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Loss of function mutations in the histone demethylase KDM5A, KDM5B or KDM5C are found in
intellectual disability (ID) and autism spectrum disorders (ASD) patients. Here, we use the model
organism Drosophila melanogasterto delineate how KDM5 contributes to 1D and ASD. We show
that reducing of KDM5 causes intestinal barrier dysfunction and changes in social behavior that
correlates with compositional changes in the gut microbiota. Therapeutic alteration of the
dysbiotic microbiota through antibiotic administration or feeding with a probiotic Lactobacillus
plantarum L168 partially rescues the behavioral, lifespan and cellular phenotypes observed in
kdm5-deficient flies. Mechanistically, KDM5 was found to transcriptionally regulate component
genes of the Immune Deficiency (IMD) signaling pathway and subsequent maintenance of host-
commensal bacteria homeostasis in a demethylase-dependent manner. Together, our study
genetically dissects contributing factors of the gut-brain axis influences on animal behavior and
suggests modifying the gut microbiome may provide therapeutic benefits for ID and ASD patients.

Abstract

Mutations in members of the KDM5 gene family are found in intellectual disability and autism
spectrum disorder patients. Chen et al. discovered that KDM5-microbiota interactions contribute
to animal social behavior. Drosophila deficient in kdmb5 display gut dysbiosis, abnormal social
behavior, and aberrant immune activation, which Lactobacillus plantarum 1.168 administration can
improve.
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INTRODUCTION

Increasing evidence suggests that the gut microbiota can affect the symptoms of intellectual
disability (ID) and autism spectrum disorder (ASD) diseases (Borghi et al., 2017; Caracciolo
et al., 2014; Mayer et al., 2014). It is clear that host genes influence the composition of gut
microbiota (Wang et al., 2016; Snijders et al., 2016), but the molecular mechanisms that
regulate host commensal microbiota homeostasis in normal and disease states remains
largely unknown.

Genome-wide association and family studies have identified many genetic contributors to ID
and ASD (Shailesh et al., 2016). Loss of function mutations in histone demethylases
KDMS5A, KDM5B or KDM5C are found in patients with ID and ASD (Fieremans et al.,
2015; Martin et al., 2018). KDM5 family proteins are transcriptional regulators that act by
demethylating a histone H3K4me3 modification associated with promoters of transcriptional
active genes (Secombe et al., 2007). Consistent with the enzymatic activity of KDM5
proteins in the underlying cause of ID and ASD, many missense mutations in KDM5C
reduce demethylase enzymatic activity /in vitro (Brookes et al., 2015). Interestingly, KDM5C
functions are highly evolutionarily conserved, as kdm5c knockout mice exhibit abnormal
learning and social behavior (Iwase et al., 2016; Scandaglia et al., 2017; Martin et al., 2018).
A fly strain harboring an allele analogous to a disease-causing missense mutation in human
KDM5C (kdm54%22F) show learning and memory defects (Zamurrad et al., 2018).
Significantly, flies having this mutation show transcriptional and behavioral defects that are
indistinguishable from fly strains lacking KDM5 demethylase activity (Zamurrad et al.,
2018), further supporting a critical role for the demethylase activity of KDM5 in behavior.

The human genome has four KDM5 paralogs, while the Drosophila genome has a single
KDMS5 ortholog. Drosophilaisa widely accepted model for studying behavior (Ramdya et
al., 2017). In addition, Drosophila provides an excellent system in which to study host—
microbe interactions because of the ease of its genetic and physiological manipulation, as
well as its relatively simple microbial community (Han et al., 2017). Accumulating evidence
indicates that the Drosophila gut environment is characterized by low bacterial diversity and
the most commonly associated bacterial species are members of the Lactobacillaceae,
Enterococcaceae, Acetobacteraceae, and Enterobacteraceae families (Broderick and
Lemaitre, 2012; Buchon et al., 2013). These bacteria affect various aspects of Drosophila
physiology and gut homeostasis including aging (Clark et al., 2015), gene expression
(Broderick et al., 2014), metabolic function (Wong et al., 2014) and social behavior (Venu et
al., 2014).

Our previous work demonstrated that KDM5 regulates cellular oxidative stress in
Drosophila (Liu et al., 2014; Liu and Secombe, 2015). It is known that gut epithelial cells
contacted by enteric commensal bacteria generate reactive oxygen species in response to
microbial signals (Jones and Neish, 2017). In this study, we investigate the mechanistic
contribution of KDMB5 to social behavior by regulating the gut microbiome composition.
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Reduced levels of KDM5 cause intestinal epithelial barrier disruption and impaired social

behavior.

To explore the effects of KDM5 on gut homeostasis and social behavior, we generated adult
flies with reduced levels of KDM5 using a hypomorphic combination of kdm5 alleles
(kdm5/<6801/10424y - fom 56801710424 fljes show dramatically decreased KDM5 protein
(Figure 1A) and mRNA expression (Figure 1B) in intestinal tissue, and an accompanying
increase in histone H3 lysine 4 trimethylation (H3K4me3).

The intestinal tract of the kam5K<6801/10424 flies show defects relative to wild-type (w#) with
bubbles in the midgut (Figures 1C and 1D), which suggested that they maybe gas produced
by overgrowth of bacteria. The length of kdm5 mutant fly midgut is shorter than wtwhile
the width is not significantly changed (Figures S1A and S1B). Moreover, electron
microscopy showed that the gut of kaim5K6801/10424 flies displayed a disrupted intestinal
epithelial barrier (Figure 1E). A much higher density of bacteria was observed in the gut of
kdm5 mutants as compared to the wz (Figure 1E). In the non-absorbable blue food dye
experiment, the dye remained within the lumen of the gut of wflies, while it diffused into
the abdominal cavity in mutant flies (Figure 1F). In adult flies fed FITC-labeled beads, the
beads remained in the lumen of w#flies, in contrast, FITC signals were diffuse in the gut
epithelial cells of kam5<6801/10424 flies (Figure 1G). To avoid confounding our studies with
the developmental delay effects of KDM5, we used a temperature sensitive expression
system: MyolA-Gal4,tub-Gal80"S to specifically knock-down kam5in the gut of adult flies.
Before placing flies at 29°C for 3-7 days to activate kdm5 knockdown, we reared the flies at
18°C until adulthood. We did not see any developmental defects in the MyolA-Gal47S/
kdm5*NAl flies (Figures 1H and S1C-S1E), however these flies showed a shorter life span
(Figure S1F) and impaired intestinal barrier integrity and homeostasis compared to control
RNAI (Figure 11). To address whether the defects were caused by differences in food
consumption, we assessed the volume of food consumed using a previously described
method (Bross et al., 2005). As shown in Figure S1G and S1H, kam5<6801/10424 gnq
Myo1A-Gal4TS/kdm57NAi flies consumed similar amounts of food compared to w flies.
Taken together, these findings indicate that reducing KDMS5 in the gut results in more
permeable gut tissue.

Alterations in gut-brain axis signaling affect mood and behavior (Nithianantharajah et al.,
2017). This led us to test whether reducing KDMS5 affects social behavior. Consistent with
loss of KDM5 function in 1D and ASD patients, kdim5<6801/10424 aqyits displayed a
significant decrease in social interactions, including social space (Figures 1J and S2A),
social avoidance (Figures 1K and S2B) and the total time of direct social contact (Figures
1N for female and S2G for male) compared to wzflies. Similar to kam5<6801/10424 aqy|ts,
MyolA-Gal4™S/kam57NAi flies at 29°C showed impaired social behavior (Figures 1L, 1M
and 10 for female; Figures S2C, S2D and S2H for male). Importantly, at the non-permissive
temperature of 18°C, we do not see any defects in social behavior (Figures S2K-S2M).
These data suggest that KDMD5 regulates gut homeostasis and influences animal behavior.
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KDM5 modulates the microbial composition

Emerging evidence supports the view that gut microbes influence neurochemistry and
behavior (Dylan and Bordenstein, 2016). We therefore addressed whether KDMD5 affects
social behavior by modulating microbiota composition. We performed 16S rRNA gene
sequencing using gut DNA isolated from kam5<6801/10424 and yzflies (Figure S3). The
Good’s coverage values indicated that the sequencing depth was more than 99.7% (Figure
S3A). The gut microbiota of kdm5<6801/10424 fjes had a significantly lower number of
observed species compared to w# (Figures 2A and 2B). The rarefaction curves result
suggested that the lower number of species recovered from kam5K<6801/10424 animals was not
due to insufficient sampling (Figure S3B). A change in the gut microbial community
composition was observed in kdm5<6801/10424 flies compared to wrflies (Figure S3C). The
gut microbiota of kam5K<6801/10424 flies showed increased levels of Proteobacteriaand
decreased levels of Firmicutes (Figure 2C). Specifically, we found that eight orders were
more abundant in the guts of kam5<6801/10424 fjies relative to wz, including gram-negative
bacteria, such as Sphingomonadales, Enterobacteriales and Xanthomonadales (Figure 2D).
In contrast, nine orders were less abundant in kam5K<6801/10424 flies including those with
probiotic properties, such as Lactobacillales, Bacteroidales and Bifidobacteriales (Figure
2D). In agreement with the gut microbiome sequencing analysis, bacteria culture at 37°C
and 25°C revealed that guts from wtand flies heterozygous for either of the parental strains
(kdm5K06801 or kam519424) contained a higher abundance of Lactobacillus spp. and lower
abundance of gram-negative bacteria than that of kdm5K6801/10424 (Figyres 2E, S3D and
S3F). kdm5/<6801/10424 contained higher abundance anaerobic (nutrient agar) and aerobic
(mannitol agar) bacteria respectively (Figure S3D). 16S rRNA gene sequencing of these
isolated colonies showed decreased of gram-positive Lactobacillus spp. and increased of
gram-negative bacteria Providencia spp. and Gluconobacter spp. (Figure S3E). The two
species including Lactobacillus plantarum L168 (GenBank No. MK049960) and
Providencia rettgeri P6 (GenBank No. MK049957) were identified by Blast analysis.
Changes in abundance of Lactobacillus plantarum L168 and Providencia rettgeri P6 were
independently confirmed by Q-PCR of isolated guts (Figure 2H). kam5K6801/10424 fljes have
an increased ratio of gram-negative bacteria relative to gram-positive bacteria (Figures 2G
and S3F). Interestingly, changes in the abundance of Lactobacillus spp. and gram-negative
bacteria are rescued in transgenic flies expressing HA-tagged KDM5 (Figures 2E and 2F).
The gut microbe analysis from kdm5RNAI and control RNAI further confirmed that loss of
kdmb5 in the intestine shifted the gut microbiota composition as was observed in the
kdm5<6801/10424 (Figyres SAA-SAC). Bacterial selective culture assay, gram-staining and
PCR further confirmed the analysis (Figures S4D-S4H). Accordingly, at the non-permissive
temperature of 18°C, there was no RNA. activation and therefore no decrease in kam5
transcript and no increase in IMD/Rel targets (Figure S4l), and importantly, we observed no
change in the level of Lactobacillus spp. and gram-negative bacteria, as well as the ratio of
gram-negative relative to gram-positive bacteria compared to control (Figures S4J-S4M).
We conclude that loss of KDMJ5 in intestine tissue can modulate the microbiome
composition.

Intestinal stem cell division rates in Drosophila have been used as a marker associated with
gut dysbiosis induced by pathogenic-like bacteria overgrowth (Houtz and Buchon, 2014).
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Consistent with the microbiome analysis, the number of PH3 positive cells was increased in
both kadm5<6801/10424 and kam5 RNA. flies compared to their respective controls (Figures
21 and 2J). However, germ-free (GF) kdm5RNAI and GF control RNAI flies showed no
significant difference in the number of PH3 positive cells (Figure S5A). GF kdm5 RNAI
flies colonized with microbes from commensal kadm5 RNAIi flies have an increased number
of PH3 positive cells relative to GF control RNA. flies colonized with microbes from control
RNA. flies (Figure S5B), further linking gut dysbiosis with the observed gut defects.

The nutritional and living environments strongly impact the microbial communities in the
gut of flies (Bing et al., 2018). To exclude these effects on the gut microbiota composition,
we re-associated wzand kam5K6801/10424 GE embryos with a microbial community isolated
from wiflies to colonize both with the same starting microbial input and maintained them in
the same culture environment. At one day-old, the total abundance of bacteria levels is very
low. Reconstituted GF (R-GF) kdm5/<6801/10424 f|jes displayed no difference in the number
of gram-negative bacteria compared to R-GF w#flies (Figure 3A). Gram staining showed no
difference in the ratio of gram-negative over positive bacteria in the gut of R-GF
kam5K6801/10424 and R-GF wi flies (Figures 3B and S3G). In contrast, the level of gram-
positive Lactobacillus spp. increased 5.5-fold in the R-GF kdim5K6801/10424 fljes compared
to R-GF witflies (Figure 3C). No significant difference was observed for P, rettgeri (Figure
3D). We observed no difference in social behavior between the R-GF kdim5K6801/10424 g
R-GF wrflies (Figures 3E-3G). However, at four days of age, R-GF ka/m5<6801/10424 fjjeg
displayed a tremendous (15-fold) increase in gram-negative bacteria compared to R-GF wr
flies (Figures 3H, 31 and S3H). The abundance of Lactobacillus was much reduced in R-GF
kdm5<6801/10424 fljes (Figure 3J). Q-PCR confirmed decreased levels of L. plantarum 168
and increased levels of 2 rettgeriP6 in R-GF kdm5K<6801/10424 (Fijgyre 3K). Importantly, the
R-GF kdm5K6801/10424 flies showed impaired behavior compared to R-GF wtflies (Figures
3L-3N). These observations are consistent with those observed in conventionally cultured
wtand kam5K6801/10424 flies Furthermore, when we re-associated GF wr flies with either wt
or kam5K6801/10424 microbial communities, we observed no changes in the level of
Lactobacillus (Figure S6A), nor in their behavior (Figures S6B-S6D). Taken together, we
conclude that differences in the gut microbiota between the kdm5K<6801/10424 and 1z flies are
due to the reduced levels of KDMS5 protein.

Manipulation of gut microbiome rescues KDM5-deficiency induced phenotypes

To more precisely link KDM5’s role in the gut microbiome and the observed behavioral
phenotypes, we used three approaches to alter the gut microbiome in kdm5K<6801/10424 fjjeg
and subsequently quantified their social interactions. We first attempted to generate GF w¢
and kam5K6801/10424 fljes Unfortunately, GF kaim5<6801/10424 fljes did not develop beyond
the 3" larval instar stage. However, GF flies with intestinal specific knockdown of KDMS5 at
the adult of stage were viable. Under GF conditions, KDM5 intestinal specific knockdown
and control flies exhibit normal gut epithelia integrity (Figure S5C) and similar social
phenotypes (Figure 4A).

Second, antibiotic treatment of conventionally reared kam5<6801/10424 flies (Figure 4B)
resulted in a significant reduction in stem cell division rates (Figure S7A), intestinal defects
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(Figure 4C) and rescued social phenotypes (Figures 4D and 4E for female; S8A and S8B for
male). Finally, probiotic treatment of kam5/<6801/10424 tlies with L. plantarum L168 (Figure
4F), levels of which were reduced in kam5<6801/10424 fjies, significantly restored intestinal
barrier integrity and reduced the number of intestines with defects in kam5K6801/10424 fjjes
(Figures 4G and 4H). Additionally, we observed that probiotic-treated kgm5<6801/10424 f|jeg
had significantly increased social interactions, including social space and social avoidance
(Figures 41 and 4J for female; S8C and S8D for male). Moreover, probiotic treatment with
L. plantarum L.168 or antibiotic treatment of flies with intestinal specific KDM5 knockdown
significantly improved social interaction (Figures 4K-4N and S8G for female; S8E, S8F and
S8H for male). Similar treatment of wi flies using antibiotics or L. plantarum L168 did not
show social avoidance and social space differences in behavior (Figures S81-S8K). These
results indicate that reduced KDMS5 causes a change in social behavior at least partially
through altering the gut microbiome.

Our previous studies showed that levels of tryptophan, an essential serotonin precursor
linked to hyperserotonemia and ASD, were increased in kadm5K6801/10424 fljes (Lju and
Secombe, 2015). We therefore assessed the serotonin (5-HT) concentration in wtand
kdm5<6801/10424 fljes. Similar to the findings in ASD patients (Chen et al., 2017), we
observed that the abdomens and gut kam5K6801/10424 fjes had significantly higher levels of
5-HT compared to wtflies (Figures 40 and S8L). Interestingly, heads and guts of flies with
intestine specific KDM5 knockdown also showed elevated levels of 5-HT (Figures 4R and
S8M). Not surprisingly, kadm5K6801/10424 anq intestine specific KDMS5 knockdown flies
treated with L. plantarum 1.168 or antibiotics showed a significant decrease in 5-HT levels
(Figures 4P, 4Q and 4S). Our results are consistent with evidence that manipulating the
microbial composition of the gastrointestinal tract can modulate plasma concentrations of
neurotransmitters (Clarke et al., 2014).

Lifespan is very important for considering both behavioral and gut phenotypes. Our previous
studies reported that hypomorphic kam&<¢801/10424 have a shorter lifespan compared to wr
flies (Liu et al., 2014), so we investigated whether antibiotic treatment or supplementing
with L. plantarum can extend the survival of kdm5k6601/10424 mytants. GF kam56801/10424
flies supplemented with L. plantarum at embryogenesis are rescued resulting in a 3.5-fold
increase in median survival (28 days) compared to conventionally reared Adm5 mutant flies
(8 days) (Figure S80). Moreover, conventionally reared kdm5 mutant flies treated with
antibiotics show a 2.3-fold increase in median life span from eight to 19 days (Figure S8P),
indicating that the developmental defects of Adm5 mutants can be partially rescued by
modulating the gut microbiota either by feeding them with probiotic L. plantarum or by
treating them with antibiotics.

KDMS5 negatively regulates IMD/Rel signaling

To identify the molecular mechanism by which KDMS5 shapes the gut microbiome, we
performed RNA-seq analysis of intestines from wtand kam5<6801/10424 lies \We identified
1761 transcripts that were significantly differentially expressed between kgim5K6801/10424
and wtflies (Figure 5A). Analyses of KDM5-regulated genes revealed enrichment for a
number of diverse biological processes (GO categories), including innate immune response
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pathway and defense bacterial infection (Figure 5B). Gene network analysis showed a
critical role of KDMS5 in the activation of genes required for the immune deficiency (IMD)
pathway (Figure 5C). Recent research indicates that the innate immune system plays an
important role in shaping the microbiota community into configurations that can be tolerated
by the host and are beneficial for its metabolic activities (Thaiss et al., 2016). We therefore
investigated whether KDMS5 has a direct role in maintaining gut microbiota homeostasis by
regulating genes required for the innate immune response. Up-regulation of IMD pathway
genes in intestinal tissue of kam5K<6801/10424 flies was further confirmed by real-time PCR
(Figure 5D). It is possible that activation of IMD pathway could be mediated by the altered
microbiota in kam5K6801/10424 rather than through direct KDM5-mediated changes to gene
expression /n vivo. To test this, we knocked down kdm5 expression ex vivo using cultured
S2 cells and assessed IMD pathway genes expression. Knockdown of kamb5 resulted in
moderate activation of IMD pathway targeted genes in S2 cells compared to positive control
S2 cells treated with IMD pathway regulators 20-hydroxyecdysone (20E) or peptidoglycan
(PGN) (Figures S9C-S9E and S9G-S9l). Moreover, knockdown of kdmb5 activated /imd
expression whereas 20E nor PGN treatment did not (Figure S9A). Consistent with these
results, GF kadm5 RNA. also showed elevated expression of immune deficiency (imd),
Diptericin A (DptA), Attacin-B (AftB) and the RE isoform of Peptidoglycan Recognition
Protein LC (PGRP-LC-RE) (Figure S5D). Together these data show that KDM5 is involved
in activation of the IMD pathway.

In agreement with the observation that antibiotic and L. p/antarum L.168 partially rescued
the intestinal permeability of kagm5<6801/10424 (Figyre 4G), we observed reduced the
expression of IMD pathway target genes (Figure 5E). While the gram-positive bacterium L.
plantarum has a gram-negative type (DAP-type) peptidoglycan, that induces IMD (Asong et
al., 2009), it is not obvious why L. plantarum L168 reduces /imd and alters IMD signaling.
We investigated whether treatment with L. plantarum shifted the gut microbiota composition
of kdm5<6801/10424 fjes \Ne indeed found that L. plantarum treatment increased the species
diversity of kdm5<6801/10424 fjes (Figure S10A) and changed their gut microbiota
composition (Figures S10B and S10C). Similar to the gut microbiome of w# the
kdm5<6801/10424 \with [ . plantarum treatment showed decrease of Acetobacterand
Gluconobacter compared to kam5<6801/10424 (Figyres S10C and S3E). Moreover, the gut
microbiome composition in the kdm5 mutants with L. plantarum treatment is similar to that
in wt (Figure S10D). The result suggested L. plantarum restore partially gut microbiota
homeostasis. Thus, loss of KDM5 results in activation of IMD signaling, and KDM5
induced dysbiosis leads to further activation of IMD, which can be balanced by treatment
with L. plantarum L168.

IMD, PGRP-LC and PGRP-LE play central roles in bacterial recognition, resolution and
induction of the IMD/Rel pathway (Bosco-Drayon et al., 2012; Choe et al., 2002; Neyen et
al., 2016). Through alternative splicing the PGRP-LC gene has the potential to generate
eight PGRP-LC isoforms. To investigate whether KDM5 regulates the relative abundance of
specific PGRP-L Cisoforms, we examined PGRP-L C isoforms mRNA level and found
significantly increased expression of the PGRP-LC-RE transcript in KDM5 deficient cells
and intestine tissue (Figures S11A and S11B), whereas other PGRP-L C isoforms and PGRP-
L Ehad no significant change relative to wr (Figures S11A and S11C). To address whether
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PGRP-LC-RE and /md can activate the IMD pathway, we over-expressed both PGRP-LC-
REand /mdin S2 cells and found that co-overexpression of /imdand PGRP-LC-RE
enhanced slightly Relish target gene expression compared to the group with overexpression
of PGRP-LC-RE or imdalone (Figure S11D). These data suggest that the protein encoded
by PGRP-L C-RE may act as a co-factor with /md'to regulate the IMD pathway.

Differential exon incorporation analysis revealed that an increase in expression of the PGRP-
L C-RE isoform in KDMS5 deficient cells is due to altered splicing (Figure 5F). Publicly
available KDM5 (GEO: GSE70591) and H3K4me3 (GEO: GSM400670) chromatin
immunoprecipitation sequencing (ChIP-seq) data show that KDM5 and H3K4me3 are
enriched at the transcription start sites (TSSs) of /mdand PGRP-LC (Figures S11E-S11H),
which were confirmed by ChIP-PCR (Figures 5G and 5H). PGRP-L C has two enrichment
peaks of KDM5 and H3K4me3 involved in different isoforms transcription including PGRP-
LC-RA and PGRP-L C-RE (Figures S11E and S11F). It has been suggested that histone
modification information, such as H3K4me3, is predictive of mMRNA production (Chen et al.,
2015). We found a significant increase in levels of H3K4me3 in the PGRP-L C-RE promoter
regions in kam5K<6801/10424 flies relative to wr (Figure 5H, right panel) and an accompanying
increase in full-length PGRP-L C-RE expression levels in intestinal tissues of
kdm5<6801/10424 flies KDMS5 intestine-specific RNAI flies and KDM5RNATI S2 cells
compared to wt flies, Control flies and GFPRNAI S2 cells respectively (Figure 51). In
contrast, PGRP-L C-RA has no change to promoter proximal H3K4me3 in kam5K6801/10424
flies relative to wt (Figure 5H, right panel) and full-length mRNA levels (Figure 51). These
data suggest that the histone demethylase activity of KDM5 is involved in the regulation of
activation of IMD/Rel pathway by repressing /md expression and exon splicing of PGRP-
LC.

Relish is the Drosophila NF-kappaB that is primarily associated with and activated by the
IMD signaling response to gram negative bacterial infection (Hetru and Hoffmann, 2009).
Consistent with IMD/Rel activation, the majority of Relish trans-localized into the nucleus
in intestinal tissue of kam5<6801/10424 fjjes (Figure 5J). In agreement with this observation,
reducing KDMS5 increased Relish recruitment at promoter regions of target genes including
AltA, AttC, AttD, Dro and Mtk (Figure 5K). Significantly however, we did not observe
KDMS5 and H3K4me3 enrichment at the promoter regions of Relish direct target genes
(Figures S111 and S11J). These data suggest that KDM5 may indirectly repress Relish
complexes by affecting its binding to target genes promoters through regulating component
genes of IMD pathway.

KDMS5 demethylase activity regulates IMD/Rel pathway activity and gut-microbiome-brain

function

Recent studies emphasize the importance of KDM5 demethylase in neuro developmental
disorders (Wei et al., 2016; Zamurrad et al., 2018). We propose that the demethylase activity
of KDM5 may be particularly relevant to our understanding of the link between gut
microbiota and social behavior. To test whether KDMS5 activation of the IMD pathway is
dependent on its demethylase activity, we examined gene expression levels in the intestine
tissues of flies specifically lacking enzymatic activity in the hypomorphic mutant
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kdm#5<6801/k6801 hackground (Navarro-Costa et al., 2016). Of the ten genes related to innate
immune pathway function tested, all were up-regulated in k@m5""/C” flies similar to that of
kam5K6801/10424 flies (Figure 6A). Consistent with data from kam5K6801/10424 flies Relish
protein was enriched in the nuclei of intestinal tissue in kam5"™C™ flies (Figures S11K).
Furthermore, we found a significant increase in levels of H3K4me3 at the promoters of the
PGRP-L.C-RE and imd genes in kdm5™C* flies relative to that of wz, but not in the
promoter region of PGRP-LC-RA (Figure S11L). Similar to kdm5<6801/10424 fljes Relish
binding to five of its target genes was increased in the intestine of kadm5"™C" flies (Figure
S11M). These data identified a function for the JmjC domain-encoded enzymatic activity of
KDMS5 in innate immune signaling.

To determine the role of the demethylase activity of KDM5 in modulation of the gut-
microbiome-brain axis, we measured the Lactobacillus spp. abundance and social behavior
of KDM5 demethylase inactivated flies. Similar to kam5K6801/10424 flies KDM5
demethylase inactivated flies showed a significant reduction of Lactobacillus spp. and
increase of gram-negative bacteria, Providencia rettgeri (Figures 6B and 6C), and an
increase in the number of PH3 positive cells (Figure 6D). Also, antibiotic treatment of
conventional kdm5"™C" flies resulted in a significant reduction in stem cell division rates
(Figure S7B). Consistent with a role for the demethylase activity of KDM5 in maintaining
gut microbiome homeostasis, we found that kdm5""/C*flies displayed impaired intestinal
integrity and gut epithelium permeability (Figures 6E and 6F). Accordingly, KDM5
demethylase inactivated flies showed defective social behavior and increased 5-HT level
(Figures 6G, 6H, 6L, S2E, S2F, S21, S2J and S8N). Probiotic treatment of kam5™C* flies
with L. plantarum 1168 reduced intestinal permeability (Figure 61), rescued the defective
social interaction activity and decreased 5-HT level (Figures 6J, 6K and 6M). Taken
together, these results indicate that KDM5 modulates social behavior and maintains gut
microbiota homeostasis dependent on its demethylase enzyme activity.

Inhibition of IMD signaling rescues gut dysbiosis and social interaction behavior induced
by loss of KDM5

Since down-regulation of KDM5 elevates IMD pathway activity (Figure 5), we asked
whether inhibition of IMD signaling can rescue gut dysbiosis and the social interaction
phenotype of KDMS5 gut knockdown flies. As shown in the Figure S12A, flies with down-
regulation of both /imdand kdmb5 in intestinal tissue showed down-regulation of IMD/Rel
signaling target gene expression compared to flies with knock-down of kdm5 alone.
Consistent with g-PCR data, we also observed that knockdown of both /mdand kdm5
decreased the abundance of Gram-negative bacteria, Providencia rettgeri, and increased L.
plantarum relative to KDM5 RNA. flies alone (Figures 7A, 7B and S12B). Also, the double
knockdown flies rescued the increased gut permeability phenotype (Figure 7C), improved
social space and social contacting time (Figures 7D-7F) and the decreased serotonin
production (Figure 7G) compared to kdm5RNAI group alone. In addition, we found no
change in the expression of kdmb5 in the gut of /md gut-specific knockdown flies (Figure
S12A), suggesting that the rescued phenotype was the result of IMD pathway regulation by
KDMS5 and not KDM5 regulation by IMD.
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DISCUSSION

In this study, we discovered a role of the histone demethylase KDMD5 in maintaining gut
innate immune, bacteria and metabolic homeostasis by regulation of IMD signaling, and
subsequently social behavior through the gut-microbiome-brain axis partially.

In flies, chronic over-activation of the IMD pathway in the gut leads to the secretion of
antimicrobial peptides (AMPs) and causes dysbiosis ultimately resulting in death (Lee and
Lee, 2014). We observed overgrowth of pathogenic-like bacteria and a decrease of
commensal bacteria in KDM5 deficient flies, in agreement with previous research that
maintenance of innate immune homeostasis is associated with suppression of pathogenic
bacteria (Han et al., 2017). Moreover, these results support that the KDM5 demethylase has
a direct role in maintaining gut microbiota homeostasis by regulating genes required for
innate immune response, which sustain the concept that Drosophila have evolved a rich
array of regulatory mechanisms to safeguard homeostatic IMD signaling (Buchon et al.,
2013). Moreover, KDM5B is required for innate immune responses in mammalian cells
(Ptaschinski et al., 2015). Given the evolutionary conservation of the IMD/Rel pathway, it
will be important to evaluate whether mammalian KDM5A/B/C regulates gut microbiota
homeostasis to affect animal behavior through modulating innate immune response. We
noticed that microbial manipulation cannot rescue social behavior of KDM5 deficient flies
completely, which implies that KDM5 may also affect social behavior through other
pathways.

In our study, we found that loss of KDM5’s demethylase activity led to an increase in
H3K4me3 levels at sites upstream of the TSS of /md and altered splicing efficiency of the
PGRP-L C-RE isoform, which resulted in aberrant activation of IMD signaling /in vivo.
Neyen et al., showed that overexpression of PGRP-L C-RE in the fat body reduced the
immune response to polymeric PGN of dead bacteria (Neyen et al., 2016). The exact
mechanism of PGRP-L C-RE mediated activation of the IMD pathway in the gut remains to
be clarified. FOXO-dependent regulation of innate immune homeostasis has been reported
(Becker et al., 2010), and our previous study showed that KDMS5 interacts with FOXO to
regulate cellular oxidative stress (Liu et al., 2014). Further investigations will need to clarify
the potential role of FOXO signaling in KDM5 regulated maintenance of host-commensal
bacteria homeostasis.

Acetobacterand Lactobacillus are digestive symbionts in the fly digestive system with
important roles in animal development and physiology (Broderick et al., 2014). In our study,
we found significantly decreased abundance of Lactobacillusin kam5<6801/10424 flies Our
study focused on L. plantarum, but it is likely that other Lactobacillus species can also
rescue the development defects of kam5<6801/10424 flies. |n addition, bacteria of the genus
Acetobacter are present at increased abundance in the gut of kgm5<6801/10424 fljes The
exact role of other Lactobacillus and Acetobacter species in the development of
kdm5/<6801/10424 flies needs to be tested in future studies. Recently, Broderick et al. (2014)
provided evidence that the microbiota has robust and consistent effects on gut physiology, as
measured by gene expression, which implicated that L. plantarum may influence host gene
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expression in GF kdm5<6801/10424 fljes to exert its impact on larval development adult
survival, gut phenotypes and behavior.

Increasing research has emphasized the role of IMD in guiding the conversation between
bacteria and host, which may act as a central regulator to integrate host defense, the
physiology and animal behavior of the whole organism (Zhai et al., 2018). The landscape of
protein-protein interactions in Drosophila IMD signaling has recently been revealed by the
Hoffmann group (Fukuyama et al., 2013). Impressively, we noted that many of the protein
interactions with IMD signaling have previously been found to be associated with ASD,
suggesting that ASD may at least partly be affected aberrant IMD signaling, further leading
to gut dysbiosis and abnormal behavior.

In summary, our results support the model that the histone demethylase KDMS5 is a critical
host transcriptional regulator that maintains immune homeostasis and is responsible for
preservation of the normal commensal microbial community structure and behavior.
Neurodevelopmental disorders like ID and ASD present an enormous challenge to affected
individuals, their families and society (Koemans et al., 2017). Our research suggests that
direct modification of the gut microbiome can serve as clinical therapeutic approach for ID
and ASD patients with aberrant IMD signaling.

STARMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and reagent requests may be directed to the Lead Contact Xingyin Liu
(xingyinliu@njmu.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Husbandry and Fly stocks—The standard medium for rearing Drosophilais as
described previously (Qian et al., 2017). Briefly, for 12 L of medium, 252.966 g sucrose
(Sinopharm Chemical Reagent Co., Ltd, cat. #10021418), 505.92 g glucose (Sinopharm
Chemical Reagent Co., Ltd, cat. #63005518), 249.52 g yeast powder (Angel) were dissolved
in 4 L of 100°C water; 84.8 g agar (BioFroxx, cat. #1182GR500) and 2.5 L water were
added; 621.6 g cornmeal flour and 7 L water were added; after which 5.808 g CaCl, was
added (Sinopharm Chemical Reagent Co.,Ltd, cat. #10005860), incubated for 15 min at
100°C; 16 g of potassium sorbate (Aladdin, cat. #P103845) was added after 15 min thermal
insulation. Antibiotic media was prepared by adding 1 mL of a 100x stock of antibiotics per
100 mL of liquefied food to a final concentration of 100 pg/mL Ampicillin, 50 pg/mL
Kanamycin, 50 pg/mL Tetracyclin and 200 ug/mL Rifamycin to remove over-growth of
pathogenic-like bacteria.

Fly stocks were maintained at 25°C on standard media, 50-60% humidity, and 12 hour light/
dark cycle. The w18, kam510424, kgm5K06801 KDM5-RNAI (TRIP line 28944), IMD-
RNAI (TRIP line 38933) were obtained from the Bloomington stock center. The
demethylase-inactive (kam5"™<™) fly strain was reported previously (Navarrocosta et al.,
2016). kdm5"™C" transgenes were subsequently crossed into the k@m5¥6802/* mutant
background. The kadm5¢801 -gkams5-HA fly strain was reported previously (Liu and
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Secombe, 2015). The stock, MyolA-Gal4 7S, UAS:GFP,tubulin-Gal80TS was from Julie
Secombe Lab.

S2 Cell Line—Male S2 cell (ATCC CRL-1963) were cultured in Schneider’s drosophila
media (Gibco, Cat#21720-024), 90%; heat-inactivated fetal bovine serum (Gibco,
Cat#10099141), 10%, supplemented with 50 U/ml Penicillin G, 50 pg/ml Streptomycin
sulfate(Gibco, Cat# 15140122). S2 cells were grown at 25°C without CO2 as a loose, semi-
adherent monolayer in tissue culture flasks or plates.

METHOD DETAILS

KDMS5 and/ or IMD knockdown in intestine tissue at the adult stage—We
avoided confounding our studies with the developmental effects of KDM5 by using the
temperature sensitive gal4: MyolA-Gal4 75 tub-gal80TS to specifically knock-down kdm5
and/or /mdin adults. Before activating kdmb5 and/or imdknockdown, we reared the flies at
18°C until adulthood, then transferred flies at 29°C for 3—7 days to induce down-regulation
of KDM5 and/or IMD.

Germ-free flies and re-colonization of Germ-free flies—Germ-free flies were
generated following the previous report with minor modification (Ryu et al., 2008). After
crossing the flies, resulting embryonic progeny were washed with 2.7% sodium
hypochlorite, 70% ethanol, 0.1% Triton X-100 and sterile water. The embryos were placed,
and larvae maintained on axenic food until adult stage. Once the flies reached adulthood,
total DNA was isolated from a selection of flies to confirm absence of bacterial
contamination by performing culturing tissues on LB plates and 16S rRNA gene PCR
analysis. GF flies were re-colonized by incubating axenic lines with bacterial isolated from
the guts of conventionally reared flies. The gut bacteria were isolated by dissecting 5 guts in
200 pL PBS, vortexed, spin down, and then resuspended in 200 pL of 1x PBS. Bacteria cell
counts were determined with Neubauer-improved counting chamber (Paul Marienfeld
GmbH & Co.KG, German). 100 pL bacterial suspensions with 1 x106 cells were transferred
to the surface of germ-free Drosophila food for 30min. Then germ-free eggs or adults were
reared on this food. For L. plantarum reassociation as previously described (Broderick et al.,
2014). L. plantarum were grown overnight in 20 mL of MRS medium in a incubator at
37°C. Cultures were spin down for 20 min at 4,000 r pm at 4°C, and the pellet was rinsed
two times and then resuspended in 5 ml of 1x PBS. Each culture was adjusted to a
concentration of 1x107 CFU/mL. The isolated gut bacteria and L. p/antarum culture was
allowed to soak into the medium for 30 min before either axenic embryos or flies were
added.

16S rRNA sequencing and analysis—Gut DNA was prepared from 20 dissected
intestinal tissue from female (3-7 days old) w218 kam510424/k6801  jqm510424/k6601
kam510424/k6801 \yith [ . plantarum treatment, MyolA-Gal47S/+and MyolA-Gal4™S/kdm5
RNAI/ respectively using fecal DNA extacting kit (Tiangen Company, Beijing, China). 3t0 5
biological replicates per group were performed. DNA quality was monitored on 1% agarose
gels. For wa118 3nd kdm510424/k5301, kam5L0424/k6601 gnd kam510424/k6801 \yjith L.

plantuarum treatment, the V4 regions of 16S rRNA genes were amplified using barcoded
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primers. The 16S rRNA V4 specific primers are 515F (5’-
GTGCCAGCMGCCGCGGTAA-3’) and 806A (5’-GGACTACHVGGGTWTCTAAT-3’).
For MyolA-Gal4 7S/+ and MyolA-Gald 7/kdm5 RNAIJ, the V3-V4 hypervariable regions of
the bacteria 16S rRNA gene were amplified with primers 338F (5’-
ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’).
PCR reactions were carried out in 30 pL reactions with 15 pL of Phusion® High-Fidelity
PCR Master Mix (New England Biolabs), 0.2 uM of forward and reverse primers, and 10 ng
template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed
by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at
72°C for 30 s. Finally, 72°C for 5 min. PCR products were detected on 2% agarose gels by
electrophoresis. PCR products were purified using the GeneJET Gel Extraction Kit (Thermo
Scientific). Sequencing libraries were generated using Illumina TruSeq DNA PCR-Free
Library Preparation Kit (Illumina, USA) following manufacturer’s recommendations and
index codes were added. The sequence were performed by Illumina Hiseq platorm
(NovoGene Co. Ltd and Biomarker Co. Ltd respectively). Sequences were analyzed using
QIIME software package 1.9 (Caporaso et al., 2010), and in-house Perl scripts were used to
analyze alpha- (within samples) and beta-(among samples) diversity. QIIME calculates both
weighted and unweighted unifrac, which are phylogenetic measures of beta diversity. We
used unweighted unifrac for Principal Coordinate Analysis (PCoA) and Unweighted Pair
Group Method waith Arithmetic mean (UPGMA) Clustering. To eliminate potential
contaminants in kit components or water, only OTUs with an average relative abundance
>10~4 and found in at least 10% of the subjects were considered for analyses. All 165 rRNA
datasets are publically available (NCBI GEO accession numbers: GSE98944, GSE98945).

Quantification of bacterial species by g-PCR—Gut DNA extraction from 3-7 days
old females flies were performed as described above for amplicon sequencing. DNA was
isolated from pools of ten guts each. 0.5 ng DNA was used for the g-PCR template. The g-
PCR reactions were conducted in two independent biological replicates using Quant Studio5
(Applied biosystems) and SYBR Green PCR master mix (Vazyme). The Drosophila
GAPDH gene was used for normalization and 272CT values were plotted as previously
described (Sebald et al., 2016). PCR primers for detection of specific bacterial species are
shown in Table S1.

RNA extraction, cDNA library preparation, RNA-Seq sequencing—Total RNA
was extracted from two separate samples of 30 dissected digestive tracts from 3-5 day old
female w218 and kam510424/k6801 aqult flies using TRIZOL (Life science) and the DNA-
free kit (Ambion). RNA concentrations were quantified using a NanoDrop
Spectrophotometer and sample integrity was verified using an Agilent 2100 Bioanalyzer
(Agilent Technologies Inc). Only samples with RIN values above 8.0 were used for
experiments. cDNA libraries were prepared using an lllumina TruSeq RNA sample prep Kkit.
The average size of the library cDNAs was 150 bp (excluding adapters). The integrity and
quality of cDNA libraries were assessed using an Agilent 2100 Bioanalyzer and an ABI
StepOne Plus real-time PCR system. RNA-seq was performed by Novogene Company
(Tianjin, China). RNA-Seq reads from the FASTQ files were mapped to the Drosgphila
reference genome (R6.23) using Tophat2 (Kim et al., 2013). The output files in BAM
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(binary alignment/map) format were analyzed by Cufflinks to estimate the transcript
abundance and the presence of putative mMRNA isoforms. The transcript expression level was
calculated using TPM (Transcripts Per Kilobase Million). Exon splicing analysis was
performed using the DExSeq Bioconductor package by controlling for false discovery rate
(FDR) at 0.1(10%) (Anders et al., 2012). The accession number for the RNA-Seq data is
GEO GSE98943.

Bacterial culture and colonies analysis—four female flies from each genotype were
sterilized in 95% ethanol for 1 min and dissected their guts, and then the guts were placed in
200ul of 1xPBS in a 1.5-ml screw-top microcentrifuge tube containing glass beads. Samples
were homogenized using a muti-tissue sample crusher (Shanghai Jingxin Industrial
developmental company, China) for 60 s, or cut gut into small pieces and vortex them for 30
s, then spin down 30 s at 1000 rpm and take out supernatants. The five 1/10 dilutions for the
supernatants were made and plated on mannitol-agar plates or nutrient-agar plates following
previously published methods (Broderick et al., 2014). The aerobes were cultured on
mannitol-agar plates at 25°C for 48-96 hr, the anaerobes were cultured on nutrient-agar
plates at 25°C under strict anaerobic conditions for 48-96 hr. Another group of 1/10 dilution
were plated on MRS plates at 37°C for 24 hr and 25°C 48-96 hr. To compare the abundance
of gram-negative bacteria in the gut of flies with different genotypes, gram-negative bacteria
selective medium was used to selectively culture gram-negative bacteria. One liter of gram-
negative bacteria selective medium contains 5 g Trypsin, 2 g Yeast extract powder, 2 mg
crystal violet, 1 g Non-fat milk powder, 1.6 mg Nisin and 15 g agar. After sterilization at
121°C for 15 minutes, the media is cooled to 45-50°C, before adding 90-unit p enicillin G
for each 200 mL aliquot of medium.

Colony analysis was performed as previously described (Broderick et al., 2014). First,
bacterial colonies on mannitol-agar plates were identified based on classic morphological
features (color, shape, margins, elevation, and texture), and then two isolates from each
designated morphology were purified to obtain individual colonies. A total of 37
representative colonies from wzgut and 40 representative colonies from kdm510424/k6801
were identified by 16S rRNA gene PCR with using primers 27F (5’-
AGAGTTTGATCCTCMTGGCTCAG-3’) and 1492R (5’-GATTACCTTGTTACGACTT-3’).
16S rRNA gene sequence data was characterized by BLAST analysis, and then species with
the highest similarity were deduced as genus name of the unknown colonies. Relative
frequency of bacterial 16S rRNA clones from two groups was counted. All of sequences
data were submitted to GenBank under accession numbers MK049952, MK049953,
MK049954, MK 049955, MK 049956, MK049957, MK049958, MK049959, MK049960 and
MKO049961.

Assessment of consumed food volumes—To address whether kdm510424/k6801 gng
Myo1A-gal4™/kdm5NA knockdown flies ingest different amounts of food compared to
control flies, we assessed consumed food volumes as previously described (Bross et al.,
2005). 8-12 female flies at the age of 3—7 days old each group were fasted for 1 hr before
testing and transferred to 1% blue dye food for 6 hr. After that, fly heads were separated and
the bodies were transferred to a 1.5 mL tube with 0.4 mL PBS, ground completely and
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centrifuged at 13000 rpm for 25 min. The supernatant was transferred to a new 1.5 mL tube
and centrifuged at 13000 rpm for 25 min, after which the supernatant was collected for
testing. A standard curve was established by dissolving blue dye with PBS to a
concentration of 0.1%. 0, 10, 20, 40, 60, 80, 100 uL stock solutions were diluted to 1.5 mL.
The absorbance of samples and standard solution were then measured at 625 nm (BioTek
Synergy HIGHLAND PARK, ROX 998). At lease two independent biological replicates
each group were performed.

Intestine integrity analysis—Integrity of intestinal barrier function was assessed by
measuring the post-feeding distribution of a non-absorbable blue food dye (Solarbio
cat#E8501) according to the published method (Wu et al., 2017). 10-20 female flies at the
age of 3—7 days each group were transferred from normal food to blue dye food (2.5% wi/v)
for 6-10 hr. The gut integrity was determined by quantifying the blue dye coloration seen in
the body cavity using ImageJ. At lease two independent biological replicates each group
were performed.

Feeding assay with FITC-labeled beads—3-7 days old female flies were starved for 3
hr at 25°C before feeding FITC-labeled beads (30 nm diameter, Polysciences, Warrington,
PA, USA) to monitor the permeability of the anterior midgut, as described previously
(Kenmoku et al., 2016). The guts were dissected after feeding for 15-30 min, and then put
guts on the slides and captured image using an Olympus conventional fluorescence
microscope. 10 to 15 female flies each group were performed the assay. The fluorescence
density was quantified using Image J. Statistical significance was evaluated using t-test of
GraphPad Prism 6.0. At lease two independent biological replicates each group were
performed.

Chromatin immunoprecipitation—ChlIP was performed using 300 digestive tracts from
3-7 days old female flies as previously described (Liu et al., 2014). Cross-linking was
performed for 15 min using 1.8% formaldehyde during tissue homogenization. Chromatin
extracts were sonicated using a sonicater (Biosafer, China) for 30 min (settings 10 s on, 10 s
off, high power) to give rise to sheared chromatin with an average length of 200 to 800 bp.
Immunoprecipitations were performed using 2—4 pg of anti-Relish, anti-KDM5 and anti-
H3K4me3 for ChIP-gPCR. 1gG was used as a negative control. Triplicates from two
independent biological replicates were analyzed following the ACt method. Data are
expressed as the percentage of input chromatin precipitated for each region examined. Table
S1 lists all of ChIP-gPCR primers.

Functional interpretation of deferentially expressed genes and gene network
analysis—Degree of enrichment for cellular component, biological processes and
molecular functions was assessed using the Gene ontology (GO) program DAVID (Huang et
al., 2009). Protein-protein integration data are retrieved from the STRING Database (http://
string-db.org/), and protein—protein interaction networks are visualized using Cytoscape
version 3.4.0. Colors of the nodes indicated the expression changes.

Immunofluorescence—The digestive tracts of 3-7 days old female wz, kam510424/K6801
and kdm5M/C" flies were dissected in 1xPBS respectively. Immunofluorescence was carried
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out as described (Wu et al., 2017). Whole guts were fixed in 1XxPBS with 4%
paraformaldehyde for 30 min at 25°C. Samples were washed in PBS with 0.1% T riton
X-100 (PBST) three times, 10 min each. Then the tissues were prewashed in 5% BSA in
PBST for at least 30 min at 25°C. For anti-PH3 antibody staining, the samples were fixed
with 3.7% formaldehyde in PBS, permeabilized with 99.5% pre-chilled ethanol at —30°C for
5 min per the previous published method (Kenmoku et al., 2016). Samples were incubated
with anti-Relish (RayBiotech) or anti-PH3 (Cell signaling) at 1:100 dilution overnight. After
washing three times 10 min each in PBST, samples were incubated with secondary antibody
(1:500) for 1-2 h at 25°C. DNA was visualized with DAPI Fluoromount-GTM (YEASON).
Images were acquired using a FluoView FL1200 laser scanning confocal microscope
(Olympus).

L. plantarum identification and feeding—L. p/antarum L168 was isolated from gut of
3-4 days old female wrflies digestive tracts using MRS (peptone 10 g/L, beef extract 10
g/L, yeast 5 g/L, glucose 5 g/L, sodium acetate trinydrate 5 g/L, Ammonium citrate dibasic 2
g/L, tween 80 1 g/L, KoHPO4 2 g/L, MgSOy4:-7H20 0.2 g/L, MnSO4-H,0 0.05 g/L, CaCO3
20 g/L, agar 15 g/L) medium at 37°C under anaerobic conditions. Six colonies were cultured
in MRS liquid medium at 37°C overnight. Genomic DNA was extracted and 16S rRNA was
amplified using primers Lac-F (5’-gaatgtgtactgccataact-3”) and Lac-R (5’-
gcaactgcatagtattgtgc-3’). The products indicated the colonies are most likely L. plantarum.
Next, to confirm whether the strain is L. plantarum, we cloned the bsh gene of L. plantarum
using bsh specific primers, bsh-F (5’-atgtgtactgccataactta-3’) and bsh-R (5’-
ttagttaactgcatagtattg-3’). We also tested for L. pfantarum specific physiological and
biochemical characteristics (cat. #shbg13, Haibo Company, China). Since Lactobacillus is
resistant to vancomycin (Tynkkynen et al., 1998), to abolish other pathogenic bacteria,
newborn kam5K6801/10424 | kcppg5RNAT anq kdm5'm™c™ mutant flies were transferred to a diet
containing vancomycin (30 pg/mL) 1-2 days before feeding L. plantarum L168 or normal
food. Social behavior analysis was performed on flies after feeding with L. plantarum L168
or normal food for 2-3 days. L. plantarum L168 culture was prepared fresh every day.

Providencia rettgeri identification—Providencia rettgeri bacteria were isolated from 3—
4 days old female kam5K6801/10424 flie digestive tracts by culturing on mannitol-agar plates
at 37°C for 24 hr. Genomic DNA was extracted and 16S rRNA gene was amplified using
primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3") and 1492R (5’-
GATTACCTTGTTACGACTT-3"). A total of 86 colonies were sequenced. The sequencing
results showed that some of the colonies shared 100% homology with Providencia rettgeri
through BLAST searching.

Social space analysis—The social space assay has been used to quantify social
interactions of D. melanogaster or other small insects (Mcneil et al., 2015). One to two days
prior to the experiment, 15 to 20 (3—7 days old) female or male flies were collected under
cold anesthesia respectively. Transfer the flies into new vials containing food, and place
them for 2 hr on the work surface where the experiment will be performed. The flies each
group were transferred to a two-dimensional chamber at the same time of the day between
12 p.m. and 3 p.m, and then forced the flies to form a tight group, subsequently allowing

Cell Host Microbe. Author manuscript; available in PMC 2020 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 18

them to take their preferred distance from each other. According to the established method,
for the group which any strains having climbing defects, we used horizontal chambers to test
social space; however, for the group which any strains have no climbing defects, we used
vertically oriented or horizontal chambers to do social space analysis. When the flies have
settled, usually after around 30 min, take a picture for the social space chamber. Repeat the
experiment for each genotype or condition 2-3 internal replicates and 3 independent repeats.
After that, we upload the pictures to a computer and measured the nearest neighbor distances
with ImageJ as the established anlaysis method (Mcneil et al., 2015). Statistical significance
was evaluated using Kolmogorov-Smirnov Test of GraphPad Prism 6.0.

Direct social contacting analysis—Coordinated movements in D. melanogaster, such
as walking and body contacting are required for many types of complex behaviors, including
courtship (Greenspan and Ferveur, 2000) and social interactions (Strauss and Heisenberg,
1990). Saocial interactions were identified by finding sequential frames in which flies were in
close proximity to each other. Based on identification of individual time periods in which
flies were in close proximity, we observed social interaction behaviors using real-time
tracking software (lyengar et al., 2012). The 3 to 5-day-old specified genotype females and
males were loaded individually into round two-layer chambers (diameter: 1.5 cm; height: 2.5
mm per layer). One female or one male with same genotype was put into one layer of a
chamber, and then one female or male was gently aspirated into the other layer of the two-
layer chamber which is separated from the target fly by a plastic transparent barrier until
direct contact test was performed (20 min) (lyengar et al., 2012). The direct social contact
index indicated the percentage of observed time in which two flies interacted with one
another. The direct social contact of two flies was recorded for 20 min, digitized and
analyzed using Ethovision®XT software by other people different from people. To exclude
any factitious factors, blinding was done during analysis process: the analyst who was not be
aware of the group in which they are placed performed the social contacting analysis. Any
pairs with having injured fly during the experiment process were excluded from the assay.

Social avoidance analysis of Drosophila stress odorant—To study social
avoidance, we used assays previously described (Fernandez ef a/., 2014). Using this assay,
Fernandez et al. recently demonstrated that different genetic risks for autism have
contrasting effects in social behavior (Fernandez et al., 2014). Following the established
method, 2 hr before performing the experiment, we transfer the responders and emitters flies
into fresh food vials to ensure that these flies are not starved and let the flies adjust to the
environment for 2 hr, on the bench which the experiment. Then, we used a T-maze device to
detect the avoidance of different group flies from an irritating odor. To obtain vials with
dSO, we mechanically agitated a vial with 100 emitter flies on a mini-vortex as follows:
vortex for 15s, remove the vial from the vortex for 5s. This process was repeated three times
for a total of 60s. We removed the emitter flies out of the fresh vial and quickly placed the
dSO filled vial onto one of the two sides of the T-maze apparatus. 15-40 females or males
from each group (3-7 days old) were put into the T-maze, and a fresh test vial was placed on
the other side of the T-maze. After the elevator was completely down, the test flies were
allowed to choose between the dSO containing tube and the fresh tube for 1 min (Wise et al.,
2015). The Performance Index (PI) was calculated for each genotype by subtracting the
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number of flies in the dSO vial from the number of flies in the dSO-free vial, and then
dividing by the total number of flies indicated as the “performance index” (Fernandez et al.,
2014). Statistical significance was evaluated using t-test of GraphPad Prism 6.0. Blinding
was not done during these experiments.

Lifespan Assays—Flies of the specified genotype or treatment with antibiotic food or L.
plantarum were raised at low density (20-25 flies per vial) and three vials each group at the
25°C or 29°C (RNA.i activated and control flies). Live flies were counted every day and
transferred to new vials every 2 days. Survival data are presented as mean + SEM from three
vials. Lifespan experiments were carried out at least two times from independent parents.
Representative lifespan experiments are shown in the Figures.

Serotonin detection—Approximately 10-20 whole bodies, abdomens, digestive tracts or
heads from 3-7 days old female adult were pooled and placed in 0.2 mL PBS, and
homogenized on ice for 5-10 min. Each sample was centrifuged at 3000 rpm for 20 min.
The supernatants were used to perform ELISA to measure the concentration of 5-HT using
the serotonin assay kit (cat. #4104, Jiancheng, Nanjing, China). The final amount of 5-HT
was normalized by the total weight of flies or the number of heads or digestive tracts used
for each sample. For each group, at the least three independent biological replicates were
made. Statistical significance was evaluated using t-test of GraphPad Prism 6.0.

Transmission electron microscopy—Twenty sections from the digestive tracts of 3-7
days old female flies were fixed overnight at 4°C in 0.1 M phosphate buffer containing 2.5%
glutaraldehyde. The samples were washed with 0.1 M phosphate buffer four times (15 min
each), and postfixed with 1% osmium oxide in 0.1 M phosphate buffer for 2 hr at 4°C,
followed by two washes with water (10min). The samples were stained with 2% uranyl
acetate for 2 hr after which the samples were dehydrated using a graded ethanol series (50,
70, 90, and 100%) for 15 min at each concentration, followed by two rinses with 100%
acetone for 15 min and embedded in araldite resin (EPON 812) and incubated overnight at
30°C. Afterwards, the samples were polymerized at 37°C for 12 hr, 45°C for 12 hr, 60°C for
48 hr. Sections (60—80 nm) were obtained with an ultramicrotome and stained with lead
citrate. The sections were viewed by transmission electron microscope (FEI, Tecnai Spirit
Bio TWIN, USA).

Gram-staining of gut microbiota—4 female gut digestive tracts each genotype or group
in 200 pL PBS were cut into small pieces and vortex for 30s. Then, the sample was spin
down for 30s at 1000 rpm.

50 uL supernatants was transferred to a slide and spread as a thin film over a circle of 1.5 cm
in diameter. The suspension was air-dried and gently fixed using a flame, after which crystal
violet stain was added for 60 s. Excess stain was poured and the slide was rinsed in running
water. The slide was incubated in iodine solution for 60s. Excess iodine solution was
removed and the slide was rinsed in running water. A few drops of decolored solution were
added to the slide so the solution trickles down the slide and rinsed off with water after 20—
40s. The slide was counterstained with basic fuchsin solution for 60s, washed with sterile
water, air-dried, and examined under a microscope. Photographs were collected from the
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four corners and the middle of the staining area, and purple-stained gram-positive bacteria
and pink-stained gram-negative bacteria were identified and counted. For each group, at the
least two independent biological replicates were made. Statistical significance was evaluated
using t-test of GraphPad Prism 6.0.

Western blot—The total protein was extracted from 30 digestive tracts or 30 heads of 3-7
days old female adult flies using 60 ul RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1%
TritonX-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM sodium pyrophosphate, 25 mM f-
glycerophosphate, 1 mM EDTA, 1x Protease Inhibitor Cocktail from Roch company). The
same amount of protein samples were run on the SurePAGE 4-12% or 4-20% MOPS gel
(GenScript) and then transferred to polyvinylidene difluoride (PVDF) membrane. After
blocking non-specific sites with 5% milk or Odyssey Blocking buffer, the membrane was
incubated with the different primary antibodies including KDM5 antibody((Secombe et al.,
2007), Anti-H3K4me3 (Active Motif) and Anti-H3 (Abcam) at 4 C o/n, followed by
incubation with HRP-conjugated secondary antibodies (Santa cruz blotechnology) or IRDye
800CW/680RD goat anti-rabbit/goat anti-mouse secondary antibodies ((LI-COR
Biosciences)). Immunoreactive bands were detected using Tanon™ High-sig ECL Western
Blotting Substrate(Tanon) and visualized using ChemiDoc™ Touch Imaging System or
ODYSSEY INFRARED IMAGER (LI-COR) respectively. Band intensity quantities using
Imagel.

Real-time PCR—Total RNA (1 pg) which was isolated from S2 cells or 20 digestive tracts
from 3-7 days old female adult flies, was reverse transcribed using the Verso cDNA kit
(Thermo Scientific) with oligo (dt) primer. qRT-PCR reactions were performed in triplicate
as described previously (Liu and Secombe, 2015). Primer sequences are provided in Table
S1.

Plasmid construction—PGRP-LC-RE-GFP over-expressing plasmid was constructed by
cloning a PGRP-LC-RE cDNA product into pAc5.1/VV5-HisB-GFP using Sac Il and Xbal
sites. The PGRP-LC-RE cDNA fragment was PCR amplified with PGRP-LC-RE forward
primer, 5’-GATCTAGAATGTCGAGGAACACGCTTGA-3’ and PGRP-LC-RE reverse
primer, 5’-GACCGCGGTTAGATTTCGTGTGACCAGT-3’. /md-GFP plasmid was
constructed by cloning /md cDNA product into pAc5.1/V5-HisB-GFP using Apal and Xbal
sites. The imd cDNA fragment was amplified with /ma forward primer, 5’-GC
TCTAGAATGTCAAAGCTCAGGAACCT-3’ and /imdreverse primer, 5’-GA
GGGCCCCTAGCTGTTTGTCTTGCGCTTC-3".

Transfection—S2 cells were cultured in Schneider’s Drosophila Medium(Gibco) and
seeded in 6-well culture plates at 10° cells per well. S2 cells were transfected with 0.4 g
pACc5.1/V5-HisB-GFP, pAc5.1/V5-HisB-PGRP-LC-RE-GFP, pAc5.1/V5-HisB-imd-GFP
using Effectene Transfection Reagent (Qiagen, USA). 24 hours after transfection, the
transfected cells were collected for total RNA isolation.

Inducing kdm5 RNAI in S2 Cells by transfection with dsRNA—The sequence of
the fragment targeting 330 bp of the kdm5 genes was amplified by PCR with the forward
primer 5'-ATCAGATCGCAAAGTTCTGG-3" and reverse primer 5'-
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AATCGGTTCCACCTCCGTCCT-3". In addition, an unrelated dsRNA corresponding to a
green fluorescence protein (GFP)gene was used as a control, and a PCR product targeting
the 413 bp region was amplified by the forward primer 5~
TGCTTTGCGAGATACCCAGA-3" and reverse primer 5'-
AGGGCAGATTGTGTGGACAG-3". The dsRNAs synthesis templates were constructed
using the PCR products with primers containing the T7 RNA polymerase promoter sequence
5 -TAATACGACTCACTATAGGG-3". The dsRNAs were synthesized according to T7
RiboMAX™ Express RNAI System kit (Promega Corporation, Madison, W1, USA). 10 ug
of kdm5-dsRNA or GFP-dsRNA was added in each well with following the previous
methods (Zhou et al., 2013). After treatment for three days, S2 cells were collected and total
RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions.

S2 cells with 20E and PGN treatment—S2 cells were treated with 1 uM 20-
hydroxyecdysone (20E) for 24 hr or 2 pg/ml peptidoglycan (PGN) for 6 hr to activate IMD
pathway as previous descriobed (Rus, F et al., 2013).

Agarose gel electrophoresis for checking open reading frame expression of
PGRP-LC isforms—Total RNA was isolated from 20 digestive tracts of wzflies,
kam5K6801/10424 flies Control flies, KDMS5 intestine-specific RNAI flies, KDM5RNAI 52
cells and GFPRNAI 32 cells respectively. All flies are female at the age of 3-5 day old. 1pg
total RNA each group was reverse transcribed using the Verso cDNA kit (Thermo Scientific)
with oligo (dt) primer. PCR reactions were carried out in 25 uL reactions with 12.5 pL of
2xHieff® Robust PCR Master Mix (YESEA, China), 0.2 uM of forward and reverse
primers, and 150 ng template cDNA. Thermal cycling consisted of initial denaturation at
95°C for 5 min, followed by 36 cycles of denaturation at 95°C for 30s, annealing at 55°C for
30s, and elongation at 72°C for 60s. Finally, 72°C for 5 min. PCR products were detected on
2% agarose gels by electrophoresis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise indicated, data are presented as mean + SEM from at least three
independent biological replicates. Statistical significance was evaluated using Student’s t test
analyses or Kolmogorov-Smirnov test analysis by GraphPad Prism 6.0 software. Data are
presented as mean + SEM and p < 0.05, p < 0.01, p < 0.001 and p<0.0001 was considered
statistically significant. The exact value of n representing the number of group in the
experiments described was indicated in the figure legends. Any additional technical
replicates are described within the Method Details and the results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Deficiency of KDM5 demethylase causes gut dysbiosis and abnormal social behavior in
flies. Lactobacillus plantarum administration improves social behavior in kdm5-deficient
animals. KDM5 maintains proper immune activity in a transcriptional and microbiota-
mediated manner. KDM5 demethylase affects social behavior through the gut-
microbiome-brain axis.
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Figure 1. Loss of KDM5 causes intestinal epithelial barrier disruption and impaired social

behavior.

A. Levels of KDM5, H3K4me3 and Histone H3 in intestine tissues from wildtype (wr,
w!118) and kam5/<6801/10424 flies using Western blot analysis.

B. Transcription levels of k@m5in intestine tissues from wtand kam5/<6801/10424 f|jes using

RNA-seq analysis.

C. Representative images of the digestive tract from wrand kdm5<6801/10424 fjies (left panel,
4x). The red dotted box highlights a portion of the midgut showing intestinal defects with

bubbles in kdm5/<6801/10424 flies compared to wz (right panel 20%).

D. Percentage of flies with intestinal defects with bubbles in wrand kam5<6801/10424 fljes at

the age of 3-5 days. In total, 30-40 flies each group were examined.

E. Transmission electron micrographs of the epithelial barrier in the anterior (top-panel) and
posterior (bottom-panel) midgut from wtand kadm5<660/10424 fljes (2.9K magnification).
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F. Intestinal permeability analysis for wrand kam5<6801/10424 flies was assessed by
measuring the post-feeding distribution of a non-absorbable blue food dye (top-panel).
Quantification of the percentage of body area with distribution of non-absorbable blue food
dye relative to whole body (bottom panel).

G. The digestive tract of kam5/<6801/10424 f|jes are highly permeable. Conventional
fluorescence microscopy revealed that FITC-labeled beads remained in the lumen of wild-
type flies after feeding. In contrast, FITC signals were diffuse in the gut of kam5K660/10424
flies.

H. Protein Levels of KDM5, H3K4me3 and Histone H3 in heads and intestine tissues from
Myo1A-Gal475/+and MyolA-Gal4™S/kdm57NAi flies using Western blot analysis (top
panel). Quantification of intensity for western blot is shown in the bottom panel.

|. Post-feeding distribution of a non-absorbable blue food dye in Myo1A-Gal475/+and
Myo1A-Gal4TS/kdm5°NA' flies to measure intestinal permeability. Quantification of the
percentage of body area with distribution of non-absorbable blue food dye relative to whole
body.

J. kam5K6801/10424 fjes showed an increase in social space compared to wrand kdm5
rescued flies.

K. Social avoidance analysis showed a decrease activity for kam5<6601/10424 flies compared
to wrand kdm5 rescued flies.

L. Distribution of social space in control MyolA-Gal4™s and MyolA-Gal4™S/kdm5NAI
flies. MyolA-Gal4™S/kdm57NA/ flies showed an increase in social space compared to
control.

M. Social avoidance analysis showed decreased activity in MyolA-Gal4”S/kam57NA flies
compared to control.

N. Direct social contacting time was reduced in female kam5/<6801/10424 flies compared to
wit.

0. Direct social contacting time was reduced in male Myo1A-Gal4™S/kadm5?NA! compared
to control.

Error bars represent minimum and maximum (J and L). Other data are shown as mean +
SEM. n =3 (J-M). n>8 (N and O). *p< 0.05, **p < 0.01, and ***p < 0.001. In total, 10-15
flies in each group were examined (F, G, and ). Data shown in (D) and (F)—(I) are
representative of two independent experiments.
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Figure 2. Loss of KDM5 protein alters gut microbiota composition.
A. Observed bacterial species richness in gut samples from wrand kam5K6801/10424 fjes p

value<0.05 by Wilcoxon rank sum test.

B. Overlap of observed bacterial OUTs in gut samples from wtand kam5K660/10424 fjjgs,
C. Hierarchical clustering of wrand kam5<680/10424 fljes using Bray-Curtis dissimilarity
indices at the phylum level by the unweighted unifrac distances.

D. Heatmap of normalized relative abundance levels of OTUs significantly changed between
witand kam5<6801/10424 flies grouped into 17 orders and colored at the phylum level
(Wilcoxon rank sum test, P<0.05).

E. Lactobacillus spp. loading was determined by plating 3-day old wt, kam510424,
kdm5K06801 | gm5K6601/10424 and kam5¥6801 :gkam5-HA fly intestine samples on De Man,
Rogosa, and Sharpe (MRS) agar at 37°C.
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F. Gram-negative bacteria loading was determined by plating 4-day old wt. kadm510424,
kdm5K06801  fqim5K6801/10424 and kaim 56591 :gkadm5-HA fly intestine samples on selective
Gram-negative bacteria agar at 25°C.

G. The ratio of gram-negative to gram-positive bacteria in intestinal samples of
kdm5K<6801/10424 and it flies.

H. Q-PCR analysis showing the abundance level of L. piantarum 1.168 and P. rettgeriP6 in
intestinal samples of kam5<6801/10424 and it flies.

I. The number of PH3 positive staining stem cells in mid-gut samples from kam5%6801/10424
and wiflies.

J. The number of PH3 positive staining stem cells in mid-gut samples from Myo1A-Gai4’>/
kdm5°NATand wt flies.

Data are shown as mean + SEM. n > 3 (A-G). 10-20 flies were examined each group (I and
J). Data shown in (H-J) are representative of two independent experiments.* £ <0.05; **P <
0.01 and ***P < 0.001.
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Figure 3. Gut bacterial and behavior analysis of GF wt and GF kdm5/<680110424 fjjeg
reconstituted with microbiome isolated from wt flies

A. Gram negative bacteria abundance in 1 day old GF wr and kam5/<680/10424 fjjes
reconstituted with microbes from w#flies at 25°0.

B. The ratio of gram-negative to gram-positive cells in 1 day old GF wr and kdm5K<6801/10424
flies reconstituted with microbes from w# flies.

C. Lactobacillus spp. bacteria abundance in 1 day old GF wt and kam5<6601/10424 fjjes
reconstituted with microbes from w«flies.

D. Real-time PCR analysis of abundance of L. piantarnm L168 and P, rettgeri P6in 1 day
old GF wt and kdm5K6801/10424 f|jes reconstituted with microbes from wzflies.

E. Social space in 1 day old GF wr and kdm5K6801/10424 f|jes reconstituted with microbes
from wiflies.

F. Social avoidance (performance index) in 1 day old GF wt and kam5K660/10424 f|jeg
reconstituted with microbes from w«flies.
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G. Direct social contacting time in 1 day old GF wt and kdm5X6801/10424 f|jes reconstituted
with microbes from wzflies.

H. Gram negative bacteria abundance in 4 days old GF wt and kam5<6601/10424 f)jes
reconstituted with microbes from wiflies.

. The ratio of gram-negative to gram-positive cells in 4 days old GF wr and kam5X6801/10424
flies reconstituted with microbes from wt flies.

J. Lactobacillus spp. bacteria abundance in 4 days old GF wr and kam5K680/10424 fjeg
reconstituted with microbes from wflies.

K. Real-time PCR analysis of abundance of L. plantarum L168 and £ rettgeri P6in 4 day
old GF wt and kdm5X6601/10424 f|jes reconstituted with microbes from wflies.

L. Social space in 4 days old GF wt and kdm5<660/10424 fjes reconstituted with microbes
from wiflies.

M. Social avoidance (performance index) in 4 days old GF wt and kdm5K6501/10424 fjes
reconstituted with microbes from wiflies.

N. Direct social contacting time in 4 days old GF wt and kdm5/<6801/10424 fjjes reconstituted
with microbes from wiflies.

Error bars represent min and max (E and L). Other Data are shown as mean £ SEM. n =3
(A-C, E, FH-J, L and M). n28 (G and N). n=2 (D,K). *P< 0.05, **P< 0.01, ***P<0.001
and ****p < 0.0001. ns, not significant.
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Figure 4. KDM5 manipulates the microbial composition to affect social behavior.
A. Social space in GF MyolA-Gal4TS/kam5NAT and GF control flies.

B. Pathogenic-like bacteria isolated from kdm5%680/10424 fljes fed with antibiotic fortified
food or standard food cultured on nutrient agar, mannitol agar and gram-negative bacteria

agar at 25°C.

C. Intestinal defects with bubbles in kadm5<6801/10424 fjes fed with antibiotic fortified food

or standard food.

D. Social space in kdm5X6601/10424 f|jes fed with antibiotic fortified food or standard food.
E. Social avoidance (performance index) in kdm5/<6601/10424 fjjes fed with antibiotic
fortified food or standard food.
F. Abundance of Lactobacillus spp. isolated from gut samples of kagm5K6801/10424 fjeg
maintained on food supplemented with Lactobacillus spp. or standard food.
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G. Intestinal permeability assay in kam5<6601/10424 fjes maintained on food supplemented
with L. plantarum 1.168 or standard food.

H. Intestinal defects with bubbles in kam5X6801/10424 flies maintained on food supplemented
with L. plantarum L168 or standard food.

I. Social space in kam5%6801/10424 fljes maintained on food supplemented with L. plantarum
L168 or standard food.

J. Social avoidance (performance index) in kam5/<6801/10424 flies maintained on food
supplemented with L. plantarum 1.168 or standard food.

K. Social space in Myo1A-Gal47S/kdm57NA/ flies maintained on food supplemented with L.
plantarum L168 or standard food.

L. Social avoidance (performance index) in MyolA-Gal4”S/kdm57NAi flies maintained on
food supplemented with L. plantarum L168 or standard food.

M. Social space in MyolA-Gal4TS/kdm57NAi flies treated with or without antibiotics.

N. Social avoidance (performance index) in MyolA-Gal47S/kdm5*NA flies treated with or
without antibiotics.

0. Concentration of 5-HT in abdomens samples from wrand kadm5K6801/10424 f|jes,

P. Concentration of 5-HT in abdomens samples from kdm5<660/10424 fjjes treated with or
without antibiotics.

Q. Concentration of 5-HT in abdomens samples from kdm5<6802/10424 flies treated with L.
plantarum L168 or standard food.

R. Concentration of 5-HT in heads of Myo1A-Gal475/kdm5~NA and control flies.

S. Concentration of 5-HT in heads of Myol1A-Gal4™S/kdm57NA/ flies treated with L.
plantarum L168 or standard food.

Error bars represent min and max (A, D, I, K, M). Other data are shown as mean = SEM; n >
3 (A, B, D-F and I-S). 3040 flies each group were examined (C and H). Data shown in C, G
and H are representative of two independent experiments. *£<0.05, **P< 0.01 and ***
P<0.001.
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Figure 5. KDM5 negatively regulates IMD/Rel signaling.
A. Hierarchical clustering analysis of differentially expressed genes comparing w¢and

kdm5K6801/10424 f]y intestinal tissues. Up-regulated genes are shown in red; down-regulated
genes in blue (A<0.05; fold-change =1.5).

B. Gene ontology biological process enrichment analysis of up- and down-regulated genes
comparing wtand kam5<6801/10424 £y intestinal tissues.

C. Protein interaction network analysis of differentially expressed genes comparing wtand
kam5K6801/10424 fly intestinal tissues. Node colors increasing from yellow to red indicate
expression level changes in kdm5<660/10424 flies compared to wt.

D. Expression levels of the antimicrobial and innate immune response genes in the intestinal
tissues of kam5/<680/10424 fiies relative to wt flies were confirmed by real-time PCR.
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E. Relative expression levels of antimicrobial genes in the intestinal tissues of
kdm5K6801/10424 female flies with L. plantarum 168 feeding or antibiotic treatment
compared to that of kagm5K680/10424 ragpectively.

F. PGRP-LC gene structure and transcriptional profiling of intestinal samples from w¢and
kam5K6601/10424 fljes.

G. ChIP-gPCR analysis of KDMS5 levels at the promoter regions of imad, PGRP-L C-RA and
PGRP-L.C-RE genes in wrand kadm5<6801/10424 flies intestine tissue.

H. ChIP-gPCR analysis of H3K4me3 levels at promoter regions of /md (left panel), PGRP-
LC-RA and PGRP-LC-REin wtand kam5<6801/10424 fjje intestine tissue (right panel).

I. RT-PCR analysis of full-length PGRP-L C-RA and PGRP-LC-RE in S2 cells and intestinal
tissue of kam5K6801/10424 and Myo1A-Gal4™S/kam5*NA flies.

J. Immunofluorescence staining of Relish in intestinal tissue of wtand kam5K6601/10424
flies.

K. ChIP-gPCR analysis of Relish levels at promoter regions of Relish target genes in wtand
kdm5K6801/10424 flies. 19G is included as a negative control (*P< 0.05). Data are shown as
mean £ SEM; n =2 2 (A, D-1 and K). *P< 0.05, **P< 0.01 and *** P< 0.001.
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Figure 6. KDM5 demethylase activity regulates IMD/Rel pathway activity and gut microbiome-

brain function

A. Expression levels of the antimicrobial and innate immune response genes of intestinal
tissues from 3-5 day old kadm5<¢801 -gkadms5 JmjC*-HA (abbreviation: kam5'™/c#*) relative to

kdm5<680L gkdm5-HA flies.

B. Lactobacillus spp. bacteria abundance in 3-5 day old kdm5¥68%L gkdm5-HA and

kdm5"mX* mutant flies.

C. Real-time PCR analysis of abundance of L. plantarum L168 and £ rettgeri P6in
kdm5" S and kdm5650L -gkdm5-HA flies.
D. Number of PH3 positive staining cells in mid-gut from kdm5"™C*and

kdm5<680L -gkdm5-HA flies. 10-20 flies each group were examined at the 3-5 days.

E. Intestinal permeability analysis for 3-5 day old kadm5<¢501 -gkdm5-HA and kdm5'mJC*
flies was assessed (top-panel). Quantification of the percentage of body area with
distribution of non-absorbable blue food dye relative to whole body (bottom-panel).
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F. The digestive tract of kdm5"™C*flies are highly permeable. FITC-labeled beads
remained in the lumen of kdm5%6801 -gkam5-HA flies. In contrast, FITC signals were diffuse
in the gut of kdm5"MC+flies.

G. Social space in kdm5™C*and kdm568%1 :gkam5-HA flies.

H. Social avoidance activity (performance index) in kdm5'™C*and kam5<68%L gkdm5-HA
flies.

I Intestinal permeability in kdm5/™C+flies treated with or without L. plantarum L168.

J. Social space in kdm5"™C*flies treated with or without L. plantarum L168.

K. Social avoidance (performance index) in kdm5/"/C*flies treated with or without L.
plantarum L168.

L. Concentration of 5-HT in abdomens tissues from kadm5™C*and kam5<680L -gkam5-HA
flies.

M. Concentration of 5-HT in abdomens tissues from kam5"™C*flies treated with or without
L. plantarum 1.168.

Error bars represent min and max (G and J). Data are shown as mean + SEM. n=3 (B and G-
M). n=2 (A and C). Data shown in D-F are representative of two independent experiments.
*P<0.05; **P<0.01 and ***P< 0.001.
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Figure 7. Inhibition of IMD signaling rescues gut dysbiosis and social behavior induced by loss of
KDM5

A. The ratio of Gram-negative to Gram-positive bacteria in the gut of four groups.

B. Real-time PCR analysis of abundance of L. plantarum L8168 and £ rettgeri P6in gut
tissue from four groups.

C. Intestinal permeability in four groups was assessed (left panel). Quantification of the
percentage of body area with distribution of non-absorbable blue food dye relative to whole
body (right panel).

D. Social space analysis in four groups.

E. Social avoidance (performance index) in four groups.

F. Direct social contacting time in four groups flies.

G. Concentration of 5-HT in body from four groups flies.

The genotypes of the four groups represented in Figures A-G are as follows: 1. MyolA-
Gald™S/+. 2. MyolA-GaldTs/+:kdm5*NAl/+. 3. MyolA-Gal4Ts/+; kam5FNAimefRNAI 4,
Myo1A-Gal4TS+:imd®NAi/+. Error bars represent min and max (D). Other data are shown as
mean £ SEM; n =2 3 (A, D-G). n=2 (B). Data shown in C are representative of two
independent experiments. *P< 0.05; **P< 0.01 and ***P< 0.001.
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