
1 

 

The transcriptional basis of quantitative 1 

behavioral variation 2 

 3 

Kyle M. Benowitz1*, Elizabeth C. McKinney1, Christopher B. Cunningham1,2, 4 

Allen J. Moore1** 5 

 6 

1Department of Genetics, University of Georgia, Athens, Georgia, United States 7 

of America 8 

2Department of Biosciences, University of Swansea, Swansea, UK 9 

* benowitz@uga.edu 10 

** ajmoore@uga.edu 11 

 12 

  13 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 14, 2017. ; https://doi.org/10.1101/108266doi: bioRxiv preprint 

https://doi.org/10.1101/108266
http://creativecommons.org/licenses/by-nc/4.0/


2 

 

Abstract 14 

What causes individuals to produce quantitatively different phenotypes?  15 

While substantial research has focused on the allelic changes that affect 16 

phenotype, we know less about how gene expression accompanies variable 17 

phenotypes.  Here, we investigate the transcriptional basis of variation in parental 18 

provisioning using two species of burying beetle, Nicrophorus orbicollis and 19 

Nicrophorus vespilloides.  Specifically, we used RNA-seq to compare the 20 

transcriptomes of parents that provided high amounts of provisioning behavior 21 

versus low amounts in males and females of each species.  We found that there 22 

were no overarching transcriptional patterns that distinguish high from low caring 23 

parents, and no informative transcripts that displayed particularly large 24 

expression differences in females or males.  However, we did find more subtle 25 

gene expression changes between high and low provisioning parents that are 26 

consistent across sexes as well as between the two species.  Furthermore, we 27 

show that transcripts previously implicated in transitioning into parental care in N. 28 

vespilloides had high variance in the levels of transcription and were unusually 29 

likely to display differential expression between high and low provisioning 30 

parents.  Thus, quantitative behavioral variation appears to reflect many 31 

transcriptional differences of small effect. We show that nuanced regulation of 32 

the same gene products that are required for the transition of one behavioral 33 

state to another are also those influencing variation within a behavioral state. 34 

  35 
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Author Summary 36 

Burying beetles in the genus Nicrophorus breed on vertebrate carcasses and provide 37 

advanced parental care to their offspring by regurgitating partially digested flesh.  38 

However, all adult beetles do not uniformly express this trait.  Some provide a large 39 

amount of parenting to their offspring, and some only a little.  Here, we investigate 40 

the genetic causes of why some Nicrophorus beetles feed their offspring more than 41 

others.  We demonstrate that this difference is likely caused by many small changes 42 

in gene expression, rather than a few genes that have major effects.  We also find 43 

that some of the same genes that help to turn on parental care behavior in burying 44 

beetles also seem to play a role in determining how much care a beetle gives.  These 45 

results provide new angles on longstanding questions about the complexity of the 46 

mechanisms that underlie quantitative variation in populations. 47 

  48 
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Introduction 49 

 Understanding the map between genotype and complex phenotype is one of 50 

the most important and challenging goals of biology [1-2].  To this end, a great deal 51 

of effort has been placed on finding the alleles responsible for producing 52 

quantitative variation, through QTL and GWAS methodologies.  This avenue of 53 

research has been instrumental in uncovering the role of allelic variation in 54 

producing heritable quantitative phenotypes [3].  However, intermediate between a 55 

variant allele and the quantitative effect it produces must lie some variable 56 

mechanistic process [4].  In other words, the mechanism linking genotypic to 57 

phenotypic variation must have the potential to be subtly yet reliably altered.  58 

Understanding of this kind of mechanistic variation has lagged behind 59 

understanding of allelic variation.   60 

 Though many biological processes could serve as links from allele to 61 

phenotype, one potentially strong candidate is variation in gene expression [5].  If 62 

transcription is in fact a mediator of phenotypic effects, then two things must be 63 

true: allelic variation must influence transcriptional variation, and transcriptional 64 

variation must influence phenotypic variation.  Through research mapping QTLs for 65 

gene expression phenotypes (eQTL), evidence for the first of these is rapidly 66 

mounting [5].  However, empirical work addressing the latter is less common.  67 

Research searching for quantitative trait transcripts (QTT; [6]) in Drosophila [6-7], 68 

human disease [8-9], and crops [10] has suggested that many genes are 69 

transcriptionally linked to phenotype [1]. Furthermore, work in Drosophila has 70 

suggested that predicting candidate transcripts with phenotypic associations may 71 
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be relatively difficult [11].   However, to date, QTT-like studies have only been 72 

performed in a handful of organisms, and none in natural populations, limiting the 73 

evolutionary conclusions that can be drawn.  Here we begin to address this void by 74 

examining how transcriptional variation influences behavioral variation in a 75 

complex quantitative behavior, parental provisioning of food by regurgitation to 76 

begging offspring. 77 

Behavioral phenotypes can be among the most complex traits found in 78 

animals.  Behavior is typically highly quantitative in nature, and is produced 79 

variably but reliably in response to environmental conditions [12].  As such, 80 

behaviors are expected to be underpinned by an especially complicated set of 81 

genetic influences [13].  Furthermore, the genetic basis of behavior can be logically 82 

split into two processes: first, a process which causes an individual to produce a 83 

qualitative change in behavioral state; and second, a process which causes an 84 

individual to produce a specific quantitative value of the new behavior.  Most 85 

studies of transcription and behavior have focused on the first process (reviewed in 86 

[14]). For example, in honeybees, numerous investigations have examined the 87 

transcriptional basis of the transition between nursing behavior and foraging 88 

behavior [15-18], but none have investigated how transcription generates any 89 

phenotypic variation within either the nursing or foraging state.  A handful of 90 

studies investigating the second process (QTT for behavior) have been performed in 91 

zebrafish [19-20], and have ascribed a strong and multigenic transcriptional basis to 92 

behavioral variation.  However, it remains unclear whether the genes that control 93 
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transitions between behaviors are also involved in producing variation within those 94 

same behaviors. 95 

 In this study we examine how variation in transcription is associated with 96 

variation in parental provisioning behavior in burying beetles (Nicrophorus spp.; 97 

[21-23]).  Recent studies have investigated the transcriptional underpinnings of 98 

transitions between behavioral states, such as solitary and parenting, and other 99 

parental care behavrios [24-28].  Parenting and specifically the act of provisioning 100 

food by regurgitation to begging offspring is an ideal phenotype for contrasting the 101 

mechanisms causing behavioral transitions versus within-state variation because it 102 

is quantifiable, predictable, and variable [29].  Furthermore, parental care behavior 103 

in Nicrophorus is known to have a heritable genetic basis [30]. 104 

We predicted that quantitative gene expression is related to the quantitative 105 

expression of provisioning behavior in Nicrophorus.  To examine this prediction, we 106 

performed RNA-seq comparing gene expression of 20 individuals a priori classified 107 

as having high or low levels of provisioning behavior based on extensive behavioral 108 

observation [29].  Furthermore, we repeated this experiment four times, performing 109 

separate RNA-seq experiments in males and females of two species, N. vespilloides 110 

and N. orbicollis.  We broadly expected to find many transcripts associated with 111 

variation in provisioning behavior in each of the four experiments.  Given the strong 112 

behavioral [29] but imperfect genetic [27] similarity between sexes, we expected 113 

moderate but not complete overlap in the transcripts underlying variation in 114 

provisioning between males and females.  We predicted we would find even less 115 

overlap between species, given the nuanced behavioral differences between them 116 
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[29, 31].  Additionally, we predicted that the transcripts related to quantitative 117 

expression within parenting behavior should be different than those related to 118 

transitions between parental and non-parental states in N. vespilloides [27].  Our 119 

results show that very nuanced changes in gene expression are associated with 120 

provisioning behavior and are shared to a degree across sexes and species.  121 

Contrary to our predictions, however, we found that the transcripts involved in 122 

producing changes between behavioral states are more likely than random to be 123 

involved in within-state variation in provisioning behavior. 124 

 125 

Results and Discussion 126 

Whole genome analysis of parental variation 127 

We first examined whether individual’s overall transcriptomic profile predicted its 128 

parental provisioning phenotype.  Therefore, we used hierarchical clustering to 129 

group all 20 samples in each of the four RNA-seq experiments per the similarity of 130 

their genome-wide expression profile.  In none of our four experiments did samples 131 

of similar phenotype group together (S1-S4 Fig.), and, there is no obvious overall 132 

transcriptional signature of being a high or low provisioning parent.  We next 133 

examined two possibilities: that variation in provisioning behavior is either 134 

associated with a few genes of large effect or with many genes of small effect. 135 

 To test the first of these possibilities, that variation in provisioning is 136 

associated with a few large effect transcripts, we performed standard analysis for 137 

differential expression (DE) in edgeR.  DE analysis turned up a small number of 138 

significantly DE transcripts in three of our four RNA-seq experiments but no 139 
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obvious patterns (S1 Table).  Consistent with Parker et al. [27], more variation in 140 

transcription was associated with females but there was no overlap between the 141 

species.  In males, there was only one transcript that was significantly differentially 142 

expressed in male N. orbicollis and none in N. vespilloides associated with variation 143 

in parenting.  Because uniparental provisioning behavior is remarkably similar 144 

between sexes at both the phenotypic [29] and molecular [27] levels, we expected 145 

the DE transcripts found in males and females of a species to at least partially 146 

replicate each other.  Thus, there is no suggestion that these transcripts are 147 

evolutionarily associated with variation in provisioning behavior. 148 

 A lack of statistically significant effects does not eliminate the possibility that 149 

many genes of small effect contribute to variation in provisioning.  Standard 150 

analyses of differential expression, as performed above, often do a poor job of 151 

finding transcripts with small expression differences between treatments because of 152 

multiple testing across the entire transcriptome [32].  Therefore, to test whether 153 

such subtle differences might be associated with behavioral phenotype, we asked 154 

whether broader patterns of differential expression were similar across the four 155 

experiments.  To answer this question, we used Gene Set Enrichment Analysis 156 

(GSEA; [33]) to assess whether the top DE genes from the standard analysis above 157 

displayed unusual patterns of DE in the other three RNA-seq datasets.  This should 158 

only be the case if two things are true: that there are real transcriptional effects 159 

associated with provisioning behavior, and that those effects were at least partially 160 

shared across sexes and/or species.  Because females have more robust gene 161 

expression changes during parenting [27] we used the most DE transcripts from 162 
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females of each species as a set of “predictor” transcripts, and following 163 

Subramanian et al. [33] we a priori restricted the analysis to the top 100 transcripts.  164 

The top 100 transcripts from N. vespilloides females showed a high degree of DE in 165 

N. vespilloides males (E = 0.582, p = 0.0393; Fig 1A), no unusual DE in N. orbicollis 166 

females (E = 0.506, p = 0.2944; Fig 1B), and a moderate degree of DE in N. orbicollis 167 

males (E = 0.578, p = 0.0605; Fig 1C).  The top 100 genes from N. orbicollis females 168 

showed a moderate degree of DE in N. orbicollis males (E = 0.625, p = 0.0775; Fig 169 

2A), significant DE in N. vespilloides females (E = 0.628, p = 0.0112; Fig 2B), and no 170 

unusual DE in N. vespilloides males (E = 0.444, p = 0.4294; Fig 2C).   171 

 Our data largely recapitulate the results of other QTT-like studies, which 172 

typically demonstrate hundreds of transcripts with significant associations with 173 

phenotype [1].  It is unclear why we saw weak statistical associations between 174 

phenotype and individual transcripts, though that may simply be a consequence of 175 

the messiness of parental care as a phenotype with low but non-zero heritability 176 

[30], moderate repeatability [29], or the inability of RNA-seq to measure potentially 177 

important classes of transcripts such as neuropeptides [34].  Despite this, our 178 

evidence suggests that the transcriptomic basis of variation in Nicrophorus 179 

provisioning behavior is multifaceted yet extremely subtle, with many genes 180 

showing slight associations with phenotype.   181 

 This result provides a novel perspective on the longstanding question of 182 

whether phenotypic variation is underpinned by a few genes of large effect or many 183 

genes of small effect [35].  Though our RNA-seq approach cannot directly answer 184 

the question of how many loci are responsible for producing phenotypic variation, it 185 
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is suggestive of that many variables might be involved.  eQTL studies have shown 186 

that gene expression phenotypes are likely influenced by many allelic variants [5].  187 

Our results in turn suggest that many gene expression phenotypes are associated 188 

with behavioral variation.  Therefore, it is likely that there are a large number of 189 

allelic variants with the potential to affect provisioning behavior in Nicrophorus 190 

beetles.  Furthermore, it is clear from our data that there are no genes whose 191 

transcription has major effects on phenotype.  Thus, our results provide continued 192 

support for an infinitesimal model of quantitative inheritance [36-37], with many 193 

genes contributing an individually undetectable effect on phenotypic expression. 194 

 195 

Analysis of an a priori hypothesized gene set 196 

We next asked whether the genes involved in transitioning into parental care 197 

behavior are also likely to be involved in generating quantitative variance in 198 

provisioning behavior.  Parker et al. [27] identified a set of 867 transcripts that were 199 

significantly differentially expressed in N. vespilloides between parents and non-200 

parents.  Using the published transcriptome from Parker et al. [27], we asked 201 

whether this gene set displayed unusual patterns of differential expression between 202 

high and low provisioning N. vespilloides.  First, we examined the variability of these 203 

genes by comparing the average squared coefficient of variance of genes in this set 204 

from that of two random gene sets.  We found that, for males (F2,2250 = 31.595, p < 205 

0.0001) as well as females (F2,2250 = 22.337, p < 0.0001), the caring gene set displays 206 

higher variability between samples than random genes (Fig. 3).  Next, to see if this 207 

high level of variation was related to parental behavior, we used the same GSEA 208 
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methodology as above.  We found that these caring genes were significantly DE in 209 

males (E = 0.569, p = 0.0263; Fig 4A) and moderately DE in females (E = 0.570, p = 210 

0.0898; Fig 4B).   Thus, it appears that a subset of the genes required to turn on 211 

parenting behavior are also modified further to influence the quantitative 212 

expression of that same behavior.   213 

 This result is unexpected when considered in light of morphological 214 

developmental biology.  The production of behavior is often presented as analogous 215 

to development of a morphological structure; there is a mechanism which 216 

determines its identity, and then a mechanism to determine its elaboration and final 217 

phenotype.  For morphological traits, these processes are usually thought to be 218 

genetically distinct.  In insects, for example, the identities of appendages are 219 

specified by Hox transcription factors [38], but the actual process of molding the 220 

particular characters of each appendage are largely carried out by other genetic 221 

pathways such as WNT [39], Notch [40] and others (but see [41]).  The fact that we 222 

observe a different pattern here suggests a fundamental difference between the way 223 

morphological traits and behavioral traits are regulated.  This may be further 224 

related to the relatively high flexibility of behavior; if the genes involved in 225 

producing behaviors are less constrained than their morphological counterparts, 226 

they may be able to produce a broader range of phenotypes in response to 227 

environmental variation. 228 

  229 

 230 

Conclusions 231 
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We present three fundamental insights into the transcriptional architecture of 232 

variation in behavior, using parental care in Nicrophorus beetles as our model.  First, 233 

many transcripts appear to affect variation in parenting behavior, each with subtle 234 

effects.  Second, the mechanisms governing variation in parenting share some 235 

commonality across both sexes and species.  Third, the transcripts involved in 236 

producing transitions into and out of parenting behavior are likely to be involved in 237 

producing variation within parenting behavior.  Together, these results not only 238 

provide basic mechanistic information on the construction of specific behavioral 239 

phenotypes, but may also lead to insight as to why behavior is uniquely flexible and 240 

evolvable. 241 

 242 

Materials and Methods 243 

Insect collection and behavioral observation 244 

We collected Nicrophorus vespilloides and Nicrophorus orbicollis from Cornwall, UK 245 

and Georgia, USA, respectively, and maintained outbred laboratory colonies as 246 

described in Benowitz et al. [42].  Detailed methods of behavioral experimentation 247 

are described in Benowitz et al. [29].  Briefly, we made concurrent observations of 248 

female N. vespilloides (n = 57) and N. orbicollis (n = 61) during the hours of peak 249 

parental care, approximately one day after larval hatching.  We scan-sampled each 250 

parent 80 times over an eight-hour period, recording each time she was observed 251 

having mouth-to-mouth contact with larvae.  We then repeated the experiment 252 

under the same conditions for males of N. vespilloides (n = 79) and N. orbicollis (n = 253 
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78).  After we finished observations of each parent, we removed their heads, flash-254 

froze them in liquid nitrogen, and stored them at -80°C. 255 

 256 

Sample collection, preparation, and RNA sequencing 257 

After we completed all behavioral observations, we selected the 10 highest and 10 258 

lowest caring parents from each species and sex for our RNA-seq experiment.  We 259 

extracted RNA from these 80 individuals by first homogenizing them in liquid 260 

nitrogen and Qiazol (Qiagen, Venlo, Netherlands), then adding chloroform [26].  261 

After this step, extractions followed standard protocols from a Qiagen RNeasy Lipid 262 

kit.  RNA libraries were then prepared using a TruSeq Stranded RNA LT Kit 263 

(Illumina, San Diego, CA) with one-third of the normal reaction volume [43].  264 

Samples were then sequenced on an Illumina NextSeq Mid Output Flow Cell at the 265 

Georgia Genomics Facility (GGF), generating paired-end 75 base pair reads. 266 

 267 

N. orbicollis genome sequencing and assembly 268 

In order to produce comparable transcriptomic analyses between species, we 269 

decided to sequence the N. orbicollis genome to match the recently published N. 270 

vespilloides genome [44].  For genome sequencing, we chose a single larva that was 271 

the product of two generations of inbreeding.  We extracted its DNA using a sodium 272 

dodecyl sulfate (SDS) lysis buffer [45] and a phenol chloroform extraction.  Two 273 

libraries, one 350 bp PCR-free library and one 6.5kb mate-pair library were made 274 

using Illumina manufacturer’s instructions, and sequenced on an Illumina NextSeq 275 

Mid Output Flow Cell at GGF generating paired-end 75 base pair reads.  We next 276 
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trimmed reads for quality using Trimmomatic 0.32 [46], removing 4bp windows 277 

with average quality less than 15 and removing reads under 25bp. We assembled 278 

the trimmed reads with Platanus [47] under the same parameters as for N. 279 

vespilloides [44].  We then used DeconSeq [48] to remove any possible contaminants 280 

from the genome assembly.  Genome assembly was 193 mb, with an N50 of 178.7 281 

kb.  BUSCO analysis [49] showed the assembly had complete sequence for 82.9% of 282 

conserved insect orthologs, and partial sequence for 88.6%. 283 

 284 

Transcriptome assembly and gene expression analysis 285 

We trimmed all RNA reads for quality using Trimmomatic 0.32 as above [46] and 286 

mapped them to their respective reference genome using Tophat 2 [50].  We then 287 

assembled reads for each species into transcripts using Cufflinks [51], and taking 288 

the longest isoform provided.  We then remapped reads to the assembled and 289 

reduced transcriptome and generated gene level counts using RSEM [52].  290 

Descriptive statistics for each assembled transcriptome are provided in Table S2. 291 

Next, we used edgeR [53] to filter transcripts by abundance and perform 292 

normalization.  Normalized counts were used to perform hierarchical clustering 293 

analysis using the R package hclust under default parameters.  We then performed 294 

differential expression (DE) analysis in edgeR between high and low caring parents.  295 

We analyzed each species and sex separately, thus creating four separate DE 296 

analyses, assessing significance after multiple testing using FDR [54]. 297 

 298 

Gene set enrichment analysis 299 
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We used Gene Set Enrichment Analysis (GSEA) to examine similarity between our 300 

four independent datasets.  Following Subramanian et al. [33], we selected the top 301 

100 differentially expressed genes from one dataset (N. vespilloides females) to 302 

serve as a predictive set of genes.  To examine this set of genes in another dataset, 303 

we calculated a running-sum statistic going down the entire list of genes (ordered 304 

from most DE to least DE).  This statistic increases each time a gene in the set is 305 

encountered (weighted by the amount of DE) and decreases by a constant amount 306 

each time a gene outside of the set is encountered.  The test statistic, or E-score, is 307 

the global maximum of this running sum statistic.  The significance of the E-score 308 

was calculated by comparing it against 10,000 E-scores generated from gene lists 309 

with randomized phenotypic permutations.  Therefore, this analysis asks whether 310 

the predictive gene set displays more DE using the real phenotypic information than 311 

random phenotypic information, a conservative GSEA methodology [33,55].  For the 312 

set of 100 genes taken from N. vespilloides females, we performed this analysis in N. 313 

vespilloides males, N. orbicollis females, and N. orbicollis males.  We also repeated the 314 

same analysis using the top 100 differentially expressed genes from N. orbicollis 315 

females.  This predictive gene set was analyzed in N. orbicollis males, N. vespilloides 316 

females, and N. vespilloides males.  We performed all GSEA analysis in R using 317 

homemade scripts.   318 

 319 

Mapping and differential expression analysis using previously published 320 

transcriptome 321 
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In order to compare our results directly to those of Parker et al. [27] we mapped our 322 

N. vespilloides RNA-seq reads directly to their published transcriptome using 323 

Tophat2 [50] and generated read counts using RSEM [52].  Gene level counts were 324 

then filtered and normalized in edgeR as above.  We then specifically examined the 325 

867 (752 after abundance filtering) genes differentially expressed during parenting 326 

in N. vespilloides [27].  First, we examined whether these genes displayed greater 327 

variability during parenting than non-caring genes by comparing the average 328 

squared coefficient of variance (CV2) to that of two random gene sets of equal size 329 

and average abundance using analysis of variance.  We then performed GSEA using 330 

the same methodology as above to examine whether these genes displayed unusual 331 

patterns of differential expression between parents with high versus low 332 

provisioning phenotypes.   333 
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 506 

Figure Captions 507 

 508 

Fig. 1. Gene set enrichment analysis of transcripts predicted from N. 509 

vespilloides females. The top 100 differentially expressed transcripts from N. 510 

vespilloides females are (A) significantly DE in N. vespilloides males, (B) not DE 511 

in N. orbicollis females, and (C) moderately DE in N. orbicollis males. 512 

 513 

Fig 2. Gene set enrichment analysis of transcripts predicted from N. 514 

orbicollis females.  The top 100 differentially expressed transcripts from N. 515 

orbicollis females are (A) moderately DE in N. orbicollis males, (B) significantly 516 

DE in N. vespilloides females, and (C) not DE in N. vespilloides males. 517 

 518 

Fig 3. The variance of transcripts implicated in caring versus random 519 

genes.  Transcripts differentially expressed between caring and non-caring N. 520 

vespilloides (Parker et al. 2015) show higher variance in our data set than 521 

random genes in both (A) females and (B) males. 522 
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 523 

Fig 4. Gene set enrichment analysis of transcripts previously implicated in 524 

caring.  The 752 transcripts found in our data set that were differentially 525 

expressed between caring and non-caring N. vespilloides from Parker et al. 526 

(2015) are (A) moderately DE in N. vespilloides females, and (B) significantly DE 527 

in N. vespilloides males.  528 

 529 

 530 

 531 

S1 Fig. Hierarchical clustering of N. orbicollis female samples by 532 

transcriptional profile.  533 

 534 

S2 Fig. Hierarchical clustering of N. orbicollis male samples by 535 

transcriptional profile.  536 

 537 

S3 Fig. Hierarchical clustering of N. vespilloides female samples by 538 

transcriptional profile.  539 

 540 

S4 Fig. Hierarchical clustering of N. vespilloides male samples by 541 

transcriptional profile.  542 

 543 

 544 
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S1 Table. Transcripts significantly differentially expressed between high 545 

and low provisioning parents.  A list of the significantly DE transcript IDs from 546 

each experiment and their blast homologies.  Asterisks next transcripts from N. 547 

orbicollis females indicate transcripts whose differential expression is explained 548 

by extremely high expression values in the same 3 (out of 20) individuals, and 549 

therefore may be outliers. 550 

 551 
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