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ABSTRACT

The Solenopsis venom protein 2 transcript was amplified, sequenced, probed, and analyzed from Solenopsis
invicta x Solenopsis richteri hybrid ant colonies (hybrids) collected from across Tennessee to determine the extent
of introgression of each parent allele (Solenopsis invicta venom protein 2 [Soli2] and Solenopsis richteri venom
protein 2 [Solr2]). Chemotaxonomic analyses of venom alkaloids and cuticular hydrocarbons were used to
categorize hybrid colonies and their relative relatedness to each parent species. Hybrid colonies were chosen
randomly from each chemotaxonomic hybridization category, including “very near S. richteri,” “near S. richteri,”
“near S. invicta,” and “very near S. invicta.” Lateral flow immunoassays for detection of the Soli2 and Solr2 venom
proteins were largely in agreement with the chemotaxonomic analyses for the very near S. richteri (100% Solr2)
and very near S. invicta (80% Soli2, 20% Soli2 + Solr2 detected in the sample) groups, while Soli2 and Solr2 were
reported in 60% and 40% in the near S. invicta and near S. richteri chemotaxonomic groups. Analysis of tran-
scripts from the hybrid colonies revealed a sequence with 100% identity to Soli2 (GenBank Accession L09560)
and three unique sequences, which we identify as Solenopsis hybrid venom protein 2 (Solh2; GenBank Accession
MT150127), Solenopsis hybrid truncated venom protein 2 (Solh2™7; Genbank Accession MT150129), and
Solenopsis richteri venom protein 2, D to A change at position 69 (Solr2*%%; GenBank Accession MT150128). The
predicted open reading frame for Solh2 and Solh2™7 revealed sequences unique to hybrid ants, with Solh2™an
alternatively spliced form. A third unique sequence, Solr24% is likely the correct sequence for Solr2, which
appears to have been published previously with a sequencing error (GenBank Accession P35776).

1. Introduction

Alabama, Arkansas, Georgia, Mississippi, and Tennessee (Gardner et al.,
2008; Oliver et al., 2009; Streett et al., 2006).

Solenopsis invicta Buren and Solenopsis richteri Forel are invasive fire
ant species that were introduced into the southern United States in the
early part of the twentieth century (Tschinkel, 2006). During this time,
S. invicta has greatly expanded its range. It is currently found from
Florida to Virginia and west into California (Callcott and Collins, 1996).
Conversely, S. richteri is confined to a relatively small contiguous area in
northeastern Mississippi (Streett et al., 2006), northwestern Alabama
(Bertagnolli et al., 2007), and southwestern Tennessee (Oliver et al.,
2009). At the U.S. population boundaries between S. invicta and
S. richteri, a fertile hybrid imported fire ant (S. invicta x S. richteri) was
detected in 1985 (Vander Meer et al., 1985). The S. invicta x S. richteri
hybrid (henceforth referred to as hybrid) is currently distributed in
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In the United States, the economic impact attributed to invasive fire
ant species was estimated to exceed $6 billion (U.S.) annually in 2003
(Pereira, 2003). Accounting for inflation, the 2021 figure is estimated at
$7.5 billion. More importantly, both species possess a potent multi-
component venom that poses a significant human health risk (Hoffman,
1995; Stafford et al., 1989). Indeed, 5% of those stung require medical
attention and 2% exhibit serious allergic responses, including anaphy-
laxis (deShazo et al., 1990; Rhoades et al., 1989; Stafford et al., 1989).
The venom is comprised of >95% alkaloids and 0.01% proteins (Fox,
2016) and is extraordinarily complex (dos Santos Pinto et al., 2012). dos
Santos Pinto et al. (2012) identified 46 proteins from the venom of
Solenopsis invicta, which they organized into four different groups based
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on their potential role, including true venom components, housekeeping
proteins, body muscle proteins, and proteins involved in chemical
communication. However, four venom proteins, Solenopsis venom
protein 1, venom protein 2, venom protein 3, venom protein 4, have
been studied extensively and remain the best characterized of the pro-
tein components (Hoffman, 2010; Ross et al., 1987). Solenopsis venom
protein 2 is the most antigenic, eliciting a strong immune response in
mammals, and comprises the largest proportion (~67%) of these four
proteins (Hoffman, 1995). Each of the invasive fire ant species, S. invicta
and S. richteri, expresses an orthologue of Solenopsis venom protein 2 (i.
e., Soli2 [GenBank Accession P35775] and Solr2 [P35776], respec-
tively) with 80% identity between the protein sequences (Hoffman,
2010; Valles et al., 2016). Because the hybrid continues to expand its
range, we were curious about the expression of Solenopsis venom pro-
tein 2 among the hybridized ants. Our objective was to examine which
venom protein 2 (Soli2 or Solr2) was dominant in hybridized ant col-
onies. While Soli2 and Solr2 were expressed in hybrid colonies, two
additional Solenopsis venom protein 2 forms were discovered that are
unique to the hybrid lineage.

2. Methods
2.1. Ant collections

Solenopsis species worker ants were collected from colonies along
roadsides in infested Tennessee counties south of the Federal Imported
Fire Ant Quarantine area (Tennessee Department of Agriculture, 2018)
from late July to early October in 2015 and 2016. The global position
coordinate for each sample was determined (LandMark Spatial Systems,
LLC, Starkville, MS). Worker ants were sampled by digging into the ant
mound and then allowing ants to crawl up a wooden board (90 by 3.5 by
2.0 cm). Ants were dislodged from the board into an 18.9 L bucket
treated with Insect-a-Slip Insect Barrier (BioQuip Products Rancho
Dominguez, CA) along the upper, inner lip to prevent escape. Worker
ants were transferred from the bucket with featherweight forceps to 20
ml scintillation vials (Wheaton Scientific, Millville, NJ). One vial
received ~50 live ant workers for use in hydrocarbon and alkaloid as-
sessments. A corresponding sample of live worker ants was collected and
stored at —80 °C for molecular and protein analyses. The parental spe-
cies, S. invicta and S. richteri, were included as sequencing controls for
Soli2 and Solr2, respectively. The Soli2 nucleotide sequences obtained
from parental S. invicta and hybrids were identical to the sequence in
GenBank (Accession L09560). The Solr2 nucleotide sequence was never
reported previously. The nucleotide sequence for Solr2 we obtained
from S. richteri collected in Henderson county, TN was deposited in
GenBank with accession number MT150125.

2.2. Cuticular hydrocarbon and venom alkaloid analyses

Cuticular hydrocarbon and venom alkaloid profiles were used to
identify Solenopsis invicta x S. richteri hybridized nests using procedures
developed by Vander Meer et al. (1985) and Ross et al. (1987). All ant
colony samples were analyzed using a Shimadzu QP-2010 Gas Chro-
matograph - Mass Spectrometer (GC-MS) (Shimadzu, Kyoto, Japan). To
prepare ants for GC-MS analysis, 50 live ant workers were placed in
n-hexane Chromasolv® (Sigma-Aldrich, Saint Louis, MO). Each sample
vial with live ants received just enough hexane to cover the live ants
(approximately 5 ml). Extractions proceeded for 24 h, after which, the
hexane was removed to a clean glass vial by pipette (to eliminate any
debris present in the sample) and allowed to evaporate in a fume hood to
about 0.5 ml to concentrate the solvent sample. The concentrated
sample was separated on a DB-1 capillary column (30 m x 0.25 mm; i.d.,
0.25 pm film thickness; Agilent Technologies, Santa Clara, CA). The GC
temperature was programmed as in Menzel and Nebeker (2008). The
initial temperature was 50 °C, held for 1 min, increased to 240 °C at a
rate of 20 °C/min, and held for 29.5 min. The split ratio was 1:10,
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injection temperature 250 °C, and transfer line temperature 270 °C. The
mass spectrometer was operated at 70 eV in the electron impact mode.
Cuticular hydrocarbon index (Iyc) and venom alkaloid index (Iprx)
values were calculated (Ross et al., 1987) to determine the degree of
hybrid relatedness to the two parent species. The alkaloid index was
defined as Ip;x = (P15:1)*(2.36), where P15:1 is the proportion of C15:1
alkaloid. The hydrocarbon peaks obtained were used to calculate the
cuticular hydrocarbon index (Iyc), which was defined as Iyc = [Ps; —
(PSR X 0116)]/[(PSI - (PSR X 0116)) + (PSR_ (PSI X 0072))], where PSI
and Pgg are the proportional hydrocarbon peak areas found within the
retention times assigned to S. invicta and S. richteri, respectively (Ross
et al., 1987). The Hybrid Index has been defined as the mean of Ic and
Iaix ratios where a colony with a Hybrid Index <0.06 considered
S. richteri, between >0.06 and <0.85 as hybrids, and >0.85 as S. invicta
(Ross et al., 1987). A Hybrid Index value was calculated for the 20
colonies used in this study and colonies were separated into the
following categories: “very near S. richteri” (hybrid index = 0.061 to
0.099), “near S. richteri” (0.1-0.2), “near S. invicta” (0.4-0.5), and “very
near S. invicta” (0.65-0.75). Five nests from each of these hybrid cate-
gories were chosen for subsequent analyses (Table 1).

2.3. Lateral flow immunoassay

Worker ants from nests identified as hybrids from alkaloid and hy-
drocarbon analyses (Table 1) were evaluated by lateral flow immuno-
assay (LFA) for the presence of venom proteins, Soli2 (P35775) and
Solr2 (P35776) (Valles et al., 2018). The multiplexed LFA utilizes
monoclonal antibodies (mAb) specific for each venom protein and can
discriminate S. invicta and S. richteri based on the presence of the specific
venom protein 2. Assays were conducted by placing 5 worker ants into a
1.7 ml microcentrifuge tube containing 25 pL of LFA homogenization
buffer (50 mM sodium phosphate buffer, pH 7.1 + 0.1% sodium dodecyl
sulfate). The ants were thoroughly homogenized (~1 min) with a plastic
pestle and the tube was pulsed in a centrifuge to force the contents of the
tube to the bottom. An LFA strip was inserted into the tube. After 1 min,
an additional 25 pL of homogenization buffer was added to the tube. The
reaction proceeded for an additional 9 min, after which the strip was
removed from the tube and scored. Positive responses for each venom
protein could be determined by their positions on the strip (Valles et al.,
2018).

2.4. Molecular analysis

The Soli2 and Solr2 transcripts were amplified by reverse transcrip-
tion polymerase chain reaction (RT-PCR). Total RNA was extracted from
a pooled group of ten worker ants from hybrid colonies (9, 37, 83, 94,
162, 193, 212, 274, 316, 344, 377, 420) using the Trizol method ac-
cording to the manufacturer’s directions. The RNA (10-50 ng) was
treated with DNAase and used as template for RT-PCR.

Two-step RT-PCR was employed to amplify the Solenopsis venom
protein 2 transcript. First, 0.5 pl (50-100 ng) of the DNAse-treated total
RNA was mixed with 10 mM dNTPs, 1 pM reverse oligonucleotide
primer CS5 (5 TTATATGCACAATATTTTATTGTTAACCCAACAC) and
heated to 65 °C for 5 min. First strand buffer and Superscript Reverse
Transcriptase (RT, Life Technologies) were added and the reaction
incubated at 55 °C for 30 min before inactivating the RT reaction by
heating to 70 °C for 15 min. PCR followed using the cDNA as template
and oligonucleotide primer combination: 4CS (5 GTTAAATGAA-
TAAAGTCACTCATACAACTTCTCTA) and 5CS under the following
cycling conditions: 94 °C for 2 min, 35 cycles of: 94 °C for 15 s, 55 °C for
15 s, and 68 °C for 1.5 min, 1 cycle of 68 °C for 5 min. These oligonu-
cleotide primers were specific to the conserved 5 and 3’ termini of the
mature Soli2 and Solr2 transcripts. Amplicons were separated on 1%
Agarose gels and visualized with SYBR safe (Life Technologies).
Amplicons were ligated into the pCR4-TOPO vector (Life Technologies)
and transformed into TOP10 E. coli competent cells (Life Technologies).
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Table 1
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Collection data summary, hybrid index, and hybrid index classification of Solenopsis invicta x Solenopsis richteri hybrid ant colonies examined. Bold typeface identifies

colonies used in molecular and protein analyses.

Nest Date County Latitude Longitude Hybrid index Hybrid index classification
9 11/8/2015 Shelby 35°21'59.55"N 89°53'03.30"W 0.078 Very near S. richteri
37 12/8/2015 Fayette 35°23'25.58"N 89°21'28.00"W 0.068 Very near S. richteri
78 8/20/2015 Madison 35°32'04.44'N 88°49'41.76"W 0.073 Very near S. richteri
82 8/20/2015 Madison 35°36'49.85"N 88°41/31.08"W 0.064 Very near S. richteri
83 8/21/2015 Madison 35°45'02.66"N 88°41'25.52"W 0.071 Very near S. richteri
91 9/8/2016 Carroll 35°57'34.57"N 88°16/08.21"W 0.125 Near S. richteri

94 8/18/2015 McNairy 35°11'46.92"N 88°39'39.82"W 0.148 Near S. richteri

274 4/9/2015 Lincoln 35°07'34.88"N 86°28'07.03"W 0.192 Near S. richteri

316 8/28/2015 Franklin 35°05'41.79"N 85°55'51.19"W 0.197 Near S. richteri

326 8/26/2015 Cannon 35°41'03.75"N 86°06'52.78"W 0.139 Near S. richteri

157 8/17/2015 Wayne 35°05'33.21"N 87°35'09.06"W 0.443 Near S. invicta

193 9/21/2015 Lawrence 35°02'17.32"N 87°20'36.04"W 0.490 Near S. invicta

344 8/18/2015 Warren 35°37’41.81"N 85°57'41.36"W 0.479 Near S. invicta

367 7/26/2016 White 35°56'42.46"N 85°29'12.57"W 0.452 Near S. invicta

377 11/9/2015 Hamilton 35°00'56.97"N 85°06'38.13"W 0.413 Near S. invicta

162 9/23/2015 Perry 35°38'01.82"N 87°51'50.54"W 0.706 Very near S. invicta
212 9/24/2015 Hickman 35°59’28.41"N 87°29'17.00"W 0.750 Very near S. invicta
260 2/10/2015 Marshall 35°34/51.30"N 86°50'03.57"W 0.694 Very near S. invicta
337 9/9/2015 Marion 35°07'36.97"N 85°33'10.17"W 0.714 Very near S. invicta
420 9/16/2015 Polk 35°00'11.90"N 84°45'24.79"W 0.712 Very near S. invicta

Colonies were picked and inoculated in Luria broth with ampicillin (75
pg/ml), incubated at 37 °C while shaking at 225 rpm, and positively
determined for the presence of the insert by PCR with the original
oligonucleotide primers.

Insert-positive plasmid DNA was purified using the QIAprep Mini-
prep Spin kit (Qiagen) and clones (a minimum of 6 per colony; three per
isoform) were sequenced by the Sanger method. Consensus sequences
for each clone were used to search databases to identify genomic regions
and similar transcripts.

Rapid amplification of cDNA ends (5 RACE) was conducted on RNA
isolated from colonies 9, 37, and 316 to confirm the size of the truncated
transcript. cDNA was synthesized with a gene-specific oligonucleotide
primer (5CS) and PCR was subsequently completed with a nested gene-
specific primer (8CS, 5 GGCCTTGAGTCTCTCTATCTACACATCTAGAA)
and the GeneRacer Abridged Anchor Primer. The anticipated size of the
amplicon was compared with the one derived empirically.

2.5. Western blotting

To determine whether the truncated isoform, Solh2™7, identified by
molecular analysis was being translated into protein, Western blotting
was conducted. The abdomen of worker ants (n = 5) from colonies 9 and
37, which exhibited the truncated isoform, was extirpated and individ-
ually homogenized in 40 pl of lysis buffer (50 mM Tris-HCI, pH 8, 4%
sodium dodecyl sulfate). The sample was centrifuged for 1 min at
21,000xg. The supernatant was removed by pipette (~40 pl) and added
to 20 pl of Laemmli (1970) sample buffer (60 mM Tris-HCl, pH 6.8, 25%
glycerol, 2% sodium dodecyl sulfate, 14.4 mM 2-mercaptoethanol, 0.1%
Bromophenol blue). The sample was heated in a block heater for 5 min
at 95 °C. The sample was divided in half (~30 pl) and applied to two
separate 4-20% gradient SDS-PAGE gels.

SDS-PAGE-separated proteins were electroblotted onto PVDF mem-
branes and blocked in TBS (tris buffered saline; 20 mM Tris-HCI, 500
mM NaCl, pH 7.5) + 1% BSA (bovine serum albumin) for 1 h. One blot
was probed with 0.625 pg/ml of mAb 3H6B9 and the other with mAb
6C9D7 for 1 h at room temperature with shaking (40 rpm). The 3H6B9
mADb preparation was specific for the fourteen amino acid sequence
(IEAQRVLRKDIAEC) specific to a region of Solr2 near the N-terminal
side of the protein. The 6C9D7 mAb preparation was specific for a fifteen
amino acid sequence (NPDPAVVKEKNSKMC) toward the carboxyl end
(relative to IEAQRVLRKDIAEC) of the Solr2 protein (Valles et al., 2018).
The membranes were rinsed twice with TTBS (TBS + 0.05% Tween 20),
probed with goat anti-mouse (0.1 pg/ml) conjugated with alkaline

phosphatase (Sigma, St. Louis, MO) for 1 h, and rinsed twice with TTBS.
The membranes were incubated for several minutes with 5-bromo-4--
chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT)
for the colorimetric detection of alkaline phosphatase activity. Once
bands were detected on the blot, the reaction was terminated by rinsing
the membrane with deionized water. A loading sample control was not
included because the entire ant sample was applied equally to two gels
(lanes). Negative (sample buffer) controls were included in each eval-
uation and abdomens from S. richteri and S. invicta were included as
positive controls.

2.6. Phylogenetic analysis

The predicted open reading frame of the venom protein 2 sequences
was translated and analyzed by the Maximum Likelihood method based
on the JTT matrix-based model with 10,000 bootstrap replicates (Jones
et al., 1992). A phylogenetic tree was generated to illustrate relation-
ships between the venom proteins using the Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood
value. Evolutionary analyses were conducted in MEGA X (Kumar et al.,
2018).

3. Results

Collection data and the respective hybrid index classifications of
hybrid colonies are summarized in Table 1. Based on the hybrid index,
colonies very near, or near S. richteri were collected from the central and
western portions of Tennessee, and those very near, or near S. invicta
from the central and eastern parts of the state (Fig. 1). As expected, all 20
hybrid colonies produced an LFA response for either Soli2 or Solr2
venom protein (Table 2). One colony, 212, produced a positive LFA
response for both Solr2 and Soli2 venom proteins. A Solr2 response was
reported in 7/10 (70%) of colonies classified by hybrid index as near, or
very near S. richteri, and Soli2 in 8/10 (80%) of colonies classified as
near, or very near S. invicta (Fig. 2, Table 2). Overall, the LFA reported a
response for Solr2 in 45% (9/20), Soli2 in 50% (10/20), and both Soli2
and Solr2 in 5% (1/20) of the hybrid colonies.

RT-PCR amplification of the Solenopsis venom protein 2 transcript
from hybrid colonies revealed two amplicons (596 and 496 nucleotides
[nts]) from colonies 9, 37, and 316, and a single amplicon (596 nts) from
the remaining colonies (Fig. 3). The amplicons were not extended by 5’
RACE. Sequence analysis of the amplicons from these hybrid colonies,
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County Hybrid Sample Status

- Very Near Solenopsisinvicta
|:| Near Solenopsis invicta
|:| Near Solenopsis richteri
[ Very Near Solenopsisrichteri

@ Colony Sample Location

Fig. 1. Map of Tennessee and separate county borders. Black dots show locations where S. invicta x S. richteri hybrid colonies were collected. The number near the dot
is the colony designation. Chemotaxonomic (i.e., Hybrid Index) classifications (i.e., very near S. richteri, near S. richteri, near S. invicta, and very near S. invicta) for the

colonies are illustrated by colors as shown in the key.

Table 2

Lateral flow immunoassay (LFA) responses of Solenopsis invicta x Solenopsis richteri hybrid worker ant colonies and the Solenopsis venom protein 2
form detected in each colony (indicated by gray box). LFA responses were determined for five colonies of each hybrid classification and the venom
protein isoform was determined in three, which are designated by bold font.

Venom protein
Nest designation | Hybrid index classification | LFA response | Soli2™>"" | Solr2*® Solh2 Solh2™7
9 Very near S. richteri S. richteri
37 Very near S. richteri S. richteri
78 Very near S. richteri S. richteri
82 Very near S. richteri S. richteri
83 Very near S. richteri S. richteri
91 Near S. richteri S. richteri
94 Near S. richteri S. richteri
274 Near S. richteri S. invicta
316 Near S. richteri S. invicta
326 Near S. richteri S. invicta
157 Near S. invicta S. richteri
193 Near S. invicta S. richteri
344 Near S. invicta S. invicta
367 Near S. invicta S. invicta
377 Near S. invicta S. invicta
162 Very near S. invicta S. invicta
212 Very near S. invicta S. hybrid
260 Very near S. invicta S. invicta
337 Very near S. invicta S. invicta
420 Very near S. invicta S. invicta

S. richteri, and S. invicta parents revealed one nucleotide sequence with
100% identity to Soli2 (L09560) and three unique sequences, which we
identify as Solenopsis hybrid venom protein 2 (Solh2; GenBank Acces-
sion MT150127), Solenopsis hybrid truncated venom protein 2
(Solh2Tr97; GenBank Accession MT150129), and Solenopsis richteri A69
venom protein 2 (Solr2A69; GenBank Accession MT150128; Fig. 4). The
nucleotide sequence for Solr2 was never published, so we sequenced it
from Solenopsis richteri, which has been deposited in the GenBank
database (MT150125). For clarity, Solr2 P35776 refers to the originally
reported amino acid sequence for Solr2 (Hoffman, 1997), Solr2
MT150125 refers to the Solr2 predicted amino acid sequence from Sol-
enopsis richteri ants obtained in this study, and Solr2*%° refers to the
Solr2 amino acid sequence from hybrid ants obtained in this study. The

nucleotide sequence for Solr22%° was identical (100%) to the Solr2
MT150125 sequence from hybrids. However, the amino acid sequence
for Solr2 P35776 (Hoffman, 1997) is different from the Solr22%° and
Solr2 MT150125 sequences by a single residue. Specifically, at amino
acid position 69, Solr2*%° and Solr2 MT150125 possess an alanine,
while Solr2 P35776 has an aspartic acid residue (Fig. 4). While this
discrepancy is possibly the result of a sequencing error in the original
work (Hoffman, 1997), we have to assume that the original sequence
was correct. Solr2%° was sequenced 26 times from 7 different hybrid
colonies and all exhibited sequences identical to the current parent (i.e.,
Solr2, which we also sequenced MT150125). Not a single nucleotide
sequence would have predicted the translated amino acid sequence
published in the original version, P35776. Because this disparity cannot
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Fig. 2. Detection of Soli2 and Solr2 proteins by lateral flow immunoassay
(Valles et al., 2018) in relation to the venom alkaloid and hydrocarbon index
classifications. The chart is subdivided by diagonal broken lines to segregate
each classification group: “very near S. richteri,” “near S. richteri,” “near
S. invicta,” and “very near S. invicta.“ The Solenopsis venom protein 2 detected
by lateral flow immunoassay in each colony (represented by each circle) is
indicated with a different color fill (Soli2 = red and Solr2 = black).

»

be resolved, we treat the different sequence obtained in our study as
distinct from Solr2 P35776. In other words, the Solr24%° amino acid
sequence is treated as a unique sequence, distinct from the Solr2 P35776
sequence by a single residue.

The Solh2 (MT150127) sequence was detected in three hybrid ant
colonies (i.e., 344, 377, and 420). Nucleotide and amino acid identities
between Solh2 and Soli2 were 94 and 85%, respectively, and identities
between Solh2 and Solr2 were 93 and 80% (Table 3). Thus, Solh2 is a
new Solenopsis venom protein 2 orthologue apparently unique to hybrid
ants.

The Solh2™7 (MT150129) sequence was also unique to hybrid ants.
So0lh2T7 is a truncated version of Solh2 (Fig. 4b) that exhibited a 100 nt
deletion (nts 98-197) at the 5’ end of the transcript when compared with
the other non-truncated venom protein 2 transcripts (Fig. 4b).

Database searches identified a genomic region containing two genes
(hereafter G1 and G2 to denote the origin from S. invicta genome as-
semblies) that could produce transcripts with significant amino acid
identity to venom 2 proteins Solh2 (Soli2 G1: 4,937,317-4,940,792 bp)
and Solr22%°/S01h2™7 (Soli2 G2: 4,926,521-4,933,021 bp), which are
found on the complementary strand of the S. invicta chromosome 10
(BioProject PRJNA421367; genome assembly GCA_009650705.1).
These genes were not annotated in the genome assembly and transcripts
were not available in the databases. In addition, predicted polypeptide
XP_025991263.1 in the unplaced genomic Si_gnH scaffold 00053
(877,402-887,074 bp) of the genome assembly GCF_000188075.2 of
S. invicta (BioProject PRINA268798) showed high amino acid identity to
Soli2 G2 and Solr2%°, Examination of these genome assemblies indi-
cated that Solenopsis venom protein 2 genes have five exons (Fig. 4a),

Very near S. richteri  Near S. richteri

—

94 247 316

/_/R
MWM Si Sr 9 37 83
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except Solh2™®” which was alternatively spliced. The Solh2™®7 tran-
script resulted from alternative splicing of exon 1 to exon 3, skipping the
100 nt exon 2 (Fig. 4b). Omission of exon 2 generated a stop site 15
codons downstream of the original methionine start site, but another
start site 23 nt downstream of the original start codon apparently
initiated translation of the truncated protein (Fig. 4b and c).

Western blotting of protein homogenates of ant abdomens from
colonies 9 and 37 using mAb 6C9D7 revealed a large band with an
empirically determined mean molecular mass of 13,851 &+ 696 Da and a
smaller band of 11,190 + 1144 Da (Fig. 5). These mass values are similar
to the predicted mass of Solr24%® (i.e., 15,453 Da) and Solh2™97 (10,854
Da), which are the expressed transcripts identified by RT-PCR in col-
onies 9 and 37. Monoclonal antibody 6C9D7 recognizes the sequence
NPAPAVVKEKNSKMC, which is identical in both Solr24%° and Solh2™”.
Only a single large band is identified in S. richteri and S. invicta ants.
When the same ant homogenate was probed with mAb 3H6B9, which
recognizes the sequence IEAQRVLRKDIAEC near the N-terminus of the
protein, only the single, larger band (i.e., Solr22%%) was reported in the
hybrids (colonies 9 and 37), S. richteri and S. invicta. The sequence
IEAQRVLRKDIAEC is absent in the alternatively spliced/truncated
Solh2"™7.

Heterozygous expression of venom protein 2 was observed in 6/12
(50%) of the hybrid colonies. All venom protein 2 forms were well
represented, Soli2 (42%), Solr246° (58%), Solh2 (25%), and Solh2™%7
(25%). In areas outside the hybrid zone, Soli2 and Solr2 are the only
forms described in S. invicta and S. richteri, respectively (Dove and
Hoffman, 1988; Hoffman et al., 1988; Schmidt et al., 1993). Nucleotide
and translated ORF sequence identities ranged from 0.79 to 1, and 0.54
to 1, respectively. The Solh2 amino acid sequence exhibited greater
identity with Soli2 (0.85) than Solr22? (0.8) (Table 3).

In gene phylogeny, 99% of the bootstrap replicates grouped Soli2
sequenced from hybrid ants (i.e.,Soli2H) and Soli2 P35775 with the
gene identified from chromosome 10 (Soli2 G1) of the S. invicta genome
assembly GCA_009650705.1 (BioProject PRINA421367) and these three
genes were in turn grouped with Solh2 in 70% of the bootstrap repli-
cates. Therefore, Soli2, Soli2H, and Solh2 transcripts were most likely
products of the Soli2 Gl found in the genome assembly
GCA_009650705.1. Solr2, Solr24%, Solh2™™7 protein sequences were
grouped together in 69% of the bootstrap replicates, which in turn was
grouped in 96% of the bootstrap replicates with the sequences derived
from a second gene (Soli2 G2 and XP_025991263.1) found in both
genome assemblies GCF_000188075.2 and GCA_009650705.1. This
suggests that Solr2, Solr24%%, and Solh2™™” are most likely products of a
gene orthologous to Soli2 G2 in S. invicta. Solh2 and Solh2™®7 amino
acid sequences indicate that their most common ancestors are Soli2 and
Solr2, respectively (Fig. 6). Soli2 G1 was not annotated in the genome
assembly GCF_000188075.2 (BioProject PRJINA268798), but Soli2 G2
was present in both genome assemblies. Genome assembly errors may be
the reason for the discrepancies present in the sequence of this genomic
region. Similarly, polymorphisms observed between transcripts derived
from the genome and those obtained by sequencing of cloned cDNA may
also be due to pooling of DNA from a large number of individuals for
genome sequencing.

Near S. invicta ~ Very near S. invicta

/—/HK—M
193 344 377 162 212 420 NTC

Fig. 3. RT-PCR amplification of the Solenopsis venom protein 2 transcript from Solenopsis invicta (Si), S. richteri (Sr), and S. invicta x richteri hybrids within different
Hybrid Index classifications (shown). Arrows point out the small amplicon of So0lh2™™7 detected in colonies 9, 37, and 316. MWM = mass marker (nucleotides); NTC

= non-template control.
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Solr2 P35776 i IIMKSFVLATCLLG! INR 4.\ TEAQRVIINND RTL3xI
Solr2h6? i IIMKSFVLATCLLGF\YQI IYADESN:Xe) .\ FRKD P

Solh27x97 1 —mmmmmm o m e

Solh2 I IMKSFVLATCLLGFLOIIYADISAAMSIRKD IAECYYRTLINKCEN(0) 28D PLARVDVWHCA
Soli2 P35775 19 SE’VLATCLLGEHQIIYAD AR SR IRKDVAECIPFRTLIFKC e ) (0} 28D PLARVDVWH

———————————— MSAR

Alternatively spliced
Solr2™7 transcript

Solr2 P35776
Solr2h6?
Solh27x97
Solh2

Soli2 P35775

Fig. 4. Genome organization (A) and alternative splicing (B) of Solenopsis venom protein 2 genes and alignment (C) of Solenopsis venom protein 2 amino acid se-
quences obtained from Solenopsis invicta, S. richteri and their hybrid. Amino acid sequences are predicted from the empirically derived nucleic acid sequences. These
genes have five exons (dotted color-coded boxes labelled 1 through 5) that are processed to form the full-length transcript (A) from which the venom protein (Soli2,
Solr2 = Solr22%°, Solh2) is translated using the first ATG codon. Solh2™7 protein (B) is produced from an alternatively spliced transcript that skipped exon 2 in
which an ATG codon 23 nucleotides downstream of the first start codon is in frame with the coding sequence of exons 3, 4, and 5 of the normal transcript, yielding a
97 amino acid protein. Sequences in reverse type are conserved among all the venom 2 variants. Regions of dissimilarity are in normal type.

Table 3

Nucleotide/amino acid identity matrix for venom protein 2 alleles of S. invicta, S. richteri and their hybrid. Soli2 = Solenopsis invicta
venom protein 2 (accessions L09560 and P35775); Soli2H = Solenopsis invicta venom protein 2 from hybrid colonies (accession

MT150126); Solr2 P35776 = Solenopsis richteri venom protein 2 (no nucleotide sequence available in GenBank); Solr.

2469 — Solenopsis

richteri venom protein 2 from hybrids [D to A change at position 69] (accession MT150128); Solh2 = Solenopsis hybrid venom protein 2
(MT150127), Solh2™7 = Solenopsis hybrid truncated venom protein 2 (MT150129). *Nucleotide sequence is from accession number
(MT150126), which we recently obtained from S. richteri; amino acid sequence is from accession P35776.

Soli2 Soli2H Solr2* Solr24% Solh2 Solh2™7

Soli2 —/— 1/1 0.91/0.80 | 0.91/0.80 | 0.94/0.85 | 0.78/0.54

Soli2H 1/1 —/— 0.91/0.80 | 0.91/0.80 | 0.94/0.85 | 0.78/0.54

Solr2* 0.91/0.80 | 0.91/0.80 1/0.99 0.93/0.80 | 0.83/0.66

Solr2® | 0.91/0.80 | 0.91/0.80 1/0.99 —/— 0.93/0.80 | 0.83/0.67

Solh2 0.94/0.85 | 0.94/0.85 | 0.93/0.80 | 0.93/0.80 —/- 0.79/0.55
Soln2™7 | 0.77/0.54 | 0.77/0.54 | 0.83/0.66 | 0.83/0.67 | 0.79/0.55 —/-

4. Discussion

Despite sympatry, S. invicta and S. richteri do not form a hybrid in
their native range of South America (Cohen and Privman, 2019), but for
unknown reasons, a viable hybrid has formed in the introduced U.S.
range (Shoemaker et al., 1996). The hybrid was first detected in the U.S.
in 1985 where the two species were sympatric (Vander Meer et al.,
1985). By 2006 in Tennessee, surveys showed that the hybrid had
expanded its range to include the central and eastern parts of the state
(Oliver et al., 2009). Indeed, 55% of statewide samples in Tennessee
were classified as hybrids (Oliver et al., 2009). More recently, Pandey
et al. (2019) reported that hybrids were found nearly exclusively in the
eastern part of the state, predominated in the central portion, and were

more common in west Tennessee than the survey from a decade earlier
(Oliver et al., 2009). Thus, the hybrid zone is obviously stable and
expanding.

While the Solenopsis fire ant venom contains a complex mixture of
proteins (dos Santos Pinto et al., 2012), Solenopsis species venom protein
2 is a principal venom component and exhibits sufficient sequence dif-
ferences to discriminate Solenopsis congeners, including S. invicta,
S. richteri, S. geminata, S. saevissima, S. xyloni, and S. aurea (Hoffman,
20105 Valles et al., 2016). Indeed, lateral flow immunoassays have been
successfully developed to detect and discriminate S. richteri from
S. invicta ants in the field using antibodies created toward this venom
protein (Valles et al., 2016, 2018). Each parent species was known to
express only one form of this venom protein (i.e., Soli2 [P35775] in
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Fig. 5. (Top) Photograph of S. invicta (left), S. richteri
(right), and S. invicta x S. richteri hybrid (middle),
worker ants used in this study. (Bottom) Western blot
analysis of homogenates prepared from abdomens of
worker ants from S. invicta x richteri hybrid colony
number 9. The abdomen from a single worker ant was
homogenized and applied equally in duplicate
fashion to two PAGE gels. Each lane represents one
half of an abdomen of a worker ant. Gel 1 was probed
with mAb 3H6B9 (left) specific for peptide sequence
IEAQRVLRKDIAEC and Gel 2 was probed with mAb
6C9D7 (right) specific for peptide sequence

NPDPAVVKEKNSKMC. The relative position of each
le—SoIr24%®  of these epitopes is illustrated for Solr2*®° and
1473 Solh2T97 Solh2™7. Sr = S. richteri; Si = S. invicta; 1-5 = in-
o= dividual S. invicta x S. richteri workers from hybrid
mAb 3H6B9 mAb 6CID7 colony 9; MW = Mass markers (illustrated on the left
in kDa); NX = negative control.
BiIAE TEAQRVLRKDIAEC NPDPAVVKEKNSKMC COO- Solr24%

iSRRG ——————coo Saih2™"

S. invicta and Solr2 [P35776] in S. richteri) (Hoffman, 2010). As antici-
pated, hybrid colonies were shown to express a parent venom protein
transcript (i.e., Soli2 or Solr2 [ = Solr24%97). However, two new addi-
tional venom protein 2 forms were identified and found to be unique to
the hybrid, Solh2 and Solh2™7.

Interestingly, the four variants of Solenopsis venom protein 2 (Soli2,
Solr24%° Solh2, and Solh2™7) apparently originate from two distinct
genomic locations (Genes 1 and 2) and their similar identities and
genomic architectures suggest that these are duplicated genes. Gene
duplication has been observed in the venoms of snakes (Giorgianni et al.,
2020) and spiders (Haney et al., 2019) providing a mechanism for
increasing the diversity of these proteins. Alternative splicing, which
also increases protein diversity (Graveley, 2001) was observed in the
truncated Solh2™™7. In the rattlesnake, Crotalus atrox, a 30-gene com-
plex was traced to a single conserved ancestral venom gene through
diversification by alternative splicing (Giorgianni et al., 2020).

Gene 1 encodes Solh2 and Soli2, while Gene 2 encodes Solr24%° and
the alternatively spliced variant, Solh2™™”. Solr22%° and Soli2 originate
from the parent species, S. richteri and S. invicta, respectively, while
Solh2 and Solh2™7 appear unique to hybrids. The Soli2 transcript ob-
tained from hybrid ant colonies (i.e., Soli2H, MT150126) exhibited
100% nucleotide and predicted amino acid identities with the original
sequence for Soli2 (P35775) (Schmidt et al., 1993). Solr22° differs from
the original Solr2 sequence (P35776) by a single amino acid residue at
position 69 (aspartic acid replaced with alanine). A nucleotide sequence
for the original Solr2 accession was never reported or archived—only an
amino acid sequence (i.e., P35776) is available for comparison. There-
fore, there is no way to compare the nucleotide sequence of Solr2”%°
with the original Solr2, which, presumably, predicted P35776. We are
confident that no sequencing error occurred in our studies because the
Solr2%? transcript was sequenced 26 times from 7 different hybrid col-
onies and all sequences were identical to the parent (i.e., Solr2, which
we also sequenced. MT150125). Not a single transcript sequence would
have the predicted the originally published P35776 amino acid
sequence. However, we must assume that the original sequence was
correct. It is possible that the sequence has mutated since it was first
published. Unfortunately, the discrepancy cannot be resolved.

Phylogenetic analysis showed that Solh2 assorts more closely with
Soli2 than Solr2, which was anticipated based on the shared genomic
origins of gene 1. LFA analysis further supported the close association of
Soli2 and Solh2. While the majority (10/12) of the hybrid colonies
expressed at least one parent venom protein transcript (i.e., Soli2 or
Solr2), colonies 377 and 420 were apparently homozygous for Solh2.
Colonies 377 and 420 produced a positive LFA response for S. invicta

indicating antibody cross reactivity between Soli2 and Solh2. Lastly, a
small conserved sequence near the N-terminal region (i.e., aa 21-27) of
Solh2 exhibits 100% identity with Soli2. Indeed, this small region ex-
hibits a unique sequence in each parent species protein (NKELKII for
S. invicta/Soli2 and IEAQRVL for S. richteri/Solr2 = Solr2*°%) and forms
the basis for discriminating S. invicta from S. richteri (Valles et al., 2016).

The Solenopsis venom protein 2 variants, Solh2 and Solh2™7 appear
to be unique to the hybrid form. Neither sequence has been reported in
either parental species or was either sequence detected in the S. invicta
genome. These hybrid-specific genes (Solh2 and Solh2™™”) that are
expressed and translated, and the ever-increasing range expansion of the
viable hybrid provide evidence for the possibility that speciation of the
S. invicta x S. richteri hybrid is occurring. The hybrids do appear to be
better adapted to the colder climate of Tennessee giving them a distinct
genetic advantage over either parent (Pandey et al., 2019). However,
only a single venom protein was examined, so it is not possible to state
this represents a speciation event. Still, our findings would suggest some
differentiation is occurring between the parent species and hybrid, at
least regarding Solenopsis venom protein 2.

It is possible that the Solh2 transcript and its alternatively spliced
transcript Solh2™™ found in hybrids are produced by a gene that is a
crossover of corresponding S. invicta and S. richteri genes. The cross-over
notion is supported by unique sequence regions from each parental
species and represented in Solh2. While a large proportion of the parent
proteins exhibit identity (Fig. 4), there are regions unique to each pro-
tein. As mentioned, the short sequences near the 5 end (beginning at
amino acid residue 21) are clearly unique to Soli2 (NKELKII) and Solr2
(IEAQRVL). This short sequence region provides the clearest difference
between Solenopsis invicta and S. richteri. In fact, the sequence affords the
ability to discriminate the different species (Valles et al., 2018).
Conversely, nine amino acid residues were present in Solh2 that were
distinct from either parent, including 42 A, 65 F, 77C, 78 L, 92 K, 95 M,
109 R, 1151, and 121 A. Interestingly, despite gene duplication, alter-
native splicing, multiple loci, and sequence diversity observed in the
hybrid form, the Soli2 sequence has not changed and Solr2 may, or may
not have, changed at a single amino acid residue. This stability suggests
that Soli2 and Solr2 venom proteins are essential and perhaps have
functions beyond competitor deterrence or prey incapacitation.
Although Solenopsis species venom proteins are known to elicit strong
immune responses in mammals, the exact function of these proteins is
unknown (Srisong et al., 2018).

Differential expression of the different venom protein 2 genes in
hybrids and bona fide species may be due to epigenetic regulation of
these genes at the genome level (e.g methylation). In order to properly
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Fig. 6. Phylogenetic analysis of Solenopsis venom proteins 2 by the Maximum
Likelihood method. The evolutionary history was inferred by using the
Maximum Likelihood method based on the JTT matrix-based model (Jones
et al., 1992). The bootstrap consensus tree inferred from 10,000 replicates is
taken to represent the evolutionary history of the taxa analyzed (Felsenstein,
1985). Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (10,000 replicates)
are shown next to the branches. Initial tree for the heuristic search were ob-
tained automatically by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances estimated using a JTT model, and then selecting
the topology with superior log likelihood value. A discrete Gamma distribution
was used to model evolutionary rate differences among sites (5 categories (+G,
parameter = 2.3478)). This analysis involved 12 amino acid sequences. There
was a total of 139 positions in the final dataset. Evolutionary analyses were
conducted in MEGA X (Kumar et al., 2018). Key: Soli2\P35775 = Solenopsis
invicta venom protein 2; Soli2H = Solenopsis invicta venom protein 2 from hy-
brids (MT150126); Solh2 = Solenopsis hybrid venom protein 2 (MT150127);
Solr2\P35776 = Solenopsis richteri venom protein 2; Solr2*%° = Solenopsis
richteri venom protein 2 from S. invicta x S. richteri hybrids (MT150128); Sols2
\ABC58726 = Solenopsis saevissima venom protein 2; Solx2\KT970074 =
Solenopsis xyloni venom protein 2; Solg2\AAF65312 = Solenopsis geminata
venom protein 2; Solh2™7 = truncated Solenopsis hybrid venom protein 2
from S. invicta x S. richteri hybrids (MT150129); XP 025991263.1 = sequence
with strong identity to Soli2 found in genome assemblies GCF_000188075.2 and
GCA_009650705.1; Soli2 G1 = Soli2 sequence identified in genome assembly
GCA_009650705.1; Soli2 G2 = Soli2 sequence identified genome assemblies
GCF_000188075.2 and GCA_009650705.1.

assess these expression differences, studies on areas such as genome
organization and epigenetic gene regulation, which are beyond the
scope of this study, are needed. Targeted sequencing of the venom
protein 2 loci in S. invicta, S. richteri, and S. invicta x S. richteri hybrids
may be needed to fully resolve the issue of differential gene expression in
hybrids.
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