts pri-
marily died due to bacterial proliferation, we quantified 
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bacterial colonies in locust cadavers using the spread-
plate method after infections with the WT and 
∆MaCFEM1, respectively. The cadavers of M. acridum 
infected locusts were categorized into three types of body 
color: red, brown, and black (Fig. 5G). Red cadavers had 
minimal bacterial colonies that were barely detectable 
on plates after a 10,000-fold dilution. In contrast, black 
cadavers harbored the highest number of bacterial colo-
nies, with brown cadavers closely behind (Fig.  5H). In 

cadavers infected with the WT (n = 90), 65% were red, 
27% were brown, and 8% were black. However, in cadav-
ers infected with ∆MaCFEM1 (n = 94), the percentage 
of red cadavers decreased to 37%, while the percentages 
of brown and black cadavers increased to 35% and 28%, 
respectively (χ2 = 18.41, df = 2, p < 0.001) (Fig. 5I). Conse-
quently, locusts infected with ∆MaCFEM1 primarily died 
from the prevalence of opportunistic bacteria, which ulti-
mately dominated their cadavers.

Fig. 5  ∆MaCFEM1 infection causes uncontrolled proliferation of opportunistic bacteria, accelerating locust death. A Expression of MaCFEM1 
under axenic and non-axenic conditions (n = 5, 8 locusts/replicate). B and C Survival rate of non-axenic and axenic locusts following WT 
and ∆MaCFEM1 injections or topical infections (n ≥ 30). Locusts treated with 0.1% Tween 80 were used as controls. D Quantification of total bacterial 
and MAC fungal loads in non-axenic and axenic locusts at 96 hpi. E Quantification of E. faecalis and P. mirabilis loads in non-axenic and axenic locusts 
at 96 hpi (n ≥ 5, 8 locusts/replicate). F Iron content in hemolymph of locusts at 96 hpi with WT and ∆MaCFEM1 (n = 5, 20 individuals/replicate). 
G Cadavers of MAC-infected locusts were categorized into three types based on body color: red, brown, and black. H Bacterial load in different 
cadavers (n = 5, 8 cadavers/replicate). I Ratio of different cadavers calculated following WT and ∆MaCFEM1 infections (n ≥ 90). J Expression levels 
of MaCFEM1 in WT and MaCFEM1 overexpression strain (OE-MaCFEM1) in vivo, and bacterial load at 96 hpi with WT and OE-MaCFEM1 (n = 4, 8 
locusts/replicate). K Survival rate of locusts after WT and OE-MaCFEM1 infections (n ≥ 60). Locusts injected with 0.1% Tween 80 serve as the control. 
A, D, E, I, and J Values represent mean ± SD. Pairwise comparisons were performed using Student’s t-test or Mann–Whitney U test, and significant 
differences are indicated by **p < 0.01, ***p < 0.001. n.s represents no significant differences. H One-way ANOVA with Bonfferroni’s test for multiple 
comparisons. Values are mean ± SD, significant differences are denoted by different letters. K Log-rank test for survival dynamics analysis
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To further confirm the iron-competitive role of 
MaCFEM1 in bacterial-fungal interactions in  vivo, 
we created an MaCFEM1 overexpression strain (OE-
MaCFEM1). This led to a 20-fold increase in MaCFEM1 
expression levels in the OE-MaCFEM1 compared to the 
WT in  vivo (Fig.  5J). Moreover, the bacterial loads of 
total bacteria, E. faecalis, and P. mirabilis in the locust 
hemolymph after OE-MaCFEM1 infection were sig-
nificantly lower than those after WT infection (Mann–
Whitney U test for comparation of total bacterial load; 
Student’s t-test for E. faecalis and P. mirabilis loads) 
(Fig.  5J). Additionally, OE-MaCFEM1 infection caused 
significantly lower mortality in non-axenic locusts, but 
not in axenic locusts, compared to WT infection (Log-
rank test, p < 0.001) (Fig. 5K). Thus, the overexpression of 
MaCFEM1 in M. acridum suppresses the growth of the 
predominant symbiotic bacteria in the locust hemocoel, 
resulting in a prolonged lifespan of locusts after fungal 

infection. Therefore, MaCFEM1 plays a crucial role in 
constraining the growth of symbiotic bacteria in the host 
by limiting the availability of free iron. The microbial 
interactions mediated by MaCFEM1 ultimately deter-
mine the host’s mortality (Fig. 6).

Discussion
This study reveals a complex interaction between an 
entomopathogenic fungus and symbiotic bacteria in 
locusts, characterized by commensal and competitive 
dynamics. We observed that in the advanced stages of M. 
acridum infection, the loads of both fungus and bacteria 
within the locust’s hemocoel reach their peak concentra-
tions. Concurrently, it is likely that, M. acridum selec-
tively induces the dominance of some symbiotic bacteria 
that do not exhibit antagonistic effects against the fungus, 
thereby establishing a bacterial environment compatible 
with the fungal growth. Infections by entomopathogenic 

Fig. 6  The proposed model demonstrates that disruption of the iron competition-driven microbial equilibrium can trigger symbiotic bacteria 
to transform into opportunistic pathogens, thereby elevating host mortality. Infection by M. acridum disrupts the composition of the locust 
microbiota, leading to the dominance of some symbiotic bacteria and prompting their migration from the gut to the hemocoel. Meanwhile, 
the fungus maintains a delicate balance with these bacteria in the hemocoel by restraining their overgrowth, thereby efficiently exploiting 
host resources. In the presence of bacteria, M. acridum upregulates the iron-binding protein MaCFEM1, which sequesters iron, thus restricting 
bacterial access to iron. Knockout of MaCFEM1 removes these fungal-imposed limitations on bacterial iron acquisition, resulting in unregulated 
bacterial proliferation. Consequently, locusts infected with the ΔMaCFEM1 exhibit high mortality and shortened lifespans due to the uncontrolled 
proliferation of opportunistic bacteria
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fungi inevitably lead to the disruption of the host’s micro-
biota and the proliferation of some symbionts in the body 
cavity, intensifying microbial interactions in the insect 
host. Many symbiotic bacteria that inhabit in the insect 
are able to antagonize pathogenic fungi by producing a 
range of antifungal compounds [16–18]. Therefore, for 
successful colonization of the host’s internal environ-
ment, pathogenic fungi must inhibit the growth of any 
antagonistic symbiotic bacteria [43]. Nonetheless, syn-
thesizing antimicrobial substances could be energetically 
expensive and might slow the fungal growth towards 
sporulation, potentially impairing reproductive success 
[37]. Thus, supporting the dominance of non-antago-
nistic bacteria and coexisting with these bacteria means 
a sophisticated adaptive strategy of pathogenic fungi. 
While much of the prevailing research has been focused 
on the antagonistic relationships between symbiotic bac-
teria and entomopathogenic fungi, our study sheds light 
on a delicate equilibrium.

In the advanced stages of fungal infection, host 
immune dysregulation and reduced pathogen clearance 
efficacy become prominent, with microbial interactions 
emerging as a critical factor shaping the growth dynam-
ics of both fungi and bacteria. Our findings reveal that at 
96 hpi, the locust upregulates various antimicrobial genes 
in response to fungal and bacterial proliferation within 
the hemocoel. However, the expression of these genes 
proves insufficient to effectively inhibit pathogen growth. 
Both fungi and bacteria reach a plateau phase at 120 
hpi. Previous studies have demonstrated that during the 
early stages of fungal infection, host-produced antimi-
crobial peptides can effectively suppress the proliferation 
of opportunistic bacteria [21]. However, as mycosis pro-
gresses, entomopathogenic fungi release multiple of sec-
ondary metabolites and secreted proteins that impair the 
host’s immune system, leading to immune dysregulation 
[44, 45]. Consequently, the compromised immune system 
fails to effectively control pathogen growth, thereby ele-
vating microbial interactions to a determinant of patho-
gen load and host mortality.

The commensal gut bacteria E. faecalis and P. mirabi-
lis are identified as potential opportunistic pathogens in 
locusts. Our research demonstrates that, while E. faeca-
lis and P. mirabilis can reside within the gut of healthy 
locusts without causing harm, their direct injection into 
the locust’s hemocoel leads to swift death. This suggests 
that these symbionts can transform into opportunistic 
pathogens when they proliferate uncontrollably within 
the hemocoel. Host microbes usually act as protectors 
against the invasion of pathogens, but under some cir-
cumstances, they may directly or indirectly facilitate the 
onset of disease caused by invading pathogens [46]. The 
transition of commensal bacteria towards pathogenicity 

is influenced by changes in the host’s internal environ-
ment, resulting in the infiltration of bacteria into insect 
tissues where they should not normally be present 
[47–49]. In insects, E. faecalis and P. mirabilis are both 
commensal bacteria that colonize a variety of tissues, 
including the gut, epicuticle, or salivary glands [23, 50, 
51]. E. faecalis colonizing the epicuticle of Drosophila 
can prevent B. bassiana infection by inhibiting the ger-
mination and penetration of fungal spores [23]. In the 
midgut of Galleria mellonella larvae, E. faecalis prolif-
erates significantly during Cordyceps militaris mycosis 
and exhibits notable antagonistic effects on C. militaris 
growth [52]. However, fungal pathogenesis can facilitate 
the translocation of bacteria from the gut, cuticle, or 
trachea into the hemolymph. If E. faecalis and P. mira-
bilis migrate to the hemocoel and undergo unrestricted 
growth, they may cause disease or death. For instance, 
Manduca sexta larvae die rapidly after the direct injec-
tion of E. faecalis into the hemocoel [48]. Additionally, 
the ureases secreted by P. mirabilis exhibited strong neu-
rotoxicity to insects [53].

In this study, we discovered that one of the strategies of 
M. acridum to constrain bacterial overgrowth is restrict-
ing iron availability. Although the predominant symbiotic 
bacteria do not antagonize M. acridum growth, they still 
compete with the fungus for host resources. Moreover, 
we found that in the presence of bacteria, M. acridum 
upregulates numerous biological processes involved in 
nutrient assimilation. Among these, M. acridum estab-
lishes dominance over bacteria through iron competition. 
Iron is one of the most important metals for microorgan-
isms due to its involvement in a range of vital biological 
processes [54]. However, high concentrations of iron are 
toxic to cells, therefore the free iron is maintained in a 
low level within animal hosts [55]. The vast majority of 
iron in mammals is complexed with hemoproteins or 
the iron-storage protein ferritin [56]. The iron in insects 
is primarily intracellular or ferritin-bounded [57]. Addi-
tionally, iron-withholding is also employed by mammals 
and insects as a way of nutritional immunity to limit the 
availability of iron to invading microbes [58, 59]. Thus, 
possessing a superior capacity to acquire iron is crucial 
for a microorganism to gain a competitive edge in the 
host.

Our study demonstrates that M. acridum competes 
for iron with bacteria by expressing MaCFEM1. Higher 
levels of MaCFEM1 expression allow M. acridum to 
monopolize iron resources, significantly inhibiting bac-
terial growth. In contrast, removing the MaCFEM1 cod-
ing gene does not interfere with the fundamental iron 
uptake of M. acridum but impairs its competitive edge 
over bacteria for iron. The absence of MaCFEM1 leads 
to a 50–60% reduction in the fungus’s iron absorption, 
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enhancing the iron availability for bacterial growth. Con-
sequently, locusts infected with the ∆MaCFEM1 primar-
ily succumb to overwhelming opportunistic bacterial 
infections. MaCFEM1 belongs to the family of CFEM 
proteins, which is a group of fungal-specific proteins 
that are more abundant in pathogenic fungi compared 
to free-living fungi [60, 61]. These proteins have diverse 
functions in fungal biology, including maintaining cell 
wall integrity, facilitating adhesion, mediating host–path-
ogen interactions, acquiring nutrients, and responding 
to stress [62–65]. In C. albicans, CFEM proteins such as 
Csa2, Rbt5, and Pga7 act as heme receptors in a relay sys-
tem, allowing the fungus to acquire iron from the iron-
restricted environment in the mammalian host [41, 42, 
66]. Moreover, the iron-assimilative role of CFEM pro-
teins has also been reported in various other pathogenic 
fungi [67–69]. Most research illustrates that CFEM pro-
teins directly target either the host’s nutritional resources 
or defense systems. In our study, the overexpression 
and knockout of MaCFEM1 affected only the lifespan 
and mortality of non-axenic locusts, not axenic locusts. 
This suggests that MaCFEM1’s role in iron assimilation 
is specifically involved in fungal-bacterial interactions. 
Therefore, this study provides an entirely new perspec-
tive on the function of CFEM proteins and underscores 
the importance of MaCFEM1-mediated microbial inter-
actions for host survival. Furthermore, considering that 
locusts may utilize transferrin-mediated nutritional 
immunity to combat fungal infections, M. acridum also 
employs various iron uptake mechanisms, such as secret-
ing siderophores, to interact directly with the host [70].

Antimicrobial peptides and certain secondary metabo-
lites secreted by entomopathogenic fungi are known to 
play direct roles in inhibiting bacterial proliferation [22, 
23]. However, our comprehensive genomic and transcrip-
tomic analyses revealed the absence of genes encoding 
antimicrobial peptides in this M. acridum strain. More-
over, genes with potential antimicrobial functions, such 
as those encoding lysozymes, displayed extremely low 
expression levels in both axenic and non-axenic condi-
tions. On the other hand, in the presence of bacteria, we 
observed significant upregulation of numerous enzymes 
potentially involved in secondary metabolite synthesis 
and secretion in M. acridum. These included members 
of the Major Facilitator Superfamily (MFS), ATP-bind-
ing cassette (ABC) transporter proteins, P450 enzymes, 
and glycosyl hydrolases (Table  S3). These upregulations 
suggest that M. acridum may be capable of producing 
and secreting antimicrobial secondary metabolites in 
response to bacterial induction. Nevertheless, as previ-
ously mentioned, the process of fungal-bacterial interac-
tion in the host is complex, requiring the involvement of 
multiple genes, pathways, and biological processes. From 

the perspective of nutrient allocation, this study proposes 
a competitive mechanism underlying the commensalism 
between pathogenic fungi and host symbiotic bacteria.

Our research may suggest a biological control method 
via exploiting the synergistic relationship between engi-
neered pathogenic fungi and the host’s symbiotic bac-
teria. By genetically modifying the entomopathogenic 
fungus, we shift the fungal-dominated microbial iron 
allocation, thereby facilitating the uncontrolled prolif-
eration of symbiotic bacteria within host hemocoel dur-
ing fungal infection. As a result, there is a significant 
reduction in the LT50 for the host. During infection, 
entomopathogenic fungi normally maintain a delicate 
balance between their growth, virulence, and interaction 
with bacteria, optimizing reproduction while prevent-
ing bacterial overgrowth to efficiently use host resources 
[37, 71]. This symbiotic equilibrium, however, uninten-
tionally prolongs the lifespan of the host, which is coun-
terproductive for pest control objectives that require 
rapid death and high mortality. To address this, we pur-
posefully disrupted this balance, allowing opportun-
istic bacteria to thrive, which, in turn, leads to elevated 
host mortality, aligning with the goals of effective pest 
management.

From a biosafety standpoint, a genetically engineered 
pathogen should ideally not persist and reproduce pro-
lifically in the field [72]. To alleviate environmental-safety 
concerns associated with genetically modified fungi, 
one primary approach is to reduce the ecological fitness 
or reproductive capability of the genetically engineered 
fungal strain [73–75]. In this study, the deficiency of 
MaCFEM1 mitigated the fungal colonization on the host 
cadaver. This potentially hampers the persistence and 
spread of the genetically engineered fungi, thereby miti-
gating concerns regarding genetic engineering.

In conclusion, this study revealed that following infec-
tion by an entomopathogenic fungus, certain predomi-
nant symbiotic bacteria within hosts exhibit potential 
pathogenicity. One of the factors determining their 
extensive proliferation in host hemocoel is the nutrients 
allocation dominated by the fungus. This study outlines 
a comprehensive network of interactions among hosts, 
symbiotic bacteria, and fungal pathogens. Building upon 
this theoretical framework, we highlight the synergistic 
role of the pathogenic fungus and symbiotic bacteria in 
promoting host mortality, thereby proposing a safe and 
effective strategy to enhance the efficacy of biopesticides 
in pest control.

Materials and methods
Locust rearing
The locusts (Locusta migratoria) were kept in the labo-
ratory at the Institute of Zoology, Chinese Academy of 
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Sciences in Beijing. They were raised in well-ventilated 
cages measuring 50 × 50 × 50 cm, with approximately 200 
locusts per cage. They were fed with fresh wheat seed-
lings. The culturing conditions were maintained at a con-
stant temperature of 30  °C ± 2  °C, with a 14-h light and 
10-h dark photo cycle. The experiments were conducted 
using fifth-instar nymphs.

Fungal and bacterial cultivation
The parental strain for generating deletions and over-
expression strains was the Metarhizium acridum 
CQMa102 (GenBank: gb|ADNI00000000.1). Mature 
conidia were produced by culturing on one-quarter-
strength Sabouraud dextrose (¼SDAY) agar for 15  days 
at 28 °C. The cloning experiments and protein expression 
were conducted using E. coli strains DH5 alpha and Ori-
gami-B (DE3) (WeiDi, EC1-2-M), respectively. The bac-
terial strains were grown in Luria–Bertani (LB) medium 
(Oxoid) at 37  °C. Fungal transformations were carried 
out using Agrobacterium tumefaciens AGL-1. The plas-
mid pET-22b (Qiyunbio, QP1140) was utilized for pro-
tein expression.

Quantification of fungal and bacterial loads in hemolymph 
of locusts
Aliquots (5 μL) of conidial suspension from the WT or 
ΔMaCFEM1 strain were injected into the hemolymph 
of locusts at a concentration of 1 × 106 conidia/mL in 
0.1% Tween-80 solution. For each strain, six groups of 
10 locusts were used for each bioassay. The hemolymph 
was collected at different time points during the infec-
tion: 24, 48, 72, 96, and 120 hpi. For details, locusts were 
immersed in 75% ethanol for 3  min in order to com-
pletely eliminate the bacteria located on the epicuticle. 
Hemolymph was then collected at the base of the hind 
legs trough punching the arthrodial membrane. Mixed 
cells were harvested by centrifugation at 12,000 rpm for 
2 min at 4  °C. Total RNA was extracted using the RNA 
Extraction Kit (CWBIO, CW0581S). The cDNA sample 
was synthesized using the Prime Script RT reagent kit 
(TakaRa, 6110A). GPD (Gene accession no. EFY84384) 
was used to determine the load of M. aridum. The bacte-
rial load was quantified using the 16S-F/16S-R primers. 
qPCR analysis was conducted using the QuantStudio™ 1 
Plus instrument (Thermo Fisher Scientific, A51693) and 
TB Green Master Mix (TakaRa, RR82WR). The riboso-
mal protein 49 (rp49) gene region of the locust was used 
as an internal reference. The relative RNA level of the 
GPD and 16 s rRNA gene was calculated using the 2−∆Ct 
or 2−∆∆Ct method. All primers used in this study are listed 
in Table S4.

Microbiome analysis
The inoculation of M. acridum was conducted as pre-
viously described. The collection of hemolymph and 
gut samples was conducted aseptically in a laminar 
hood. The control group was injected with sterile water 
only. The M. acridum-infected samples were collected 
at 96 hpi. Each sample was collected from 6 locusts, 
and 8 samples from each treatment were subjected to 
sequencing. All samples were flash-frozen in liquid 
nitrogen and ground using an automatic sample fast 
grinder JXFSTPRP-L (JingXin, JXFSTPRP-24L). Subse-
quent genomic DNA was isolated using the PowerFe-
cal® Pro DNA Kits Isolation Kit (Qiagen, 51,804). The 
bacterial 16S rRNA gene of the V3-V4 region was PCR-
amplified (ABI GeneAmp® 9700) using universal 16S 
rRNA gene-specific primers 338-F/806-R (Table  S4). 
The quality of the DNA samples was checked on a 
1.0% agarose gel. Paired ends (468 bp) were sequenced 
using the Illumina NovaSeq6000 platform by the ser-
vice company Shanghai Majorbio Bio-Pharm Tech-
nology (Shanghai, China). High-quality Amplicon 
sequence variants (ASV) were derived and classified 
using DADA2. Taxonomic analysis and community 
diversity were conducted based on the valid data. Long-
read sequencing of bacterial 16 s rRNA genes from the 
hemolymph sample was performed using the PacBio 
sequencing platform. The raw sequence data have been 
deposited in the Genome Sequence Archive in the 
National Genomics Data Center (https://​ngdc.​cncb.​ac.​
cn/​gsa). The assigned accession of the submission is 
CRA013449.

Antibiotic treatment
Axenic locusts were generated by injecting with triple 
antibiotic containing penicillin (50 mg/mL), streptomy-
cin (30 mg/mL), and gentamicin (30 mg/mL) at 24 hpi 
with M. acridum. This procedure was repeated daily to 
maintain a continuous exposure of locusts to the anti-
biotics. Control locusts underwent the same method, 
but sterile water was used instead to ensure a compara-
ble treatment.

Culturable bacterial isolate identification
Bacterial strains were obtained from locust hemolymph 
at 96 hpi with M. acridum. The hemolymph was diluted 
10,000-fold with sterile water and 100 μL aliquots 
were spread onto LB and MRS agar plates (90  mm). 
The plates were then cultured at 37  °C for 48  h. Each 
treatment was performed in triplicate with 10 locusts 
per replicate. Single bacterial colonies were identified 
using PCR amplification with primers 27F and 1492R 
(Table S4). The resulting fragments were sequenced by 

https://ngdc.cncb.ac.cn/gsa
https://ngdc.cncb.ac.cn/gsa
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Tsingke (Beijing, China). The sequences were analyzed 
using BLAST to determine the bacterial species.

Fungal‑bacterial cocultivation assays
Approximately 1 × 107 spores/mL (100 μL) fungal spores 
(WT and either ΔMaCFEM1, ∆MaPR1C, ∆MaCWG​
, and ∆MaGLUS) were grown in 30  mL ¼SDAY liquid 
medium at 28 ℃ while shaking at 200  rpm for 2  days. 
Then, the fungal cultures were inoculated with 1  mL of 
0.5, 1.0, 3.0, 5.0, or 7.0 OD600E. faecalis and P. mirabilis 
suspensions. The entire fungal mycelium was harvested 
after one day of co-culture using a suction pump. Final 
fungal biomass was weighed using a High Precise Elec-
tronic Balance (METTLER TOLEDO, MS2050DU). The 
bacterial CFU was determined by counting the number 
of bacterial plaques on the LB agar plate.

RNA sequencing and data processing
To test the gene expression profile of M. acridum in 
locusts, total RNA from the hemolymph of axenic 
and non-axenic locusts at 96 hpi with M. acridum was 
extracted using an RNA Extraction Kit (CWBIO, Bei-
jing, China). Hyphal bodies and blastospores were har-
vested from hemolymph by centrifugation at 10,000 × g 
for 10 min at 4  °C. The supernatant was discarded, and 
the pellet containing hyphal bodies and blastospores 
was collected for RNA extraction. The cDNA libraries 
were prepared in accordance with the protocols of Illu-
mina. A total of 12.5 Gbp filtered raw data were mapped 
to the genome of Metarhizium acridum CQMa102 
strain (BioSample: SAMN02981259; GenBank: 
gb|ADNI00000000.1) via HISAT software. Among the 
reads aligned to the M. acridum genome, 80% mapped 
to exonic regions (Fig. S12A), with a coverage depth over 
5 × (Table  S5). The gene expression levels were meas-
ured using the criteria of Fragments Per Kilobase of exon 
model per Million (FPKM) mapped reads. Gene FPKM 
values across different samples exhibited similar distribu-
tion patterns (Fig. S12B and C). Saturation analysis indi-
cated that as the number of sampled reads increased, the 
fluctuation of FPKM values for most genes (FPKM > 5, 
representing over 70% of the total genes) quickly stabi-
lized (Fig. S12D and E). Therefore, the sequencing results 
accurately reflect gene expression levels. Differentially 
expressed genes (DEGs) were detected using the EdgeR 
software. The differences between the axenic and non-
axenic groups were represented by adjusted p value. The 
DEGs with significance levels at adjusted p value < 0.05 in 
each comparison were considered as the candidate target 
genes.

For the in vitro co-culture assays, conidia of Metarhi-
zium acridum were cultured in ¼ strength SDAY liquid 
medium for 24 h, either alone (control) or in co-culture 

with Enterococcus faecalis, Proteus mirabilis, Staphylo-
coccus aureus, or Escherichia coli, respectively. The total 
RNA of M. acridum was extracted directly from M. acri-
dum mycelium using a TRIzol reagent (Invitrogen). A 
total of 3 Gbp of filtered raw data were mapped to the 
genome of the Metarhizium acridum CQMa102 strain. 
The differences between the control and co-culture 
groups were represented by p value. The DEGs with sig-
nificance levels at p value < 0.05 in each comparison were 
considered as the candidate target genes.

Gene quantification
The relative gene expression levels were quantified using 
the 2−ΔCt or 2−ΔΔCt method. For the quantification of fun-
gal genes, GPD was used as the endogenous control. For 
the quantification of locust genes, rp-49 was used as the 
endogenous control. At least five biological replicates 
were assayed for statistical analysis. The qPCR primers 
are listed in Table S4.

Generation of M. acridum mutant strains
DNA cassettes were generated using the homologous 
recombination technique to delete targeted genes. 
Approximately 1  kb of the 5′-flanking sequence and 
3′-flanking sequence were amplified using primer 
pairs LF/LR and RF/RR from the template M. acridum 
Genomic DNA. These sequences were then cloned 
into the EcoRI/BamHI and XbaI/SacI restricted plas-
mid pDHt-Bar, respectively. The Bar resistance cassette, 
which confers resistance to bialaphos, was used as a 
selection marker for fungal transformation. The plas-
mids pDHt-Bar-MAC_04525, pDHt-Bar-MAC_07470, 
pDHt-Bar-MAC_05852, and pDHt-Bar-06277 were 
transformed into WT M. acridum strain, respectively, 
using A. tumefaciens mediated transformation. Trans-
formants were screened on a Czapek-Dox medium 
containing 500  μg/mL Glufosinate ammonium (Med-
ChemExpress, HY-W019870) and 250  μg/mL cefpirome 
(Mreda, M137862-5G). RT-PCR were used to verify the 
homologous integration of the resistance cassettes and 
the absence of genes. The primer pair gDNA-F/gDNA-
R (Table S4) was used to verify the deletion of genomic 
DNA, while the primer pair V-F/V-R (Table S4) was used 
to verify the correct insertion of Bar in fungal genomes.

Virulence assays
For injection assays, conidiospores of the WT, 
ΔMaCFEM1, and OE-MaCFEM1 strains were harvested 
from ¼SDAY agar plates and diluted to a final concentra-
tion of 1 × 106 conidiospores/mL in 0.1% Tween-80 solu-
tion. Five μL of the fungal suspensions were injected into 
fifth-instar locust nymphs. For topical infection assays, 
conidiospores were diluted to a final concentration of 
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1 × 108 conidiospores/mL. A 2.5 μL conidial suspension 
containing 1 × 108 conidia/mL was applied to the head-
thorax junction of locusts. Locusts treated with 0.1% 
Tween-80 solution were used as the control. More than 
30 locusts were used for each treatment. Insect mortality 
was recorded every 12 h. The experiments were repeated 
at least twice. The median lethal time (LT50) of each 
strain was calculated using Kaplan–Meier analysis, and 
the survival dynamics were compared using the log-rank 
test.

Bacterial single colonies were selected and grown over-
night in LB at 37 °C while shaking at 200 rpm. The over-
night cultures of P. mirabilis, E. faecalis, E. hormaechei, 
K. aerogenes, and E. gallinarum were resuspended to 
108 CFU/mL in ultrapure water (Milli-Q). W. confusa was 
harvested from MRS medium and diluted in ultrapure 
water (Milli-Q) to a final concentration of 108  CFU/
mL. Five μL of the bacterial suspensions was injected 
into fifth-instar nymphs of locusts. Control larvae were 
treated with ultrapure water (Milli-Q). Control and 
treated larvae were placed in an incubator and incubated 
at 30 °C. The number of dead insects was recorded every 
12 h. The survival dynamics were compared by log-rank 
test.

Subcellular localization of MaCFEM1
The subcellular localization of MaCFEM1 was deter-
mined in the constitutive overexpression strain in which 
the MaCFEM1 was fused with a GFP gene. The GFP was 
inserted in MaCFEM1 between the signal peptide and 
the CFEM domain to achieve GFP-MaCFEM1 fusion. 
The PgpdA promoter from Aspergillus Niger was cho-
sen and adapted for M. acridum to control the constitu-
tive expression of MaCFEM1. Subcellular localization of 
GFP-MaCFEM1 was examined using Olympus SpinSR 
fluorescent microscopy (Olympus, Tokyo, Japan).

Recombinant protein expression and purification
To construct the recombinant plasmids of pET-22b-
MaCFEM1-His, the MaCFEM1 gene, without the signal 
peptide sequence, was amplified by using primers Eco-F/
Eco-R (Table  S4). Recombinant proteins of MaCFEM1 
were expressed in the E. coli Origami B expression sys-
tem. The recombinant plasmids were amplified in E. 
coli DH5α and were extracted using the TIANprep 
Mini Plasmid Kit (TIANGEN, DP103-02). Next, the 
recombinant plasmids were transformed into E. coli 
Origami B to generate a MaCFEM1-His fusion pro-
tein. Transformants were incubated at 37  °C with vigor-
ous shaking for 6  h to OD600 = 0.6, and then isopropyl 
β-d-1-thiogalactopyranoside (IPTG) (ThermoFisher, 
15,529,019) in final concentration of 1  mM was added 
for induction at 18  °C with 200  rpm. The cultures were 

centrifuged for 30 min at 12,000  rpm, and washed with 
equilibration buffer (10  mM HEPES, 10  mM NaCl; pH 
7.5). The cells were destroyed by an ultrasonic (SCI-
ENTZ, 650E), and centrifuged at 13,000 rpm for 20 min. 
The supernatant was applied onto a nickel-nitrilotri-
acetic acid (Ni–NTA) affinity column (GE Healthcare, 
17–5318-06) which was thoroughly washed with equi-
libration buffer to remove loosely bound protein with 
AKTA prime plus (GE Healthcare, 11,001,313). The 
recombinant protein was purified by a method linear-
gradient elution method with different concentrations 
of imidazole. The purified protein was analyzed by 
SDS-PAGE.

Iron chelation resistance assay
To examine the iron chelation ability of MaCFEM1-His, 
titrations of purified protein into Fe2(SO4)3 were per-
formed with a MicroCal iTC200 system (GE Health-
care, iTC200). MaCFEM1-His was concentrated to 
5  mg/mL and buffer-exchanged into 1 × PBS (pH 7.0) 
using a 10-kDa cutoff concentrator (Merck millipore, 
UFC801096). All solutions were prepared in 1 × PBS 
buffer. Fe2(SO4)3 (10  µM) solution was placed in the 
cell of the calorimeter and 100  mM MaCFEM1-His in 
1 × PBS buffer was loaded into the injection syringe. The 
recombinant protein was titrated into the cell at 25 °C as 
a sequence of 19 injections of 10 µL. All the injections 
were carried out at 120-s intervals. The sample cell was 
stirred throughout the experiment to ensure comprehen-
sive mixing. The enthalpy (∆H), stoichiometry of binding 
(N), and dissociation constants (KD) were determined 
using the Origin for ITC software package. The titrations 
of MaCFEM1-His were conducted three times.

Antimicrobial effect of swainsonine
The antibacterial activity of swainsonine (MedChem-
Express, HY-N6722) to P. mirabilis and E. faecalis was 
evaluated using the inhibition zone test. Swainsonine 
was dissolved in sterile water in a final concentration of 
10 mM. P. mirabilis or E. faecalis (100 μL) at a concen-
tration of OD600 = 0.01/mL were spread evenly on LB 
plates. Swainsonine (100 μL) was added to an Oxford 
cup (OKLABS, njb5045) placed on the surface of the LB 
plates, and dual antibiotics containing ampicillin (50 μg/
mL, 50 μL) and kanamycin (50 μg/mL, 50 μL) were added 
to the other Oxford cup as a positive control. The plates 
were incubated at 37 °C for 24 h.

Quantification of iron content in fungal mycelium 
and locust hemolymph
The concentrations of iron in the mycelium of both WT 
and the ΔMaCFEM1, as well as in locust hemolymph, 
were quantified using Inductively Coupled Plasma  
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Optical Emission Spectroscopy (ICP-OES) (ThermoFisher,  
Thermo ICPOES7200). For analysis, 0.1  g of fungal  
mycelium from the WT and ΔMaCFEM1 was digested 
with 5 mL of concentrated nitric acid (69%). Additionally,  
500 µL of cell-free hemolymph, pooled from at least 
twenty locusts, was processed with 5 mL of concentrated 
nitric acid. The samples’ iron concentrations were sub-
sequently measured by ICP-OES at the Beijing Zhongke 
Baice Technology Service Co., Ltd.

Iron depletion assays
The iron-depleted medium was created by incorporat-
ing the iron chelator ferrozine (FZ) (Coolaber, Beijing, 
China) into ¼SDAY agar or liquid medium at a final con-
centration of 1.0  mM. The fungal growth diameter was 
assessed by inoculating 1 × 106 spores/mL (2.5 μL) of 
WT or ΔMaCFEM1 strains onto the iron-depleted plates 
for 6  days. The fungal colony sizes were determined 
using the ImageJ software (https://​imagej.​net/​ij/). The 
expression levels of CFEM genes in M. acridum under 
iron-depleted conditions were examined by inoculating 
1 × 107 spores/mL (100 μL) of M. acridum into 30 mL of 
iron-depleted liquid medium and incubating at 28 ℃ for 
3 days. The mycelia of M. acridum were then harvested 
for RNA extraction.

Statistical analysis
For quantitative experiments, all data were statistically 
analyzed using GraphPad Prism 9.0 software and pre-
sented as mean ± SD. Student’s t-test and Mann–Whit-
ney U test were used for two-group comparison, one-way 
ANOVA followed by Bonfferroni’s test, and Kruskal–
Wallis test were used for multi-group comparisons. 
Survival data were analyzed using a Log-rank test. The 
normality of distribution was checked using the Shapiro–
Wilk test. The equality of variances was analyzed using 
the F-test. Differences were considered as statistical 
significance at p < 0.05. All samples were allocated into 
experimental groups randomly.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40168-​024-​01928-4.

Additional file 1: Fig.S1 Quantification of bacterial and fungal loads in the 
hemolymph of locusts. A Growth of bacteria from hemolymph of nonin-
fected locusts (control) and MAC-infected locusts at 96 h post injections 
(hpi). In the control group, a total volume of 40 µL hemolymph collected 
from 5 locusts in each treatment was plated onto LB agar plates. For the 
MAC-infected groups, hemolymph samples were diluted 104 times with 
sterile water before plating on LB plates. B Quantification of fungal load 
in the hemolymph of axenic and non-axenic locusts at 96 hpi with MAC 
(n = 6, 5 locusts/replicate). Values are mean ± SD, significant differences are 
denoted by *p < 0.05, Mann–Whitney U test. C Expression of locust anti-
microbial genes at 96 hpi with MAC (n = 6, 5 locusts/replicate). One-way 

ANOVA with Bonfferroni’s test for multiple comparisons. Values are 
mean ± s.e.m, significant differences are denoted by different letters. Fig.S2 
Effects of the predominant symbiotic bacteria on MAC growth. Growth of 
MAC, E. faecalis, E. gallinarum, K. aerogenes, P. mirabilis and E. hormaechei 
colonies on LB agar plates, and growth of MAC and W. confusa on MRS 
agar plates. Fig.S3 The opportunistic bacteria are potential competitors of 
MAC in the locust. A Quantifications of E. faecalis and P. mirabilis loads in 
the hemocoel of locusts post bacterial injection (n = 6, 3 locusts/replicate). 
B Absolute quantification of E. faecalis and P. mirabilis loads in the gut of 
locusts before (Control) and after MAC infection. Statistical differences 
were assessed using Student’s t-test. Data are presented as mean ± s.e.m. 
Significance is denoted by ***p < 0.001. C MAC mycelium biomass when 
co-cultured with different concentrations of bacterial isolates in ¼SDAY 
liquid medium. Differences between 0.0 OD600 and other concentra-
tions were analyzed using One-way ANOVA with Bonferroni’s test. Values 
are presented as mean ± SD, and significant differences are indicated by 
**p < 0.01, ***p < 0.001. Fig. S4 Identification of genes encoding fungal 
lysozymes in MAC. A The phylogenetic tree illustrates the relationship 
among lysozyme orthologues in different Metarhizium species. The tree 
was constructed using the Neighbour-Joining method. B The protein 
structure of lysozymes in MAC. C Expression levels of MAC lysozyme-
coding genes in vivo. Fig. S5 Induction of the swainsonine-biosynthetic 
cluster in the MAC by opportunistic bacteria. A The genome structure 
of swainsonine-biosynthetic cluster in MAC. B Expression pattern of the 
swainsonine-biosynthetic gene cluster in axenic and non-axenic locusts 
at 96 hpi with MAC. C Expression pattern of the swainsonine-biosynthetic 
gene cluster under co-culture conditions. B and C Heat map signals show-
ing the log2 fold change values relative to the mean expression within 
each group. D The inhibition zone test revealing the lack of antimicrobial 
activity of swainsonine on E. faecalis and P. mirabilis. Fig. S6 The growth 
curves of E. faecalis, P. mirabilis, E. coli, and S. aureus in the 1/4 SDAY 
medium at 28 °C. Fig. S7 Verification of gene knockout efficiency. A PCR 
amplification of specific sequences of the target genes. B PCR amplifica-
tion of combination for the outer sequence upstream of target gene 
and the inner sequence of biolaphos resistance (Bar) gene. Fig. S8 The 
structural analysis of MaCFEM1. A The three-dimensional structure of the 
CFEM domain of MaCFEM1 generated by the RoseTTAFold. B Sequence 
alignment of the CFEM domain of MaCFEM1 with that of Csa2, Pga7, and 
Rbt5. Csa2, Pga7, and Rbt5 are CFEM proteins known to participate in 
heme binding in Candida albicans. The regions in blue boxes represent 
the eight conserved cysteines, and the region in red box represents the 
aspartic acid residue with potential functions for iron-binding. Fig. S9 
Systematic analysis of CFEM genes in MAC. A Identification and classifica-
tion of CFEM genes in MAC. B Amino acid alignment of the CFEM domain 
of CFEM proteins in MAC. The regions in blue boxes represent the eight 
conserved cysteines, the regions in red boxes represent the aspartic acid 
residue with potential functions for iron binding. C Expression profiles of 
MAC CMEM genes in response to iron deficiency (n = 4). Student’s t-test 
for pairwise comparison. Values are mean ± SD, significant differences 
are denoted by *p < 0.05, **p < 0.01, and ***p < 0.001, n.s represents no 
significant differences. D and E In vitro (D) and in vivo (E) expression pro-
files of the ten CFEM genes upon bacterial inductions. Heat map signals 
showing the log2 fold change values relative to the mean expression 
within each group. Fig. S10 Impact of MaCFEM1 deficiency on fungal 
hyphal body growth in locusts. Red arrows point to hyphal bodies, and 
the blue arrows point to locust hemocytes. Scale bar: 60 µm. The number 
of hyphal bodies are counted using hemocytometers (n ≥ 7, 3 locusts per 
replicates). Values are presented as mean ± s.e.m., differences between WT 
and ∆MaCFEM1-infected groups were analyzed using the Mann–Whitney 
U test, with significant differences denote as *p < 0.05. Fig. S11 Impact of 
iron deficiency on predominant symbiotic bacterial growth. To induce 
iron deficiency, the chelating agent Ferrozine (FZ) was supplemented to 
LB medium at a concentration of 5 mM. Colony sizes of the predominant 
symbiotic bacteria were quantified utilizing ImageJ software. Statisti-
cal differences between groups were evaluated using Student’s t-test. 
Values are presented as mean ± SD. Significant differences are indicated 
by *p < 0.05. Scale bar: 2 cm. Fig. S12 Mapping rate analysis and gene 
expression maturation curve. A Proportion of reads mapped to exons, 
introns, and intergenic regions of the MAC genome. B Density distribution 
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plot of sequencing reads on MAC scaffolds. C Density distribution of gene 
expression levels for each sample. The x-axis represents the log2(FPKM) 
values, where higher values indicate higher gene expression levels. The 
y-axis represents the proportion of genes at each expression level relative 
to the total number of genes. D and E Gene saturation curves of axenic 
(D) and non-axenic (E) groups. Sequences were subsampled at 10%, 20%, 
…, up to 100%, and the gene expression levels obtained at different data 
amounts were compared with those obtained using all sequences. If the 
difference between the two values is less than 15%, the gene is consid-
ered to be accurately quantified at that data amount. For each gene, if 
the difference between the FPKM value estimated from the sample and 
the FPKM value using all reads is less than 15%, the expression level is 
considered accurately assessed. Table S1. Relative abundance of the top 
12 bacterial taxa at the species level. Table S2. DEGs enriched in GO terms: 
Extracellular Region, External Encapsulating Structure, Cell Wall, Heme 
Binding, and Vitamin Binding. Table S3. DEGs potentially involve secondary 
metabolite synthesis and secretion. Table S4. Primers used in this study. 
Table S5. Mapping statistics
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