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Simple Summary: In the burying beetle Nicrophorus vespilloides, mating pairs raise their offspring
together on a small carrion resource. We tested whether carcass age affected brood quantity and
quality and found that pairs had significantly more offspring on fresher carcasses. To determine
whether this reproductive benefit translates to an olfactory preference or aversion for carcass age, we
conducted a series of olfactory trials testing adult mated female preferences for carcasses differing in
age. Mated females spent more time associating with fresh carcass odors relative to those of an aged
one, but also spent more time in empty chambers than those with an aged carcass, suggesting that
mated females have a general aversion to those odors. Lastly, we characterized the odor profiles of
fresh and aged carcasses to determine which compounds might be driving this olfactory aversion in
mated female burying beetles.

Abstract: Sensory cues predicting resource quality are drivers of key animal behaviors such as
preference or aversion. Despite the abundance of behavioral choice studies across the animal
kingdom, relatively few studies have tested whether these decisions are driven by preference for one
choice or aversion to another. In the burying beetle Nicrophorus vespilloides, adult pairs exhibit parental
care to raise their offspring on a small carrion resource. We tested whether carrion decomposition
stage affected brood quantity and quality and found that mating pairs had significantly more
offspring on fresher carcasses. To determine whether this observed reproductive benefit correlates
with maternal preference behavior, we conducted a series of olfactory trials testing mated female
preferences for mouse carcasses of differing decomposition stages. When given the option between
fresh and older carcasses, females associated significantly more with fresher, 1-day old carcasses.
However, this behavior may be driven by aversion, as females that were given a choice between
the 7-day old carcass and a blank control spent significantly more time in the control chamber.
We characterized volatile organic compound profiles of both carcass types, highlighting unique
compounds that may serve as public information (sensu lato) conveying resource quality information
to gravid beetles.
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1. Introduction

Across animal systems, individuals rely on the sensory periphery to detect cues
and signals emitted from a resource of interest or its microbial community and respond
accordingly to them. Sensory processes can be divided into two main components: (1)
a sensory detection phase, where a cue or signal binds to and activates a given receptor
at the sensory periphery, and (2) a sensory processing phase which encompasses most of
the downstream effects that this receptor activation has, which occur largely within the
central nervous system. While sensory detection affects how well an individual detects a
given cue or signal, or how much of a cue or signal is needed to elicit a response, sensory
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processing will largely affect what that response becomes from a physiological or behavioral
view. Behavioral responses will typically be either positive or negative in response to the
given cue or signal, which is referred to as valence. Sensory valence can differ not only
among individuals, but within individuals as well, for example in response to reproductive
state [1-3]. The identification of these context-dependent behavioral responses can result in
the creation of model systems aiming to characterize the neural and behavioral mechanisms
of sensory valence.

We aimed to advance our understanding of preference behavior in the burying beetle
Nicrophorus vespilloides, Herbst, (Coleoptera: Silphidae) in order to determine its potential
in serving as a system for studying sensory valence. N. vespilloides exhibit biparental care,
where a male and female mating pair will often bury a small vertebrate carcass and use
it as a brooding resource for their offspring [4,5]. Parents will often secrete antimicrobial
exudates, eliminating certain harmful bacteria as well as seeding the carcass with bacteria
from the beetle’s own microbiome, providing a more suitable feeding resource for their
larvae [6,7]. This behavior suggests an important dynamic between the larval offspring
of a mating pair and the microbial community associated with the carrion resource. Past
studies provide further evidence of this interaction by showing differential responses in
this system according to carcass age. For instance, research has shown colonizing and
brooding on a relatively fresh carcass with little to no past insect or microbial colonization
has significant fitness benefits for a mating pair’s offspring [8]. However, studies have also
shown non-gravid females relatively prefer the volatile organic compounds (VOC) of a
carcass that is further along in the post-bloated stages of decomposition [9]. In this case,
though, beetles were responding to odors from large carrion sources (i.e., swine carcass),
which might be indicative of food resources rather than brooding sites [5,10]. Regardless,
field studies have shown burying beetles can be found on large cadavers in the highest
abundances at the “post-bloating” and later decomposition stages [11,12], although the
reproductive status of these individuals was not noted.

These contrasting results beg the question of whether gravid females experience a
similar behavior as their non-gravid counterparts, or if they exhibit a relative change in sen-
sory valence, as a relative preference for fresher carcasses would likely incur a reproductive
benefit. In either case, these individuals are responding to public information (sensu lato) in
the form of VOCs released from the carcass and its microbial community [13,14]. Certain
burying beetles must compete with other insect species, such as blow flies [15] and other
kingdoms, as the offspring compete with the microbial community for nutrients within
the carrion resource [5,6,8]. However, the role of the reproductive state in processing this
public information remains unclear.

To address these questions, we conducted olfactory behavior trials on mated female
N. vespilloides to determine the relative preference for the odors of old and fresh carcasses.
Furthermore, to determine whether this relative preference was driven by a preference for
one odor or an aversion against another, we conducted one-choice assays testing gravid
female preference for one carcass type relative to an empty chamber serving as a control.
Furthermore, we reared offspring on relatively old or fresh carcasses to quantify the effects
of carcass age on brood traits of interest. Lastly, we characterized the VOC profiles of
relatively old and fresh carcasses to identify candidate compounds worth studying in the
future to determine the chemical mechanisms that may drive the observed behavioral
results obtained in this study.

2. Materials and Methods
2.1. Study System and Colony Maintenance

Nicrophorus vespilloides colonies were started from beetles received from Dr. Rebecca
Kilner at University of Cambridge, UK. Beetles were kept under standard laboratory
conditions (20 °C on a 16:8 light to dark cycle [16]) in individual boxes (5 x 5 x 5 cm)
filled with moist garden compost and fed approximately 0.2 g minced beef twice per week.
Mating was controlled by pairing individual males and females in plastic breeding boxes
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(15.25 x 7.5 x 7.5 cm) half-filled with moist garden compost and provided with a thawed
mouse carcass (10-14 g, Layne Laboratories, Inc., Arroyo Grande, CA, USA).

Prior to preference trials, adult females (12-16 d post-eclosion) were exposed to adult
male beetles for 4 h, which typically results in successful copulation and subsequent
brooding in the lab. Preference trials were then conducted on gravid females the same day
as mating, and females were returned to their boxes and allowed to lay on their provided
carcass. Boxes were then checked daily to monitor larval development, and we confirmed
that all females that had undergone preference trials were indeed gravid and successfully
bore offspring. Upon the first signs of larvae, parents were removed to minimize effects of
cannibalism on offspring measurements.

2.2. Effects of Decomposition Stage on Offspring Fitness

Fitness trials were run using the same treatments used in the olfactory choice trials
(old and fresh carcasses). These individuals were paired and placed in boxes as with the
rest of the colony. However, rather than being given a frozen mouse, they were either given
a 1-day-old (fresh) or 7-day-old (old) mouse carcass. Adult beetles were removed when
larvae began to migrate from the carcass to avoid cannibalism of offspring. Larvae were
removed for measurement and were not replaced in the colony to avoid any compounding
effects in future generations.

We measured brood characteristics from a total of 22 broods from two different
generations reared on 22 carcasses (11 old and 11 fresh). Specifically, we counted the
number of larvae produced on a given carcass, the total mass (in grams) of all larvae in a
given brood, and the average mass per larva in a given brood.

We used a mixed effects analysis of variance (ANOVA) using the nlme package in
R [17] to determine the effect of carcass age on brood traits. Generation was included as a
random effect. We then used Tukey’s HSD (p < 0.05) to identify significant differences in
the traits of broods raised on old vs. fresh mouse carcasses.

2.3. Preference Trials

Olfactory preferences of gravid females were assessed utilizing a design modified
from [18] (Figure S1). Briefly, behavioral arenas were constructed from clear acrylic sheets
(Lexan) and consisted of four chambers a focal female could travel between, and two
chambers for housing olfactory models. At the start of a given trial, a female was placed
into a 7 X 7 cm chamber, connected to a single 10 x 10 cm “neutral chamber”. From
here, females could enter one of two 10 x 10 cm “choice chambers.” Each of these choice
chambers is connected via a perforated wall to the chamber containing the olfactory model.
Air flow was ensured via the attachment of a universal series bus (USB) powered fan
to a perforated wall in the starting chamber, with air flow measured to be, on average,
0.6 £ 0.1 m/sec across the four arenas tested. Chambers housing olfactory models each
contained a charcoal filter to allow sterilized air to flow from the outside, through the
model chambers, and out the starting chamber, thus ensuring that focal females were
presented with olfactory cues from both model chambers.

At the start of a given trial, females were placed into a given behavioral arena under
red light, as in previous studies [19-21], thus ensuring that focal females’ behaviors were
primarily driven by olfactory cues. For the next 20 min, their movement was video-
recorded, and association times within each choice chamber were assessed, a commonly
used and reliable proxy for preference in both the visual and olfactory modalities across
animal systems [22-26]. We randomly selected the cue chamber to which a given carcass
or control was assigned. If females did not visit either choice chamber during the 20-min
trial period, they were deemed nonresponsive. All trials were conducted at approximately
21 °C between 1000 and 1300 h, which corresponds to between four and seven hours into
the beetles” dark cycle. To validate the assay design and method, and to test for side biases,
we conducted a preliminary assay on 12 females (six of which were responsive) that were



Insects 2021, 12, 11

40f12

presented with two empty chambers. We found no evidence of side bias, as females did
not significantly prefer one empty chamber over the other (Wilcoxon test: p = 1, Figure S2).

A total of 72 trials were conducted over three generations to account for potential
temporal effects on female preferences. Each female underwent all three trials, with the
order of trials and placement of olfactory models in each model chamber randomized.
The effect of generation on female association time was assessed but was not significant
(Kruskal-Wallis: X? = 4.46, p = 0.11, df = 2). Therefore, behavioral results were pooled
across generations. We used Wilcoxon signed-rank tests to determine whether females
showed significant preferences for a given odor or control, depending on the comparison.
Furthermore, we conducted odds ratio analysis using a generalized linear model examining
the effect of preference trial (Old vs. Fresh, Fresh vs. Control, and Old vs. Control) on the
proportion of responsive females in a given trial. Females were defined as responsive if
they entered either choice chamber within the 20-min trial. Lastly, as an alternative estimate
of preference, we noted which chambers mated females first entered during preference
assays and conducted exact binomial tests to determine whether females preferentially
entered a chamber containing fresh vs. aged carcasses [8].

2.4. Volatile Sampling and Analysis of Carrion Resource

To identify VOCs that might explain any observed female preferences for carcasses of
varying age, the headspaces of a random subset of 1-day old and 7-day old mouse carcasses
(n = 4 of each type) were sampled. Briefly, carcasses were removed from the freezer and
individually placed into empty, sterilized containers that lacked soil for the specified time
(1 or 7 days). The placement of carcasses into their containers was timed so that all carcasses
would be sampled for VOCs at the same time. For VOC headspace sampling, carcasses
were individually placed into pint-sized glass jars. Jars were then sealed with a layer of
Parafilm, lids reattached, and sample volatiles allowed to accumulate within the headspace
for 30 min to create a more concentrated sample. The jars were attached to the volatile
pump system. Briefly, activated charcoal served to purify outside air entering the jar.
Air then passes through the jar headspace and exits via the outflow containing a volatile
trap packed with 30 mg HayeSep Q adsorbent (Volatile Assay Systems, Rennselaer, NJ,
USA). Charcoal-filtered air was passed through the sample headspace at a rate of 1 L/min
for 1 h, using a diaphragm pump (Parker Hannafin Corporation, Cleveland, OH, USA)
system developed in the laboratory, and the concentrated volatiles were collected onto
the adsorbent.

After sampling, volatile compounds within the trap were eluted from the adsor-
bent with one wash of 150 uL of dichloromethane and treated with 5 puL of 80 ng/uL
N-octane to serve as an internal standard. Samples were then stored at —20 °C until
gas chromatography-mass spectrometry (GC-MS) analysis. Upon completion of volatile
sampling, traps were cleaned with 3 mL dichloromethane (MilliporeSigma, St. Louis, MO,
USA), wrapped in aluminum foil, and reused for subsequent volatile samplings.

2.5. Gas Chromatography-Mass Spectrometry and VOC Identification

All GC-MS measures were conducted in collaboration with the Geochemical Envi-
ronmental Research Group (GERG) at TAMU. Briefly, headspace volatile samples were
analyzed using the Hewlitt-Packard 7693 autosampler, Agilent 6890 gas chromatograph,
and 5973 mass selective detector (Agilent Technologies, Stockport, UK). A capillary column
was used with helium serving as the carrier gas. The GC oven parameters were: the oven
was held at 40 °C for 3 min, ramped up to 60 °C at 10 °C/min, a second ramp up to 150 °C
at 3 °C/min, and a third ramp up to 250 °C at 20 °C/min, then held at 250 °C for 5 min.
Compounds were identified based on mass spectra of compounds from the NIST 14 MS
library of mass spectral database (Palisade Corp., Newfield, NY, USA).



Insects 2021, 12, 11

50f12

2.6. Statistical Analysis of VOC Profiles

The relative abundances of identified compounds were determined by comparing a
given compound’s total response value to that of the internal standard, octane. Relative
abundances were calculated for each sample, and differences in volatile profiles according
to carcass age were determined via permutational ANOVA (PERMANOVA) using the
adonis function of the vegan package in R. We also conducted indicator species analysis [27]
to identify VOCs that were significantly associated with one carcass type. Indicator species
analysis (ISA) was conducted using the multipatt function in the indicspecies package of R.
Significance thresholds were set at p < 0.05 for both PERMANOVA and ISA. VOC profiles
were then visualized using non-metric multidimensional scaling (NMDS) in R using the
vegan package [28].

3. Results
3.1. Effect of Carcass Age on Brood Characteristics

We found a significant effect of carcass age on total brood size, both in terms of number
of larvae sired (one-way ANOVA: F; 15 =11.3, p = 4.3 x 1073, Figure 1A) and the total mass
of broods (one-way ANOVA: F; 15 = 13.7, p = 2.1 x 1073, Figure 1B). However, this effect
did not individually affect the average mass of larvae (one-way ANOVA: F; 15 = 0.111,
p = 0.744, Figure 1C). On average, mating pairs that laid eggs on the relatively fresh, 1-day-
old carcasses sired more offspring than those that colonized 7-day-old mouse carcasses
(Fresh: 20.5 &+ 2.42 larvae, Old: 13.2 4+ 2.32 larvae). However, carcass age does not
appear to be a limiting factor on the development rate of individual larvae, as they were
roughly the same mass regardless of carcass type (Fresh: 0.128 & 0.012 g/larva, Old:
0.124 £ 0.006 g/larva).
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Figure 1. Box-and-whisker plots depicting the effect of carcass type on (A) total number of larvae
sired by a mating pair of Nicrophorus vespilloides, (B) total brood mass, and (C) average mass per
individual larva. Data points refer to individual samples, and boxplots denote median values and
upper- and lower-quartiles.

3.2. Effect of Carcass Age on Female Olfactory Preference

We found a significant effect of carcass age on olfactory-driven behaviors, as gravid fe-
male burying beetles spent significantly more time associating with the odors of fresh
mouse carcasses than with those of older carcasses in the two-choice preference tri-
als (Fresh=4172+71.3s, Old = 122.3 £ 38.3 s5; Wilcoxon signed-rank test: W = 44,
p=78x 1073, Figure 2A). However, when given the choice between the odors of a fresh
mouse carcass and an empty control, we found no significant difference in association
time between the two chambers (Fresh = 106.9 + 69.1 s, control = 267.3 + 72.2's, W = 50,
p = 0.59, Figure 2B). Similar to the two-choice test, we found that females spent signifi-
cantly less time associating with the odors of old carcasses than with the empty control
(Old = 146.5 £ 47.8 s, control = 431.7 £ 91.9s, W =17, p = 0.028, Figure 2C). When mea-
suring preference as the first chamber a mated female visited, we found no significant
difference across all pairwise comparisons (exact binomial test, all p > 0.3, Figure S3).
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Together, these results suggest that gravid female olfactory-related behaviors are driven
not by a preference for ideal carcasses, but a relative aversion against suboptimal ones.
Furthermore, we found that the presence of both carcasses significantly affected the overall
responsiveness of gravid female burying beetles (Fisher’s exact test: p = 0.026), as 92%
of females (22/24 responsive females) visited at least one of the choice chambers when
presented with the option between fresh and old carcasses, while only 63% responded
when given the option between a fresh carcass and control (15/24), and 58% responded
when given the option between an old carcass and control (14/24 responsive females,
Figure 3). Specifically, mated females were significantly more likely to respond if given a
choice between the two carcass types than between one carcass type and the control.
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Figure 2. Box-and-whisker plots depicting mean female Nicrophorus vespilloides association times
between choice chambers. (A) Old vs. Fresh carcass assay, (B) Fresh vs. Control assay, (C) Old vs.
Control assay. Lines represent individual assays connecting the association times with both chambers
for a given gravid female. Data points refer to association times of individual females, and boxplots
denote median values and upper and lower quartiles.
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Figure 3. Odds of an individual gravid female N. vespilloides responding and showing a preference
when presented with both an old and fresh carcass, a fresh carcass only, and an old carcass only.
Odds ratios are presented relative to Fresh vs. Control assay (vertical line). Data points represent
mean odds, and error bars represent the 95% confidence intervals.
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3.3. Effect of Carcass Age on VOC Profile

We found a significant effect of carcass age on the volatile profiles of mouse carcasses
(PERMANOVA: F1 5 = 3.97, p = 0.029). We detected the presence of several VOCs on old
carcasses that were absent in relatively fresh ones. Specifically, old carcasses produced
several compounds which were absent on fresh carcasses and found to be significantly
associated with old carcasses based on ISA (see Table S1 for VOC abundances relative to
the internal standard). These compounds included dimethyl sulfides [dimethyl disulfide
(DMDS), dimethyl trisulfide (DMTS)], phenethyl alcohol (PA), 4-ethyl-phenol, and hexanal
(all p < 0.05, Figure 4).
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Figure 4. Nonmetric dimensional scaling plot describing differences in volatile organic compound
profiles of fresh (black points) and old (red points) mouse carcasses used as brooding resources
for N. vespilloides mating pairs. Data points denote individual carcasses, and ellipses depict the
standard error around the mean centroid for each carcass age. Blue text denotes placement of volatile
organic compounds (VOCs) significantly associated with aged carcasses (according to indicator
species analysis) in multivariate space. The placement of a particular VOC in multivariate space was
calculated in the vegan package in R as the means of each of the carcass non-metric multidimensional
scaling (NMDS) scores weighted by the square root of that VOC’s abundance.

4. Discussion
4.1. Relatively Fresher Carrion Provides Fitness Benefits to Gravid Females

In this study, we verified previous research highlighting the importance of the decom-
position stage on the development of offspring of gravid female burying beetles [7,8]. In
one previous study, a suboptimal, older carcass resulted in smaller larval offspring, on
average, but no difference in the total number of offspring produced relative to a fresh
carcass [8]. However, here we find that gravid females produced approximately 1.5 times
more larval offspring, but no difference in individual larval mass, when rearing on 1-day-
old relative to 7-day-old mouse carcasses. One possible explanation for the differences
in results between these two studies is that the total brood sizes differed, with females
in our study producing 2-3 times more surviving offspring than in the previous study.
Regardless, the general finding that fresher carcasses provide a fitness benefit to gravid
females is consistent across studies.

In this study, we did not want to disturb parental care and offspring development by
counting egg numbers. Therefore, we do not know whether this fitness benefit provided by
fresh carrion is due to an increased investment by gravid females into her brood through
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increasing the number of eggs laid or due to increased survival from the egg to larval stages
when reared on fresher carcasses. Alternatively, parents may cull more offspring on an
inferior resource in order to increase the fitness of the remaining offspring. All are possible,
as female burying beetles have been shown to alter reproductive investment depending on
age and perceived risk of death [29]. On the other hand, the bacterial community of an aged
carcass could be detrimental to offspring survival, particularly in the earliest developmental
stages [30-32]. Regardless, these results highlight the importance of decomposition stage in
the development of N. vespilloides, which may help to explain their roles in carrion ecology
and succession dynamics.

4.2. Gravid Female Nicrophorus vespilloides Show Relative Aversion towards Older Carcasses

Olfactory behavior trials showed that gravid females given a choice between the odors
of a fresh versus aged mouse carcass spent significantly more time, on average, associating
with the odors of a fresh carcass. Interestingly, one-choice assays revealed that this behavior
may actually be driven or reinforced by a relative aversion towards the suboptimal aged
carcass, as females spent significantly more time in the control chamber when presented
with only an aged carcass, while those presented with a fresh carcass did not significantly
associate with either chamber. This suggests that, in nature, gravid females may rely on a
searching strategy that emphasizes avoidance of suboptimal carrion rather than one that
focuses on attraction towards an optimal resource. Future studies should examine how
these preferences in gravid females change with age. We may expect this relative aversion
to diminish with age in order to maximize the likelihood of laying eggs, similar to how
mating preferences of females in other systems become less stringent with age or when
nearing the end of a mating season [33-35].

These behavioral findings on gravid females are in stark contrast to previous findings
in non-gravid females, which have been shown to relatively prefer the odors of more aged
carcasses [9], although these tests were done on relatively larger carcasses. However, our
results are in accordance with more recent research characterizing breeding female burying
beetle behavior towards carcasses [36]. There are several likely mechanisms through which
this change in preference may occur. For example, individuals likely exhibit different
repertoires of odorant receptors depending on age [37] and reproductive state [38]. It is
possible that females are simply attending to different specific VOCs based on the odorant
receptors they currently have. Alternatively, physiological or neural changes brought
on by a change in reproductive state may drive the behavioral discrepancies observed
between non-gravid and gravid female N. vespilloides, as in certain other insect systems.
For example, in the noctuid moth Agrotis ipsilon (Lepidoptera: Noctuidae), mating inhibits
male response to pheromonal cues, but not to odors unrelated to mating [39,40]. Likewise,
female parasitoid wasps of the species Nasonia vitripennis (Hymenoptera: Pteromalidae) fail
to respond to male sex pheromones upon mating [41,42]. Female N. vespilloides may, then,
be responding to the same VOCs, but changes in the downstream processing of these cues
due to reproductive state may cause an inversion in the valence of their behavioral response.
Future studies should focus on conducting a repeated measures experimental design in
order to verify within-individual switches in preference depending on reproductive stage.
Nevertheless, our results together with past literature suggest that N. vespilloides may
serve as a promising system for studying the neural mechanisms through which valence is
assigned within individuals in the future.

It is generally assumed that optimal carcasses are rare and that burying beetles should,
as a result, have a limited level of choosiness. However, our results show that, at least over
a short time scale (20 min), gravid females will still exhibit aversive responses towards a
brooding resource. It is possible that, given more time, females would ultimately select
any carcass provided (indeed, our breeding experiment and other studies [8,31] confirm
that females will breed on a carcass regardless of its decomposition stage). While previous
studies largely describe parental choice behavior over a long period of hours or days,
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our results complement these studies by revealing how gravid females behave towards
brooding resources during the initial stages of decision-making.

We found that the type of assay significantly affected responsiveness in gravid female
N. vespilloides, as females were more likely to respond to the choice trial when presented
with two carcasses rather than one carcass and a control. We believe that this is likely due
to an increased concentration of odors reaching the individual at a given time, thereby
making the assay itself more likely to elicit a response in the female.

Lastly, we should note that, in this study, we are making an assumption that the
short-range behavior we are observing is a proxy for decision-making behavior made
by gravid beetles. The general results from our behavior trials (a relative preference of
gravid females for fresher over older carcasses) correlate with the results from our rearing
trials (greater offspring production on fresher carcasses). However, it is possible that these
behavior trials are not themselves predictive of decision-making that might occur over
the extended distances over which these beetles can travel. Future experiments should
examine how well short-range and long-range behavioral preferences correlate within this
and other systems.

4.3. VOC Profile Analysis Reveals Candidate Volatiles Driving Avoidance Behavior

We found that the six-day difference in decomposition between our fresh and aged
carcasses resulted in a significantly different VOC profile that females were able to re-
spond differentially towards. Indicator species analysis revealed several candidate VOCs
that should serve as promising compounds to further study to determine the chemical
mechanisms through which gravid females are repelled by aged carcasses. Specifically,
DMDS and DMTS are particularly promising compounds to further study. The abundance
of DMTS increases with carrion age [43,44], and breeding female burying beetles of two
other species (Nicrophorus orbicollis and N. tomentosus) are less attracted to fresh carcasses
that have been dosed with DMTS [36]. N. vespilloides have previously been shown to
be sensitive to these VOCs [45]. While the authors showed a relative preference by N.
vespilloides for DMDS and DMTS in isolation, the reproductive states of the females were
not documented. Furthermore, it is possible that it is a combination of VOCs that elicits
this relative aversion in gravid females, or that behavioral responses are dose-dependent,
as in other systems [46].

Relatively less is known about the roles that phenethyl alcohol, hexanal, and 4-ethyl
phenol have on burying beetle behavior. Phenethyl alcohol could potentially have an
important role driving gravid female avoidance of aged carcasses, as it has been shown
to be an effective repellent in other invertebrate systems as well [47,48]. Interestingly,
4-ethyl phenol is an attractant and oviposition stimulant in other insect systems [49].
Hexanal, in isolation and in combination with other aldehydes, serves as an effective
repellent in several invertebrate systems [50-52]. It is possible that these VOCs have an
integrative effect on beetle behavior, with the prioritization of the detection of certain ratios
of these compounds being largely dependent on the reproductive state. The effects of these
compounds in attracting or repelling N. vespilloides should be further studied, as they could
create new avenues of research aiming to determine the chemical mechanisms by which
carrion colonization by N. vespilloides occurs. Furthermore, it should be noted that burying
beetles must compete with other species, such as blow flies and other insects, for the use of
a carrion resource [53,54]. These species must rely on the same bouquet of VOCs, in order
to locate and colonize a given carcass. Future studies should examine whether competing
species behaviorally respond to the same VOCs or rather to different constituent parts
of the same public information in order to better determine the competitive dynamics
involved in the colonization of a carrion resource.

5. Conclusions

The results from this study highlight the interaction between the volatile output of
carrion microbial communities and Nicrophorus vespilloides in influencing both reproductive
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success and behavior. Specifically, we found that the potential fitness benefit incurred from
colonizing a relatively fresh carcass may be driven not by a preference for fresh carcasses,
but rather by an aversion towards suboptimal aged ones. Furthermore, we identified
several VOCs that may be implicated in this observed aversion, and future studies should
examine the roles of these compounds, in isolation and in combination, on female burying
beetle behavior. These findings, in conjunction with past literature describing non-gravid
female olfactory behaviors, suggest that N. vespilloides could serve as an ideal system for
further studying the neural mechanisms driving changes in sensory valence.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-445
0/12/1/11/s1, Figure S1: Olfactory preference assay design, Figure S2: Validation assay for assessing
olfactory preference, Figure S3: Preference estimated as the percentage of females that visit a given
cue chamber first. Table S1: Volatile organic compound abundances (relative to internal standard) in
individual mouse carcasses.

Author Contributions: Conceptualization, PJ.D. and J.K.T.; methodology, PJ.D.; software, PJ.D.; val-
idation, PJ.D.; formal analysis, PJ.D. and T.L.B.; investigation, PJ.D. and T.L.B.; resources, ].K.T.; data
curation, P].D. and T.L.B.; writing—original draft preparation, P.J.D.; writing—review and editing,
P].D., TL.B., and ]J.K.T,; visualization, PJ.D.; supervision, PJ.D. and ] K.T.; project administration,
PJ.D. and J.K.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data files used for analyses described in this manuscript are
available in the supplementary materials. Raw video files from olfactory preference trials are
available from the authors upon request.

Acknowledgments: We would like to thank Kelsey Mattingley and Ellie Chapkin for their help in
colony maintenance and conducting behavior trials. We would also like to thank Stephen Sweet at
GERG and Jonathan Cammack for their aid in creating the method for running volatile samples on
the GC-MS instrument. Lastly, we would like to thank the lab of Rebecca Kilner for donating larval
beetles to establish a colony at Texas A&M University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Jang, E.B.; McInnis, D.O.; Lance, D.R.; Carvalho, L.A. Mating-induced changes in olfactory-mediated behavior of laboratory-
reared normal, sterile, and wild female mediterranean fruit flies (Diptera: Tephritidae) mated to conspecific males. Ann. Entomol.
Soc. Am. 1998, 91, 139-144. [CrossRef]

Tsunozaki, M.; Chalasani, S.H.; Bargmann, C.I. A behavioral switch: cGMP and PKC signaling in olfactory neurons reverses odor
preference in C. elegans. Neuron 2008, 59, 959-971. [CrossRef] [PubMed]

Saveer, A.M.; Kromann, S.H.; Birgersson, G.; Bengtsson, M.; Lindblom, T.; Balkenius, A.; Hansson, B.S.; Witzgall, P.; Becher, P.G.;
Ignell, R. Floral to green: Mating switches moth olfactory coding and preference. Proc. R. Soc. B Biol. Sci. 2012, 279, 2314-2322.
[CrossRef] [PubMed]

Pukowski, E. Okologische untersuchungen an Necrophorus F. Zoomorphology 1933, 27, 518-586.

Scott, M.P. The ecology and behavior of burying beetles. Annu. Rev. Entomol. 1998, 43, 595-618. [CrossRef]

Duarte, A.; Welch, M.; Swannack, C.; Wagner, J.; Kilner, R. M. Strategies for managing rival bacterial communities: Lessons from
burying beetles. . Anim. Ecol. 2018, 87, 414-427. [CrossRef]

Arce, A.N.; Smiseth, PT.; Rozen, D.E. Antimicrobial secretions and social immunity in larval burying beetles, Nicrophorus
vespilloides. Anim. Behav. 2013, 86, 741-745. [CrossRef]

Rozen, D.; Engelmoer, D.; Smiseth, P. Antimicrobial strategies in burying beetles breeding on carrion. Proc. Natl. Acad. Sci. USA
2008, 105, 17890-17895. [CrossRef]

Von Hoermann, C.; Steiger, S.; Miiller, ].K.; Ayasse, M. Too fresh Is unattractive! The attraction of newly emerged Nicrophorus
vespilloides females to odour bouquets of large cadavers at various stages of decomposition. PLoS ONE 2013, 8, e58524. [CrossRef]
Hanski, I. Nutritional ecology of dung-and carrion-feeding insects. In Nutritional Ecology of Insects, Mites, and Spiders; Wiley:
New York, NY, USA, 1987; pp. 837-884.

Peschke, K.; Krapf, D.; Fuldner, D. Ecological separation, functional relationships and limiting resources in a carrion insect
community. Zoologische Jahrbucher. Abteilung fur Systematic Okologie und Geographie der Tiere. Jena 1987, 114, 241-265.


https://www.mdpi.com/2075-4450/12/1/11/s1
https://www.mdpi.com/2075-4450/12/1/11/s1
http://dx.doi.org/10.1093/aesa/91.1.139
http://dx.doi.org/10.1016/j.neuron.2008.07.038
http://www.ncbi.nlm.nih.gov/pubmed/18817734
http://dx.doi.org/10.1098/rspb.2011.2710
http://www.ncbi.nlm.nih.gov/pubmed/22319127
http://dx.doi.org/10.1146/annurev.ento.43.1.595
http://dx.doi.org/10.1111/1365-2656.12725
http://dx.doi.org/10.1016/j.anbehav.2013.07.008
http://dx.doi.org/10.1073/pnas.0805403105
http://dx.doi.org/10.1371/journal.pone.0058524

Insects 2021, 12,11 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Matuszewski, S.; Bajerlein, D.; Konwerski, S.; Szpila, K. An initial study of insect succession and carrion decomposition in various
forest habitats of Central Europe. Forensic Sci. Int. 2008, 180, 61-69. [CrossRef] [PubMed]

Valone, T.J. Group foraging, public information, and patch estimation. Oikos 1989, 56, 357-363. [CrossRef]
Rhinesmith-Carranza, J.; Liu, W.; Tomberlin, ].K.; Longnecker, M.; Tarone, A.M. Impacts of dietary amino acid composition and
microbial presence on preference and performance of immature Lucilia sericata (Diptera: Calliphoridae). Ecol. Entomol. 2018, 43,
612-620. [CrossRef]

Satou, A.; Nisimura, T.; Numata, H. Reproductive competition between the burying beetle Nicrophorus quadripunctatus without
phoretic mites and the blow fly Chrysomya pinguis. Entomol. Sci. 2000, 3, 265-268.

De Gasperin, O.; Kilner, R. M. Interspecific interactions and the scope for parent-offspring conflict: High mite density temporarily
changes the trade-off between offspring size and number in the burying beetle, Nicrophorus vespilloides. PLoS ONE 2016, 11,
e0150969. [CrossRef] [PubMed]

Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; Team, R.C. nlme: Linear and nonlinear mixed effects models. R Package Version 2012,
3,111.

Moore, A.].; Moore, PJ. Balancing sexual selection through opposing mate choice and male competition. Proc. R. Soc. Lond. B Biol.
Sci. 1999, 266, 711-716. [CrossRef]

Eggert, A.-K.; Miiller, J.K. Timing of oviposition and reproductive skew in cobreeding female burying beetles (Nicrophorus
vespilloides). Behav. Ecol. 2000, 11, 357-366. [CrossRef]

Steiger, S.; Whitlow, S.; Peschke, K.; Miiller, ].K. Surface chemicals inform about sex and breeding status in the biparental burying
beetle Nicrophorus vespilloides. Ethology 2009, 115, 178-185. [CrossRef]

Crook, T.C.; Flatt, T.; Smiseth, PT. Hormonal modulation of larval begging and growth in the burying beetle Nicrophorus
vespilloides. Anim. Behav. 2008, 75, 71-77. [CrossRef]

Secondj, J.; Lepetz, V.; Théry, M. Male attractiveness is influenced by UV wavelengths in a newt species but not in its close relative.
PLoS ONE 2012, 7, €30391. [CrossRef] [PubMed]

Maan, M.E.; Cummings, M.E. Female preferences for aposematic signal components in a polymorphic poison frog. Evol. Int. |.
Org. Evol. 2008, 62, 2334-2345. [CrossRef] [PubMed]

Fisher, H.S.; Rosenthal, G.G. Female swordtail fish use chemical cues to select well-fed mates. Anim. Behav. 2006, 72, 721-725.
[CrossRef]

Cui, R.; Delclos, PJ.; Schumer, M.; Rosenthal, G.G. Early social learning triggers neurogenomic expression changes in a swordtail
fish. Proc. R. Soc. B Biol. Sci. 2017, 284. [CrossRef] [PubMed]

Andrade, M.C.; Mason, A.C. Male condition, female choice, and extreme variation in repeated mating in a scaly cricket, Ornebius
aperta (Orthoptera: Gryllidae: Mogoplistinae). J. Insect Behav. 2000, 13, 483-497. [CrossRef]

Siddiqui, T.J.; Tari, PK.; Connor, S.A.; Zhang, P.; Dobie, FEA.; She, K.; Kawabe, H.; Wang, Y.T.; Brose, N.; Craig, A.M. An
LRRTM4-HSPG complex mediates excitatory synapse development on dentate gyrus granule cells. Neuron 2013, 79, 680-695.
[CrossRef]

Oksanen, J.; Kindt, R.; Legendre, P.; O'Hara, B.; Stevens MH, H.; Oksanen, M.].; Suggests MA, S.S. The vegan package. Community
Ecol. Package 2007, 10, 631-637.

Cotter, 5.C.; Ward, R.J.; Kilner, R M. Age-specific reproductive investment in female burying beetles: Independent effects of state
and risk of death. Funct. Ecol. 2011, 25, 652-660. [CrossRef]

Shukla, S.P,; Plata, C.; Reichelt, M.; Steiger, S.; Heckel, D.G.; Kaltenpoth, M.; Vilcinskas, A.; Vogel, H. Microbiome-assisted carrion
preservation aids larval development in a burying beetle. Proc. Natl. Acad. Sci. USA 2018, 115, 11274-11279. [CrossRef]
McLean AH, C.; Arce, A.N.; Smiseth, P.T.; Rozen, D.E. Late-life and intergenerational effects of larval exposure to microbial
competitors in the burying beetle Nicrophorus vespilloides. ]. Evol. Biol. 2014, 27, 1205-1216. [CrossRef]

Jacobs, C.G.; Wang, Y.; Vogel, H.; Vilcinskas, A.; van Der Zee, M.; Rozen, D.E. Egg survival is reduced by grave-soil microbes in
the carrion beetle, Nicrophorus vespilloides. BMC Evol. Biol. 2014, 14, 208. [CrossRef] [PubMed]

Passos, C.; Tassino, B.; Reyes, F.; Rosenthal, G.G. Seasonal variation in female mate choice and operational sex ratio in wild
populations of an annual fish, Austrolebias reicherti. PLoS ONE 2014, 9, e101649. [CrossRef] [PubMed]

Atwell, A.; Wagner, W.E., Jr. Female mate choice plasticity is affected by the interaction between male density and female age in a
field cricket. Anim. Behav. 2014, 98, 177-183. [CrossRef]

Stout, J.; Navia, B.; Jeffery, J.; Samuel, L.; Hartwig, L.; Butlin, A.; Chung, M.; Wilson, J.; Dashner, E.; Atkins, G. Plasticity of the
phonotactic selectiveness of four species of chirping crickets (Gryllidae): Implications for call recognition. Physiol. Entomol. 2010,
35, 99-116. [CrossRef]

Trumbo, S.T.; Steiger, S. Finding a fresh carcass: Bacterially derived volatiles and burying beetle search success. Chemoecology
2020, 30, 287-296. [CrossRef]

Lee, A.C; Tian, H.; Grosmaitre, X.; Ma, M. Expression patterns of odorant receptors and response properties of olfactory sensory
neurons in aged mice. Chem. Senses 2009, 34, 695-703. [CrossRef]

Gadenne, C.; Barrozo, R.B.; Anton, S. Plasticity in insect olfaction: To smell or not to smell? Annu. Rev. Entomol. 2016, 61, 317-333.
[CrossRef]

Gadenne, C.; Dufour, M.-C.; Anton, S. Transient post-mating inhibition of behavioural and central nervous responses to sex
pheromone in an insect. Proc. R. Soc. Lond. Ser. B Biol. Sci. 2001, 268, 1631-1635. [CrossRef]


http://dx.doi.org/10.1016/j.forsciint.2008.06.015
http://www.ncbi.nlm.nih.gov/pubmed/18715728
http://dx.doi.org/10.2307/3565621
http://dx.doi.org/10.1111/een.12646
http://dx.doi.org/10.1371/journal.pone.0150969
http://www.ncbi.nlm.nih.gov/pubmed/26985819
http://dx.doi.org/10.1098/rspb.1999.0694
http://dx.doi.org/10.1093/beheco/11.4.357
http://dx.doi.org/10.1111/j.1439-0310.2008.01600.x
http://dx.doi.org/10.1016/j.anbehav.2007.04.009
http://dx.doi.org/10.1371/journal.pone.0030391
http://www.ncbi.nlm.nih.gov/pubmed/22272342
http://dx.doi.org/10.1111/j.1558-5646.2008.00454.x
http://www.ncbi.nlm.nih.gov/pubmed/18616568
http://dx.doi.org/10.1016/j.anbehav.2006.02.009
http://dx.doi.org/10.1098/rspb.2017.0701
http://www.ncbi.nlm.nih.gov/pubmed/28515207
http://dx.doi.org/10.1023/A:1007855417162
http://dx.doi.org/10.1016/j.neuron.2013.06.029
http://dx.doi.org/10.1111/j.1365-2435.2010.01819.x
http://dx.doi.org/10.1073/pnas.1812808115
http://dx.doi.org/10.1111/jeb.12394
http://dx.doi.org/10.1186/s12862-014-0208-x
http://www.ncbi.nlm.nih.gov/pubmed/25260512
http://dx.doi.org/10.1371/journal.pone.0101649
http://www.ncbi.nlm.nih.gov/pubmed/25029019
http://dx.doi.org/10.1016/j.anbehav.2014.10.007
http://dx.doi.org/10.1111/j.1365-3032.2009.00713.x
http://dx.doi.org/10.1007/s00049-020-00318-0
http://dx.doi.org/10.1093/chemse/bjp056
http://dx.doi.org/10.1146/annurev-ento-010715-023523
http://dx.doi.org/10.1098/rspb.2001.1710

Insects 2021, 12,11 12 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Vitecek, S.; Maria, A.; Blais, C.; Gadenne, C.; Duportets, L.; Debernard, S.; Gaertner, C.; Dufour, M.; Siaussat, D. Is the rapid
post-mating inhibition of pheromone response triggered by ecdysteroids or other factors from the sex accessory glands in the
male moth Agrotis ipsilon? Horm. Behav. 2013, 63, 700-708. [CrossRef]

Fletcher, B.S.; Giannakakis, A. Factors limiting the response of females of the Queensland fruit fly, Dacus tryoni, to the sex
pheromone of the male. J. Insect Physiol. 1973, 19, 1147-1155. [CrossRef]

Ruther, J.; Stahl, L.M.; Steiner, S.; Garbe, L.A.; Tolasch, T. A male sex pheromone in a parasitic wasp and control of the behavioral
response by the female’s mating status. J. Exp. Biol. 2007, 210, 2163-2169. [CrossRef] [PubMed]

Armstrong, P.; Nizio, K.D.; Perrault, K.A.; Forbes, S.L. Establishing the volatile profile of pig carcasses as analogues for human
decomposition during the early postmortem period. Heliyon 2016, 2, e00070. [CrossRef] [PubMed]

Statheropoulos, M.; Agapiou, A.; Zorba, E.; Mikedi, K.; Karma, S.; Pallis, G.C.; Eliopoulos, C.; Spiliopoulou, C. Combined
chemical and optical methods for monitoring the early decay stages of surrogate human models. Forensic Sci. Int. 2011, 210,
154-163. [CrossRef] [PubMed]

Kalinova, B.; Podskalska, H.; Razi¢ka, J.; Hoskovec, M. Irresistible bouquet of death—How are burying beetles (Coleoptera:
Silphidae: Nicrophorus) attracted by carcasses. Naturwissenschaften 2009, 96, 889-899. [CrossRef]

Miller, D.R.; Borden, J.H.; Lindgren, B.S. Dose-dependent pheromone responses of Ips pini, Orthotomicus latidens (Coleoptera:
Scolytidae), and associates in stands of lodgepole pine. Environ. Entomol. 2005, 34, 591-597. [CrossRef]

Thorsell, W.; Mikiver, A.; Tunon, H. Repelling properties of some plant materials on the tick Ixodes ricinus L. Phytomedicine 2006,
13, 132-134. [CrossRef]

Mookherjee, B.D.; Wilson, R.A. Benzyl alcohol and 3-phenethyl alcohol. In Kirk-Othmer Encyclopedia of Chemical Technology; John
Wiley & Sons, Inc: Hoboken, NJ, USA, 2000.

Choo, YM.; Buss, G.K,; Tan, K.; Leal, W.S. Multitasking roles of mosquito labrum in oviposition and blood feeding. Front. Physiol.
2015, 6, 306. [CrossRef]

Douglas, H.D.; Co, J.E.; Jones, T.H.; Conner, W.E.; Day, J.E. Chemical odorant of colonial seabird repels mosquitoes. J. Med.
Entomol. 2005, 42, 647-651. [CrossRef]

Douglas, H.D.; Jones, T.H.; Conner, W.E. Interspecific differences in Aethia spp. auklet odorants and evidence for chemical defense
against ectoparasites. J. Chem. Ecol. 2004, 30, 1921-1935. [CrossRef]

Aldrich, J. Chemical ecology of the Heteroptera. Annu. Rev. Entomol. 1988, 33, 211-238. [CrossRef]

Milne, L.J.; Milne, M. The social behavior of burying beetles. Sci. Am. 1976, 235, 84-89. [CrossRef]

Wang, Y.; Rozen, D.E. Gut microbiota in the burying beetle, Nicrophorus vespilloides, provide colonization resistance against larval
bacterial pathogens. Ecol. Evol. 2018, 8, 1646-1654. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.yhbeh.2013.03.010
http://dx.doi.org/10.1016/0022-1910(73)90038-3
http://dx.doi.org/10.1242/jeb.02789
http://www.ncbi.nlm.nih.gov/pubmed/17562890
http://dx.doi.org/10.1016/j.heliyon.2016.e00070
http://www.ncbi.nlm.nih.gov/pubmed/27441249
http://dx.doi.org/10.1016/j.forsciint.2011.02.023
http://www.ncbi.nlm.nih.gov/pubmed/21450424
http://dx.doi.org/10.1007/s00114-009-0545-6
http://dx.doi.org/10.1603/0046-225X-34.3.591
http://dx.doi.org/10.1016/j.phymed.2004.04.008
http://dx.doi.org/10.3389/fphys.2015.00306
http://dx.doi.org/10.1093/jmedent/42.4.647
http://dx.doi.org/10.1023/B:JOEC.0000045586.59468.de
http://dx.doi.org/10.1146/annurev.en.33.010188.001235
http://dx.doi.org/10.1038/scientificamerican0876-84
http://dx.doi.org/10.1002/ece3.3589
http://www.ncbi.nlm.nih.gov/pubmed/29435240

	Introduction 
	Materials and Methods 
	Study System and Colony Maintenance 
	Effects of Decomposition Stage on Offspring Fitness 
	Preference Trials 
	Volatile Sampling and Analysis of Carrion Resource 
	Gas Chromatography-Mass Spectrometry and VOC Identification 
	Statistical Analysis of VOC Profiles 

	Results 
	Effect of Carcass Age on Brood Characteristics 
	Effect of Carcass Age on Female Olfactory Preference 
	Effect of Carcass Age on VOC Profile 

	Discussion 
	Relatively Fresher Carrion Provides Fitness Benefits to Gravid Females 
	Gravid Female Nicrophorus vespilloides Show Relative Aversion towards Older Carcasses 
	VOC Profile Analysis Reveals Candidate Volatiles Driving Avoidance Behavior 

	Conclusions 
	References

