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Sex-biased genes are expressed at higher levels in one sex and contribute to phenotypic diﬀerences between
males and females, as well as overall phenotypic variation within and among populations. Venom has evolved
primarily for predation and defense, making venom expression a highly variable phenotype as a result of local
adaptation. Several scorpion species have shown both intraspeciﬁc and intersexual venom variation, and males
have been observed using venom in courtship and mating, suggesting the existence of venom-speciﬁc, sex-biased
genes that may contribute to population divergence. We used reversed-phase high-performance liquid chromatography (RP-HPLC), Agilent protein bioanalyzer chips, nano-liquid chromatography mass spectrometry
(nLC/MS/MS), and median lethal dose (LD50) assays in fruit ﬂies (Drosophila melanogaster) and banded crickets
(Gryllodes sigillatus) to investigate proteomic and functional venom variation within and among three Florida
populations of the Hentz striped scorpion (Centruroides hentzi). We found signiﬁcant venom variation among
populations, with females, not males, being responsible for this divergence. We also found signiﬁcant variation
in venom expression within populations, with males contributing more to within population variation than
females. Our results provide evidence that male and female scorpions experience diﬀerent natural and sexual
selective pressures that have led to the expression of sex-biased venom genes and that these genes may be
consequential in population divergence.

1. Introduction

genes have included Drosophila (Parisi et al., 2003; Ranz et al., 2003;
Zhang et al., 2004; Connallon and Knowles, 2005; Pröschel et al.,
2006), mice (Torgerson et al., 2002; Yang et al., 2006), and comparisons of chimps and humans (Khaitovich et al., 2005; Nielsen et al.,
2005), all of which found that male-biased genes exhibit a greater
amount of rapid, positive selection and are therefore more responsible
for population and/or species divergence. Most of these rapidly evolving male-biased genes, however, are primarily expressed in reproductive tissues (Ellegren and Parsch, 2007), and the degree of male
or female-biased gene expression may diﬀer among tissue types (Yang
et al., 2006) or species (Ranz et al., 2003; Mank and Ellegren, 2009).
Scorpions are often sexually dimorphic in appearance and exhibit
many traits associated with sex-biased gene expression, including maternal care, mate competition, female mate choice, ecology, and even
diﬀerences in venom composition and lethality (De Sousa et al., 2010;
Rodríguez-Ravelo et al., 2015; Miller et al., 2016; Cid-Uribe et al.,
2017), and such diﬀerences seem to be widespread among arachnids

Among metazoans, males and females within a species often exhibit
unmistakable phenotypic diﬀerences. These sexually dimorphic traits
are usually the result of sex-biased gene expression and include not only
sex-speciﬁc reproductive tissues, but also diﬀerences in size, coloring,
and behavior (Ellegren and Parsch, 2007; Mank, 2008). Sex-biased gene
expression is thought to be especially prevalent in species that experience diﬀerences in maternal (or paternal) care, as well as male-male
mate competition, sperm competition, female mate choice, or diﬀerences in ecology (Shine, 1989; Ellegren and Parsch, 2007; Mank, 2008),
as these traits are under the strong evolutionary forces of natural and
sexual selection (Chenoweth et al., 2007). Sex-biased genes may be
exclusively expressed in one of the two sexes (sex-speciﬁc genes), or be
expressed at higher levels in one sex compared to the other (sex-enriched genes), and are not limited to genes located on sex chromosomes
(Ellegren and Parsch, 2007). The most extensive studies of sex-biased
∗
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(Herzig et al., 2002, 2008; Zobel-Thropp et al., 2018). Venom consists
of proteins and peptides that, in most venomous animals, have evolved
primarily for the purposes of predation and defense (Biardi et al., 2005,
2011). Intraspeciﬁc venom variation, which has been established in
multiple scorpion species (Abdel-Rahman et al., 2009; Ruiming et al.,
2010; Rodríguez-Ravelo et al., 2013; Estrada-Gómez et al., 2014;
Carcamo-Noriega et al., 2017; Schaﬀrath et al., 2018), is thought to be a
result of local adaptation, especially when diﬀerences in prey availability or predator exposure exist among populations. Some scorpion
species have also been observed using venom in hygiene (D'suze et al.,
2015) and mating behavior (Polis and Sissom, 1990; Lourenço, 2000;
Benton, 2001), where male-male mate competition (Benton, 1992) and
female mate choice (Polis and Sissom, 1990; Tallarovic et al., 2000;
Contreras-Garduño et al., 2006) have been documented. Male scorpions
are often faster and more mobile in search for mates (Booncham et al.,
2007; Carlson and Rowe, 2009; Kaltsas and Mylonas, 2010), and females are more sedentary because they are frequently gravid or carrying young on their backs, making long-distance travel more diﬃcult
(Shaﬀer and Formanowicz, 1996). The diﬀerences in ecological niches
between males and females has resulted in females being more apt to
sting defensively than males (Williams, 1987; Shaﬀer and
Formanowicz, 1996; Carlson and Rowe, 2009; Carlson et al., 2014).
Males are prone to greater predator exposure (Polis and Farley, 1979)
and are likely to consume a broad range of prey types as they travel.
The diﬀerences between male and female scorpions in morphology,
behavior, environment, and venom composition suggest not only that
sex-biased genes are present in scorpions, but that some sex-biased
genes may be venom-speciﬁc and contribute to venom variation within
and among populations.
To investigate intraspeciﬁc and intrapopulation venom variation as
well as explore the potential contribution of venom-speciﬁc, sex-biased
gene expression, we sampled male and female Hentz striped scorpions,
Centruroides hentzi, from three Florida populations. Centruroides hentzi
are sexually dimorphic scorpions found in the Southeastern United
States. Males have smaller bodies with longer metasomal (tail) segments and females are larger with shorter, more rounded metasomal
segments (Fig. 1). Centruroides hentzi are commonly found in tree bark
of long leaf pines, such as those found in the Apalachicola National
Forest (ANF), Osceola National Forest (ONF), and the Tosohatchee
Wildlife Management Area (TSO) (Fig. 1). We used a combination of
reversed-phase high-performance liquid chromatography (RP-HPLC),
Agilent protein bioanalyzer chips, and nano-liquid chromatography
mass spectrometry (nLC/MS/MS) to determine overall venom expression variation within and among populations, as well as between sexes
within and among populations. To assess the correlation between molecular variation and venom function, we performed median lethal-dose
(LD50) assays in banded crickets (Gryllodes sigillatus) and fruit ﬂies
(Drosophila melanogaster).

Fig. 1. Representative male and female Centruroides hentzi and Florida collection site map. Males have smaller bodies with longer metasomal segments and
females have larger bodies with shorter, more rounded, metasomal segments.
Gray areas indicate National Forest boundaries. The ANF and ONF forests are
separated by roughly 257 km and the Suwannee river (SW), representing a
substantial geographical boundary between the two populations. The ONF and
TSO forests are separated by roughly 290 km and the ANF and TSO are separated by just over 482 km.

lyophilized, and stored at −80∘C until later use. Each venom sample
was quantiﬁed using the Qubit Protein Assay Kit (Thermo Fisher Scientiﬁc) prior to use in our analyses. The quantities of venom present in
each sample used are provided in Table S1.
Banded crickets (Gryllodes sigillatus, size: 1.9 cm) were purchased
from Ghann's Cricket Farm in Augusta, GA. Crickets were fed Ghann's
Cricket Chow and housed at room temperature in a large aquarium cage
with egg crates. Fruit ﬂies (Drosophila melanogaster) used in this study
were a single inbred line (line 11057) provided by the Drosophila
Synthetic Population Resource (DSPR). Flies were kept on a light/dark
cycle of 12 h held at a constant temperature of 25∘C and fed standard
cornmeal-agar media.

2.2. Reversed-phase high-performance liquid chromatography
Three venom samples for each C. hentzi individual were quantiﬁed
using reversed-phase high-performance liquid chromatography (RPHPLC). RP-HPLC was performed on a Waters 2695 Separations Module
with a Waters 2487 Dual λ Absorbance Detector. Approximately 7 μg of
protein was injected onto a Jupiter 5 μm C18 column (Phenomenex,
Torrance, CA) using the standard solvent system of A = 0.1% triﬂuoroacetic acid (TFA) in water and B = 0.075% TFA in acetonitrile. A
125-min gradient from 10 to 75% solution B was performed at 0.2 mL/
min, followed by 15 min at 10% solution B to wash the column. Data
was analyzed using Empower Pro software version 5.00 (Waters
Corporation, Milford, MA). Twenty-four RP-HPLC peaks were identiﬁed
and quantiﬁed using methods previously described (Margres et al.,
2015a; b). Brieﬂy, the area under each peak was measured to determine
the relative abundance of each peak to the total area of all protein peaks
identiﬁed. According to the Lambert-Beer law, this relative abundance
is related to the total percentage of peptide bonds in the sample (Gold
et al., 1987) and has been shown to be representative of the relative
amount of a speciﬁc protein by weight (Gibbs et al., 2009).

2. Materials and methods
2.1. Animal and venom collection
Adult scorpions were collected from the ANF (nmale = 4;
nfemale = 8), ONF (nmale = 4; nfemale = 7), and TSO (nmale = 5;
nfemale = 5). Scorpions were fed banded crickets 1–2 times per week,
unless they were being prepared for venom collection. Venom was
collected using methods previously described (Rokyta and Ward, 2017;
Ward et al., 2018). Brieﬂy, scorpions were starved for a minimum of
seven days to ensure ample venom production and anesthetized with
CO2. Electrostimulation was performed using a transcutaneous electrical nerve stimulation (TENS) unit (9 V) on a medium setting and
applying a positive and negative electrode to either side of the telson to
induce a muscle contraction. Venom was collected on a sterile metal
spatula and pipetted into tubes containing LC/MS water. Venom samples were quickly centrifuged (two minutes at 12,000 RPM), frozen,
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mass resolving power of 15 K (at m/z of 800 Da) and 0.1 million target
ion number. To identify the proteins present in each collected fraction
of peak 12 (one from each population), collected. raw ﬁles were analyzed by Proteome Discoverer version 1.4 (Thermo Fisher Scientiﬁc,
Waltham, MA) and searched against the C. hentzi venom protein database (Ward et al., 2018) with Cysteine carbamidomethylation, Methionine oxidation, and C-terminus amidation as dynamic modiﬁcation.

2.3. Protein bioanalyzer electrophoresis
A single venom sample from each C. hentzi individual was processed
using the Agilent protein 80 assay (Santa Clara, CA). Venom samples
used for this analysis were one of the three samples used in RP-HPLC
and were chosen based on sample quantity. Venom samples were processed and analyzed as previously described (Ward et al., 2018) using
approximately 4–6 μg of crude venom per individual and following
manufacturer's instructions. The Agilent 2100 Expert software (version
B.02.09 (SR1), Santa Clara, CA) was used to calculate the relative
abundance and concentration of each proﬁle peak.

2.5. Toxicity assays
One pooled venom sample for each population (ANF, ONF and TSO)
was suspended in sterile phosphate-buﬀered saline (PBS) and used to
perform median lethal dose (LD50) assays in both G. sigillatus and D.
melanogaster. To compare functional diﬀerences in toxicity between
male and female C. hentzi venom, an all-male pooled venom sample and
an all-female pooled venom sample from only the ANF population were
used to perform LD50 assays in G. sigillatus.

2.4. Protein identiﬁcation
After the most abundant variable RP-HPLC peak was identiﬁed
(peak 12, see statistical analysis methods and results sections), RPHPLC was used (following methods described above) to collect fractions
of this peak from one female C. hentzi sample from each of the three
populations. Samples were selected based on their high abundance of
peak 12 to ensure enough protein would be present in each fraction for
mass spectrometry (MS) analysis. Each collected fraction was spun in a
SpeedVac for approximately 75 min to dry down and concentrate the
sample. Both top-down (intact, reductive alkylated protein) and
bottom-up (trypsin digested protein) nano-liquid chromotography mass
spectrometry (nLC/MS/MS) methods were used to identify the proteins
present in the collected fractions. nLC/MS/MS analyses were performed
by the Florida State University College of Medicine Translational Lab.
For top-down nLC/MS/MS, dried protein samples were reductive alkylated with a ProteoExtract all-in-one trypsin digestion kit
(Calbiochem, Billerica, MA). Proteins were dissolved in 25 μL of digest
buﬀer and 1 μL of the reducing agent was added. The mixture was then
incubated in a thermal shaker (Thermal Shake Touch, VWR, Radnor,
PA) at 37 °C and 1200 rpm for 10 min. After cooling to room temperature, 1 μL of blocking agent was added to the mixture and incubated at room temperature for 10 min. The mixture was then dried
using a SpeedVac and the dried mixture was dissolved in 0.1% formic
acid aqueous solution prior to nLC/MS/MS injection. For bottom-up
MS, 1 μL of trypsin was added to an aliquot of the reductive alkylated
protein and incubated in a thermal shaker at 37 °C and 1200 rpm for
2 h. Following this step, 25 μL of 5% formic acid was added and the
mixture was dried in the SpeedVac. The dried mixture was then dissolved in 0.1% formic acid aqueous solution prior to nLC/MS/MS injection.
Dissolved protein samples were injected to a nLC (Dionex UltiMate
3000 UHPLC, Thermo Fisher Scientiﬁc, Waltham, MA) on-line coupled
to a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer MS
(Thermo Fisher Scientiﬁc, Waltham, MA). A 300 μm × 5 mm trap
column (C18 PepMap100, 5 μm, 100 Å, Thermo Scientiﬁc) was used as
the pre-column, followed by a 75 μm × 15 cm C18 analytical column
(Acclaim PepMap RSLC, 2 μm, 100 Å, Thermo Scientiﬁc). The mobile
phases used were A = 99.9% H2O and 0.1% formic acid and B = 99.9%
acetonitrile and 0.1% formic acid. A linear gradient from 3% to 55% B
over 1.5 h was performed with a ﬂow rate of 300 nL/min. Eluate was
on-line ionized by electrospray ionization (ESI) at positive ion mode
and detected by the MS. Precursor ions were detected with a mass resolving power of 60 K (at m/z of 800 Da) and 3 million target ion
number. For top-down analysis, the top 10 most abundant precursor
ions were selected for data-dependent MS2 by collisional induced dissociation (CID) at 27 normalized collision energy (NCE) with a mass
resolving power of 15 K (at m/z of 800 Da) and 0.2 million target ion
number. The collected raw ﬁles were viewed and analyzed by Xcalibur
software (Thermo Fisher Scientiﬁc, Waltham, MA). MS signals in the
chromatography region of intact proteins were averaged and compared
among samples. For bottom-up analysis, the top 10 most abundant
precursor ions were selected for data-dependent MS2 by collisional induced dissociation (CID) at 27 normalized collision energy (NCE) with a

2.5.1. LD50 assays in Gryllodes sigillatus
Adult G. sigillatus were divided by weight class (0.1–0.19, 0.2–0.29,
and 0.3–0.39 g ± 0.01 g) and separated into groups of 10 to ensure
equivalent venom dose by weight per group. Each group of 10 crickets
was given one experimental dose with an injected volume of 5 μL per
cricket. In some cases, higher doses were required to determine the
LD50 value because lower doses did not have a comparable eﬀect. The
following doses were used: ANF: 0.005, 0.01, 0.1, 0.2, 0.35, 0.6, 0.8 and
1.0 μg/g (venom/cricket body weight); ONF: 0.005, 0.01, 0.1, 0.2, 0.35,
0.6, 0.8 and 1.0 μg/g; TSO: 0.005, 0.01, 0.2, 0.5, 0.8, 1.3, 2.0 and
2.7 μg/g; ANF Male: 0.01, 0.2, 0.5, 0.8, 1.3, 2.0 and 2.7 μg/g; ANF
Female: 0.01, 0.2, 0.5, 0.8, 1.3, 2.0 and 2.7 μg/g. Control groups (10
crickets per assay) were injected with 5 μL of sterile PBS. Crickets were
injected by methods previously described (Herzig and Hodgson, 2009),
using a syringe equipped with a 29G x 1/2” needle into the ventrolateral thoracic region between legs 2 and 3. Prior to performing the
injection, crickets were brieﬂy anesthetized with CO2 for 10–15 s. After
injection, crickets were placed back into their respective containers
with cricket food and water-gel globules. Crickets were observed at 2, 4,
6, 8, 12 and 24 h time points after injection and counted as either alive
(normal behavior) or dead (little to no movement when perturbed). If
any controls died over the course of the 24 h observation period, data
analysis was performed on the last time point in which all controls were
counted as alive.

2.5.2. LD50 assays in Drosophila melanogaster
Drosophila melanogaster (DSPR inbred line 11057, weighing
0.9 mg ± 0.1 mg) were separated into groups of 10 (in equal sex ratios) in vials with standard cornmeal-agar ﬂy media. Each group of 10
ﬂies was given one experimental dose with an injected volume of
18.4 nL per ﬂy. The injected doses were: 0.1, 0.3, 0.5, 0.7, 1.0, 1.3, 2.0
and 2.8 ng/mg (venom/ﬂy body weight). Control groups (10 ﬂies per
assay) were injected with 18.4 nL of sterile PBS. Flies were injected into
the ventral-lateral portion of their abdomen using a Drummond
Nanoject II Auto-Nanoliter Injector (Drummond Scientiﬁc Company,
Broomall, PA) with pulled glass capillary needles, while being anesthetized on a CO2 plate (≤3 L/min ﬂow rate). Flies were not exposed
to CO2 for more than three minutes. After injection, ﬂies were placed
back into vials containing standard cornmeal-agar ﬂy media and allowed to recover. During recovery, vials were placed on their side to
avoid ﬂies getting stuck in the media. Flies were observed at 2, 4, 6, 8,
12 and 24 h time points after injection and counted as either alive
(normal behavior) or dead (little to no movement when perturbed). If
any controls died over the course of the 24 h observation period, data
analysis was performed on the last time point in which all controls were
counted as alive.
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tests between populations using only females (four tests) and only
males (four tests), resulting in a total of 11 post-hoc tests. To avoid type I
error, the Bonferroni correction for multiple comparisons was applied
to all post-hoc tests (α/total number of post-hoc tests), which is equal to a
signiﬁcance threshold of P = 0.05/11 = 0.0045. Post-hoc P-values were
multiplied by the number of post-hoc tests and were reported as corrected values (P ×total number of post-hoc tests = P*).

2.6. Data analysis
2.6.1. Data sets and transformations
The data set containing 99 C. hentzi venom proﬁles (ANF n = 36,
ONF n = 33, TSO n = 30) is referred to as the complete RP-HPLC data
set. However, using the complete RP-HPLC data set was not appropriate
for among-population statistical analyses due to potential eﬀects of
pseudoreplication (venom samples from the same individual are not
statistically independent; Hurlbert, 1984). Therefore, one venom
sample from each individual in each population was randomly chosen
from the complete RP-HPLC data, resulting in a total of 33 venom
proﬁles (ANF n = 12, ONF n = 11, TSO n = 10), and is referred to as
the partial RP-HPLC data set. The protein bioanalyzer data contained
one venom sample per individual from each C. hentzi population (ANF
n = 12, ONF n = 11, TSO n = 10).
Analyses of both RP-HPLC (24 peaks) and protein bioanalyzer (11
peaks) data sets were performed following methods previously described (Margres et al., 2015a; b). Because some peaks were nonquantiﬁable (giving a zero value), the raw RP-HPLC and protein bioanalyzer peak data was ﬁrst made compositional based on Bayesianmultiplicative replacement methods using the zCompositions package
in R (Palarea-Albaladejo and Martín-Fernández, 2015), which replaces
zero values with trace values that represent a non-quantiﬁable peak as a
result of the accuracy of the measurement process and assigns the peak
a positive value that is less than the smallest recorded value (i.e. 0.03%
in our RP-HPLC data set and 0.1% in our protein bioanalyzer data set)
(Aitchison, 1982). This compositional data, however, is subject to
constant-sum constraints and components are biased toward negative
correlation (Aitchison, 1982). The compositional data were therefore
transformed to centered logratio (clr) and isometric logratio (ilr) data
sets using the robCompositions package in R prior to statistical analyses
(Egozcue et al., 2003; Filzmoser et al., 2009; Templ et al., 2011). As
discussed by Margres et al. (2015a), the clr data retains individual peak
identity, but still suﬀers from sum-constraints, so this data set was used
for visualization purposes only. The ilr data set does not suﬀer from
sum-constraints, so the ilr data set was used in all statistical analyses.

2.6.4. Testing for compositional venom variation within populations
To test for variation within populations, nonparametric (permutational) MANOVA statistics were performed as described in section
2.6.3. Unlike the among-population model, the within-population
model used the complete RP-HPLC data set and accounted for nestedness, with animals nested within sex, and sex nested within population
(Y ∼ Population/ Sex / Animal ). In our initial test, permutations were
constrained within each population by using the strata option in the
adonis function. If signiﬁcance was detected (P ≤ 0.05), a series of posthoc tests were performed within each of the three populations to determine the sources of variation. The post-hoc tests within each population included testing for sex diﬀerences within each population, with
animal as a nested factor within sex (three tests), as well as testing for
variation among animals within each sex (six tests), resulting in a total
of nine post-hoc tests. Using the same Bonferroni correction method as
previously described, the signiﬁcance threshold used for the withinpopulation post-hoc tests was P = 0.0056. Post-hoc P-values were multiplied by the number of post-hoc tests and were reported as corrected
values (P ×total number of post-hoc tests = P*).
2.6.5. Testing for within-individual venom variation
To assess potential variation of replicate samples from each animal,
we calculated the timing of each venom sample as the number of days
from the date the animal was brought into the lab to the date of venom
extraction (Table S1). When possible, venom was extracted immediately upon acquisition, and venom extractions occurred regularly
(approximately 1–2 times per month) throughout the life of the animal,
with no guarantee of obtaining usable venom quantities from each
animal with each attempted extraction. Therefore, the timing of venom
samples used in this study ranged from 1 to 102 days. Plasticity in
venom has previously been reported in scorpions (Gangur et al., 2017)
and diﬀerences between the ﬁrst venom extraction and samples collected 24 h after the ﬁrst extraction have also been observed in some
species (Schaﬀrath and Predel, 2014; Schaﬀrath et al., 2018). We tested
for sample variation within individuals by running a nonparametric
MANOVA on the complete RP-HPLC data set, using time as a nested
factor within animal and constraining permutations within each animal
(Y ∼ Animal/ Time , with strata on Animal ). Additionally, we performed
a robustness check to determine if choosing a sample at random from
each individual (for the partial RP-HPLC data set) created any bias in
our results by ignoring potential eﬀects of plasticity or using the initial
venom sample collected from an individual. To do this, we performed
the same nonparametric MANOVA tests on an ilr transformed RP-HPLC
data set containing only the earliest venom sample from each animal
and another containing only the latest venom sample from each animal.
Should either of these diﬀer from each other or from the random sample
data set, we could not rule out eﬀects of within-individual variation in
our observed variation results among populations.

2.6.2. Estimating sample-to-population placement probabilities
Using ilr transformed data, a discriminant function analysis (DFA)
was performed using the linear discriminant analysis (lda) function of
the MASS package in R (Venables and Ripley, 2002) on both the
complete RP-HPLC data set and the protein bioanalyzer data set to
calculate the placement probabilities of each sample in its designated
population (e.g., the probability that an individual from ANF belongs to
the ANF population based on its RP-HPLC or protein bioanalyzer venom
proﬁle).
2.6.3. Testing for compositional venom variation among populations
To test for variation among populations, nonparametric (permutational) MANOVA statistical tests were performed using the adonis
function from the vegan package in R (Oksanen et al., 2013), which
uses distance matrices to calculate variance, with linear predictors
(independent factors) and a multiple-column response matrix (dependent factors) as inputs. In all statistical models used, the euclidean
method was used for distance matrix calculations, the ilr transformed
peak values (of either the RP-HPLC or the protein bioanalyzer data sets)
represented the response matrix of dependent factors, Y, and P values
were calculated under 1,000,000 permutations.
Both the partial RP-HPLC and the protein bioanalyzer data sets were
used to test for variation among populations. In this model, population
and sex were used as independent factors (Y ∼ Population*Sex ), to assess the overall variation among populations, between sexes, and
whether these two factors interacted. If signiﬁcance was detected
(P ≤ 0.05), a series of post-hoc pairwise tests were performed to determine the sources of variation. The post-hoc tests included pairwise
tests between populations (three tests), as well as total and pairwise

2.6.6. Identifying the most variable venom components
To identify and visualize the individual peaks that contributed most
to either the geographical or intersexual variation in each of the clr
transformed complete RP-HPLC and protein bioanalyzer data sets, a
robust principal component analysis was performed using the
robCompositions R package (Templ et al., 2011) following methods
described by Filzmoser et al. (2009). To determine the percent variance
of each peak among populations, within populations, and between
sexes, variance matrices were created using these same data sets, with
140
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We performed the same nonparametric MANOVA tests on the protein bioanalyzer ilr transformed data set (one venom sample per animal) and found similar results to the RP-HPLC data in terms of overall
variation among populations (F = 4.85, R2 = 0.24 , P = 3.6 × 10−5 ), but
not intersexual variation (F = 1.53, R2 = 0.04 , P = 0.17 ), and no signiﬁcant interaction between population and sex (F = 1.10 , R2 = 0.05,
P = 0.34 , Table 1). In our post-hoc analyses using Bonferroni corrected P
values, indicated by P* (Table S3), we found signiﬁcant diﬀerences
between ONF and TSO populations (F = 4.43, R2 = 0.19 , P* = 0.043)
and between ANF and TSO populations (F = 8.11, R2 = 0.29 , P*
= 3.6 × 10−4 ), and no diﬀerence between ANF and ONF populations, as
was the case with the partial RP-HPLC data set. We did not, however,
ﬁnd any signiﬁcant diﬀerences between the sexes in our pairwise population comparisons.

the robCompositions package in R.
2.6.7. Assessing functional variation using toxicity assays
LD50 values were calculated using the tsk package in R (Stone,
2015), which employs the Trimmed Spearman-Karber method
(Hamilton et al., 1977) for calculating median eﬀective doses from
dose-response curves. This method calculates a 95% conﬁdence interval
on the LD50 values, but does not allow for appropriate statistical comparison between calculated values (Schenker and Gentleman, 2001).
For that reason, a separate, independent dose-response value (ED50)
was calculated for each assay using the drc package in R (Ritz et al.,
2015), following methods previously described (Margres et al., 2017).
In brief, a dose-response model was ﬁrst selected by utilizing Akaike's
information criterion (Akaike, 2011) to determine the best ﬁt model
(i.e. lowest standard error). Both log-logistic (2–5 parameters) and
Weibull (1–4 parameters) models were tested and the models with the
lowest overall standard error for each cricket and ﬂy assays were then
used within the drm function to calculate the ED50. To determine signiﬁcant diﬀerences in function among ANF, ONF, and TSO venoms, as
well as between male and female venoms from the ANF population, a
ratio test (Wheeler et al., 2006) was implemented using the comped
function. In this test, the ratio of ED50s are calculated and determined to
be signiﬁcantly diﬀerent if the conﬁdence intervals for the ratios do not
contain 1.

3.1.3. Venom variation among populations was female-biased
Using only female venom samples from the partial RP-HPLC data
set, we found overall signiﬁcant variation among populations (F = 3.32 ,
R2 = 0.28, P* = 1.8 × 10−4 ), which was due to diﬀerences between females of ONF and TSO (F = 4.81, R2 = 0.32 , P* = 0.014 ) and ANF and
TSO (F = 4.55, R2 = 0.29 , P* = 8.7 × 10−3 ), but no signiﬁcant diﬀerence
was found between ANF and ONF females. When using only male
venom samples from the partial RP-HPLC data set, we found no signiﬁcant venom variation overall or between pairs of the three populations.
Because we did not ﬁnd signiﬁcant diﬀerences between the sexes in
our pairwise population comparisons using the protein bioanalyzer data
set, we did not expect to ﬁnd signiﬁcant variation among populations
overall using only females (F = 2.94 , R2 = 0.26 , P* = 0.054 ), but we did
ﬁnd signiﬁcant diﬀerences between ANF and TSO females (F = 4.80 ,
R2 = 0.30 , P* = 0.044 ). Similar to the RP-HPLC analysis, we found no
signiﬁcant variation overall or between any of the three populations
when using only male venom samples from the protein bioanalyzer data
set.

3. Results
3.1. Venom variation among populations
3.1.1. Sample-to-population placement probabilities were high
Discriminant function analysis (DFA) of the complete RP-HPLC data
assigned a placement probability of 78% for ANF, 82% for ONF, and
97% for TSO, for individuals designated as being from their respective
populations, with an overall average placement probability of 85%.
This suggests that an individual could be assigned to its population with
a 85% certainty based on its RP-HPLC venom proﬁle alone and indicates that each population may be distinguished by their venom. The
DFA of the protein bioanalyzer data assigned a placement probability of
67% for ANF, 55% for ONF and 80% for TSO, with an overall average
placement probability of 67%. The RP-HPLC venom proﬁles have 24
distinct peak regions (Fig. 2A), whereas the protein bioanalyzer proﬁles
have only 11 distinct peak regions (Fig. 2B), suggesting that the difference in placement probabilities between the two proﬁles types is due
to the RP-HPLC proﬁles having more deﬁned peak separation in regions
that likely contribute to variation among the three populations, or that
technical noise may be less of a factor in RP-HPLC proﬁles versus
protein bioanalyzer proﬁles.

3.1.4. Within-individual variation did not impact the among-population
results
We performed a robustness check to determine if plasticity (Gangur
et al., 2017) or individual sample variation aﬀected our among population venom variation results. We observed the same patterns of variation among populations (overall and sex-based) when using both the
earliest and latest extracted venom sample from each animal (data not
shown). These results suggest that any potential changes in venom
phenotype due to plasticity or individual variation in venom expression
had no eﬀect on our results.
3.1.5. Both low- and high-expression venom components contributed to
variation among populations
The PCA analysis of the RP-HPLC peaks revealed distinct separation
between TSO and the other two populations, and more overlap of the
ANF and ONF populations. (Fig. 3A). The ﬁrst ﬁve principal components explained 73.8% of the variation in the RP-HPLC data set making
up 30.9%, 15.3%, 11.7%, 9.4% and 6.6%, respectively. The most
variable peaks in the PCA analysis were: peaks 1, 11, 12, 17, and 24.
The PCA analysis generated from the protein bioanalyzer peaks showed
a similar result to the PCA analysis of the RP-HPLC peaks (Fig. 3B). The
separation between the TSO population and the ANF and ONF populations is more distinct, and we do not see a clear distinction between
the ANF and ONF populations. The ﬁrst ﬁve principal components explained 92.7% of the variation in the protein bioanalyzer data set
making up 45.4%, 19.2%, 13.6%, 8.5% and 6.0%, respectively. The
most variable peaks were 1, 2, 3, 6 and 11.
Using a variance matrix to determine the percent variance of each
RP-HPLC peak (i.e. which peaks were the least and most variable among
populations), peaks 12 and 24 were identiﬁed as the most variable,
contributing to 10.2% and 10.5% of the variance, respectively, followed

3.1.2. Geographic and intersexual variation contributed to overall venom
variation among populations
We performed a nonparametric MANOVA on the partial RP-HPLC ilr
transformed data set (one random venom sample from each animal)
and found signiﬁcant variation among populations (F = 3.70 , R2 = 0.19 ,
P = 2.2 × 10−5 )
R2 = 0.08,
and
between
sexes
(F = 3.07 ,
P = 4.3 × 10−3 ), but the interaction between population and sex was not
signiﬁcant (F = 1.23, R2 = 0.06 , P = 0.23, Table 1). We then conducted
a series of post-hoc, pairwise nonparametric MANOVA tests, and adjusted resulting P values with a Bonferroni correction, indicated by P*,
to determine the sources of variation (Table S2). We found no signiﬁcant diﬀerences between the ANF and ONF populations. When
comparing ONF and TSO populations, we found signiﬁcant variation
between populations (F = 5.86, R2 = 0.22 , P* = 5.5 × 10−5 ) but not between sexes (F = 2.29 , R2 = 0.09 , P* = 0.33), and when comparing ANF
and TSO, we found signiﬁcant variation between populations (F = 4.32 ,
R2 = 0.16 , P* = 7.4 × 10−3 ) and between sexes (F = 3.35, R2 = 0.12 , P*
= 0.046 ).
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Fig. 2. Representative RP-HPLC (A) and protein bioanalyzer (B) proﬁles for one individual. Peaks are indicated by number. In the protein bioanalyzer proﬁle (B), M
and S indicate internal markers and system peak, respectively.

followed by peaks 6, 2, 7 and 11, which contributed to 17.5%, 10.1%,
10.1% and 9.9% of the variance, respectively (Fig. 4B). Representative
protein bioanalyzer proﬁles can be seen in Fig. 2B, where peak identities are indicated.
To better visualize the contribution of each peak to the observed

closely by peak 11, which contributed to 9.3% of the variance, and peak
1, which contributed 8.7% (Fig. 4A). Representative RP-HPLC proﬁles
with peak identities can be seen in Fig. 2A. In the variance matrix of the
protein bioanalyzer data, peak 1 was identiﬁed as the most variable
peak among populations, contributing to 20.3% of the variance,

Table 1
Compositional venom variation.
RP-HPLC

Protein bioanalyzer

RP-HPLC

Among populations

Df

SumOfSqs

MeanSqs

F

R2

P

Pop

2

114.33

57.17

3.7

0.19

2.2 × 10−5

Sex

1

47.44

47.44

3.07

0.08

Pop:Sex
Residuals
Total
Among populations

2
27
32
Df

37.93
417.39
617.10
SumOfSqs

18.97
15.46

1.23

0.06
0.68
1

4.3 × 10−3
0.23

MeanSqs

F

R2

P

Pop

2

74.78

37.39

4.85

0.24

Sex
Pop:Sex
Residuals
Total
Within populations

1
2
27
32
Df

11.76
16.70
207.95
311.49
SumOfSqs

11.76
8.50
7.70

1.53
1.10

0.04
0.05
0.67
1

3.6 × 10−5
0.17
0.34

MeanSqs

F

R2

P

Pop

2

299.55

149.77

13.88

0.17

1.0 × 10−6

Pop:Sex

3

164.19

54.73

5.07

0.09

1.0 × 10−6

Pop:Sex:Animal

27

586.61

21.73

2.01

0.33

1.0 × 10−6

Residuals
Total

66
98

712.25
1,762.60

10.79

0.40
1

Results of nonparametric MANOVA tests run on the partial RP-HPLC data set (among populations), protein bioanalyzer data set (among populations), and complete
RP-HPLC data set (within populations) reveal signiﬁcant levels of variation among and within populations, between sexes, and among individuals within populations.
Sources of variation were determined through post-hoc analyses (Tables S2–S4).
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Fig. 3. The principal component analysis of the complete RP-HPLC data set (A) and the protein bioanalyzer data set (B) revealed separation of TSO from the ANF and
ONF populations. The ﬁve peaks exhibiting most of the variation among populations are displayed. Populations are indicated by color and sexes are indicated by
shape.

Fig. 4. Bar graph representation of among-population variance matrices of RP-HPLC peaks (A) and protein bioanalyzer peaks (B). The percent variation shown is the
percent variation each peak contributes to the overall variation among all three C. hentzi populations.

expression that appears to be evenly spread between both highly and
weakly expressed proteins.

variation among populations and between sexes, we calculated the
average expression for each peak in each population and the average
expression for each peak by sex, and plotted pairwise correlations of
these values between populations (Fig. 5: RP-HPLC and Fig. 6: protein
bioanalyzer). These plots show few diﬀerences in average expression
between ANF and ONF populations, and the peaks that are more variable are weakly expressed. In comparison to ANF and ONF, we found
less agreement in average expression between ONF and TSO, and between ANF and TSO, including in proteins that are more highly expressed. When looking at average expression between males and females, including individuals from all populations, we found variation in

3.2. Venom variation within populations
3.2.1. Intersexual and among-individual variation contributed to overall
venom variation within populations
We performed a nonparametric MANOVA on the complete RP-HPLC
ilr transformed data set (three samples per individual), using a nested
model to account for the relationships among animal, sex and population, while constraining permutations within each population. We
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Fig. 5. Average expression between each of the three C. hentzi populations (A–C) and between the sexes (D), using the partial RP-HPLC proﬁle data set. Individuals
from all three populations are included in the sex comparison. Points along the diagonal line indicate strong agreement in expression and points deviating from the
diagonal indicate more variable expression. Clr—centered logratio transformation.

found signiﬁcant levels of variation within populations (F = 13.88,
R2 = 0.17 , P = 1.0 × 10−6 ), between sexes within populations (F = 5.07 ,
R2 = 0.09 , P = 1.0 × 10−6 ), and among individuals within sexes, within
populations (F = 2.01, R2 = 0.33, P = 1.0 × 10−6 , Table 1). We then
performed a series of post-hoc permutational MANOVA tests to determine the sources of variation within each population, using the
Bonferroni adjusted P-values to correct for multiple comparisons, indicated by P* (Table S4). Within the ANF population, we found a signiﬁcant diﬀerence between the sexes (F = 8.86, R2 = 0.15, P*
= 9.0 × 10−6 ) as well as among animals within the sexes (F = 2.7 ,
R2 = 0.45, P* = 9.0 × 10−6 ). Within the ONF population, we did not ﬁnd
a signiﬁcant diﬀerence between sexes (F = 1.4 , R2 = 0.03, P* = 1.0 ), but
we did ﬁnd signiﬁcant variation among animals within the sexes
(F = 1.86, R2 = 0.42 , P* = 2.3 × 10−3 ). Within the TSO population, we
found signiﬁcant variation between the sexes (F = 6.23, R2 = 0.17 , P*
= 6.6 × 10−4 ), but not among animals within the sexes (F = 1.38,
R2 = 0.3, P* = 0.72 ).

(F = 1.82 , R2 = 0.44 , P* = 3.1 × 10−3 ), but we did not ﬁnd signiﬁcant
levels of variation within females of the ONF or TSO populations. Using
only male samples from the complete RP-HPLC data set, we found
signiﬁcant levels of variation within males of the ANF population
(F = 5.66, R2 = 0.68, P* = 6.1 × 10−4 ) and within males of the ONF
population (F = 3.00 , R2 = 0.53, P* = 3.6 × 10−3 ), but we did not ﬁnd
variation within males of the TSO population.

3.2.2. Males contributed more to venom variation within populations than
females
Using only female samples from the complete RP-HPLC data set, we
found signiﬁcant variation within females of the ANF population

3.2.4. Venom components contributing to venom variation within
populations were consistent with those detected among populations
We used variance matrices to determine the percent variance of
each RP-HPLC and protein bioanalyzer peak within each population

3.2.3. Within-individual variation did not impact the within-population
results
To determine whether or not replicate samples from the same individual were variable, we ran a nonparametric MANOVA using a
model with the calculated timing of the venom sample (see methods
section 2.6.5) being nested within animal, and used the strata function
to constrict permutations within each animal. The results revealed no
signiﬁcant diﬀerences among replicate samples for an individual due to
the timing of the venom extraction (F = 3.32 , R2 = 0.60 , P = 0.21).
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Fig. 6. Average expression between each of the three C. hentzi populations (A–C) and between the sexes (D), using the protein bioanalyzer proﬁle data set. Individuals
from all three populations are included in the sex comparison. Points along the diagonal line indicate strong agreement in expression and points deviating from the
diagonal indicate more variable expression. Clr—centered logratio transformation.

being the most variable, suggesting more intersexual variation within
these two populations (ANF MANOVA P* = 9.0 × 10−6 , TSO MANOVA
P* = 6.6 × 10−4 ).
In the protein bioanalyzer data (Table S8), peak 7 was the most
variable peak within the ANF population (21.2% of the variance), peak
1 was the most variable peak within the ONF population (21.2% of the
variance), and peak 6 was the most variable peak within the TSO population (25.5% of the variance). Similar to the RP-HPLC results, these
peaks correspond with the most variable peaks that were identiﬁed
among populations. Within the protein bioanalyzer data set using only
male samples (Table S9), peak 6 was the most variable within ANF
males (24.2% of the variance), and peak 11 was the most variable
among both ONF and TSO males, with 23.6% and 19.1% of the total
variance, respectively. Within the protein bioanalyzer data set using
only female samples (Table S10), peak 7 was the most variable within
ANF females (21.3% of the variance), peak 1 was the most variable
within ONF females (23.1% of the variance), and peak 6 was the most
variable within TSO females (38.3% of the variance). The diﬀerent
peaks identiﬁed as being the most variable in each sex suggests possible
intersexual variation within each population, but this was not detected
as signiﬁcant in the protein bioanalyzer MANOVA analyses (Table S3).

and within each sex (Tables S5–S10). Within the complete RP-HPLC
data set (Table S5), peak 11 was the most variable peak within ANF,
representing 17.0% of the variance, peak 12 was the most variable peak
within ONF, representing 14.7% of the variance, and peak 24 was the
most variable peak within TSO, representing 20.6% of the variance.
These peaks correspond with the most variable peaks that were identiﬁed among populations. Within the RP-HPLC data set using only male
samples (Table S6), peak 11 was the most variable peak within the ANF
population, representing 29.2% of the variance, peak 12 was the most
variable peak within ONF males, representing 11.7% of the variance,
and peak 16 was the most variable peak within TSO males, representing
18.3% of the variance. Within the RP-HPLC data set using only female
samples (Table S7), peak 1 was the most variable peak within ANF
females, representing 10.5% of the variance, peak 12 was the most
variable peak within ONF females, representing 15.2% of the variance,
and peak 24 was the most variable peak within TSO females, representing 23.8% of the variance. These results correspond to the patterns of variation that were detected by the within population
MANOVA analyses (Table S4). Within the ONF population, the same
peak was the most variable regardless of sex, suggesting less intersexual
variation within the ONF population (MANOVA P* = 1.0 ). Within the
ANF and TSO populations, diﬀerent peaks were identiﬁed in each sex as
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Fig. 7. Peak 12 protein identiﬁcation of NaTx-4 and NaTx-18. (A) Diﬀerences in relative abundance of NaTx-4 and NaTx-18 in a female venom sample from each
population. MS signals were averaged over the nanoLiquid Chromatography (nLC) chromatogram of eluted proteins and are reported as relative percent abundance.
(B) Proteomic veriﬁcation of NaTx-4 (7029 Da.) and NaTx-18 (7332 Da), with the most abundant mass-to-charge (m/z) ratio indicated. (C) Amino acid sequence
alignments of NaTx-4 and NaTx-18 show evidence of post-translational processing and conserved cysteine residues required for the formation of four disulﬁde bonds.
The precursor sequences for NaTx-4 and NaTx-18 were obtained from published data (Ward et al., 2018) and have 31% sequence identity to each other. Conserved
amino acids between the two peptides are highlighted and include eight cysteine residues. Processed amino acid sequences are shown in bold.

3.3. Protein identiﬁcation

3.4. Functional venom variation

The variance matrix of the complete RP-HPLC data revealed that
peaks 12 and 24 contributed most to the variation among the three
populations (Fig. 4A, Table S5). Peak 12, which was present in 93% of
RP-HPLC venom samples, was identiﬁed as the most abundant variable
peak among the three populations. This peak was isolated from a representative female sample from each of the three populations, and
nLC/MS/MS, using both top-down and bottom-up approaches (see
methods section 2.4), was used to identify the proteins present in this
peak. The results of nLC/MS/MS revealed the same two Na+-channel
toxins: NaTx-4 (7029 Da) and NaTx-18 (7332 Da), although the relative
abundance of each of these toxins was variable among populations
(Fig. 7). In the ANF sample, NaTx-4 was the most abundant toxin
identiﬁed in peak 12, with NaTx-18 representing only a small portion of
this peak. In the ONF and TSO samples we see the opposite pattern,
with NaTx-18 being the most abundant toxin identiﬁed and NaTx-4
representing only a small portion of peak 12. Sodium channel toxins are
characterized by the presence of four disulﬁde bonds, are 60–76 amino
acids in length, and act by slowing or blocking the inactivation of Na+channels (Possani et al., 1999; Bosmans and Tytgat, 2007; Gurevitz
et al., 2007). Precursor and processed amino acid alignments for NaTx4 and NaTx-18 are shown in Fig. 7. The precursor amino acid lengths
for NaTx-4 and NaTx-18 were 83 and 89 amino acids, respectively
(Ward et al., 2018), and show 31% sequence identity to each other. In
NaTx-4, we found evidence of post-translational processing at both the
N and C-terminus, resulting in a ﬁnal processed length of 60 amino
acids with eight cysteine residues, consistent with the formation of four
disulﬁde bonds. In NaTx-18, we found evidence of post-translational
processing at the N-terminus, resulting in a ﬁnal length of 68 amino
acids, including eight cysteine residues required for the formation of
four disulﬁde bonds.

When testing venom from the three C. hentzi populations in D.
melanogaster, we were able to use the 24 h time point to calculate LD50
and ED50 values. We found a signiﬁcant functional diﬀerence between
the ANF and TSO populations (ratio test result did not contain 1, see
methods section 2.6.7), with ANF venom being nearly twice as toxic to
D. melanogaster compared to TSO venom (Table 2). We did not, however, ﬁnd a signiﬁcant functional diﬀerence between ANF and ONF or
between ONF and TSO venoms when injected into D. melanogaster.
When testing C. hentzi venom from the ANF population in G. sigillatus, one of the ten controls was recorded as dead at the 12 h time
point. Therefore, all LD50 and ED50 values were calculated using recorded data from the 8 h time point of each assay. Consistent with our
compositional results, the results of the ED50 ratio tests in G. sigillatus
revealed signiﬁcant functional diﬀerences between TSO and ANF as
well as between TSO and ONF, and no signiﬁcant diﬀerence in venom
function between the ANF and ONF venoms (Table 2). In comparison to
the TSO venom, both ANF and ONF venoms were more toxic to G. sigillatus, with ANF being slightly more so than ONF.
Because we were able to capture the same variation pattern as in the
compositional analyses when injecting C. hentzi venom into G. sigillatus,
and because the most signiﬁcant compositional diﬀerences between
males and females seemed to be present in the ANF C. hentzi population,
we tested for functional diﬀerences between sexes using pooled venom
samples (one all-male and one all-female) from the ANF population. We
found a signiﬁcant diﬀerence between male and female venoms of the
ANF population when injected into G. sigillatus, with the female venom
being almost three times more toxic relative to the male venom
(Table 2).
4. Discussion
Intraspeciﬁc venom variation has been found among populations
(Abdel-Rahman et al., 2009; Ruiming et al., 2010; Rodríguez-Ravelo
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Table 2
LD50 and ED50 values.
G. sigillatus

LD50 (TSK)

ED50 (DRM)

LD50
(μg/mg)

Std. Dev.

Lower
95% CI

Upper
95% CI

ED50
(μg/mg)

Std. Error

Lower
95% CI

Upper
95% CI

ANF
ONF
TSO
ANF (Male)
ANF (Female)

0.512
0.608
1.02
0.688
0.409

0.072
0.0554
0.124
0.103
0.104

0.368
0.499
0.775
0.486
0.205

0.653
0.716
1.26
0.889
0.614

0.429
0.560
0.955
0.467
0.168

0.0767
0.0645
0.112
0.112
0.0733

0.279
0.434
0.735
0.284
0.0245

0.579
0.687
1.17
0.686
0.312

D. melanogaster

LD50
(ng/mg)

Std. Dev.

Lower
95% CI

Upper
95% CI

ED50
(ng/mg)

Std. Error

Lower
95% CI

Upper
95% CI

ANF
ONF
TSO

0.885
1.20
1.53

0.109
0.155
0.214

0.67
0.892
1.11

1.10
1.50
1.95

0.717
0.812
1.24

0.089
0.145
0.281

0.542
0.527
0.693

0.892
1.10
1.79

LD50 values were calculated using the Trimmed Spearman-Karber (TSK) method, with standard deviation and 95% conﬁdence intervals shown. ED50 values were
calculated by ﬁtting the responses to a dose-response model (DRM), and provide standard errors in the measurement, which can be used in statistical testing using the
ratio test. The lower and upper 95% conﬁdence intervals for the calculated ED50 values are also shown.

(NaTxs) in comparison to the male, with seven NaTxs expressed in high
concentrations (relative to other proteomically detected toxins) in the
female venom that were completely absent from the male venom. Although some scorpion NaTxs are known to cause severe pain (Rowe
et al., 2013; Miller et al., 2016), many NaTxs are insect speciﬁc (Possani
et al., 1999; Bosmans and Tytgat, 2007; Gurevitz et al., 2007) and ideal
for prey capture. The seven NaTxs identiﬁed in the female C. hentzi
venom are likely female-biased venom genes that could have arisen for
more eﬀective and specialized prey capture, defense, or both. The male
C. hentzi venom has a greater abundance of potassium channel toxins
(KTxs) and general venom proteins (VPs) that have yet to be characterized by function or homology to known toxins (Ward et al., 2018),
suggesting that these toxins may play a role in mating, or in less-specialized prey capture or defensive strategies while on the move. However, additional venom-gland transcriptome and proteome characterization of multiple males and females from diﬀerent populations would
be necessary to determine which venom genes are truly sex-biased.
We identiﬁed and characterized the most abundant RP-HPLC peak
responsible for variation among populations and found the same two
NaTxs present in all populations, NaTx-4 and NaTx-18, although the
relative amounts of each NaTx diﬀered by population (Fig. 7). In
comparing the average expression of each peak between populations
and between sexes (Fig. 5), peak 12 does not seem to diﬀer in expression between ANF and ONF, with greater expression diﬀerences observed between ANF and TSO. Despite the protein content being nearly
identical in the ONF and TSO samples, we still see diﬀerences in
average expression of peak 12 between these populations. In the
average expression diﬀerences between the sexes (Fig. 5D), males and
females from all three populations do not seem to diﬀer in average
expression of peak 12, indicating that although NaTx-4 and NaTx-18
may be candidates for sex-biased genes, these toxins are more involved
in population venom variation rather than intersexual variation.
Variation in venom function as measured by toxicity assays was
strongly correlated with the compositional variation determined by RPHPLC and protein bioanalyzer data. In D. melanogaster, we were able to
capture the more extreme diﬀerences between the ANF and TSO populations, with the ANF venom being more toxic to D. melanogaster
relative to TSO. In G. sigillatus, the functional results corresponded to
the molecular results exactly. We found no functional diﬀerence between the ANF and ONF populations, and we did ﬁnd signiﬁcant differences in toxicity between the ONF and TSO as well as the ANF and
TSO populations, where TSO was the less toxic venom in both cases. We
also found a signiﬁcant diﬀerence in toxicity between male and female
venoms of the ANF population, with the female venom being more toxic
than the male venom. Higher female venom toxicity has been found in

et al., 2013; Estrada-Gómez et al., 2014; Carcamo-Noriega et al., 2017;
Schaﬀrath et al., 2018) and between sexes (De Sousa et al., 2010;
Rodríguez-Ravelo et al., 2015; Miller et al., 2016; Cid-Uribe et al.,
2017) of multiple scorpion species, but none of these studies have examined venom expression variation within populations or within sexes.
Focusing on three populations of C. hentzi in North and Central Florida,
using both RP-HPLC and protein bioanalyzer venom proﬁles, we found
signiﬁcant venom variation among populations, with greater signiﬁcance between populations with farther geographic separation. We
also found signiﬁcant diﬀerences in venom composition between males
and females across all populations. Variation among populations,
however, was only detected using female, not male, venom samples.
This indicates a female-driven population divergence in this species and
is suggestive of venom-speciﬁc, sex-biased gene expression.
We found signiﬁcant levels of variation within populations, which
was attributed to variation between sexes and/or among individuals
within each population. Overall, we found greater variation within
males of each population in comparison to females (aside from the TSO
population). Although not speciﬁcally documented in C. hentzi, other
Centruroides species have exhibited diﬀerences in dispersal and behavior between males and females that may explain, at least in part,
diﬀerences in venom composition (Carlson and Rowe, 2009; Carlson
et al., 2014). Our results support the theory that male C. hentzi are more
widely dispersed as they search for mates, with possible migration between populations, and therefore are subject to diﬀerent types of selective pressures than if they remained tethered to a speciﬁc location
(Polis and Farley, 1979; Booncham et al., 2007; Carlson and Rowe,
2009; Kaltsas and Mylonas, 2010). Male venom variation may also be
due to sexual selection, such as female mate choice (Polis and Sissom,
1990; Tallarovic et al., 2000; Contreras-Garduño et al., 2006) or malemale competition (Benton, 1992) that have been observed in some
species, but, to our knowledge, these behaviors have not been speciﬁcally documented in Centruroides. Regardless, considering females were
responsible for the variation observed among populations, this also
supports that female C. hentzi are less mobile than males, and that their
venom may be more suited to their speciﬁc microenvironment within
their respective population.
The recently completed venom-gland transcriptome and proteome
of a male and female C. hentzi showed diﬀerences in expression between the sexes (Ward et al., 2018). Although only one male and one
female C. hentzi were analyzed, several toxins were detected in the female that were completely absent from the male, and vice versa. This
genetic framework may indicate which venom genes are sex-speciﬁc
and therefore contribute more to population divergence. The female C.
hentzi venom showed a greater percentage of sodium channel toxins
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other scorpion species (De Sousa et al., 2010). This may, however, be a
prey-speciﬁc phenomenon as Miller et al. (2016) found male venom to
be more of an irritant to mice in comparison to female venom from the
closely related Centruroides vittatus. One possible explanation is that
female venom may be more locally adapted for prey capture and defense of smaller predators (including other arachnids), whereas male
venom may be better suited for defense against larger predators such as
birds and mammals.
In our compositional and functional analyses of venom variation
among three Florida populations of C. hentzi, we established femalebiased intraspeciﬁc venom variation as well as venom variation within
populations that is due to both diﬀerences among individuals and between sexes. Although the underlying mechanisms relating natural and
sexual selection to sex-biased genes resulting in sexual dimorphism
remain unknown, our results provide evidence that male and female
scorpions experience diﬀerent natural and sexual selective pressures
that have led to the expression of sex-biased venom genes, and that
these genes are more consequential in population divergence than
previously considered. As our database of venom-gland transcriptome
and proteome characterizations continues to grow, so does our ability
to identify potential sex-biased venom genes, which, when partnered
with behavior and ecology, will allow us to unravel the complex evolutionary phenomenon of intersexual venom variation.
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