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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Beauveria bassiana var. majus (Bbm) can infect lepidopteran larvae through both the integument and gut.

- The insect foregut is discovered as a previously unrecognized route for fungal invasion.

- Bbm has evolved alkaline tolerance via a novel pH-responsive Aia-PalC-PacC cascade to colonize the hostile foregut.

- Aia in Bbm loses a 249-bp fragment, resulting in enhanced expression under alkaline conditions, which promotes PalC
upregulation and PacC activation.
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Insects and their natural microbial pathogens are intertwined in constant
arms races, with pathogens continually seeking entry into susceptible hosts
through distinct routes. Entomopathogenic fungi are primarily believed to
infect host insects through external cuticle penetration. Here, we report a
new variety, Beauveria bassiana var. majus (Bbm), that can infect insects
through the previously unrecognized foregut. Dual routes of infection signif-
icantly accelerate insect mortality. The pH-responsive transcription factor
PacC in Bbm exhibits rapid upregulation and efficient proteolytic processing
via PalC for alkaline adaptation in the foregut. Expression of PalC is regu-
lated by the adjacent downstream gene Aia. Compared to non-enteropatho-
genic strains such as ARSEF252, Aia in Bbm lacks a 249-bp fragment, result-
ing in its enhanced alkaline-induced expression. This induction promotes
PalC upregulation and facilitates PacC activation. Expressing the active
form of BbmPacC in ARSEF252 enables intestinal infection. This study un-
covers the pH-responsive Aia-PalC-PacC cascade enhancing fungal alkaline
tolerance for intestinal infection, laying the foundation for developing a new
generation of fungal insecticides to control destructive insect pests.
INTRODUCTION
Insects, Earth’smost diverse and abundant creatures, have long played host to

a range of pathogens like viruses, bacteria, and fungi. Among these entomopath-
ogens, fungi dominate as the primary cause of insect diseases. Notably, entomo-
pathogenic fungi form the largest group of insect pathogens, playing a vital role in
regulating insect populations in ecosystems.1,2 In tackling the challenges of
insecticide resistance, fungal pesticides, particularly those belonging to the
genera Beauveria andMetarhizium, have been developed as eco-friendly and sus-
tainable biocontrol agents against agricultural insect pests and vectors of human
diseases.3–5

Insect hosts and their natural microbial pathogens are intertwined in a con-
stant arms race.6–8 This tight interaction involves the constant attempt of path-
ogens to gain access to susceptible insect hosts through distinct routes. Unlike
other entomopathogens such as bacteria, viruses, protists, and microsporidia,
which infect their insect hosts through the midgut, entomopathogenic fungi
are traditionally thought to invade insects by penetrating the integument.9 Yet,
the effectiveness of topically applied fungal insecticides is influenced by various
adverse environmental factors, including solar ultraviolet light, extreme ambient
temperature, and low humidity, which can impede fungal conidial germination on
the external cuticle.10,11 Fungal conidia can only germinate on the insect’s
external cuticle under favorable temperature and humidity conditions.12,13 There-
fore, the pursuit of alternative routes for fungal infection, such as via the insect
gut, emerges as a strategic endeavor to surmount the challenges posed by
ambient abiotic factors.14 However, the insect gut, characterized by an unfavor-
able pH, teeming microbiota, and swift food passage, presents an antagonistic
realm for fungal survival and propagation.15 The inhibitory impact of high alka-
linity on fungal conidial germination within the larval gut of Bombyx mori (Lepi-
doptera: Bombycidae) and Heliothis zea (Lepidoptera: Noctuidae) underscores
this formidable environment.16,17 Moreover, gut-residing bacteria in locusts un-
leash antifungal compounds that inhibit fungal conidial germination.18 Despite
efforts since the 1930s to identify fungal strains capable of infecting insects
through the intestinal tract,15,19–22 convincing evidence with explicit histological
information to support fungal gut infection has been lacking.19
ll
In this study, we have identified a new variety of Beauveria bassiana, desig-
nated as Beauveria bassiana var.majus (Bbm), capable of infecting lepidopteran
larvae through both the integument and the foregut. The dual routes of infection
significantly accelerate the speed of lethality, offering a promising approach for
the effective management of lepidopteran pests. Notably, Bbm strains invade
the alkaline foregut of lepidopteran larvae through a novel pH-responsive
pathway involving the Aia-PalC-PacC signaling cascade. Overall, our findings un-
cover the insect foregut as an alternative and previously unrecognized route of
infection by entomopathogenic fungi.We have also identified that the pH-respon-
sive Aia-PalC-PacC signaling cascade facilitates fungal tolerance to alkaline fore-
guts, thereby enabling intestinal infection. The discovery of Bbm, with enhanced
infectivity through both the integument and the foregut, opens a promising way
for improving the efficacy of fungal insecticides, leading to efficient and environ-
mentally friendly pest control.

RESULTS
Invasion of intestinal tract by two B. bassiana strains
Previous studies showed that gut bacteria play a protective role against intes-

tinal infection by the fungal pathogen Metarhizium anisopliae in locusts.23 We
initially attempted to investigate whether gut bacteria act as a protective barrier
against invasion by B. bassiana in the larval gut of a lepidopteran model insect,
silkworm B. mori.24 We began our investigation by selecting a highly virulent
strain of B. bassiana against silkworm larvae through insect bioassays. The viru-
lence of 14 B. bassiana strains (Table S1) was evaluated by spraying a suspen-
sion of 5 3 107 conidia/mL onto the cuticle of fifth-instar day-2 B mori larvae.
Recognizing that higher humidity favors conidial germination,10,25 we initially
maintained the inoculated larvae under high ambient humidity conditions
(>96% relative humidity [RH]) for the first 48 h post-topical inoculation, followed
by a regulated humidity environment at 80% ± 5%RH. Among the 14 B. bassiana
strains studied, strain Bbm1, which was isolated from a silkworm larva cadaver,
exhibited the highest virulence, with all larvae dying 3 days after Bbm1 topical
inoculation (Figure 1A). In contrast, the ARSEF252 strain exhibited significantly
lower virulence.
To investigate the potential role of gut commensal bacteria in preventing

fungal intestinal infection, we eliminated gut bacteria of silkworm larvae by
feeding them with antibiotics-sprayed fresh mulberry leaves, starting from the
first day of the third instar until they underwent per os inoculation (Figure S1).
Fifth-instar day-2 silkworm larvae were subsequently fed fresh mulberry leaves
inoculated with the conidia of either Bbm1 or ARSEF252. The larvae were then
reared under constant low ambient humidity conditions (35% ± 5% RH), wherein
topically applied B. bassiana did not cause larval mortality (Figure S2), aiming to
minimize the likelihood of cuticular infection. Surprisingly, per os administration
of Bbm1 resulted in infections in both silkworm larvae without gut microbiota
and untreated larvae with gut microbiota at comparable rates, indicating that
the presence of the gut microflora had no obvious impact on per os infection
by Bbm1. Conversely, the strain ARSEF252 failed to induce infection through
the intestinal tract in silkworm larvae, irrespective of the presence or absence
of gut microbiota (Figure 1B).
To validate the intestinal infection of silkworm larvae byBbm1, weorally inoc-

ulated 13 105 conidia per larva using a 2-mLmicropipettor (Figure 1C), followed
by immediate surface sterilization and incubation under low humidity condi-
tions (35% ± 5% RH). Out of the ten B. bassiana strains tested, only Bbm1
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Figure 1. Screening for the high-virulent strains of B. bassiana and intestinal infection of B. mori larvae by Bbm1 (A) Survival of fifth-instar day-2 silkworm larvae following topical
inoculation with a suspension of different B. bassiana strains containing 5 3 107 conidia/mL. Control insects were sprayed with 0.01% Triton X-100. (B) Effect of gut microbiota on
intestinal infection of silkworm larvae treated with or without antibiotics by B. bassiana strains Bbm1 and ARSEF252. Fifth-instar day-2 larvae were inoculated per os by feeding with
freshmulberry leaves that had been dipped in conidia suspension (23 107 conidia/mL) followed by air drying and then were reared at 35% ± 5% RH. The error bars represent themean
± SD. (C) Oral administration of B. bassiana conidia to a silkworm larva using a 2-mLmicropipette. (D) Survival rate of conventionally reared silkworm fifth-instar day-2 larvae after per os
inoculation with 1 mL conidia suspension (13 108 conidia/mL) of nine different B. bassiana strains using a 2-mLmicropipette. The error bars represent the mean ± SD. (E) Survival rate
of silkworm larvae after oral administration of different dosages (100, 1,000, 10,000, and 100,000 conidia/larva) of Bbm1 conidia. (F) Survival rate of older larvae after per os inoculation
with Bbm1 (105 conidia/larva). The survival rate shown is one of three biological replicateswith similar results. (G) Additive effect of dual routes of infectionwith Bbm1 on larvalmortality
after per os and topical inoculation. Fifth-instar day-2 larvae were inoculated by feeding mulberry leaves that had been sprayed with fungal conidia or by topical inoculation. The
experiment was performed in three biological replicates. The error bars represent the mean ± SD.
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Figure 2. The foregut is the sole invasion site for B. bassiana Bbm1within the intestinal tract (A) Hyphal bodies (white arrow) were detected in the larval hemolymph at 60 h after oral
administration with Bbm1. (B and C) Light micrographs of Periodic Acid-Schiff (PAS)-stained semithin sections of the larval midgut (B) and hindgut (C) 48 h after oral administration of
Bbm1. Note that germinated conidia of Bbm1 were not found in the lumen of the midguts or hindguts 48 h after oral administration. (D) Light micrographs of PAS-stained semithin
sections of the larval foreguts at 48 h after oral administration of Bbm1, showing hyphae of B. bassiana Bbm1 penetrating the foregut wall. The foregut displays six ruffles (black arrow)
along its intima. (E) Time course of larval infection. Top: light micrographs of PAS-stained semithin sections of larval foreguts obtained at 12, 24, 48, and 84 h after per os inoculation
with B. bassiana Bbm1. Bottom: scanning electronmicrographs of larval foreguts after per os inoculation with Bbm1 as on the top. The lake blue arrows indicate conidia or mycelia of
B. bassiana Bbm1.
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and Bbm2 could infect the larvae through per os inoculation (Figures 1D and
S3). We then performed a dose-response curve for per os infectivity using
fifth-instar silkworm larvae and found that an inoculum of 1 3 105 conidia
per larva resulted in 100%mortality 5 days post-per os inoculation (Figure 1E).
These results demonstrated that Bbm1 can infect the larvae via both the
external cuticle and the intestinal tract.

Dual-route infection enhances B. bassiana Bbm’s efficacy against older
larvae

Older instar larvae and pupae are usually less susceptible to fungal topical
infection.26–28 To examinewhether Bbm1could infect older instar larvae through
the gut, we administered B. bassiana Bbm1 per os to fifth-instar larvae on the last
day before pupation. We observed that all the treated larvae died at the pupal
stage 6 days after per os inoculation with Bbm1. The fungus first emerged
from the anterior portion of the pupae and later covered the entire pupal cuticle
(Figure 1F).

To assess the potential additive effect between per os and cuticular infection,
we conducted dual-route infection of silkworm larvae by Bbm1. We found that
simultaneous infection via both modes of inoculation significantly enhanced
the killing speed against the larvae compared to either topical or per os inocula-
tion alone (p < 0.0001, log-rank [Mantel-Cox] test) (Figure 1G). This result indi-
cates that the addition of an alternative route of intestinal infection can augment
the efficacy of fungal insecticides.

Clanis bilineata, a member of the Lepidopteran family Sphingidae, represents
amajor agricultural pest causing considerable damage to soybean production.
Oral inoculation of C. bilineata larvae with 1 mL of Bbm1 conidia suspension
containing 1 3 108 conidia/mL resulted in larval infection. The infected larvae
ll
showed typical symptoms of fungal infection, and the cadavers mummified
and became mycosed after death (Figure S4).

The insect foregut serves as an alternative route for fungal invasion
Numerous hyphal bodies were observed in the hemolymph of silkworm

larvae 60 h after per os inoculation with Bbm1 (Figure 2A). To determine the
portal site of Bbm1 invasion within the larval gut, we employed histology to
examine the larval midgut, the primary invasion site for entomopathogenic bac-
teria, viruses, and parasites, at 48 h after per os inoculation with Bbm1.
Although a few conidia were observed in the midguts of per-os-inoculated
larvae, no hyphal growth and penetration of the midgut wall was observed, indi-
cating that the midgut is not the invasion site of Bbm1 (Figure 2B). The same
observation was made for the hindgut (Figure 2C). Unexpectedly, numerous
penetrating fungal hyphae were found in the foregut. Forty-eight hours after
per os inoculation, many hyphae of Bbm1 had crossed the foregut wall and
translocated to the hemocoel (Figure 2D). In contrast, no hyphae were
observed in the foregut of larvae even at 60 h after topical inoculation (Fig-
ure S5). To monitor the time course of infection, we dissected larval guts (fore-
gut, midgut, and hindgut) at 12, 24, 48, and 84 h after oral inoculation with 1 mL
of 1 3 108 conidia/mL. We then examined the guts for the presence of conidia
and hyphae (Figure 2E). By 12 h after feeding, the fungal conidia had germi-
nated to form germ tubes in the foregut. By 24 h post-inoculation, the hyphae
had penetrated the foregut epithelia. Many hyphae were observed in the fore-
gut 48 h after per os inoculation (Figure 2E). In contrast, no germinated conidia
were detected in the midguts or hindguts of the inoculated larvae (Figure S6).
Similarly, conidial germination and hyphal penetration of the gut tissues (fore-
gut, midgut, or hindgut) were not observed in any ARSEF252 conidia-fed larvae
The Innovation 5(4): 100644, July 1, 2024 3



Figure 3. B. bassiana conidia and effect of pH on conidial germination of the B. bassiana strains (A) Conidiogenous cells and conidia of B. bassiana strains. (B) Conidia (n = 30)
diameter of B. bassiana strains. The error bars represent median with range. ***p < 0.001. (C and D) Germination rate of Bbm1, Bbm2, ARSEF252, and Bb2390 after culture in SDB
liquid medium at pH 7.0 (C) and 11.0 (D). The error bars represent the mean ± SD. (E and F) Median germination time (GT50) of Bbm1, Bbm2, ARSEF252, and Bb2390 conidia at pH 7.0
(E) and 11.0 (F). Experiments were performed in three biological replicates. The error bars represent the mean ± SD. Capital letters, p < 0.01; lowercase letters, p < 0.05.

ARTICLE

w
w
w
.t
he

-in
no

va
tio

n.
or
g

(Figure S7). These results indicate that the foregut is the sole intestinal invasion
site for Bbm1.
Bbm conidia exhibit rapid germination
The strains Bbm1 and Bbm2 were originally isolated from silkworm cadavers

in Jingxian (Anhui Province, China) and Xincheng (Guangxi Province, China),
respectively (Figure S8A). Fungal conidiophore morphology and phylogenetic
analysis of the ITS1-5.8S-ITS2 rDNA sequence reveals a close relationship be-
tween the enteropathogenic strains Bbm1 and Bbm2 and the non-enteropatho-
genic strains of B. bassiana (Figures 3A and S8B). However, the conidial sizes of
Bbm1 (3.73 ± 0.05 mm, n = 30) and Bbm2 (3.57 ± 0.06 mm, n = 30) are signifi-
cantly larger than those of non-enteropathogenic strains (Bb2390, 2.51 ±

0.03 mm, n = 29; ARSEF252, 2.58 ± 0.03 mm, n = 30) (Figures 3A and 3B). Based
on these results, we designated Bbm1 and Bbm2 as a variety of B. bassiana, spe-
cifically denoted as Bbm.

Conidial germination is the initial step for fungal pathogenesis. Rapid germina-
tion may not only enable the fungus to penetrate the cuticle more quickly but
may also reduce elimination via food passage during intestinal invasion. A recent
study showed a positive correlation between conidial germination speed and
fungal virulence.29 To assesswhether the highly virulent strain Bbm1 germinates
more rapidly than a less virulent strain, conidial germination rates of Bbm1 and
ARSEF252were determined by topically inoculating silkworm larvaewith conidial
suspensions, followed by scanning electron microscopy. The results showed
that Bbm1 conidia germinated faster than the less virulent strain ARSEF252.
Bbm1 conidia began to form germ tubes at 24 h after topical inoculation and
developed into long hyphae by 48 h post-infection, whereas ARSEF252 conidia
began germinating only at 48 h post-infection (Figure S9A). At approximately
64 h post-inoculation, hyphal bodies of Bbm1 were present in the larval hemo-
lymph, and numerous hyphal bodies were observed at 84 h post-topical inocula-
tion (Figure S9B). In contrast, only a few hyphal bodies of ARSEF252 were
observed by 91 h post-infection, and the proliferation of ARSEF252 hyphal bodies
was not evident until 112 h after topical inoculation (Figure S9B). Similarly, Bbm1
4 The Innovation 5(4): 100644, July 1, 2024
germinated significantly faster than ARSEF252 when cultured in Sabouraud
Dextrose Broth (SDB) liquid medium (Figure S10). These results suggest that
rapid germination may be a crucial factor contributing to fungal per os virulence.

Bbm exhibits adaptation to high alkalinity
The gut environment in most lepidopteran larvae is highly alkaline, typi-

cally ranging from pH 10.0 to 11.5, creating an inhospitable setting for path-
ogen colonization.16,30,31 Surprisingly, Bbm1 conidia demonstrated rapid
germination in the foregut of silkworm larvae (Figure 2E), indicating resil-
ience to the elevated alkaline pH. To evaluate the impact of high alkalinity
on fungal conidial germination, Bbm1, Bbm2, ARSEF252, and Bb2390 coni-
dia were inoculated into SDB liquid medium at various pH levels. At pH 7.0,
Bbm1 and Bbm2 conidia began to germinate after 3 and 6 h of incubation,
respectively. In contrast, the conidia of ARSEF252 and Bb2390 did not
germinate until 9 h after incubation (Figure 3C). Under highly alkaline condi-
tions (pH 11.0), simulating the alkaline foregut environment, Bbm1 and
Bbm2 conidia exhibited the most rapid germination rate, which began at
6 h and ended at 15 h after incubation. However, the germination of
ARSEF252 and Bb2390 conidia was significantly delayed (from 9 to 24 h)
(Figure 3D). Themedian germination time (GT50) of Bbm1 and Bbm2 conidia
was significantly lower than that of ARSEF252 and Bb2390 conidia
(Figures 3E and 3F). These results indicate that Bbm strains exhibit rapid
responsiveness and a robust tolerance to ambient alkaline pH. This charac-
teristic may aid in their adaptation to the highly alkaline gut lumen of lepidop-
teran larvae.

BbmPacC activation is required for alkaline tolerance and intestinal
infection
The adaptation of fungi to alkaline pH is regulated by the evolutionarily

conserved transcription factor PacC, which controls pH-responsive gene expres-
sions.32 Using PCR and subsequent sequencingwith primers designed based on
the PacC sequence from ARSEF2860 (GenBank: BBA_05984), we identified the
www.cell.com/the-innovation
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Figure 4. Rapid upregulation and efficient proteolytic processing of BbmPacC contribute to alkaline tolerance and intestinal infection (A and B) Fungal mycelia (A) and their length
(B) of Bbm1 WT, DBbmPacC, and com-BbmPacC after culture in SDB at pH 7.0 or 11.0 for 15 h. Experiments were performed in three biological replicates. The bars represent the
mean. ***p < 0.001. (C) Survival rate of silkworm larvae after oral administration of Bbm1 WT and DBbmPacC conidia. Experiments were performed in three biological replicates.
***p < 0.001. (D) Gene expression of BbmPacC and BbPacC responses to ambient alkaline pH. actin was used as a reference gene. The error bars represent the mean ± SD.
***p< 0.001 and *p< 0.05. (E)Western blotting analysis of the proteolytic processing of BbmPacC and BbPacC responses to ambient alkaline pH. (F) Micrographs and linescan graph
showing subcellular localization of PacC fused with GFP at the N terminus in different strains under alkaline conditions. Conidia of DBbmPacC/GFP-BbmPacC and DBbPacC/GFP-
BbPacC were inoculated in SDB liquid medium with pH 11.0. DAPI stain indicates the nucleus. (G) Expression of PacC target genes in Bbm1 and ARSEF252 in response to ambient
alkaline pH. Total RNAs were isolated from Bbm1 and ARSEF252 conidia cultivated in SDB liquid medium at pH 7.0 or 11.0 for 45 min. actin was used as a reference gene. The error
bars represent the mean ± SD. ***p < 0.001, **p < 0.01, and *p < 0.05.
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PacC orthologs in Bbm1 and ARSEF252, denoting them as BbmPacC and
BbPacC, respectively (FigureS11). To determinewhether PacC is involved in alka-
line tolerance in Bbm1, we generated the deletion mutants of BbmPacC
(DBbmPacC) and the complementary strain com-BbmPacC (Figure S12).
Although the loss of BbmPacC did not affect the rapid germination of Bbm1 con-
idia under neutral or alkaline pH (Figure S13), it significantly inhibited mycelial
growth under alkaline conditions. Conversely, the complementary strain com-
BbmPacC rescued the phenotypic defect (Figures 4A and 4B), indicating that
ll
BbmPacC contributes to alkaline tolerance in Bbm1. To determine whether
PacC-dependent alkaline adaptation is crucial for fungal per os virulence, we
examined the pathogenicity ofDBbmPacC. Oral administration revealed a signif-
icant decrease in the per os virulence of DBbmPacC compared to that of Bbm1
wild type (WT; p < 0.001) (Figure 4C), indicating that BbmPacC is required for in-
testinal infection by Bbm1.
Given the highly conserved PacC gene sequences between Bbm1 and

ARSEF252 (98.75% identity) (Figure S11), we further examined potential
The Innovation 5(4): 100644, July 1, 2024 5



Figure 5. The differentially expressed gene PalC is required for transcriptional expression and proteolytic processing of PacC (A) Gene expression of BbmPalC and BbPalC in
responses to ambient alkaline pH. actin was used as a reference gene. The error bars represent the mean ± SD. ***p < 0.001 and **p < 0.01. (B) Western blotting analysis of the
proteolytic processing of BbmPacC in Bbm1/5myc-BbmPacC and DBbmPalC/5myc-BbmPacC strains in response to ambient alkaline pH. (C and D) Fungal mycelia (C) and their
length (D) of Bbm1 WT, DBbmPalC, and com-BbmPalC after culture in SDB liquid medium at pH 7.0 or 11.0 for 15 h. Experiments were performed in three biological replicates. The
bars represent the mean. ***p < 0.001. (E) Survival rate of silkworm larvae after oral administration of Bbm1 WT and DBbmPalC conidia. Experiments were performed in three
biological replicates. ***p < 0.001.
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differences in the expression patterns of BbmPacC and BbPacC. Transcriptional
analysis showed that BbmPacC transcription level was markedly increased at
5 min after conidia were inoculated in pH 11.0, reaching a peak at 30 min
(2,677-fold increase relative to the reference gene actin), while BbPacC mRNA
gradually upregulated during cultivation in pH 11.0 and did not reach the highest
expression until 60min (632-fold increase relative to actin) (Figure 4D). These re-
sults indicated that the transcription of BbmPacC is induced more rapidly than
that of BbPacC under alkaline conditions.

Under neutral to alkaline conditions, the PacC polypeptide undergoes proteo-
lytic processing by two successive cleavages, resulting in the conversion of
the full-length PacC into an intermediate PacC and subsequently into the
shortest functional polypeptide.32,33 To detect the proteolytic processing of
BbmPacC and BbPacC under alkaline conditions, we constructed 5myc-
BbmPacC fusion and 5myc-BbPacC fusion by inserting a 53myc tag at the
50 end of PacC in the genomes of Bbm1 and ARSEF252, respectively. Western
blotting analysis showed that in Bbm1, PacC1 (the full-length form, �70 kD)
was immediately converted to PacC2 (the intermediate form, �55 kD) and
PacC3 (the active form, �30 kD) within 30 min under alkaline conditions, and
PacC3 accumulated at 120 min (Figure 4E). However, in ARSEF252, PacC2

and PacC3 were much weaker and not obviously detected until 120 min under
alkaline conditions, which was significantly slower than those in Bbm1 (Fig-
ure 4E). Therefore, PacC cleavage in Bbm1 was significantly more efficient
than that in ARSEF252.

After proteolytic cleavages in the cytoplasm, the shortest functional form of
PacC is translocated into the nucleus, where it activates the expressions of alka-
line-induced genes.32,33 To observe the subcellular localization of PacC under
alkaline conditions, we generated fusion constructs of GFP fused to the N termi-
nus of BbmPacC (GFP-BbmPacC) and BbPacC (GFP-BbPacC) under the control
of their respective PacC native promoters, which were then transformed into
DBbmPacC andDBbPacCmutant strains, respectively. Under neutral conditions,
no obvious GFP signal was observed in the conidia, indicating the low expression
6 The Innovation 5(4): 100644, July 1, 2024
ofPacC at pH7.0 (Figure S14). After alkaline induction, GFP-BbmPacCwas exclu-
sively located in the nucleus of DBbmPacC conidia (Figure 4F). However, in
DBbPacC conidia, the signal of GFP-BbPacC was weak (Figure 4F). Consistent
with the proteolytic cleavages and protein localization of PacC, the expressions
of PacC binding genes involved in tolerance to alkaline pH, such as DFG5 (defec-
tive for filamentous growth 5, a cell-wall glycoprotein), GRG1 (glucose-repressible
protein), SidA (L-ornithine N5-monooxygenase), and ZRT1 (zinc/iron transporter
protein),34,35 were highly induced under alkaline condition in Bbm1, significantly
higher than those in ARSEF252 (Figure 4G). Taken together, these findings sug-
gest that rapid transcriptional upregulation and efficient proteolytic cleavage of
PacC in Bbm1, compared to ARSEF252, can activate the expression of alka-
line-induced genes, thus enabling the fungus to adapt to the alkaline intestine
of lepidopteran larvae.

PalC plays a crucial role in PacC activation
In fungi, the pH-dependent Pal signaling pathway plays a key role in the proteo-

lytic cleavage of PacC and involves six Pal proteins: PalA, PalB, PalC, PalF, PalH,
and PalI.32 Variations in processing efficiency between BbmPacC and BbPacC
suggest potential differences in the actions of upstream Pal proteins between
the two strains. To explore this, the transcriptional expression patterns of these
six Pal genes were examined in Bbm1 and ARSEF252 under alkaline conditions.
The results revealed that only the expression patterns of PalC (a homolog of
BBA_01909 [GenBank] annotated in B. bassiana ARSEF2860 genome) aligned
with that of PacC, showing significant differences in expression between the
two strains (Figures 5A and S15). In Bbm1, PalC expression was significantly up-
regulated after alkaline induction, peaking at 45 min (�15.8-fold to actin) (Fig-
ure 5A). However, in ARSEF252, PalC expression was gradually increased but re-
mained significantly lower than that of Bbm1 under alkaline conditions
(Figure 5A). To determine whether PalC is essential for PacC activation, PalC
was deleted in Bbm1 (Figure S12C). At the protein level, neither PacC2 nor
PacC3 was detected in DBbmPalC under alkaline conditions (Figure 5B),
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indicating the blockade of PacC proteolytic cleavage in DBbmPalC. Therefore,
PalC is required for PacC activation at the proteolytic processing level.

Consistent with PacC function, the loss of PalC also hindered mycelium
growth under alkaline conditions compared to Bbm1 WT, and the complemen-
tary strain com-BbmPalC could rescue the phenotypic defect (Figures 5C and
5D). Oral administration of fungal conidia to silkworm larvae showed that PalC
deletion significantly attenuated the per os virulence compared to Bbm1 WT
(p < 0.001) (Figure 5E), suggesting that BbmPalC is also required for intestinal
infection by Bbm1. Together, these results highlight the pivotal role of PalC in
PacC activation, facilitating fungal adaptation to the alkaline environment of
the insect foregut and enabling successful intestinal infection.

Alkaline induction of PalC depends on the downstream gene Aia
To explore the factors contributing to the differential transcription of PalC be-

tween Bbm1 and ARSEF252, we scrutinized their promoter and gene body se-
quences. However, no significant differences were identified between BbmPalC
and BbPalC (Figure S16). Unexpectedly, a 249-bp fragment deletion was identi-
fied in the downstream adjacent gene (homolog of BBA_01908 [GenBank] anno-
tated in B. bassiana ARSEF2860 genome, predicted to encode hypothetical pro-
tein with no conserved domain) of BbmPalC of Bbm1 and Bbm2. Notably, this
249-bp fragment was present in the downstream gene of BbPalC of non-entero-
pathogenic strains such as ARSEF252 and ARSEF2860 (Figures 6A, S17, and
S18). This downstream adjacent gene with a 249-bp deletion was significantly
upregulated in Bbm1 at 45 min after alkaline induction (�4.3-fold increase rela-
tive to actin), which is consistent with the expression patterns of BbmPacC and
BbmPalC (Figure 6B). However, in ARSEF252, the downstream adjacent gene
showed no induction under alkaline conditions (Figure 6B). Hereafter, we desig-
nate this gene as Aia for the reasons explained below.

To investigate the effect of BbmAia on BbmPalC transcription, we deleted
BbmAia in the Bbm1 genome (Figure S12D). Loss of BbmAia inhibited the upre-
gulation of BbmPalC after alkaline induction compared to that in Bbm1 WT (Fig-
ure 6C), indicating that the induction of BbmPalC under alkaline conditions relies
on BbmAia. To determine whether the 249-bp fragment influences the expres-
sion of Aia, we performed homologous recombination to substitute BbmAia
with BbAia, and vice versa (Figure 6A). The substitution of BbAia in Bbm1
(Bbm1/BbAia strain) resulted in significantly lower expression than the native
BbmAia (Figure 6D), leading to the downregulation of BbmPalC and BbmPacC af-
ter alkaline induction (Figures 6E and 6F). In contrast, the expression of BbmAia
replaced in ARSEF252 (ARSEF252/BbmAia strain) was significantly higher than
the native BbAia (Figure 6G), resulting in the upregulation of BbPalC and BbPacC
compared to that in ARSEF252 WT (Figures 6H and 6I). Taken together, these
results indicate that the 249-bp fragment hinders the transcription of PalC and
PacC, leading to a slower response of ARSEF252 to alkaline stress. In contrast,
the absence of the 249-bp fragment enables BbmAia to function as an alkaline
inductive activator (hence abbreviated as Aia) that significantly boosts the ex-
pressions of PalC and PacC, which helps the fungus tolerate alkaline conditions.

Heterologous expression of BbmPacCactive in ARSEF252 facilitates
intestinal infection

Due to the inefficient production of the shortest functional form of PacC upon
alkaline induction in ARSEF252, we introduced the active form of BbmPacC
fused with an myc tag in the N terminus (hereafter referred to as myc-BbmPac-
Cactive) in ARSEF252 to improve its alkaline tolerance and ability to cause gut
infection (Figures 7A and 7B). The expression of myc-BbmPacCactive was driven
by the native promoter of BbmPacC and a predicted nuclear localization
sequence in the C terminus of BbmPacCactive. Under alkaline conditions,
ARSEF252/myc-BbmPacCactive exhibited enhanced tolerance to alkaline pH,
with longer mycelia than those of ARSEF252 WT (Figures 7C and 7D). Conse-
quently, the expression of myc-BbmPacCactive significantly improves the per os
virulence of ARSEF252, as evidenced by oral administration (p < 0.001) (Fig-
ure 7E). These results indicate that the active formof BbmPacC promotes fungal
alkaline adaptation, thereby facilitating intestinal infection.

DISCUSSION
Entomopathogenic fungi primarily attack insects by penetrating the host integ-

ument and proliferating in the hemolymph.9 The success of fungal pesticides in
pest control is heavily influenced by environmental factors. While moist condi-
ll
tions or high RH are typically required for fungal germination and effective insect
control, topical fungal infections often exhibit slow-acting killing effects and low
control efficiency in the field conditions.10,11 In this study, we have identified the
insect foregut as a previously unrecognized alternative infection route for the
fungal pathogen Bbm. Bbm can effectively infect lepidopteran larvae and pupae
through the intestinal tract following per os inoculation, even at low ambient hu-
midity. Importantly, the dual routes of infection via the external integument and
the gut significantly increase the killing speed, providing a strategy for enhancing
the potency of fungal insecticides. As shown in Figure 7F, to adapt to the highly
alkaline foregut environment of the insect, Bbm1 rapidly upregulates the key tran-
scription factor PacC, which further undergoes efficient proteolytic cleavage to
produce the functional form that activates alkaline-induced genes. The activation
of PacC requires the highly induced palC, a gene in the alkaline-responsive Pal
signaling pathway, which is dependent on its adjacent downstream gene Aia.
In Bbm1 and Bbm2, the loss of a 249-bp fragment in Aia leads to highly induced
expression under alkaline conditions, promoting the upregulation of PalC and
enabling PacC activation. This ultimately improves fungal alkaline tolerance, facil-
itating intestinal infection.
The insect gut consists of three sections based on embryonic origin and

physiological function: the foregut, the midgut, and the hindgut. Typically, the
foregut is subdivided into a pharynx, an oesophagus (esophagus), and a
crop (a food storage area). The foregut and hindgut, which are of ectodermal
origin, are lined with a cuticle intima composed of chitin and cuticular glycopro-
teins, potentially facilitating conidia attachment.36 The midgut, originating from
the embryonic endoderm, lacks a cuticle. The midgut epithelial cells secrete a
chitinous peritrophic matrix, which undergoes regular replacement and shed-
ding, along with associated microorganisms. This dynamic process poses a
challenge for fungal conidia to germinate or penetrate midgut epithelial cells
before being excreted. In contrast, the cuticle lining of the foregut and hindgut
is shed along with the exoskeleton only at ecdysis during larval development,36

providing a relatively stable surface for microbial colonization that may favor
fungal invasion. Our histological evidence demonstrates that Bbm1 conidia
adhere to the foregut intima, germinate 12 h after per os inoculation, penetrate
the foregut wall, and enter the hemocoel, ultimately causing insect death. This
study reveals the foregut, rather than the midgut or hindgut, as the previously
unrecognized site of invasion for fungal pathogens.
Rapid germination has been recognized as an important virulence factor in

certain host-pathogen associations.37 However, in leaf-fed larvae, fungal conidia
are rapidly expelled from the intestinal tract. For example, the vast majority of
M. anisopliae conidia were flushed out of the locust gut before germination
occurred.20 In addition, the rapid passage of food through the gut is considered
an important factor preventing gut invasion of B. bassiana in the Colorado potato
beetle, Leptinotarsa decemlineata.19,20 Therefore, rapid germination in the gut can
prevent the extrusion of the fungal inoculum during food passage, thereby
increasing the likelihood of fungal infection. In our study, we observed that
Bbm strains exhibited faster germination than less virulent strains, particularly
in the alkaline conditions, facilitating the rapid establishment of gut colonization
and invasion by the fungus.
The lepidopteran larval gut is recognized for its highly alkaline nature, with a pH

range of 10.0–11.5 in the foregut andmidgut ofB.mori larvae and approximately
10.0 in the hindgut.30,31 This extreme alkalinity of the larval gut may contribute to
the rare incidence of lepidopteran gut infection by entomopathogenic fungi. High
pH has been shown to impede B. bassiana germination and prevent fungal colo-
nization of the larval gut in certain species, such as B. mori and Helicoverpa
zea.16,17 However, our study revealed that the Bbm strains Bbm1 and Bbm2
are only slightly affected by highly alkaline conditions (pH 11.0), indicating that
Bbm is resistant to extreme alkaline of the foregut.
Fungi have evolved a conserved Pal signaling pathway in response to ambient

alkaline pH, which has been reported inmodel fungi such as Saccharomyces cer-
evisiae and Aspergillus nidulans, as well as fungal pathogens like Sclerotinia scle-
rotiorum, Penicillium expansum, and Fusarium graminearum.32,33,38,39 This
pathway involves the membrane receptor PalH, which senses the alkaline pH
signal andmediates ubiquitination and phosphorylation of PalF, leading to endo-
cytosis of the receptor complex, followed by recruitment of the endosomal sort-
ing complexes required for transport (ESCRT) by PalC, which transmits the signal
from the plasma membrane to the endosomal membrane complex on the sur-
face of the endosome.40 The zinc-finger transcription factor PacC, bound by
The Innovation 5(4): 100644, July 1, 2024 7



Figure 6. The downstream gene Aia promotes PalC expression (A) Gene locus alignment of PalC and Aia in Bbm1 and ARSEF252. Compared to BbAia, BbmAia does not have a
249-bp fragment. BbAia and BbmAia were exchanged into Bbm1 and ARSEF252 genomes based on homologous recombination. (B) Gene expression of BbmAia and BbAia in
response to ambient alkaline pH. (C) Expression of PalC in Bbm1 and DBbmAia in response to ambient alkaline pH. Total RNAs were isolated from Bbm1 and DBbmAia conidia
cultivated in SDB liquid medium at pH 7.0 or 11.0 for 45 min. (D–F) Expression of Aia (D), PalC (E), and PacC (F) in Bbm1 WT and Bbm1/BbAia recombinant strains in response to
ambient alkaline pH. (G–I) Expression of Aia (G), PalC (H), and PacC (I) in ARSEF252WT and ARSEF252/BbmAia recombinant strains in response to ambient alkaline pH. For (C-I), total
RNAs were isolated from fungal conidia cultivated in SDB liquid medium at pH 7.0 or 11.0 for 45 min. For (B-I), actin was used as a reference gene. ***p < 0.001 and **p < 0.01.
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PalA, undergoes pH-dependent proteolysis mediated by the cysteine protease
PalB. The resulting truncated and functional PacC is then translocated into the
nucleus and induces the activation of alkaline-expressed genes and the repres-
sion of acid-expressed genes.32 Additionally, in B. bassiana, PacC positively reg-
ulates the synthesis of oosporein, a red dibenzoquinone pigment that inhibits
8 The Innovation 5(4): 100644, July 1, 2024
dual oxidase expression in the midgut during topical infection and inhibits bacte-
rial growth after host death.41,42 However, PacC and the six pal genes have only
minor effect on B. bassiana virulence via topical infection against Galleria mello-
nella larvae.43,44 Surprisingly, our study found that PacC is required for alkaline
tolerance of and intestinal infection by Bbm, indicating that PacC functions as
www.cell.com/the-innovation
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Figure 7. Heterologous expression of the active form of BbmPacC in ARSEF252 facilitates intestinal infection (A) Protein structure of the active form of BbmPacC (Myc-
BbmPacCactive). (B) Western blotting analysis of Myc-BbmPacCactive expression in response to ambient alkaline pH. (C and D) Fungal mycelia (C) and their length (D) of
ARSEF252 WT and ARSEF252/myc-BbmPacCactive after culture in SDB liquid medium at pH 7.0 or 11.0 for 15 h. Experiments were performed in three biological replicates. The bars
represent themean. ***p< 0.001 and **p< 0.01. (E) Survival rate of silkworm larvae after oral administration of Bbm1WT, ARSEF252WT, and ARSEF252/myc-BbmPacCactive conidia.
Experiments were performed in three biological replicates. ***p < 0.001. (F) A schematic model of a novel pH-responsive Aia-PalC-PacC pathway required for fungal alkaline tolerance
and intestinal infection against insects. Bbm, a new variety, is capable of infecting lepidopteran larvae through both the integument and gut. Bbm has evolved alkaline tolerance to
adapt to the hostile and highly alkaline foregut. The pH-dependent transcription factor PacC in Bbm undergoes rapid upregulation and efficient proteolytic processing in response to
the alkaline pH. Activation of PacC relies on the involvement of the Pal protein PalC. Expression of PalC is regulated by its adjacent downstream gene Aia. Compared to the non-
enteropathogenic virulent strains, BbmAia loses a 249-bp fragment and is highly induced under alkaline conditions, leading to its function as an alkaline inductive activator that
promotes the upregulation of PalC. This in turn facilitates PacC processing and activation, enhancing fungal alkaline tolerance, and enables intestinal infection.

ARTICLE
a specific virulence factor for gut infection. Although PacC is conserved among
fungi, the responses to alkaline conditions among Beauveria strains are different
due to the differential expression patterns of PacC. When exposed to an alkaline
environment, Bbm1 immediately upregulates PacC, which undergoes efficient
proteolytic processing into the active form that allows the strain to adapt to
the insect’s alkaline foregut. This is also confirmed by the heterologous expres-
sion of the truncated active PacC, which can enable intestinal infection by the
non-enteropathogenic strain ARSEF252.

Furthermore,we found that the alkaline pH-responsive signaling pathwaygene
PalC is differentially expressed between the enteropathogenic and non-entero-
ll
pathogenic strains. PalC contains a Bro1 domain that specifically interacts
with ESCRT-III, and this binding is essential for pH signaling.32,40,45 As expected,
the highly induced PalC plays a pivotal role in PacC activation, leading to the alka-
line tolerance of Bbm. However, how PalC is upregulated under alkaline condi-
tions and differentially expressed was unknown before. In this study, we discov-
ered that the upregulation ofPalC depends on its adjacent downstreamgeneAia.
In contrast to non-enteropathogenic virulent strains such as ARSEF252, Aia in
Bbm undergoes a deletion of a 249-bp fragment, transforming it into an alkaline
inductive activator. Consequently, the expression of Aia in Bbm is highly induced
under alkaline conditions. This induction triggers the upregulation of PalC,
The Innovation 5(4): 100644, July 1, 2024 9
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 facilitating the activation of PacC. This enables the fungus to rapidly respond to

the alkaline environment and establish intestinal infection through the insect
foregut. However, the relatively lower induction of palC and pacC observed in
the ARSEF252/BbmAia strain at pH 11.0, as compared to the endogenous
palC and pacC genes in Bbm1, implies the presence of additional regulatory
mechanisms. Notably, the downstream transcription factor PacC plays a key
role in upregulating alkaline-induced genes to enhance alkaline tolerance. There-
fore, insteadof deleting the 249-bp fragment in a non-enteropathogenicBb strain,
heterologous expression of the active form of BbmPacC in ARSEF252 is antici-
pated to be a more effective way to facilitate intestinal infection. Moreover,
similar to topical infection, intestinal infection involves a complex process that re-
quires multiple strategies. The fact that the per os virulence of the mutant
DBbmPacC is not completely abolished indicates that, apart from alkaline toler-
ance, other factors such as adhesion, intestinal wall degradation, and the produc-
tion of toxins may also play a role in gut infection, which are exciting future
directions.46

CONCLUSION
Our study reveals the insect foregut as an alternative and previously unrecog-

nized route for fungal invasion and highlights the rapid infectivity of Bbm in lepi-
dopteran larvae through per os infection, even under conditions of low ambient
humidity. The dual routes of infection, via integument and gut, significantly accel-
erate the speed of larval mortality. This not only enhances the efficacy of fungal
insecticides but also paves the way for a highly promising strategy in effectively
managing lepidopteran pests. We found that Bbm has evolved alkaline tolerance
through the novel pH-responsive Aia-PalC-PacC pathway to adapt to the alkaline
gut environment, facilitating successful intestinal infection. These findings
advance our understanding of fungal pathogenesis in insects, provide novel in-
sights into fungal adaptation to highly alkaline conditions and gut environment
of lepidopteran larvae, and lay the foundation for the development of a new gen-
eration of fungal insecticides and for designing novel strategies for the manage-
ment of destructive insect pests.

MATERIALS AND METHODS
Fungal strains and culture

Fifteen B. bassiana strains were used in this study (Table S1). The strains ARSEF252 and

ARSEF2860 were obtained from the USDA/ARS Collection of Entomopathogenic Fungal

Cultures (Ithaca, NY, USA). The strain BbHNGwas obtained fromSericultural Research Insti-

tute, Chinese Academy of Agricultural Sciences. Others fungal strains were obtained from

the Research Center of Entomopathogenic Fungi collection, Anhui Agricultural University

(Hefei, China). The fungi were maintained on Sabouraud’s dextrose agar plus 1% yeast

extract (SDAY). The conidia used for bioassays were harvested from 12-day-old cultures

on SDAY agar plates.

Insects and rearing
We used two lepidopteran insects (the silkworm B. mori and the soybean pest

C. bilineata). Larvae of the silkworm B. mori were reared on fresh mulberry leaves at

25�C± 1�Cand75%± 5%RHunder a photoperiod of 14-h/10-h light/dark in a constant tem-

perature and humidity incubator (BSC-250, BoXun China). Larvae of C. bilineatawere reared

on fresh soybean leaves at 25�C ± 1�C and 75% ± 5% RH with a photoperiod of 12-h/12-h

light/dark in a constant temperature and humidity incubator.

Elimination of the gut bacteria of B. mori
To remove the gut bacteria of silkworm, the larvae were fed on freshmulberry leaves that

had been sprayed with antibiotics (25 mg/mL gentamicin, 10 mg/mL penicillin, 10 units/mL

streptomycin = 1:1:1) from the first day of the third-instar stage until they were fedmulberry

leaves that had been dipped in conidial suspension (23 107 conidia/mL) followed by air dry-

ing. The normally reared larvae were fed fresh mulberry leaves without antibiotics.

Fungal infection
For topical inoculation, the silkworm larvae were sprayed with a suspension of 5 3 107

conidia/mL using a 1-mL glass atomizer. Topically inoculated larvae were reared on fresh

mulberry leaves at 26�C under a photoperiod of 14-h/10-h light/dark and maintained at

high RH (>96% RH) during the first 2 days after topical inoculation and then kept at

80% ± 5% RH in a constant temperature and humidity incubator.

For per os bioassays, the silkworm larvae were either fed for 24 h on fresh mulberry

leaves that had been dipped in a suspension of 2 3 107 conidia/mL followed by air drying
10 The Innovation 5(4): 100644, July 1, 2024
or per os inoculated by orally feeding with 1 mL of a suspension 1 3 108 conidia/mL (105

conidia/larva) using a 2-mL micropipette. Then, the larvae were immediately surface ster-

ilized with 70% ethanol using cotton wool after oral administration of the conidial suspen-

sion. In addition, the per-os-inoculated larvae were reared at 26�C under a photoperiod of

14-h/10-h light/dark in constant low ambient humidity (35% ± 5% RH) in a constant tem-

perature and humidity incubator to prevent cuticular infection by the potentially contami-

nated conidia attaching to cuticle surfaces. The larvae were supplied daily with fresh mul-

berry leaves.

C. bilineata larvae were orally fed with 1 mL Bbm1 conidia suspension (1 3 108 conidia/

mL) using a 2-mL micropipette. The per-os-inoculated larvae were reared at 26�C with a

photoperiod of 12-h/12-h light/dark in constant low ambient humidity (35% ± 5% RH) and

supplied daily with fresh soybean leaves.

Control insects were treated with 0.01% Triton X-100. Mortality was recorded at 12-h in-

tervals. Each treatment was replicated three timeswith 30–50 insects per replicate, and the

bioassays were repeated three times. Dead insects were surface sterilized in 1% bleach for

3 min, rinsed once in 70% ethanol and three times in sterile distilled water, placed on sterile

Petri dishes containing wet cotton, and incubated at 25�C to encourage fungal emergence.

Phylogenetic analysis
Full-length sequences of the internal transcribed spacer region of rDNA (ITS1-5.8S rRNA-

ITS2) were amplified using universal Primers ITS1 (50-TCCGTAGGTGAACCTGCGG-30) and
ITS4 (50-TCCTCCGCTTATTGATATGC-30) as described by White et al.47 The PCR products

were purified and sequenced. The resulting sequences were aligned with sequences in

the GenBank database. A phylogenetic tree was constructed by using the neighbor-joining

method, which involved sequence alignments, distance calculations, and cluster analysis

with ClustalW andMEGA7.0 software packages.48 Phylogenetic andmolecular evolutionary

analysis was inferred by using the neighbor-joining method.49

Histologic imaging
The dissected silkworm larval guts were collected into the fixative solution (absolute

alcohol/chloroform/glacial acetic acid = 6:3:1 by volume) for 48 h as previously described.50

The fixed tissues were washed in 70% ethanol twice and dehydrated in 100% ethanol three

times (1 h for each). Alcohol was then removed with xylene three times (15 min for each).

The tissues were then impregnated and embedded in paraffin wax (P3683, Sigma) for 2

h. Finally, paraffin sections of 5 mm were cut on a microtome (RM2235, Leika) and stained

with periodic acid-Schiff (G1285, Solarbio) for microscope investigation.51

Scanning electron microscopy
The specimens were fixed in formalin/acetic acid/alcohol solution (formalin/acetic acid/

50% alcohol = 1:1:18 by volume) for 24 h and dehydrated in a graded ethanol series (70%,

80%, and 90% ethanol and two 100% ethanol steps) with 20 min at each step. The speci-

mens were then dehydrated in a critical point dryer with liquid CO2. The dehydrated speci-

mens were coated with gold-palladium and observed in a scanning electron microscope

(JSM-6360LV, JEOL).

Fungal germination analysis
25 mL of a conidia suspension (53 107 conidia/mL) was inoculated into 5.5-cm polysty-

rene Petri dishes containing 3 mL SDB with different pH (7.0 and 11.0) and incubated at

27�C. The germination rate was recorded every 3 h. Each treatment was replicated three

times, and the assays were repeated twice.

Construction of B. bassiana gene deletion and expression strains
For targeted deletion of the BbmPacC, BbPacC, BbmPalC, and BbmAia genes separately,

the 50 and 30 flanking regions of each open reading frame were PCR amplified from the

Bbm1 and ARSEF252 genomic DNA as a template, respectively, and then subcloned into

the XbaI and EcoRV sites of the binary vector pBarGFP, respectively. The gene disruption

constructs were then used to separately transform Agrobacterium tumefaciens AGL-1 for

targeted gene disruption by split-marker homologous recombination. Replacement-specific

PCR amplifications of the gene locus were performed using specific primer pairs (Table S2)

to amplify either the WT or mutated gene locus.52

To tag PacC with 53myc in situ, the strains Bbm1/5myc-BbmPacC and ARSEF252/

5myc-BbPacC were constructed by inserting a sequence encoding a 53myc tag at the

native genomic locus of thePacC gene inBbm1andARSEF252, respectively. The native pro-

moter and the coding region of PacCwith a 53myc tag sequence after the start codon ATG

were PCR amplified and subcloned into the XbaI and EcoRV sites of the binary vector

pSurGFP to generate plasmids pSurGFP-5myc-BbmPacC and pSurGFP-5myc-BbPacC,

respectively. AGL-1 cells containing the respective plasmid were then transformed into
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Bbm1 and ARSEF252, respectively, to generate 5myc-BbmPacC and 5myc-BbPacC fusion

in situ, using the split-marker homologous recombination via A. tumefaciens-mediated

transformation.

To express GFP-PacC, the native promoter, the coding region of PacC with a GFP

sequence after the start codon ATG, and its native terminator were PCR amplifiedand subcl-

oned into the EcoRV and XhoI sites of the binary vector pSur (delete GFP from pSurGFP) to

generate the plasmids pSur-GFP-BbmPacCand pSur-GFP-BbPacC, respectively. AGL-1 cells

containing the respective plasmidwere then transformed intoDBbmPacC andDBbPacC via

A. tumefaciens-mediated transformation to generate the strains DBbmPacC/GFP-

BbmPacC and DBbPacC/GFP-BbPacC, respectively.

To heterologously express myc-BbmPacCactive in ARSEF252, the native promoter, the

truncated coding region of BbmPacC with a myc tag sequence after the start codon ATG,

and its native terminatorwere PCR amplified and subcloned into the EcoRV site of the binary

vector pSurGFP to generate the plasmid pSurGFP-myc-BbmPacCactive. AGL-1 cells contain-

ing the plasmid were then transformed into ARSEF252 via A. tumefaciens-mediated trans-

formation to generate the strain ARSEF252/myc-BbmPacCactive.

To replace BbmAia in Bbm1 with BbAia, the 50 and 30 flanking regions of BbmAia were

PCR amplified from the Bbm1 genomic DNA as a template and then subcloned into the

XbaI and EcoRV sites of the binary vector pSurGFP, respectively. The coding region of BbAia

and its native promoter and terminator were PCR amplified from the ARSEF252 genomic

DNA as a template and subcloned into the XbaI site of the binary vector pSurGFP. AGL-1

cells containing the generated plasmid pSurGFP-BbAia was then transformed into

DBbmAia via A. tumefaciens-mediated transformation to generate the strain Bbm1/BbAia.

Likewise, ARSEF252/BbmAia was constructed to replace BbAia in ARSEF252 with BbmAia.

RNA isolation and RT-qPCR
To monitor the transcription of target genes, fungal conidia incubated in SDB (pH 7.0 or

11.0) at 27�C and 200 rpm for 5, 15, 30, 45, and 60 min were collected via centrifugation,

lyophilized, and ground in liquid nitrogen. Total RNA was extracted using an RNAiso Plus

Kit (Takara D9108A), and cDNA was synthesized using the PrimeScript RT Reagent Kit

with gDNA Eraser (Takara DRR047A) according to the manufacturer’s instructions. Then,

qPCR was performed using a Hieff qPCR SYBR Green Master Mix Kit (Yeason

11201ES08) and a PikoReal instrument (Thermo N11471) under the following conditions:

denaturation at 95�C for 5 min, followed by 40 cycles of denaturation at 95�C for 10 s

and annealing and extension at 60�C for 30 s. The primers used for the target genes and

the reference gene actin are listed in Table S2.

Protein extraction and western blotting analysis
Fungal conidia were cultivated at 27�C and 200 rpm in SDB liquid medium at pH 7.0 for

4 h or at pH 11.0 for 30, 60, and 120min. They were next harvested by centrifugation, lyoph-

ilized, andground in liquid nitrogen. Total proteinswere extractedusingRIPA lysis buffer (Be-

yotime)with 13 protease inhibitor cocktail (Beyotime). Approximately 10–20mg of total pro-

tein per lane was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Proteins were then transferred to a PVDF membrane (Bio-Rad) and blotted using standard

procedures. Primary antibodieswere anmyc tag (Abmart,M20002S) andb-tubulin (Abmart,

M20005S). The secondary antibodywas peroxidase-conjugated AffiniPure goat anti-mouse

immunoglobulin G (Jackson ImmunoResearch, 115-035-003).

Statistical analysis
The statistical significance of the survival data was analyzed using a log-rank (Mantel-

Cox) test. Other statistical significance was calculated using Student’s t test for unpaired

comparisons between two treatments. A value of p< 0.05was considered to be statistically

significant. All statistics were performed using GraphPad Prism v.5.01 for Windows

(GraphPad Software).

DATA AND CODE AVAILABILITY
All data are available in the main text or the supplemental information. Further

information and requests for resources and reagents should be directed to and
will be fulfilled by the lead contact, Sibao Wang (sbwang@cemps.ac.cn), with a
completed materials transfer agreement.
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