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GRAPHICAL ABSTRACT

R,

Bt tolerance or resistance

PUBLIC SUMMARY

® Increased titer of the insect hormone 20-hydroxyecdysone (20E) facilitates an insect host, Plutella xylostella, to defeat its
bacterial pathogen Bacillus thuringiensis (Bt).

® Glucose dehydrogenase (GLD) was identified as a new insect ecdysone-degrading enzyme that can metabolize 20E.
= A midgut miRNA initiated epigenetic regulatory pathway represses GLD activity and elevates 20E titer to resist the Bt pathogen.
® An as-yet uncharacterized negative feedback loop reduces excess 20E to balance hormonal homeostasis.

m This study provides new insights into the immunological landscape of classical insect hormones and the molecular basis of
host-pathogen coevolution.
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Mounting evidence suggests that insect hormones associated with growth
and development also participate in pathogen defense. We have discovered
a previously undescribed midgut transcriptional control pathway that mod-
ulates the availability of 20-hydroxyecdysone (20E) in a worldwide insect
pest (Plutella xylostella), allowing it to defeat the major virulence factor of
an insect pathogen Bacillus thuringiensis (Bt). A reduction of the transcrip-
tional inhibitor (PxDfd) increases the expression of a midgut microRNA
(miR-8545), which in turn represses the expression of a newly identified ec-
dysteroid-degrading glucose dehydrogenase (PxGLD). Downregulation of
PxGLD reduces 20E degradation to increase 20E titer and concurrently trig-
gers a transcriptional negative feedback loop to mitigate 20E overproduc-
tion. The moderately elevated 20E titer in the midgut activates a MAPK
signaling pathway to increase Bt tolerance/resistance. These findings
deepen our understanding of the functions attributed to these classical in-
sect hormones and help inform potential future strategies that can be em-
ployed to control insect pests.

INTRODUCTION

For over a century, insect endocrinologists have known about two non-peptide
hormones, juvenile hormone (JH), and 20-hydroxyecdysone (20E), which collab-
oratively govern fundamental life-history traits including growth, development,
and reproduction in insects.'* Furthermore, it has more recently been reported
that these pleiotropic hormones can also orchestrate insect defenses against
pathogenic infections.>® While this hormone-triggered pathogen defense is of
paramount importance for insect survival, the molecular control mechanisms
are poorly understood.

Bacillus thuringiensis (Bt) is a Gram-positive entomopathogenic bacterium
that produces various insecticidal toxins, which upon ingestion destroy the
midgut epithelium of its insect host.”® This destruction is an essential step
in the pathogenicity of the bacterium, as it allows its spore to enter the insect
and initiate septicemia.® Bt pore-forming toxins exert their virulence by initially
binding to specific midgut receptors, such as cadherin, alkaline phosphatase
(ALP), aminopeptidase N (APN), and ATP-binding cassette (ABC) trans-
porters.'%"® Bioinsecticides and transgenic Bt crops reliant on the insecticidal
activity of Bt toxins have become the most successful agricultural biotech-
nology products for insect pest control.'*'" Nonetheless, it has been reported
that more than 13 agricultural pests have evolved practical resistance to these
products, seriously threatening the sustainable use of Bt-based technolo-
gies'18—2l

The diamondback moth, Plutella xylostella (L.) was the first insect pest discov-
ered to have developed high-level resistance to Bt bioinsecticides in open fields,*
making it a suitable model to study the underlying molecular regulatory network
affecting host-pathogen interactions.”® Recently, our studies have found that an
elevated level of the insect hormone 20E can upregulate the expression of
MAP4K4 to activate a four-tiered MAPK signaling cascade, resulting in a
decrease in expression of different midgut receptors (ALP, APN1, APN3a,
ABCB1, ABCC2, ABCC3, and ABCG1) and an increase in the expression of non-re-
ceptor paralogs (APN5, APNG, and ABCC1) to thwart the virulence effect of the Bt
CryTAc toxin.>**3* Although we demonstrated the critical role of an increased

20E titer in the Bt tolerance/resistance phenotype, the underlying regulatory
mechanism was obscure.®

In this study, we wanted to gain a deeper insight into how a major insect pest
regulates an effective pathogen defense via a pathway involving a hormone clas-
sically associated with growth and development. Such knowledge cannot only
potentially inform the design of future pest control strategies, but also expand
our understanding of the pleiotropic roles of classic hormones during the normal
feeding stage of an insect larva.

RESULTS
miRNA biogenesis response to Bt intoxication in P. xylostella

To decipher whether miRNA biogenesis might affect the tolerance or
resistance to Bt CryTAc toxin in P. xylostella, we first identified and cloned
the PxDcr-1 gene from P. xylostella midgut tissues via five overlapping gene-
specific fragments (Figures STA and S1C; Table S2). The obtained full-
length cDNA sequence of PxDcr-1 (GenBank accession no. OR130726) is
8,601 bp in length, contains 41 exons (Figure S1B), and the encoded protein
carries 6 conserved ribonuclease Dcr-1 domains (Figure S1D). Phylogenetic
analyses illustrated that PxDcr-1 is evolutionarily conserved and is clustered
with the Lepidoptera branch (Figure STE). Spatiotemporal gene expression
analysis showed that PxDcr-1 was abundantly expressed in the head, and at
the egg and pupa stages (Figures S2A and S2B). After treating susceptible
DBM1Ac-S larvae with T mg/L (LCso) or 2 mg/L (LCgq) of CryTAc protoxin,
the expression level of PxDcr-1 was induced in midgut tissues (Figure S2C).
The expression level of PxDcr-1 was also greater in the midgut tissues of
the CryTAc-resistant NIL-R strain than in the susceptible DBM1Ac-S strain
(Figure S2D).

To further unravel the possible role of PxDcr-7 in Bt CryTAc resistance, we
silenced PxDcr-1 expression by microinjecting a sublethal dose of specific
siPxDer-1 (30 uM) into early third-instar larvae from the CrylAc-resistant
NIL-R strain. Toxicity and gPCR assays confirmed the knockdown of PxDcr-1
and showed a significantly increased susceptibility to 1,000 mg/L CryTAc
(Figures S2E and S2F). These results suggested that miRNA-mediated
epigenetic modulations might participate in CrylAc tolerance/resistance in
P. xylostella.

miR-8545 mediates Cry1Ac resistance

To identify functional miRNAs involved in CrylAc tolerance/resistance, we
conducted high-throughput sequencing of small RNAs using midgut tissues
from Cry1Ac-susceptible DBM1Ac-S and Cry1Ac-resistant NIL-R strains. Over-
all, 74 million high-quality reads were obtained (Table ST) and a total of 363
miRNAs, including 173 known and 190 new miRNAs, were identified (Fig-
ure S3A; Tables S5 and S6). The size distribution of the miRNAs was primarily
in the range of 20—23 nt (Figure S3B). Previous studies have shown that the
dominance of uracil at the first position of the 5" end is considered a defining
feature of mature miRNAs, as this base facilitates the interaction between
miRNAs and Argonaute complexes.®® We found that the first nucleotide of
our identified mature mMiRNAs was biased toward uracil (U) (Figure S3D).
Among these miRNAs, 44 (7 known and 37 novel) were found to be differen-
tially expressed between the two strains (Figure 1A; Table S7). The 7 known
miRNAs were cloned by reverse-transcription PCR (Figure S3C), and
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Figure 1. Overexpression of midgut miR-8545 enhances Bt Cry1Ac resistance in P. xylostella (A) Volcano map of miRNA expression changes in the midgut of susceptible DBM1Ac-
Sand resistant NIL-R strains, each dot indicates an individual miRNA. Average miRNA expression level from three biological repeats (transformed to log2 scale) was graphed against p
value by Student's t-test (transformed to —log10 scale). Green and gray lines were used to respectively denote the cutoff of p = 0.05 and 1.5-fold change. The strikingly altered known
miRNAs (p < 0.05, fold change > 1.5) are emphasized in green. (B) miRNA transcript levels in the larval midgut of Bt Cry1Ac-susceptible DBM1Ac-S and Cry1Ac-resistant NIL-R strains.
(C) Effects of an LCso Cry1Ac protoxin concentration (1 mg/L) on the expression levels of the seven known miRNAs in the susceptible strain. (D) The relative transcript levels of miR-
8545 in various larval tissues including head (HD), integument (IN), midgut (MG), testis (TS), and Malpighian tubules (MT). (E and F) Effect of microinjecting agomir-8545 on miR-8545
transcript level (E) and larval mortality (treated by 2 mg/L (LCqo) Cry1Ac protoxin) (F) in the susceptible DBM1Ac-S strain. (G and H) Effect of microinjecting antagomir-8545 on miR-
8545 transcript level (G) and larval mortality (treated with 1,000 mg/L (LC40) CryTAc protoxin) (H) in the resistant NIL-R strain. U6 was utilized as the internal reference gene, and the
transcript levels in the susceptible (B), the Cry1Ac-untreated (C), the lowest expressed DBM1Ac-S samples (D) and the buffer-treated susceptible DBM1Ac-S (E) and resistant NIL-R
samples (G) were set to 1. Bars are mean + SEM (B—H). ns, not significant; *p < 0.05, **p < 0.01, **p < 0.007; one-way ANOVA adjusted by Tukey's test.

subsequent gPCR expression analysis confirmed that 5 were differentially ex-
pressed between midguts of the susceptible and resistant strains (Figure 1B),
and 4 were identified to be differentially expressed in larvae of the susceptible
strain 72 h after exposure to an LCso (1 mg/L) concentration of CryTAc proto-
xin (Figure 1C). We noted that miR-8545 had the most significant differences
in the above two conditions.

Tissue expression profiles showed that miR-8545 was highly enriched
in the midgut tissues of P. xylostella (Figure 1D). To further explore
whether the increased expression of miR-8545 was related to Cry1Ac resis-
tance, the miR-8545 concentration in susceptible DBM1Ac-S larvae was
increased by microinjecting a miR-8545 mimic (agomir-8545) (Figure TE).
Toxicity bioassays conducted at 72 h post-injection revealed that this in-
crease in miR-8545 substantially reduced Cry1Ac susceptibility at 2 mg/L
(LCqp) compared with the controls (Figure 1F). Conversely, inhibition of
miR-8545 was performed in the resistant NIL-R strain via injection of anta-
gomir-8545 (Figure 1G). Bioassay results demonstrated that antagomir-
8545 injection increased CryTAc susceptibility at 1,000 mg/L (LC+0) (Fig-
ure TH). These results indicated that miR-8545 could be a crucial factor
mediating the response to Cry1Ac in P. xylostella.

miR-8545 binds to a PxGLD gene

To decipher the molecular mechanism by which miR-8545 might regulate
CryTAc susceptibility in P. xylostella, we employed five software programs,
namely miRanda, PITA, RNA22v2, RNAhybrid, and Rlsearch?, to predict the po-
tential targets of miR-8545. These identified seven genes as strong candidates
(Figure 2A). Expression analysis found that two of these, obstructor-E
(PxObst-E) and PxGLD, were differentially expressed in the midgut tissues of
Cry1Ac-susceptible DBMTAc-S and Cryl1Ac-resistant NIL-R larvae (Figure 2B).
PxGLD was also found to be abundantly expressed in midgut tissues based on
our previous midgut transcriptome data of P. xylostella®® (Figure 2B).

To further investigate these two potential miR-8545 targets, we performed
luciferase assays in human HEK293T cells (Figure 2C). Only luciferase activity
from the construct containing PxGLD was significantly decreased by miR-8545
(Figure 2D). Mutations in the miRNA binding site of PxGLD (Figure S3E) elimi-
nated the suppressive effects of miR-8545 (Figure 2D). If miR-8545 binds to
PXGLD in vivo, they will form a functional RNA-induced silencing complex with
AGO1 protein, so we then performed RNA immunoprecipitation assays from
midgut tissues using P. xylostella-specific AGO1 antibody as a means of
validating the function of this miRNA>®" The results demonstrated that
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Figure 2. PxGLD is identified as a direct target of miR-8545 (A) The potential targets of miR-8545 were predicted through five software algorithms (miRanda, PITA, RISearch2,
RNAhybrid, and RNA22v2). (B) The upper panel shows the transcription levels of seven potential target genes in the larval midgut of Bt Cry1Ac-susceptible DBM1Ac-S and CryT1Ac-
resistant NIL-R strains. The lower panel shows the absolute expression of the seven potential genes in our previously built midgut transcriptome and RNA-seq library of DBM1Ac-S
larvae. (C) Luciferase reporter constructs. The dual reporter vector pmirGLO expresses firefly luciferase (FL) and Renilla luciferase (RL) under their respective promoters. The empty
vector pmirGLO is used as a control. The plasmid pmirGLO-PxGLD/PxObst-1 (WT) has the PxGLD/PxQObst-1 CDS with its miR-8545 binding site directly inserted after the FL coding
region. The plasmid pmirGLO-PxGLD/PxObst-1 (mut) has the PxGLD/PxObst-1 CDS with a mutation in the miR-8545 binding site. (D) Luciferase reporter assays in HEK293T cells co-
transfected with mimic-8545/mimic-NC and pmirGLO vectors. The co-transfection of mimic-NC/WT was used as a control and the value was set to 1. (E and F) RNA immuno-
precipitation assay conducted with specific anti-Ago-1 antibody. RT-gPCR (E) and RT-PCR (F) assays were carried out to amplify the PxGLD gene from the Ago-1 enrichment group
after microinjection with agomir-8545 or agomir-NC. The agomir-NC-treated group was used as a control and the value was set to 1. (G and H) RNA pull-down assay performed 48 h
after microinjection of biotinylated miR-8545 (bio-8545) or a poly(A) RNA sequence (bio-NC) into P. xylostella larvae. RT-gPCR (G) and RT-PCR (H) were used to analyze PxGLD mRNA
from the immunoprecipitates, and the bio-NC-treated group was used as a control and the value was set to 1. (I) Effect of PxDcr-1 silencing on the expression levels of miR-8545 and
PXGLD in the larval midguts. The buffer-treated strain was set to 1. (J) Co-localization of miR-8545 and PxGLD in the midgut. PxGLD and miR-8545 were labeled with FAM (green) and
Cy3 (red), respectively. A yellow signal is obtained in the midgut when the green (PxGLD) and red signals (miR-8545) overlap, indicating the co-localization of PxGLD and miR-8545. The
images were captured using a Nikon Eclipse Ci fluorescence microscope. Scale bar, 50 um. IN, integument; MG, midgut; FB, fat body; EC, enteric cavity. Bars are mean = SEM (B, D, E,
G, and I). ns, not significant; *p < 0.05, *p < 0.01, **p < 0.001; one-way ANOVA adjusted by Tukey's test.

PxGLD was enriched in the agomir-8545-injected group compared with the ago-
mir-NC-injected negative control group (Figures 2E and 2F). PXGLD was also
significantly enriched in a biotin-labeled miR-8545 pull-down fraction compared
with the negative Bio-NC fraction in an RNase-assisted RNA pull-down assay
(Figures 2G and 2H). Furthermore, we tested whether knockdown of PxDcr-1
would affect the transcript levels of miR-8545 and PxGLD. While the expression
levels of mature miR-8545 were silenced, the transcript levels of PxGLD were
greatly elevated in larvae treated with a sublethal dose (30 uM) of specific
siPxDer-1 (Figure 2I). A fluorescence in situ hybridization assay was then con-
ducted to further probe the interaction between miR-8545 and PxGLD. The re-

sults indicated that miR-8545 and PxGLD co-localized in the midgut tissues (Fig-
ure 2J). The above results are all indicative of a direct interaction between
miR-8545 and PxGLD in the midgut of P. xylostella.

Downregulation of PxGLD is linked to Cry1Ac resistance

To explore whether the miR-8545-induced tolerance/resistance to Cry1Ac is
mediated through PxGLD, we first cloned the full-length cDNA sequence of the
PxGLD gene (GenBank accession no. OR130727) (Figure S4A). Phylogenetic
analysis found that PxGLD is clearly clustered with the Lepidoptera group, and
indicates that the PxGLD gene is evolutionarily conserved within diverse insect
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species (Figure S4B). Spatiotemporal gene expression analysis indicated that
PxGLD is preferentially enriched in the midgut and larval stage (Figures S4C
and S4D). Moreover, the transcript and protein levels of PxGLD were substantially
decreased in the resistant larval midgut tissues compared with the susceptible
counterparts (Figures 3A and 3B). Next, we treated the susceptible DBM1Ac-S
larvae with 1 mg/L (LCsp) or 2 mg/L (LCq) of Cry1Ac protoxin and measured
PxGLD expression changes in midgut samples from the survivors. The results
showed that the transcript levels of PxGLD were significantly lower in the
Cry1Ac-treated groups than in the untreated group (Figure 3C).

To determine whether decreased expression of the PxGLD gene was related to
Cry1Ac susceptibility, we utilized siRNA-mediated RNAI to silence its expression
in the susceptible strain. RT-gPCR analysis confirmed that PxGLD expression
was reduced in the siPxGLD-treated group compared with the buffer- and
siNC-treated groups (Figure 3D). Toxicity bioassays conducted at 72 h post-injec-
tion showed that knockdown of PxGLD expression decreased Cry1Ac suscepti-
bility at both 1 mg/L (LCs0) and 2 mg/L (LCq0) (Figure 3E). A genetic association
test was performed to check the cosegregation of reduced expression of PxGLD
with CryTAc resistance in the NIL-R strain (Figure 3F). The transcript level of
PxGLD showed two different groups in both Cry1Ac-untreated F2 backcross fam-
ilies. One group displayed decreased PxGLD expression, while the other group
showed a similar expression to the parental susceptible DBM1Ac-S strain or
the F1 progeny. In addition, the ratio between the groups in the two backcross
families was 1:1, which fits the theoretical inheritance ratio (p = 1.0; % test). How-
ever, the transcript level of PxGLD was reduced in all survivors from Cry1Ac-
treated F2 families compared with the parental susceptible DBM1Ac-S strain
or the F1 progeny, indicating that reduced PxGLD expression is tightly linked (co-
segregated) to Cry1Ac resistance.

Reduced PxGLD decreases 20E degradation to increase 20E titer
The glucose dehydrogenase (GLD) gene encodes a flavin adenine dinucleotide
(FAD)-binding flavoprotein belonging to the glucose-methanol-choline (GMC)

oxidoreductase family.*® Previous studies have found that ecdysone oxidase
(EQ), which mediates ecdysone degradation, belongs to the same GMC family,*®
we therefore speculated that the newly identified PxGLD might also be involved in
an ecdysone degradation pathway. Sequence alignment analysis demonstrated
that the PxGLD and EO proteins from different insect species (including
P. xylostella) share four conserved FAD-binding domains, one flavin attachment
loop domain, and one catalytic active site (Figure S5). We found that PxGLD
expression and 20E titer displayed an opposing trend during the normal feeding
stage of P. xylostella (Figure 4A), suggesting a possible relationship between the
two. To investigate this further, we treated susceptible DBM1Ac-S larvae with
exogenous 20E and then measured PxGLD expression levels. RT-qPCR results
at 48 h after 20E treatment revealed that PxGLD expression was significantly
increased compared with the control (Figure 4B). Moreover, the 20E titer was
significantly increased at 48 h after knocking down PxGLD in the susceptible
DBM1Ac-S strain (Figure 4C).

On this basis, we considered that PxGLD might participate in the metabolism
of E and 20E. To test this, PxGLD was ectopically expressed in Spodoptera fru-
giperda (Sf9) cells for in vitro detection of enzyme activity (Figures S6A and
S6B). Ultraperformance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) was employed to detect E, 20E, 3-dehydroecdysone (3DE),
and 3-dehydro-20-hydroxyecdysone (3D20E), cyasterone was used as an in-
ternal UPLC control (Figures 4D and 4E). The UPLC-MS/MS analysis indi-
cated that the recombinant PxGLD enzyme could metabolize E into 3DE
(Figures 4F, 4G, 4J, 4K, and 4N) and 20E into 3D20E (Figures 4H, 41, 4L, 4M,
and 40).

miR-8545 regulates Cry1Ac resistance via the PxGLD/20E module

To further ascertain how miR-8545 modulates CryTAc susceptibility in
P. xylostella via the PxGLD/20E module, agomir-8545 was injected into early
third-instar larvae from the susceptible DBM1Ac-S strain. The expression level
of PxGLD was suppressed at 48 h post-injection (Figure 5A). Assessment of
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(L3), fourth-instar larvae (L4), and pupae (P) of P. xylostella. (B) Effects of 20E on PxGLD expression in the Cry1Ac-susceptible DBM1Ac-S larvae. (C) Violin plot shows the effect of
PxGLD silencing on 20E titer in the Cry1Ac-susceptible DBM1Ac-S larvae. Each blue dot indicates the mean 20E titer in two fourth-instar larvae after microinjection with buffer, siNC, or
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protein. E and 20E can be respectively degraded into 3DE (N) and 3D20E (O).

protein levels confirmed that PxGLD was also reduced (Figure 5B). Meanwhile,
20E titer was found to be significantly increased (Figure 5C). Toxicity bioassays
conducted at 72 h post-injection showed a decrease in CryTAc susceptibility
at 2 mg/L (LCqg) in the agomir-8545-injected group (Figure 5D). In contrast,
the transcript and protein levels of PxGLD were elevated (Figures 5E and 5F)
and the 20E titer reduced (Figure 5G) 48 h post-injection of antagomir-8545 in
the CryT1Ac-resistant NIL-R strain, and the larval mortality to Cry1Ac protoxin at
1,000 mg/L (LCqp) increased in this group (Figure 5H).

The approach of specifically disrupting the binding of miRNA to mRNA target
sites by injecting gene-specific target protectors in vivo was used to confirm the
direct regulation of PxGLD by miR-8545 (Figure 5l). Administration of the miR-
8545 target protector against PxGLD increased both transcript and protein levels
of PxGLD (Figures 5J and 5K), and a subsequent bioassay showed that larval
mortality to Cry1Ac protoxin at 1,000 mg/mL (LC0) was increased (Figure 5L).
These results show that miR-8545 mediates Cry1Ac tolerance/resistance via

the PxGLD/20E module.
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A miR-8545 knockout reduces Cry1Ac resistance

To establish a homozygous miR-8545 knockout (miR-8545K0) in the NIL-R
strain, a miR-8545-specific sgRNA was employed (Figure S7A), resulting in a
7-bp deletion (Figures S7B and S7C). Homozygous individuals were sib-crossed
to construct a stable homozygous mutant strain (Figure S7D) and RT-PCR was
used to confirm that miR-8545 had successfully been knocked out (Figure S7E).
The transcript (Figure 6A) and protein (Figure 6B) levels of PxGLD were both
found to have increased in the miR-8545K0 strain, while 20E titer was signifi-
cantly decreased (Figure 6C). RT-gPCR showed that the transcript level of
PxMAP4K4 was reduced in this strain while the expression levels of midgut genes
related to CryTAc resistance increased (Figure 6D). Bioassay results demon-
strated a significant rise in sensitivity to Cry1Ac, with the LCgq value decreasing
from 4,040 to 27 mg/L (Figure 6E). In addition, we observed that both gut weight
(Figures 6F and 6G) and pupae size (Figure 6H) in the miR-8545K0 strain had
increased. Such a difference in size was observed previously when an imbalance
between JH and 20E occurred, in particular a larger pupal size was observed
when the balance shifted toward JH, which would parallel the situation here in
which 20E titer is reduced in miR-8545K0.

Reduced PxDfd binding results in miR-8545 overexpression

To further analyze the transcriptional regulatory mechanisms responsible for
the overexpression of miR-8545 in the Cry1Ac-resistant strain, the promoter se-
quences of miR-8545 were cloned from both Cry1Ac-susceptible DBM1Ac-S and
CryTAc-resistant NIL-R strains. Sequence comparison results indicated that
there were no potential cis-mutations in the promoters of miR-8545 that could
account for the differential expression (Figure S8). Accordingly, we considered

whether transcription factor (TF)-mediated trans-regulation might play a key
role in regulating the transcription of miR-8545. To test this hypothesis, the
JASPAR and PROMO databases were used to predict candidate TFs. Among
the candidates, two homeodomain-containing TFs—deformed (PxDfd) and Fushi
tarazu (PxFtz) —were predicted to bind to the miR-8545 promoter (Figure 7A).

To explore whether PxDfd and PxFtz could modulate the transcription of miR-
8545, a construct containing the promoter of miR-8545 fused to a luciferase re-
porter was introduced into Drosophila S2 cells alongside expression constructs
for each TF. Results showed that PxDfd, but not PxFtz, affected (inhibited) the
transcriptional activity of miR-8545 (Figure 7B). Three potential PxDfd binding
sites (DBSs) within the miR-8545 promoter were predicted by bioinformatic an-
alyses—all upstream of the transcription start site (Figure S8). To identify the
functional DBS (s), we used various truncated promoter fragments fused to lucif-
erase. This indicated that the most upstream of the three sites (DSB1) was the
functional one (Figure 7C). An electrophoretic mobility shift assay (EMSA) and
a yeast one-hybrid (YTH) assay were employed to confirm that PxDfd directly
binds to the DBST motif. In the EMSA assay, PxDfd was found to specifically
bind to the DBS1 probe (Figure 7D). No significant band shift was observed in
the absence of PxDfd or when PxDfd was incubated with a mutated probe (Fig-
ure 7D). In the Y1H assay, only yeast strains co-transformed with PxDfd and the
DBS1 motif grew normally in the selective medium (Figure 7E). These results indi-
cated that PxDfd inhibits the transcription of miR-8545 via binding to the
DBS1 motif.

A phylogenetic analysis showed that the cloned PxDfd is evolutionarily
conserved and clusters with the Lepidoptera insect group (Figures SQA-S9C).
The spatiotemporal transcription profile of PxDfd was determined and revealed
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Figure 6. CRISPR-Cas9-mediated knockout of miR-8545 increases Cry1Ac sensitivity of P. xylostella (A—C) Impact of miR-8545 knockout on the transcript (A) and protein (B) levels
of PxGLD, and on 20E titer (C). (D) The expression levels of PxMAP4K4 and various midgut genes in the miR-8545 knockout strain miR-8545K0. RPL32 was employed as the internal
reference gene, and the transcript level in the DBM1Ac-S larvae (A and D) was set to 1. The expression levels for different genes are indicated by spheres of distinct sizes and colors,
and by the values displayed. (E—H) Effect of miR-8545 knockout on larval mortality (E), midgut weight (F and G), and pupal size (H). Scale bar, 5 um. Bars are mean + SEM (A—C and G).
ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.007; one-way ANOVA adjusted by Tukey's test.

that PxDfd was enriched in the head, egg, and first-instar larvae (Figures S9D and
S9E). To assess whether PxDfd might be associated with Cry1Ac resistance, the
transcript levels of PxDfd were monitored in the midgut tissues of various
Cry1Ac-susceptible and CrylAc-resistant strains. The data showed that the
midgut levels of PxDfd transcripts were reduced in all resistant strains (Figure 7F).
The functional role of PxDfd in regulating expression of miR-8545 in vivo was
further demonstrated by RNAI. Silencing of PxDfd in susceptible DBM1Ac-S
larvae was accompanied by an increased expression of both miR-8545 precursor
(Pre-miR-8545) and mature miR-8545 (Figure 7G). In addition, this silencing of
PxDfd increased the transcript level of PxMAP4K4 and reduced the relative
expression levels of midgut receptor and non-receptor genes (Figure 7G).
Toxicity bioassays conducted at 72 h post-microinjection showed that knock-
down of PxDfd expression decreased larval mortality to Cry1Ac protoxin at
2 mg/L (LCqp) (Figure 7H).

A putative negative feedback loop decreases 20E overproduction
Subsequently, we decided to investigate whether 20E can induce PxDfd-medi-
ated changes in the miR-8545/PxGLD module during the feeding stage of
P. xylostella. Susceptible DBM1Ac-S larvae were treated with exogenous 20E
and their weights were measured 48 h post-treatment. The weight of the surviv-
ing larvae indicated two distinct clusters: robust (larvae did not exhibit significant
growth and developmental inhibition or deformity) and weak (larvae exhibited sig-
nificant growth and developmental inhibition and deformity). In the buffer-treated
groups, only a small minority (4.2%) showed the weak phenotype compared with
72.0% for the 20E-treated larvae (Figure 8A). Subsequently, RT-gPCR showed a
substantial increase in expression levels of both PxDfd (Figure 8B) and PxGLD
(Figure 8D), and a significant reduction in transcript levels of miR-8545 (Fig-
ure 8C) in the 20E-treated group compared with the buffer-treated group. There
were no significant differences in the expression of these genes between the
weak and robust larvae of the buffer-treated strain, suggesting that the small per-
centage of weak larvae may not be related to the PxDfd/miR-8545/PxGLD axis. In
contrast, in the 20E-treated group, the expression changes were more significant
in the robust larvae than in the weak larvae, indicating that those larvae that dealt

better with the excess 20E showed improved growth characteristics. To further
decode the interplay between 20E exposure and the PxDfd/miR-8545/PxGLD
axis, we investigated the effect of 20E treatment on PxDfd-silenced DBM1Ac-S
larvae. The results demonstrated that 20E partially decreases miR-8545 expres-
sion (Figure 8E) and increases PxGLD expression (Figure 8F) in the PxDfd-
silenced individuals. These results suggest that excess 20E can suppress the
PxDfd/miR-8545/PxGLD regulatory axis through a negative feedback mecha-
nism (Figure 8G).

DISCUSSION

Many pathogens, such as bacteria, viruses, and fungi, can cause disease in
their animal or insect hosts.* Consequently, the host needs to have a rapid
and robust defense response to repel pathogen infection. We have previously
described a Bt resistance phenotype in P. xylostella, in which expression of mul-
tiple receptors for the primary Bt virulence factors (Cry toxins) are downregu-
lated.>**° To mitigate the physiological costs of this downregulation, non-re-
ceptor paralogs are upregulated, allowing the insect to maintain fitness while
defending against the pathogen. The expression of these midgut proteins
was found to be controlled by a MAPK signaling pathway, which was constitu-
tively activated in strains that had evolved high level resistance to Bt.?*?° The
response was also found to be modulated by the hormones 20E and JH, with
the former controlling the downregulation of the receptors, while the latter in-
fluences the expression of the paralogs.® A tandem increase in both hormones
resulted in the balanced response observed upon exposure to Bt, or in the resis-
tant strains, in which fitness was maintained alongside defense. 20E and JH
have long been known to act in tandem to control the timing of crucial devel-
opmental processes such as molting and metamorphosis*' and more recently
in regulating some aspects of immunity.® Our work extends our understanding
of the pleiotropic effects of this hormone pair to include a localized response
within the midgut tissues of the feeding larval stage of an insect. We have
recently studied the mechanism by which JH titer is increased upon exposure
to a Bt toxin and found that this involves m®A-epigenetic regulation of an
esterase that can degrade JH.*° The data presented here show that the
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Figure 7. PxDfd represses miR-8545 promoter activity through the DBS1 motif (A) The JASPAR and PROMO databases were employed to predict potential transcription factor (TF)
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**p < 0.07, **p < 0.001; one-way ANOVA adjusted by Tukey's test.

increase in 20E titer in response to Bt is due to a miRNA-mediated pathway
leading to the decreased expression of a newly identified ecdysteroid-degrading
glucose dehydrogenase (PxGLD). In general, ecdysone (E) needs to be con-
verted into 20E to exert its physiological functions.* In addition, 20E needs
to be degraded after completing its biological functions during the molting,
metamorphosis, and reproduction stages.*® Previous studies have reported
that an EO can metabolize E to 3DE**“° and a cytochrome P450 gene
CYP18A1 can metabolize 20E to 20-hydroxyecdysonoic acid (20Eoic).*® The
conversion of E and 20E into 3-dehydroecdysteroids (3DE and 3D20E) is a
main pathway in Drosophila melanogaster larvae.*” Our results showed that
the Sf9-expressed PxGLD protein can metabolize both E to 3DE and 20E to
3D20E, and so introduce this enzyme as one that may also be involved in other
ecdysone-mediated processes. The encoding protein was annotated as a
glucose dehydrogenase on the basis of sequence analysis, but we have no ev-
idence as to whether it has this particular activity. Exposure of P. xylostella to
exogenous 20E resulted in significant growth defects and also resulted in the
elevation of levels of PxGLD. This is consistent with the possibility that the
enzyme participates in a negative feedback loop (via miR-8545 and PxDfd in
this case) to control 20E titer in both this and potentially other 20E-mediated
processes.

Although there is a coordinated increase in both 20E and JH in response to Bt
intoxication, we have identified different pathways controlling the titers of these

two hormones. It is still unclear what the initial signal for the response is, perhaps
binding of the toxin to the receptor, or the formation of the toxin pore, and it is also
unknown in what way this signal is transmitted to the hormone titer regulation
pathway. We have shown that this pathway is constitutively altered in the resis-
tant strain and have previously demonstrated that the resistance phenotype in
that strain is the result of a transposon insertion into the promoter region of
the MAP4K4 gene?® How that MAPK signaling pathway feeds back to this
miRNA pathway is also unclear, as is the full extent to which the toxin-induced
response and the evolved resistance phenotype are linked. Although we better
understand how insect pests such as P. xylostella control their response to path-
ogens such as Bt, it opens up potential new approaches for their control such as
novel RNAI targets.*®

MATERIALS AND METHODS
See supplemental information for details.
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Figure 8. 20E regulates the PxDfd/miR-8545/PxGLD
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