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Abstract:

Social interactions can be divided into two categories, affiliative and agonistic. How
neurogenomic responses reflect these opposing valences is a central question in the biological
embedding of experience. To address this question, we exposed honey bees to a queen larva,
which evokes nursing, an affiliative alloparenting interaction, and measured the transcriptomic
response of the mushroom body brain region at different times after exposure. Hundreds of genes
were differentially expressed at distinct time points, revealing a dynamic temporal patterning of
the response. Comparing these results to our previously published research on agonistic
aggressive interactions, we found both shared and unique transcriptomic responses to each
interaction. The commonly responding gene set was enriched for nuclear receptor signaling, the
set specific to nursing was enriched for olfaction and neuron differentiation, and the set enriched
for aggression was enriched for cytoskeleton, metabolism, and chromosome organization. Whole
brain histone profiling after the affiliative interaction revealed few changes in chromatin
accessibility, suggesting that the transcriptomic changes derive from already accessible areas of
the genome. Although only one stimulus of each type was studied, we suggest that elements of
the observed transcriptomic responses reflect molecular encoding of stimulus valence, thus
priming individuals for future encounters. This hypothesis is supported by behavioral analyses
showing that bees responding to either the affiliative or agonistic stimulus exhibited a higher
probability of repeating the same behavior but a lower probability of performing the opposite
behavior. These findings add to our understanding of the biological embedding at the molecular
level.
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Introduction:

When animals are confronted with a conspecific, it is advantageous for them to be able to predict
whether their interaction will likely be beneficial or harmful (Palmer and Kristan, 2011). While
social stimuli can evoke a complex repertoire of behavioral responses appropriate to the
situation, at least two primary valences of social interactions can be distinguished: positive
affiliative or negative agonistic behavior. Positive affiliative behaviors favor both the actor and
recipient (unless one of the individuals is infected with pathogens) and include behaviors such as
parental care (Dulac et al., 2014), alloparental care (Stiver and Alonzo, 2011), and social
grooming (Lehmann et al., 2007). Agonistic behaviors are intended to deter or harm the recipient
and include behaviors such as threatening and aggression (Lorenz, 1966; Nelson and Trainor,
2007). The stimuli that evoke affiliative or agonistic behavior correlate with different
physiological and internal states; agonistic behavior is related to stress and fear and the potential
loss of valuable resources, while affiliative behavior is related to the positive effects of safety
and social benefits (Anderson and Adolphs, 2014).

Social experience has a strong effect on an animal’s future behavior (Oliveira et al., 2009).
Biological embedding of social experience is a product of multiple processes including endocrine
signaling, neuronal activity, and transcriptomic and epigenomic changes (Hertzman, 2012). For
example, aggressive interactions in mice induce an increase in circulating testosterone levels and
brain dopamine levels that lead to an increase in vigilance and aggression in future encounters
(Maruska, 2015; Nelson and Trainor, 2007; Schwartzer et al., 2013). Mouse affiliative behaviors
like parental care increase the secretion of estrogens and vasopressin, increasing the frequency of
affiliative behavior in the future (Dulac et al., 2014; Li et al., 2015; Lim and Young, 2006).

Neurochemical changes occur relatively quickly and have a relatively immediate effect on the
behavior and physiology of the animal. In contrast, changes in brain gene expression and
chromatin structure typically take longer and are therefore less likely to have an immediate effect
on behavior. Nevertheless, extensive brain transcriptomic changes have been observed in
response to social challenges that evoke threatening or aggressive behavior, in both vertebrates
and invertebrates (Bukhari et al., 2017; Rittschof et al., 2014; Saul et al., 2017; Shpigler et al.,
2017b). Such neurogenomic changes are expected to affect future social interactions as a
consequence of biological embedding of the social experience (Robinson, 2015). Consistent with
this idea, bees subjected to a threatening signal showed increased aggression in subsequent lab
and field assays (Alaux and Robinson, 2007; Shpigler et al., 2017b). These results raise the
question of whether the experience of affiliative behavior also induces neurogenomic changes
and then biases future behavior toward increased affiliation and decreased agonistic behavior.

Here we report on studies that examined this question by analyzing neurogenomic responses of
adult worker honey bees (4Apis mellifera) to a stimulus that triggers affiliative behavior. We used
a laboratory assay we developed (Shpigler and Robinson, 2015) that gives individuals the
opportunity to nurse a queen larva; because worker honey bees are essentially sterile, this type of
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alloparenting is strongly associated with evolutionary fitness. We measured gene expression in
the mushroom bodies (MB), a higher order integration center in the insect brain that coordinates
sensory input in multiple modalities with behavioral output (Vogt et al., 2014).
Neurophysiological studies have demonstrated the involvement of the MB in learning and
memory and decision making (Heisenberg, 2003; Martin et al., 1998; McGuire et al., 2001;
McGuire et al., 2005). In addition, we have demonstrated a robust MB transcriptomic response to
an agonistic social signal, i.e., a territorial intruder in a laboratory assay (Shpigler et al., 2017b).
To probe the gene regulatory mechanisms underlying gene expression changes associated with
an affiliative social opportunity, we also measured chromatin accessibility in the brain. Finally,
we determined whether exposure to a queen rearing opportunity biases future behavior toward
further performance of this affiliative behavior and against agonistic behavior.

A further goal of this study was to explore the question of whether neurogenomic responses to
affiliative social stimulus and agonistic social stimulus differ in ways that suggest that valence
detection has a molecular basis. Molecular mechanisms underlying valence detection have been
demonstrated in other systems, as indicated by the following examples. The parasite Toxoplasma
gondii was shown to reduce rat avoidance of predator odors by epigenetic modification in the
amygdala (Dass and Vyas, 2014). In the fruit fly, aggression or courtship behavior is controlled
by a known subset of neurons and can be modified via cell-specific splicing changes in the gene
fruitless (Demir and Dickson, 2005; Koganezawa et al., 2016). Exposing mice to variety of
rewarding or aversive experience induced unique expression response of immediate early genes
in distinguish brain regions (Mukherjee et al., 2018). These examples suggest that valence
detection has a molecular component that has not yet been examined at the transcriptomic level.

To facilitate an agonistic-affiliative comparative neurogenomic analysis, the present affiliative
study was designed to parallel our published study on agonistic interaction (Shpigler et al.,
2017b) as closely as possible. Although we have only studied one social behavior of each type,
this comparison provides results that are consistent with the hypothesis that differences in brain
transcriptomic are related to differences in the valence of social stimuli.

Materials and methods:

Bees

One-day-old bees were obtained from apiaries maintained by the University of Illinois Bee
Research Facility, Urbana, IL, June—August 2014 and 2015. Frames of honeycomb containing
pupae were removed from the colonies and placed in an incubator (34°+1°C, 45%+10% RH).
Newly emerged adult bees (1-18 h old) were placed in groups of 10; each bee within a group was
marked with a unique color for individual recognition. Bees were kept in vertically oriented Petri
dishes (100 X 20 mm) with a beeswax foundation sheet placed on the base (“wall”) of the dish to
mimic in-hive conditions. Dishes were supplied with one tube of honey (~1.4 ml), 30% sucrose
solution (2ml) and pollen cake made of a mixture of pollen and 30% sugar solution (~10 mm

This article is protected by copyright. All rights reserved.



diameter ball). For Experiment 1, three colonies were used, each headed by queens artificially
inseminated with semen from a single drone (SDI). Because of haplodiploid, the resulting female
worker offspring within each colony were highly related to each other (average coefficient of
relatedness, r = 0.75), thus decreasing within-colony genetic variation. For Experiment 2, two of
the same SDI colonies from Experiment 1 were used. For Experiment 3, two colonies headed by
naturally mated queens (inseminated by multiple drones) were used. The bees from the different
colonies in each experiment were not related to each other, making each colony an independent
biological replicate of the experiment.

Brood Care Assay

We used a recently developed assay shown to induce natural queen rearing behavior in the
laboratory (Shpigler and Robinson, 2015). Briefly, groups of ten 7-day-old bees housed in
transparent plastic Petri dishes (100 x 20 mm) were exposed to a 4-day-old queen larva located
naturally in a waxen “queen cell” for 5 min. The experiment was conducted in an incubator room
set to mimic the normal in-hive conditions when brood care behavior is performed (34°+0.5 C,
50% =+ 10% RH). Detailed observations were performed for 5 min after the queen larva was
introduced to the dish, during which the bees entered the queen cell to interact with the larva. We
focused on two behaviors: cell inspection, which consists of short interactions (< 10 sec) and
nursing, which consists of longer interactions (11-90 sec), feeding endogenously produced “royal
jelly,” and abdominal contractions. For each bee, we recorded the number of visits to the queen
cell, the length of each visit, and the total amount of time spent in the cell out of the five-minute
assay. A video of the behavioral assay can be found at:
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0143183

Experiment 1: Effects of exposure to an affiliative stimulus on mushroom body gene
expression

Groups of ten bees were created as described above and assigned randomly to experimental or
control treatments. For groups assigned to the experimental treatment, the brood care assay was
performed as described above. For groups assigned to the control treatment, an empty queen cell
from the same colony as the queen cell used for the experimental treatment was introduced.
Although bees occasionally inspected the empty cell, its presence did not elicit any nursing
behavior or alter their other behaviors in any discernable way. We believe this type of novel, but
non-social stimulus should control for the effects of general arousal on MB gene expression. The
queen cell and the control empty cell were introduced simultaneously (each to its respective
group) and removed at the end of the 5-min assay. The bees were then left undisturbed for 30, 60
or 120 min. The “nurse” bee that spent the longest amount of time in the queen cell in each dish
(range: 45-169 sec, average: 83.9+4.5 sec; 80.944 sec; 64.3+2.5 sec for colonies 1, 2 and 3
respectively) was collected for transcriptomic analysis 30, 60 or 120 min after the brood care
assay. A normally behaving bee from the control dish was collected at the same time for
comparison. The sampled bees were frozen immediately in liquid nitrogen and individually
placed in 1.5 mL tubes stored in a -80° C freezer for further analysis. For transcriptomic
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profiling, 10 pairs of experimental and matched control bees were used for each time point,
summing to a total of 60 individuals per colony. The experiment was repeated with three
different colonies, summing to a total sample size of 180 bees, each analyzed individually. Four
bees (two paired experimental and control) were excluded from the analysis due to poor RNA
quality, leaving a sample size of 176 individuals. The amount of time each bee spent in the queen
cell was used to analyze the relationship between the intensity of the behavior and MB gene
expression.

Mushroom body dissection and RNA extraction

MBs were isolated as in (Shpigler et al., 2017b). Briefly, bee heads were cut open and immersed
in RNAlater-ICE (FisherThermo) at -20°C for 14-18 h. The heads were then dissected and the
whole brain removed. The upper part of the midbrain containing mostly the mushroom bodies
(MB) and the central brain was cut out and used for gene expression analysis. RNA extraction
was performed with a PicoPure RNA Isolation Kit (Applied Biosystems; Lot #: 1210063). 550
ng RNA from each sample (except for 19 samples that yielded 350- 550 ng) were used for whole
mRNA expression analysis. Sample RNA integrity was assessed using Bioanalyzer 2100
(Agilent).

RNA sequencing, data processing, and analysis

Library preparation and RNA-Seq was performed at the W. M. Keck Center for Comparative and
Functional Genomics at the Roy J. Carver Biotechnology Center (University of Illinois) as
described at (Shpigler et al., 2017b). Single-end RNA sequencing (using Illumina HiSeq2000)
produced a median read depth of 22.98 million reads per sample (range: 9.20-35.68 million reads
per sample). Sequencing reads were aligned to the A. mellifera 4.5 reference genome (Elsik et al.
2014) using TopHat2 with Bowtie2. Most of the bees (176 out of 178) had > 80% of the
transcriptome reads aligning to the A. mellifera genome. As social interaction can be also a
platform for the transduction of pathogens and harm the recipience we also looked if the samples
are contaminated with virus genes. All samples had < 0.5% of the reads aligning to the genome
of the deformed wing virus (DWV), a major pathogen of the hone bee. These results suggest that
the bees were relatively healthy. Numbers of reads per gene were counted with HTSeqg-count, for
15,314 genes. A total of 10,653 genes had > 1 count per million in > 6 samples; these genes were
used for subsequent analyses. Gene expression levels at each time point were compared between
the experimental and control groups using a general linear model (GLM), with colony as
blocking factor, in edgeR (Robinson et al., 2010). P-value correction for multiple testing was
done using the false discovery rates (FDR) method (Storey 2002); lists of differentially
expressed genes (DEGs) were determined based on FDR < 0.05. Fifty-four genes that are highly
expressed in the hypopharnygeal glands (HPG) were excluded from the analysis since the HPG
are close to the brain and can contaminate brain samples (Rittschof et al., 2014; supplementary
table 9). Gene Ontology (GO) enrichment analysis (Ashburner et al., 2000) was performed on
the DEG lists using a list of orthologous genes with Drosophila melanogaster (Huang et al.,
2009).
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Comparison of mushroom body transcriptomic responses to an affiliative or agonistic stimulus
We compared the gene expression results of our current study to our previously published study
on the effect of exposure to an intruder bee on MB gene expression (Shpigler et al., 2017b). Data
collection and analysis were performed identically in both studies. Overlaps between the DEG
lists produced by the same analysis were compared using a hypergeometric test after setting the
common universe of genes expressed in both studies (10,563 genes). The log fold-change of
experiment vs. control of shared DEGs in each experiment was analyzed using a Pearson
correlation test to evaluate the relationship of the gene expression response between the studies
in the GLM and in the post-hoc time point analysis. Genes differentially expressed (FDR <0.05)
only in one study were categorized as either agonistic- or affiliative-responding genes. The
uniquely responding genes were split into up- and down-regulated genes and GO enrichment
analysis performed on each list.

Transcriptional regulation of the MB response to social stimuli

To predict which transcription factors (TFs) regulate behavior- and time-dependent changes in
gene expression related to affiliative (current study) and/or agonistic interactions (Shpigler et al.,
2017b), a transcriptional regulatory network (TRN) was constructed base on gene expression
data from both studies using the Analyzing Subsets of Transcriptional Regulators Influencing
eXpression (ASTRIX) method (Chandrasekaran et al., 2011) as described in (Shpigler et al.,
2017b). Briefly, ASTRIX uses gene expression data to identify strong regulatory interactions
between TFs and their target genes. The predicted targets of TFs were defined as those genes that
share very high mutual information (p < 10°°) with a TF and have a high predictive ability
(Correlation R > 0.8). The TRN was used to identify TFs whose predicted target genes were
enriched in DEGs (behaving vs. control), as putative regulators of the MB transcriptomic
response. Some TF and target gene sets were implicated in both affiliative and agonistic
interactions and other were unique to only one.

Correlations between MB gene expression and behavioral intensity

Regression analysis of gene expression onto time spent in the queen cell was performed using a
general linear model (GLM) in edgeR (Robinson et al., 2010). P-value correction for multiple
testing was performed using the false discovery rates (FDR) method (Storey 2002), using a
criterion of FDR < 0.05. These analyses were based on 88 bees (30 in Colony 1 and 29 from
Colonies 2 and 3) and a total of 10,527 genes had > 1 count per million in e 9 samples; these
genes were used for analysis of the relationship between behavioral intensity and gene
expression.

Experiment 2: Effects of exposure to an affiliative stimulus on brain chromatin accessibility
Histone H3 acetylated at lysine 27 (H3K27ac) is a marker of chromatin active sites, so
sequencing the DNA near this marker provides good information about which genes have their
chromatin accessible to TF binding (Creyghton et al. 2010; Rada-Iglesias et al. 2011).
Experimental and control bees sampled from the brood care assay at two-time points, 30 and 120
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min, were collected from two SDI colonies (also used in Experiment 1). H3K27ac ChIP-seq was
performed as described in (Shpigler et al., 2017b). Briefly, libraries of H3K27ac-ChIP marked
DNA were prepared from pools of 10 brains from each experimental group and repeated for each
colony for a total of 8 samples. In addition, two immunoprecipitations were performed as
technical replicates with a single input control sample for a total of 24 libraries. The libraries
were created and pooled to a final concentration of 10 nM and sequenced on a single lane of an
Illumina HiSeq 2500. Sequence data were mapped to the honey bee A. mellifera 4.5 reference
genome. Mapped sequence data were analyzed using Hypergeometric Optimization of Motif
EnRichment (HOMER) v4.7. Histone peaks were called from the Tag Directories with default
settings, except that local filtering was disabled, and input filtering was set at two-fold over
background to increase the sensitivity of the peak calling. Differential H3k27ac chromatin peaks
were identified using the HOMER getDifferentialPeak.pl script, which looks for peaks > 2-fold
between experimental groups with a p-value of 10™. For each peak we found the closest
transcription start site (TSS) to identify the gene most likely to be affected by the change in
accessibility. This list of genes was used for subsequent analysis.

Experiment 3: Effects of exposure to affiliative and agonistic stimuli on future behavior
Previous research (Shpigler et al., 2017b) showed that exposure to an intruder not only provokes
an immediate attack but also leads to longer-term changes in behavior in response to a second
intruder. We used the brood care assay to test for comparable effects of exposure to an affiliative
stimulus. We also expanded the scope of our exploration of biological embedding by exposing
bees to both an intruder and a queen larva to determine the specificity of the exposure on future
behavior.

Each group of ten individually marked bees was exposed to a 4-day old queen larva in a queen
cell (as described above) or an unrelated intruder bee (Shpigler et al., 2017b). Both social stimuli
were presented for 5 min and the response of each bee was recorded. The group was left
undisturbed for 2 h and then a second stimulus was given to the same group and the behavior
recorded again. Stimuli were presented in the following pairings (first stimulus /second
stimulus): intruder/intruder; queen larva/queen larva; intruder/queen larva (or queen
larva/intruder). A bee that interacted with a queen larva for > 10 sec was called a “nurse.” The
bee that responded most aggressively to the intruder (biting and/or stinging at least once) was
called a “guard.” Chi-square tests for independence were used to test if the distribution of bees
responding as nurses or guards in the first and second assay was different than random; deviation
from random would suggest a biasing of the second behavioral performance based the
experience of the first. Sample sizes were as follows: intruder/intruder: 45 groups (435 bees);
Queen larva/queen larva 26 groups (240 bees); and queen larva/intruder (or vice versa) 45 groups
(442 bees). The bees were collected from two different colonies, each headed by naturally mated
queens; each group contained bees from only a single colony. Behavioral observers were blind to
the results of the first assay while conducting the second assay.
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Statistical analysis

Behavioral and transcriptomic analyses were performed in R. The TF network was built using
the ASTRIX algorithm and analyzed in MATLAB. ChIP-seq data were analyzed using HOMER.
Detailed descriptions of the methods used for statistical analysis for each experiment can be
found in the individual subsections. RNA-seq and ChIP-seq raw and processed data are available
at Gene Expression Omnibus (GEO) as a SuperSeries under accession number: GSE113132.

Results

Experiment 1: Effects of exposure to an affiliative stimulus on mushroom body gene
expression

RNA-seq analysis of 176 bees from three unrelated colonies revealed that affiliative interactions
with queen larvae had strong influences on MB gene expression. There were 501 differentially
expressed genes (“DEGs,” FDR < 0.05, 299 upregulated and 202 downregulated) associated with
exposure to a queen larva in a queen cell and the subsequent nursing behavior, compared to
exposure to an empty queen cell. The upregulated genes were enriched for the GO terms
“response to abiotic stimulus,” “olfactory behavior” and “axonogenesis.” The downregulated
genes were enriched for the GO terms “neurological system process,” “response to light
stimulus” and “DNA metabolic process.” There were 754 DEGs related to time after exposure to
stimulus. These genes were weakly enriched (6 genes total) for the GO term “GPI anchor
biosynthetic process”. 332 DEGs were related to the interaction of nursing and time; these genes
were enriched for the GO term “transcription factor activity” (GLM, FDR < 0.05, Table S1 and
S2).

The transcriptomic responses weretdynamic and changed in character in the time immediately
following the stimulus. In pair-wise comparisons there were 345, 712 and 410 DEGs detected at
30, 60 and 120 minutes, respectively, after an affiliative response to a queen larva, compared to
control bees exposed to an empty queen cell. The overlap between the DEG lists for the three-
time points was small — only 14 genes were differentially expressed across all three time points
(Fig. 1A right, Table S3).

Comparison of mushroom body transcriptomic responses to an affiliative or agonistic stimulus
The present affiliative behavior study was designed to parallel our previously published agonistic
behavior study (Shpigler et al., 2017b). We compared the results of these two studies to explore
the question of whether neurogenomic responses to affiliative and agonistic stimuli differ in
ways that suggest that valence detection has a molecular basis (Fig S1).

To address questions regarding the role of valence in embedding of experience, we compared the
DEG lists for the affiliative and agonistic responses at each of the three time points (Fig 1A).
There were significant overlaps of DEGs across the two studies at all three time points (Fig 1B),
with a significant positive correlation between genes upregulated in response to both stimuli at
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all three time points (Fig 1C). Only three genes were differentially expressed at all time points
and in response to each stimulus: the immediate early gene Hr38, its paralog Hr38-like, and
prohormone-2 (Fig 1D). The immediate early gene Egr-1 was also differentially expressed in
both experiments, but only in the first hour. Most of the DEGs responded only to one of the
stimuli but not to the other (Fig 1D).

In the GLM analyses there were 501 and 1039 DEGs related to exposure to either a queen larva
or an intruder bee, respectively. The overlap between these DEG lists included 136 genes
(hypergeometric test, p = 5.23 E™°, Fig 2A). The expression of these genes was significantly
positively correlated across the two studies (R* = 0.84; tass) = 26.6; p = 2.54 E™, Fig 2B). GO
analysis revealed that the DEGs responding to both stimuli were enriched for two main
molecular function GO terms, “transcription factor activity” (12 genes) and “unfolded protein
binding” (8 genes).

We hypothesized that this shared set of DEGs captured the common component of the response
to the two stimuli: the social nature of the signal. To explore this idea we compared the shared
GLM gene list (136 genes), which captures the gene expression profile of bees responding to
social stimuli, with another previously published DEG list of 605 genes related to responsiveness
to the same two stimuli (Shpigler et al., 2017a). There was a significant overlap, but this only
involved 18 genes across the two lists (hypergeometric test; p = 0.001, Fig 2C). The 18 genes
included several genes encoding molecular chaperones and the TF dimm.

We also explored this hypothesis by comparing our DEG lists associated with the response to
either a queen larva or an intruder with a previously published mushroom body 546 DEG list;
from an experiment in which bees were exposed to a nonsocial stimulus, a food reward given to
bees in a feeder outside of the colony (McNeill et al., 2016). As McNeill et al. (2016) studied
only a 60-min time point, we used the data sets from the same time point from the present study.
There was an overlap of eight genes responding to all three stimuli (hypergeometric test; p =
0.001, Fig S2). These results showed that the MB transcriptomic response of 38 genes to the
social stimuli had some elements in common with a non-social stimulus but was mostly distinct
from it.

Unique transcriptional response to agonistic and affiliative social interactions

In addition to a core of genes responsive to both social stimuli in the MB, there also were
hundreds of genes responding exclusively to either the affiliative or agonistic social stimulus
overall and at each time point after stimulus presentation. In both cases the transcriptomic
response was dynamic, and the temporal profiles were distinct. For affiliative behavior, the
largest response was detected 60 minutes after the stimulus, while for the agonistic stimulus the
largest response was detected after 120 minutes (Fig 1A).
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To better characterize the transcriptomic response to each social stimulus we split each time
point-specific DEG list (Fig 1D) into up- and down-regulated genes, then conducted GO
enrichment analysis to identify the highlighted functional categories in each case. At each time
point, we identified different enrichments unique to each behavior (Table 1A and Table 1B, full
list — Table S4). GO terms uniquely upregulated for the affiliative interaction included the
biological processes ‘“neuron differentiation” and “amine receptor activity,” and the
downregulated genes were enriched for “DNA replication.” By contrast, for the agonistic
interaction, uniquely upregulated processes included “chromosome organization” and “steroid
hormone receptor activity.” The down-regulated genes were enriched for “contractile fiber” and
“oxidative phosphorylation.”

We highlight one group of DEGs showing different expression patterns in the MB in response to
the two different social stimuli, the amine receptors. Four receptors, octopamine receptor in MB
(Ocmb, Fig 3A), Octopamine ?-1 receptor (Oct? IR, Fig 3B), Octopamine ? -2 receptor (Oct? 2R,
Fig 3C) and Dopamine 1 like receptor 2 (DopR12, Fig 3D) were all upregulated in response to
the affiliative stimulus 60 min after the exposure, but only two were differentially expressed in
response to the agonistic stimulus, Oct’ 2R at 60 min and 120 min (Fig 3C) and DopR12 at 30
min (Fig 3D).

Transcriptional regulation of the MB response to social stimuli

A transcriptional regulatory network (TRN) was modeled from the RNA-seq data using ASTRIX
(Chandrasekaran et al. 2011), using data from both the present study and from (Shpigler et al.,
2017b). This analysis allowed us to identify transcription factors (TF) that are predicted to
regulate gene expression in response to both social stimuli, and those predicted to regulate gene
expression in response to one stimulus but not the other. The TRN included 8685 interactions
between 242 TFs and 3352 target genes. The TRN was thus able to predict transcriptional
relationships between a single TF and target genes for about 34% of the genes included in the
analysis, a number similar to what was reported by Chandrasekaran et al. (2011). The proportion
of the transcriptome predicted by ASTRIX is constrained by several factors such as the number
of honeybee TFs that are unknown and the existence of non-linear interactions between
regulators.

Similar to the DEG comparisons, the TRN analysis identified TFs that were differentially
expressed in response to both stimuli and predicted to regulate DEGs that also were responsive
to both stimuli. These shared TFs included the genes Hr38, Egr-1, CTCF, and usp.#Also similar
to the DEG comparisons, the TRN analysis identified TFs that were differentially expressed in
response to either one or the other social stimulus and predicted to regulate DEGs that also
responded to just one social stimulus. These unique affiliative TFs included the genes cwo, brk,
fru and ftz-f1. The unique TFs responding to the agonistic stimulus included the genes Deaf],
Eip74EF, and SoxN. We also identified a group of TFs whose targets were enriched for DEGs
responsive to both stimuli, but for different DEGs for each stimulus, suggesting that some TFs
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can orchestrate different molecular responses based on the nature of the stimulus (Fig 4, table
S5).

Correlations between mushroom body gene expression and behavioral intensity

There was strong inter-individual variation in the amount of time spent nursing the queen larva
in the brood care assay (range: 45-169 seconds, N = 88 bees). A total of 88 genes showed a
significant correlation between expression level in the MB and time spent nursing (GLM, FDR <
0.05, Table S6), with 37 positively correlated and 51 negatively correlated. The positively
correlated genes were enriched for the GO term “ion channel activity” and included three
potassium channels CG5621; 1, -channel (Fig 5SA) and KCNQ - kcnq potassium channel. The
negatively correlated genes were not enriched for any GO term and included the adenosine
receptor gene (AdoR), which is involved in the response to metabolic stress (Zemanova et al.,
2016), Fig 5B). None of these genes were also DEGs in the comparisons reported above.

Experiment 2: Effects of exposure to an affiliative stimulus on brain chromatin accessibility
Using an antibody against histone H3 acetylated at lysine 27 (H3K27ac), a mark of open
chromatin and active regulatory elements, we identified chromatin differential accessibility
peaks (DAPs, defined as a e 2-fold change in peak difference at p < 10™*) between nursing and
control bees. In parallel to the RNA-seq work, we compared bees 30 and 120 min after exposure
to a queen larva using pools of 10 whole brains from each of two colonies. We detected an
average of ~25,000 chromatin peaks with an average 69 + 13.5 DAPs between nursing and
control bees. This is only 0.28% (range: 0.19% - 0.63%) of the peaks, which contrasts with the
RNA-seq results at the same time points; the stimulus altered expression in hundreds of genes,
representing ~4% of the expressed genes.

There were 185 DAPs enriched in nursing bees for Colony 1 (152 and 33 at 30 and 120 min.,
respectively, with overlap of 3) and 151 for Colony 2 (60 and 91 at 30 and 120 min.,
respectively, 1 overlap gene), with a significant overlap between the colonies of 10 DAPs
(hypergeometric test p = 1.7E-7). This overlap is small but significant due to the large
background. The DAPs from the nursing group from both colonies together were associated with
genes enriched for the GO terms “synapse organization” and “phosphorylation.” The enrichment
results suggest that the changes in chromatin structure are related to the exposure to the
affiliative stimulus. The TF Hormone receptor 4 (Hr4) has a DAP in the nursing group in both
colonies and is also upregulated at the RNA level at the 30 min time point. Some of the DAPs
were located near a DEG (e.g., Hr4, hairy), but there was no significant overlap between the
DEG and DAP lists.

There were 97 DAPs enriched in the control group for Colony 1 (52 and 45 at 30 and 120 min,
respectively, with 1 overlap) and 119 for Colony 2 (46 and 73 at 30 and 120 min respectively, 1
overlap). There was a significant overlap of 7 DAPs across colonies (hypergeometric test, p =
4.2E-7). The DAPs in the control group from both colonies were associated with genes enriched
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for the GO term “negative regulation of cell proliferation” and included a peak in the promoter of
the gene encoding the TF vrille (vri) at 30 min. vri is involved in locomotor rhythms and drives
rhythmic transcription patterns normally peaking at dawn (Gunawardhana and Hardin, 2017). Vri
also had a DAP in its promoter at 30 min but not at 120 min in the control group after exposure
to an agonistic stimulus (Shpigler et al. 2017b). These data suggest that changes in vri regulation
are involved in the MB response to both stimuli (Fig S3, Table S7 and S8).

Experiment 3: Effects of exposure to affiliative and agonistic stimuli on future behavior
The concept of biological embedding implies that past experience influences future behavior. We
tested whether the performance of the bees upon exposure to brood care and intruder stimuli can
predict the behavior of the bees to a second exposure two hours later. We exposed 24 groups of
seven-day-old bees to a queen larva, left the bees undisturbed for two hours, then exposed them
to a queen larva a second time. In the first trial, 60 bees (25%) performed full nursing behavior,
each one spending more than 30 seconds in the queen cell. In the second trial, a similar number
of bees (22%) performed this behavior, a proportion not significantly different from the first trial
(Fisher’s exact test, p = 0.450). However, 34 bees (14%) performed nursing in both the first and
second trials, a significantly higher proportion than expected by chance (Chi-square test for
independence, ¢ @f=1) = 58.5, corrected p = 9.0 E'*, Fig 6A). We exposed 46 groups to a parallel
set of repeated intruder assays. In the first intruder trial, 121 bees (28%) responded in a highly
aggressive manner, biting and attempting to sting the intruder bee. In the second trial, 152 bees
(36%) responded aggressively, a significant increase in the number of aggressive bees (Fisher’s
exact test, p = 0.028), indicating that interaction with an intruder increases the group response,
consistent with the results reported in (Shpigler et al., 2017b), while interaction with a queen
larva does not. Seventy bees (16%) responded aggressively in both trials, much higher than
expected by chance (Chi-square test for independence, d(dle) = 35.2, corrected p = 8.7 E”, Fig
6B).

When we exposed 45 groups to both the intruder and brood care stimuli (with order randomized),
134 bees (30%) performed nursing and 117 (26%) aggression, but only 24 bees (5.4%)
responded to both stimuli, a lower proportion than expected by chance (Chi-square test for
independence, é(dle) = 7.23, corrected p = 0.021, Fig 6C). This is consistent with a strong
division of labor in honey bee colonies, with nursing and guarding performed by distinct groups
of bees (Robinson 1992).

Discussion

Affiliative social interactions exert strong influences on gene expression in the mushroom bodies
of the honey bee brain, even after a short exposure, initiating sustained and dynamic
transcriptomic responses. There were hundreds of genes differentially expressed at each time
point with few genes overlapping, as well as different molecular pathways more centrally
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involved at each time point. These results demonstrate that the MB are very responsive to stimuli
associated with brood care behavior, an affiliative social interaction.

The transcriptomic changes in the MB induced by exposure to a queen larva persist long after the
performance of brood care behavior, raising the question of the function of the changes. Queen
larvae require extensive care for a period of five days (Laidlaw and Page, 1997), thus the 4-day-
old larvae used in this experiment required care for one additional day. We suggest that an
encounter with a larva is reliable cue priming bees for future nursing behavior. Further we
propose that the observed transcriptomic differences reflect a change in neurogenomic state that
increases the likelihood of performing this behavior and orchestrates changes in physiology
required for its sustained performance. This hypothesis is consistent with the results of the
behavioral analyses, which showed that performing brood care over a five-minute period resulted
in an increased likelihood of exhibiting the same behavior in the future.

The large number of differentially expressed genes responding in the MB to queen larva
exposure suggests that many biological systems are involved in orchestrating brood care
behavior. For example, the upregulated genes were enriched for the GO term “olfactory
behavior,” while the downregulated were enriched for “visual perception.” These results agree
with honey bee ecology; nursing is conducted in the darkness of the hive, mediated by olfactory
signals (Le Conte et al., 1994).

Another example is related to the circadian rhythm system. Honey bee larvae are fed around the
clock; we would expect to find changes in the circadian rhythm system (Bloch et al., 2001, Toma
et al., 2000), and we did. The genes vri, cwo, and TIM?2, which are part of the core circadian
clock system, showed changes in expression in response to the affiliative stimulus. V7i also
displayed altered chromatin accessibility and expression level after agonistic interaction. The
central role of this TF regulating circadian transcription associated with the onset of activity
(Gunawardhana and Hardin, 2017) suggests that chromatin modifications leading to differential
expression may play an important role in the response of nurse bees to the opportunity to rear a
queen.

However, changes in brain DNA accessibility over the time course that we tested were limited
and included only a small fraction of open chromatin regions throughout the genome.
Nevertheless, this small number of DAPs was associated with genes enriched for the GO term
synapse organization, suggesting that changes in chromatin accessibility after the exposure to an
affiliative stimulus were not random. The list of genes closest to the DAPs overall did not
overlap significantly with DEGs, and we thus cannot establish a general relationship between the
changes in chromatin accessibility and gene expression. This is similar to what was reported for
the effects of agonistic interaction on brain DNA accessibility (Shpigler et al., 2017b) and to
previous studies of agonistic response in mice (Saul et al., 2017). We therefore suggest that the
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transcriptomic changes detected in response to social stimuli may be the result of transcriptional
regulatory tuning on already accessible chromatin.

Differences in DNA methylation also are known to be related to different behavioral states in
honey bees (Herb et al., 2012), and changes in 50 methylation sites were detected two hours after
individuals were exposed to an intruder (Herb et al., 2018). We thus suggest that epigenetic
changes may also be part of the response to the affiliative stimulus, but they act predominantly
on a longer time scale than what we tested here, setting the stage for later action. However, we
do not rule out the possibility that a more sensitive method for detecting epigenetic modifications
at the level of individual brains or brain regions may be able to provide new insights.

The discovery of genes expressed in the MB that respond in the same direction to both an
affiliative (this study) and agonistic (Shpigler et al., 2017b) stimulus provides further evidence
that this brain region is involved in processing social information (Shpigler et al., 2017a). The
similarity of the transcriptional responses is significant for two reasons. First, the two social
stimuli are very different and lead to different behavioral outcomes. Second, the bees were from
three independent colonies in each experiment (one colony was used in both experiments) and
they were collected two years apart. These factors have been shown to have a strong influence on
brain gene expression in honey bees (Naeger and Robinson, 2016). Hence, the similarity between
these two experiments increases our confidence in the experimental design and in the robustness
of the similarities.

We identified a total of 140 genes with similar responses to both social stimuli in comparison to
a response to an inanimate control stimulus. Because the control group helps account for
neurogenomic changes associated with general arousal (Cullinan et al. 1995), these responses
appear to be specific to social stimuli. Supporting this inference, only a few of these genes were
also differentially expressed in a study that measured the honey bee MB transcriptomic response
to a food reward (McNeill et al. 2016). Among these 140 shared genes, we identified TFs that
might drive the core social transcriptomic responses in both behavioral contexts. The response
was dynamic with little overlap in gene expression between the time points. This finding
suggests that by sampling over a time course instead of at a single point, we were able to outline
the temporal dynamics of parts of the molecular response to social stimuli. The shared genes
were enriched for nuclear receptors like Hr38 (homolog of mammalian Nr4a) and chaperones,
which have a role in nuclear receptor signal transduction (Kurakula et al., 2014; Sever and Glass,
2013). The shared genes also overlapped with genes related to social responsiveness in humans
(Shpigler et al., 2017a), suggesting that at least some, but not all, of these genes are involved in
social signal transduction, the common character of both stimuli.

There are different ways that the common genes responding to both stimuli might be involved in
the encoding of stimulus valence. One possibility is that this occurs based on differential
anatomical localization of neuronal circuits in the MB. Alternatively, the genes may be
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expressed in a specific “social nucleus” within the MB while valence type is encoded by other
genes. Because the honey bee MB contains approximately 450,000 neurons constituting about
half of the honey bee brain cells — and our data are drawn from a heterogeneous mix of those
cells (Fahrbach, 2006) — the present data set cannot be used to distinguish between these two
hypotheses. Examples for both mechanisms exist: in fruit flies, the behaviors of approaching or
avoiding an odor stimulus are affected by different output neurons located in the MB (Aso et al.,
2014; Cervantes-Sandoval and Davis, 2012). By contrast, valence in the context of mating and
aggression, in both fruit flies and mice, is encoded by overlapping neural networks (Anderson,
2016). Deciding between these two hypotheses will requires mRNA localization in the brains of
responding bees by in situ hybridization (Kiya and Kubo, 2011; Lutz and Robinson, 2013;
McNeill and Robinson, 2015).

While there were common responses of genes in the MB to both affiliative and agonistic stimuli,
most of the expression responses were specific to either stimulus. These results suggest that
distinct molecular pathways encode the valence of the stimulus in the brain. This conclusion is
tempered by the fact that we only tested one stimulus in each valence category.

The behavioral results reported here suggest that stimulus-specific transcriptomic responses shift
the brain to different neurogenomic states, characterized by differential responses to affiliative
and agonistic stimuli. This is consistent with studies of male cichlid fish, which respond to new
reproductive opportunities with morphological, physiological, neurobiological and behavioral
changes that result in shifts from subordinate to dominant status (Fernald, 2015). We propose
that large-scale changes in gene expression in response to social stimuli are part of the biological
embedding process of social experiences, which prepares individuals for future encounters. We
observed bees exposed to the affiliative stimulus were more likely to respond to affiliative
stimulus and less likely to respond to the agonistic stimulus, and vice versa. The evidence for this
effect is strongest at the 120 min time point, where both transcriptomic and behavioral data show
changes. The stimulus-specific transcriptomic responses observed here may be related to positive
feedback mechanisms hypothesized to increase specialization and build division of labor
between workers, as suggested by the response threshold hypothesis for division of labor
(Theraulaz et al., 1998).

One interesting aspect of the stimulus-specific transcriptomic responses relates to the different
expression patterns of the genes encoding biogenic amine receptors. Octopaminergic cells were
found to be related to appetitive learning and not to aversive learning in flies and crickets (Iliadi
et al., 2017; Mizunami and Matsumoto, 2017). Dopaminergic cells are involved in aversive
learning and aggression in fly (Alekseyenko et al., 2013). Also, dopamine enhances aggression
among honey bee virgin queens (Farkhary, 2017). These parallels between aversive vs appetitive
learning and agonistic vs. affiliative social interactions suggest that the same neurotransmitters
encode the valence of the signal in both contexts. We suggest this could be a particularly fruitful
line of study.
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Finally, we found a set of genes whose expression is correlated with the intensity of nursing
behavior. Behavioral intensity can be controlled by neuronal activity, which depends in part on
the number of membrane ion channels (Libster et al., 2015; Veys et al., 2013), but the
relationship between variation in behavioral intensity and variation in brain gene expression is
less well understood. Consistent with these findings, the intensity-correlated genes we found
were enriched for GO term “ion channel activity” including three potassium channels, suggesting
that individual differences in the intensity of the behavioral response are related in some way to
variation in potassium channel- related neuronal activity. These genes were not differentially
expressed between nurse and control bees, suggesting that the signal itself and the intensity of
the behavioral response are encoded differently at the molecular level. Similar correlations
between brain gene expression and aggressive intensity have been reported for stickleback fish
(Sanogo et al., 2012). These results suggest that interindividual differences in behavior are rooted
in transcriptomic differences, that themselves may be related to both heredity and environmental
influences.

Our study demonstrates how short affiliative social interactions powerfully affect the brain
transcriptomic profile of honey bees, implicating a variety of biological processes including the
biogenic amine neuromodulators and changes in ion channels and epigenetic regulation. The
transcriptomic modifications are unique to the type of the interaction and prime the bees for
future situations based on the reliable signals gathered through experience. The findings suggest
that transcriptomic changes are part of the process of biological embedding of social signals that
prepare individuals to behave adaptively in the future. How these transcriptomic changes
specifically affect neuronal tuning to social stimuli to modify future behavior needs to be
addressed in future studies.
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Figure Legends

Figure 1: Comparison of genes in the MB responsive to an affiliative stimulus in this study
and an agonistic stimulus in a previous study. (A) Venn diagram of differentially expressed
genes (DEGs, FDR < 0.05) at 30, 60 and 120 minutes in response to a short agonistic interaction
(left, yellow), or affiliative interaction (right, blue). The numbers inside the circles are numbers
of DEGs. (B) Venn diagram of lists of differentially regulated genes in agonistic (yellow),
affiliative (blue) and in both (green) interactions; at 30 min (left), 60 min (middle) and 120 min
(right). *** significant overlap (hypergeometric test with Bonferroni correction p < 0.0001)
between the gene lists (universe — 10504 genes). (C) Correlation of the log fold change
(experimental vs control) in expression of the shared responding genes at 30 min (left), 60 min
(middle) and 120 min (right). Each green diamond is a single gene; the line depicts the linear
regression model for the relationship of gene expression in both conditions. R? and p-value were
obtained from Pearson correlation analysis. (D) Venn diagram of differentially expressed genes
(DEGs, FDR < 0.05) at 30, 60 and 120 minutes, uniquely responsive to agonistic interaction
(left, yellow), responsive in both conditions (middle, green), and uniquely responsive in
affiliative interaction (right, blue). The numbers inside the circles are numbers of DEGs.
Previously published results in (Shpigler et al., 2017b). See Fig S1 for more detailed information
related to these results.

Figure 2: Comparison of genes in the MB responsive to affiliative and agonistic stimuli in
this study and a previous study. (A) Venn diagram of DEGs related to behavioral response
using the GLM analysis of agonistic and affiliative interaction. *** significant overlap
(hypergeometric test with Bonferroni correction p < 0.0001) between the gene lists (universe —
10,504 genes). (B) Correlation of the log fold change (experiment vs. control) in expression of
the shared responding genes. Each green diamond is a single gene; the line depicts the liner
regression model for the relationship of gene expression in both conditions. R* and p-value were
obtained from Pearson correlation analysis. (C) Venn diagram of the shared responding genes
and gene list related to social responsiveness in honey bee (Shpigler et al., 2017a). ***
significant overlap (hypergeometric test p < 0.0001) between the gene lists (universe — 10504
genes).

Figure 3: Effect of exposure to affiliative and agonistic stimuli on the expression of genes
encoding biogenic amine receptors in the MB. Expression level (cpm) of 4 biogenic amine
receptor genes. Octopamine receptor in the Mushroom body (A); Octopamine 2 1 receptor (B); C.
Octopamine 22 receptor (C); Dopamine-1 receptor-2 (D). Red: gene expression response in
agonistic interaction (intruder assay); Blue: gene expression response to affiliative interaction
(brood care assay); Black: control gene expression after exposure to an inanimate object. *
significant differences in expression between experimental and control (FDR corrected p-value <
0.05).
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Figure 4: Transcription factors predicted to regulate the transcriptomic response to
affiliative and agonistic stimuli in the MB, based on transcriptional regulatory network
reconstruction. The network includes 242 TFs, each one shown as a node marked by a circle.
The TFs are color-coded; Dark green: TFs enriched for the DEGs in the target gene set with
significant overlap in both conditions; Light green: TFs enriched for DEGs in the target gene set
in both conditions but not the same DEGs; Red: TFs enriched for DEGs in the target gene set
only at the agonistic interactions; Blue: TFs enriched for DEGs in the target gene set only in the
affiliative interaction; Grey: TFs without enrichment for DEGs in their target gene set. (Full list
of TF and targets can be found at Table S7).

Figure 5: Correlation between nursing intensity and MB gene expression. Expression level
(cpm) of genes encoding I, -channels (A) and adenosine receptors (B) as a function of the
amount of time (seconds) a bee spent visiting the queen cell during a 5-minute assay. Each
square represents a single bee; the colors, red, green and blue represent Colonies 1, 2 and 3,
respectively. R? is the result of Pearson correlation test, p — FDR corrected p-value.

Figure 6: The relationship between past and future behavior. The probability that a bee will
respond to a queen larva (A) or intruder (B) was significantly higher if she previously responded
to the same stimulus, but significantly lower (C) if she responded to the other stimulus. Number
of bees responding in each assay are inside the circles, N is the number of groups tested, p-value
is the result of a chi-square test for independence followed by Bonferroni correction. The arrow
represents the direction of the significant, (up — higher than chance, down — lower than chance).

Table 1 Legend

Table 1: GO enrichment analysis of differentially expressed genes in the MB responsive
uniquely to affiliative (A) or agonistic (B) stimuli. Each list of DEGs at each time point was
separated into up- and downregulated genes in comparison to the control group. The enrichment
analysis was done using orthologous genes from Drosophila melanogaster using GO-FAT
analysis in DAVID. The tables include representative GO terms from each time point / behavior.
Count: number of genes in the list; Enrichment fold: relative number of GO-related genes in the
DEG list in comparison to the number of the GO-related gene in the total list; p-value from
Fisher’s exact test, Benjamini — FDR correction for the p-value.
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Supporting information:

Figure S1: Comparison of genes in the MB responsive to an affiliative stimulus in this study
and an agonistic stimulus in a previous study. Each heat map includes all DEGs (based on a
comparison of social and control stimuli) from both studies at three time points, 30 min (left), 60
min (middle) and 120 min (right). Each column represents a colony / experimental group, high
expression levels are coded with cold colors (blues) and low expression with hot colors (yellows
and reds). The colored column to the left of the heat map marks the genes as DEGs in response
to an affiliative stimulus (blue), agonistic stimulus (red) or both (green).

Figure S2: Comparison of genes in the MB responsive to affiliative and agonistic stimuli in
this study and a non-social stimulus in a previous study. Venn diagram of differentially
expressed genes (DEGs, FDR < 0.05) 60 min after the response to a short agonistic interaction
(yellow), affiliative interaction (blue) or non-social (food reward) stimulus. Genes responding
only to social stimuli are marked in green. Previously published results from (McNeill et al.,
2016).

Figure S3: Differentially accessible chromatin peaks in proximate region to the
transcription factor Vrille. Top: Gene model from the 4. mellifera 3.2 official gene set (OGS),
Middle: H3k27ac peaks for experimental (red) and control (blue) bees from Colony 1, 30 min
(top) and 120 min (bottom) after exposure to a queen larva. The differentially accessible peak is
marked in a gray box.

Table S1. Affiliative behavior mushroom body RNAseq GLM results.

Table S2. Affiliative behavior mushroom body RNAseq time point results.

Table S3. Affiliative behavior mushroom body RNAseq DEGs, GO enrichment analysis.

Table S4. Unique and shared DEGs for affiliative and agonistic social interaction GO
enrichment analysis

Table S5. Affiliative and agonistic behavior mushroom body transcriptional regulatory network
(TRN) analysis.

Table S6. Correlation between MB gene expression and nursing behavior intensity.

Table S7. Affiliative behavior whole brain sequencing of histone H3-acetylated at lysine 27
(H3K27ac) ChlPseq-related DNA results.

This article is protected by copyright. All rights reserved.



Table S8. Affiliative behavior whole brain H3K27ac ChIPseq GO analysis.
Full agonistic behavior results — https://onlinelibrary.wiley.com/doi/abs/10.1111/gbb.12379
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Table 1A

Affiliative interaction

Upregulation Downregulation
GO term Count .FOld P-value Benj amini GO term Count EOld P-value Benj am_ini
Enrichment Correction Enrichment Correction
behavior 7 3.6 0.01 0.995 ous disc 5 2.9 0.08 1.00
evelopment
30 gh"torec?p?"r el 5 5.4 0.01 0.957 nuclease activity 4 6.8 0.019 0.93
min ifferentiation
regulation of
transcription, DNA- 8 2.3 0.04 0.998
dependent
protein folding 13 4.5 2E-05 0.020 DNA replication 8 3.5 0.007 0.99
A e ] 9 3.7 0.002 0.712 mitochondrial part 15 18 0.03 0.99
organelle
sensory organ DNA replication
6 develg) o efv; ) 16 1.9 0.02 0.725 (KEGGI;athway) 6 72 0.001 0.04
min _behavior 14 1.9 0.03 0.689
neuron differentiation 18 1.7 0.03 0.681
pore complex 6 4.1 0.01 0.536
axon 4 5.1 0.04 0.688
amine receptor activity 3 5.6 0.09 0.847
regulation of small
protein folding 6 5.8 0.003 0.850 GTPase mediated 5 7.3 0.004 0.86
signal transduction
rlri?l olfactory behavior 4 5.6 0.03 1.000 feeding behavior 3 24.1 0.006 0.78
metamorphosis 8 25 0.04 0.997 LT DEIRLAE 4 3.6 0.09 1.00
stimulus
defense response 4 5.1 0.04 0.984
1
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Table 1B

Agonistic interaction

Upregulation Downregulation
Fold Benjamini Fold Benjamini
GO Term Count  Enrichment P-value Correction GO Term Count Enrichment P-value Correction
response fo organic 6 5.7 0.003 0.683 o : 11 2.0 0.047 1.00
substance oxidation reduction
cell adhesion 6 3.1 0.039 0.987 contractile fiber 7 26.0 9.3E-8 1.07E-5
30 cognition 6 3.1 0.042 0.983 calcium ion binding 7 2.6 0.050 0.965
min protein folding 5 4.1 0.031 0.984
ster.o%d hormone receptor 3 12.9 0.021 0.983
activity
hgand-depep@nt nuclear 3 12.1 0.024 0.904
receptor activity
r;gulatlon of Ra§ protein 4 6.6 0.021 0.999 actom.yos.m structure 5 18.6 0.040
signal transduction organization 1.1E-04
2 regulation of small GTPase
MmN mediated signal transduction 4 2 SUEY s mesoderm development g i 1.8E-04 s
contractile fiber 9 51.8 5.15E-13 5.34E-11
o 34 24 2.38E-06 0.003 generation of precursor 14 3.2 0.000 0.308
chromosome organization metabolites and energy
chromatin organization 24 2.7 1.45E-05 0.010 pigmentation 6 3.7 0.021 0.981
regulation of gene 15 26 0.001 0.219 o 16 2.0 0.011 0.907
expression, epigenetic lipid particle
response to organic 10 21 0.050 0.764 negr(.)transmltter receptor 6 38 0.019 0.508
120  substance activity
min  response to heat 7 3.1 0.023 0.659 transcription factor activity 16 1.8 0.031 0.574
Oxidative phosphorylation
M aesiiotien 6 6.1 0.002 0.254 (KEGG pathway) 9 2.8 0.012 0.252
tral}sgrlptlon regulator 47 1.6 0.001 0337
activity
Notch signaling pathway
(KEGG pathway) 6 4.8 0.006 0.288
2
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