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Complex hybrid origin of genetic
caste determination in harvester ants

Sara Helms Cahan & Laurent Keller

Institute of Ecology, University of Lausanne, CH-1015 Lausanne, Switzerland

Caste differentiation and division of labour are the hallmarks of
insect societies' and at the root of their ecological success’. Kin
selection predicts that caste determination should result from
environmentally induced differences in gene expression™, a
prediction largely supported by empirical data’. However, two
exceptional cases of genetically determined caste differentiation
have recently been found in harvester ants®®. Here we show that
genetic caste determination evolved in these populations after
complex hybridization events. We identified four distinct genetic
lineages, each consisting of unique blends of the genomes of
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the parental species, presumably Pogonomyrmex barbatus and
P. rugosus. Crosses between lineages H1 and H2 and between J1
and ]2 give rise to workers, whereas queens develop from within-
lineage matings. Although historical gene flow is evident, genetic
exchange among lineages and between lineages and the parental
species no longer occurs. This unusual system of caste determi-
nation seems to be evolutionarily stable.

Pogonomyrmex barbatus and P. rugosus are common harvester
ant species whose ranges broadly overlap in southwestern North
America’. In both species, a population within the overlap zone in
southwestern New Mexico has been found to possess a system of
genetic caste determination®®. By contrast, caste determination in
populations outside the overlap zone is non-genetic”®, as is typical
in ants'.

To gain insight into the origin of genetic caste determination and
the relationship between its occurrences in the two species, we
conducted a genetic study of the two adjacent sites (Hidalgo® and
Junction’) in which genetic caste determination has been described,
and also in allopatric populations of P. rugosus and P. barbatus (see
Methods). The three classes of genetic markers (allozymes, micro-
satellites and mitochondrial sequence data) revealed that the two sites
are each composed of a distinct pair of interbreeding lineages, H1
(red-male®) and H2 (black-male®) at Hidalgo, and J1 (lineage X (ref.
7)) and J2 (lineage 4 (ref. 7)) at Junction. Each lineage has a unique
multilocus genotype (Table 1) and is strongly differentiated from all
other lineages (Nei’s D, range = 0.53—1.50). Each lineage also con-
tains a diagnostic monophyletic set of mitochondrial haplotypes
(Fig. 1), showing a lack of genetic exchange across lineages.

As in previous studies®®, there were marked differences in the
genomic composition of queens and workers at both Hidalgo and
Junction. Of the 42 winged (young) queens collected at Hidalgo, 40
contained either an H1-H1 or H2-H2 genome, the remaining two
having H1-H2 genomes. All 40 workers had an H1-H2 genome. A
similar pattern was uncovered at Junction. Of the 38 winged queens,
37 had a J1-J1 or J2-J2 genome while one queen and all 35 workers
had J1-J2 genomes. The few inter-lineage winged queens produced
seem to have low reproductive success; we found no colonies
displaying genotypes consistent with an inter-lineage mother
(queen) at these sites or at five other sites surveyed in the region
(22-40 colonies sampled per site, S. Helms Cahan and L. Keller,
unpublished observations). We also did not find a single individual
with an H-J genome of any type (H1-J1, H1-J2, H2-J1 or H2-J2),
indicating that crosses between lineages from the two sites either do
not occur or fail to give rise to viable females.

In addition to being genetically isolated from one another, all four
lineages are genetically distinct from the P. rugosus and P. barbatus
populations with non-genetic caste determination. Genetic distances
between each species and the four lineages were uniformly high
(P. rugosus, 0.35-0.85; P. barbatus, 0.56—1.39), with diagnostic differ-
ences at one or more nuclear loci between the two species and each of
the four lineages (see Supplementary Information). Haplotypes of all
four lineages were also clearly differentiated from both P. rugosus and
P. barbatus (Fig. 1). Thus, neither P. barbatus nor P. rugosus seems to
be currently linked by gene flow with any of the four lineages.

Two general hypotheses have been proposed for the origin of a
two-lineage genetic caste system. The first is that a heterozygosity-
based caste locus evolved within species, resulting in the splitting of
the ancestral gene pool into two diverging lineages’. The second is
that the evolution of genetic caste determination is associated with
interspecific hybridization®®. Our results show that the presence of
distinct lineages within populations resulted from hybridization,
most probably between P. rugosus and P. barbatus. Across nuclear
markers, the two interbreeding lineages at each site clustered with
different parental species: H1 and J1 with P. rugosus, and H2 and J2
with P. barbatus (Fig. 2). Moreover, the coxI mitochondrial haplo-
types of J1 and J2 grouped together are paraphyletic (Fig. 1): the J1
clade is most closely related to P. rugosus, whereas that of J2 is
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Table 1 Allele frequencies of loci showing fixed differences between one or more pairs of lineages

Locus Allele H1 H2 J1 J2 Locus Allele H1 H2 J1 J2
PGl 1 - - 0.182 - Pb5 216 - 0.063 - 0.022
2 - - 0.818 - 222 - - - 0.022
3 1.000 - - - 224 - 0.063 - 0.065
4 - 1.000 - 1.000 226 - 0.875 - -
n 17 9 ihl 20 228 - - - 0.087
232 1.000 - 0.591 0.696
PGM-2 1 1.000 - 1.000 - 234 - - - 0.022
2 - 1.000 - 1.000 236 - - - 0.087
n 8 4 11 15 240 - - 0.045 -
242 - - 0.318 -
EST-2 1 - 1.000 1.000 1.000 244 - - 0.045 -
2 1.000 - - - n 24 8 ihl 23
n 9 4 11 19
Pb7 139 - 0.071 - -
Myrt3 180 1.000 1.000 0.682 - 140 - 0.071 - -
182 - - - 1.000 143 - 0.786 - -
188 - - 0.227 - 148 0.071 0.042
190 - - 0.091 - 152 0.563 - 0.125 0.024
n 22 8 11 21 154 0.063 - 0.625 0.476
156 0.375 - 0.167 -
L18 156 - - - 0.023 158 - - - 0.024
158 - - - 0.023 160 - - 0.042 -
159 - - - 0.023 162 - - - 0.048
161 - - - 0.182 168 - - - 0.190
163 - - - 0.205 172 - - - 0.048
164 0.289 - - - 178 - - - 0.024
165 - 0.143 - 0.136 182 - - - 0.048
166 0.158 - - - 184 - - - 0.095
167 - 0.429 - 0.091 186 - - 0.024
168 0.368 - 0.200 - n 24 7 12 21
169 - 0.143 - 0.227
170 0.132 - - - Pb8 268 - - 0.292 -
171 - 0.071 - 0.091 270 - - 0.708 -
180 - - 0.200 - 276 0.340 - - -
181 - 0.071 0.050 - 278 0.560 - - 0.326
182 - - 0.150 - 280 0.060 - - -
184 0.026 - 0.050 - 282 0.020 0.786 - -
185 - 0.071 - - 284 - 0.071 - 0.065
186 0.026 - 0.150 - 286 0.020 - - 0.261
187 - 0.071 - - 288 - - - 0.087
188 - - 0.150 - 290 - - - 0.196
192 - - 0.050 - 292 - 0.143 - 0.043
n 19 7 10 22 317 - - - 0.022
n 25 7 12 23

Allele frequencies were based on genotypes of a single winged queen from each colony. Allozyme alleles are numbered consecutively by order of migration on cellulose acetate gels; microsatellite allele
numbers refer to allele size as measured on an ABI 377 automated sequencer. An additional three allozyme loci (PGM-1, EST-1, HEX) showed no fixed differences between any pair of lineages. Allele
frequencies of the four lineages at these loci, as well as allele frequencies of P. rugosus and P. barbatus populations at all loci, are given in the Supplementary Information.

associated with P. barbatus (Interior Branch Test, branch
length for (J1, P. rugosus)(J2, P. barbatus) = 0.047 = 0.011
(s.e.m.), confidence probability = 1).

Although lineages have an overall affinity with one of the two
parental species, inspection of the genotypic data reveals a surpris-
ing amount of genetic mixing. On average, only 63% (range 59-73)
of the alleles in each lineage also occur in its putative parent.

However, when the alleles of both parental species are considered
the percentage of alleles accounted for increases to 85% (range 71—
96); indeed, all four lineages contain a unique mix of alleles specific
to P. barbatus and alleles specific to P. rugosus at both the allozyme
and microsatellite loci (Table 2), indicating hybrid ancestry. A small
proportion of alleles were not found in either parent; these were
virtually all (20 of 22) at highly polymorphic microsatellite loci

Table 2 Numbers of alleles specific to P. rugosus or P. barbatus found in each of the four lineages

H1 H2 J1 J2
Locus Type P. rugosus P. barbatus P.r. P.b P.r. P.b P.r. P.b. P.r. P.b.
PGI Protein 3 2 1 - - 1 1 - -
PGM-1 Protein 0 1 - 1 - - - - -
Est-1 Protein 1 2 1 1 1 1 - - -
HEX Protein 1 0 1 - 1 - - - - -
PGM-2 Protein 0 1 - - - 1 - - - 1
EST-2 Protein 1 1 - - - - - - -
Myrt3 Microsatellite 3 1 1 - 1 - 2 - - 1
L18 Microsatellite 10 12 4 - - 3 3 2 1 5
Pb5 Microsatellite 7 8 - 1 1 3 1 1 4
Pb7 Microsatellite 12 3 - 2 - - 3 - - 2
Pb8 Microsatellite 3 6 1 - - - 1 - 1 -
Total P. rugosus alleles 41 - 9 3 9 3
Total P. barbatus alleles - 37 6 7 7 15
Interbreeding lineages are HI with H2 and JI with J2. P.r., P. rugosus; P.b., P. barbatus.
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Figure 1 Linearized neighbour-joining tree of a 433-base-pair portion of the cox?
mitochondrial gene in the two pairs of interbreeding lineages and populations of
Pogonomyrmex barbatus and P. rugosus. The phylogeny generated with the Kimura two-
parameter distance model (MEGA 2.1) is presented here; analyses with parsimony and
maximum-likelihood methods produced the same topology. Numbers at the nodes
indicate bootstrap percentages (500 replicates).

(N, = 18-35 alleles) and might represent unsampled parental
alleles or subsequent mutations. The pattern of allelic ancestry
within lineages is also consistent with hybrid origin'"'">. Admixture
of the two species’ genomes is particularly evident when comparing
across loci; at any individual locus, lineages are often fixed for the
allele of only one parent (Table 2 and Supplementary Information),
as expected if initial polymorphisms have been lost within lineages
owing to recombination and drift". Thus, each of the four lineages
forms a chimaeric genome, with a unique combination of the genes
of the two parental species.

The chimaeric nature of the four lineages suggests a novel model
for the evolution of genetic caste determination that could explain
observed patterns of caste bias in both pure-lineage and interlineage
offspring. In the simplest model, two loci (A and B), whose alleles
differ between species (b is P. barbatus allele, r is P. rugosus allele),
must interact to initiate worker development, but only conspecific
alleles can interact successfully. If a hybrid lineage were fixed
for alleles of different species at the two loci (either A,A,/B,B, or
A,A,/B,By, genotypes), pure-lineage females would be restricted to
queen development. However, correct interlocus communication
would be restored in double heterozygotes (inter-lineage crosses,
AuA,IB,B,) because each allele has a conspecific partner with which
to interact. Thus, females with an inter-lineage genome would be
bipotential but almost always develop into workers because too
many pure-lineage females committed to queen development are
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Figure 2 Maximum-likelihood consensus tree from the use of chord genetic distances®
calculated from nuclear markers (six allozymes and four microsatellites). The tree is
unrooted and branch lengths are not illustrated. Numbers at nodes indicate bootstrap
percentages (500 replicates).

already present within colonies.

Genotypic patterns found within field colonies are consistent
with the gene interaction model. Not a single pure-lineage worker
has been identified in this study (n = 75) or in other®® studies,
indicating an intrinsic breakdown in the worker caste trajectory of
such offspring. Inter-lineage queens were extremely rare, both in
this study (n = 3 of 80) and in other studies®®, and, as predicted,
their occurrence seems highly dependent on the presence of pure-
lineage offspring®. Production of inter-lineage winged queens is not
distributed evenly across colonies but is restricted to certain
colonies in which no pure-lineage winged queens have been
observed (data for 13 colonies, 6 queens per colony; G goodness-
of-fit test, G| = 6.67, P < 0.01). These are most probably colonies
in which the queen has failed to mate with any same-lineage males®.

Our findings show that hybridization events between Pogono-
myrmex species gave rise to an evolutionary novelty in which four
unique hybrid lineages are linked in pairs by an unusual genetic
system of caste determination. The current lack of gene flow
between lineages, coupled with high levels of interbreeding, will
apparently allow the system to persist indefinitely. More generally,
these findings reveal a complex interaction between genetic and
environmental factors in the expression of divergent caste
phenotypes. O

Methods
Sampling

A single queen and worker were sampled from a total of 76 colonies from the two
populations in southwestern New Mexico, USA, where the interbreeding lineages were
first described: Hidalgo® and Junction (~2 km south of the original P. barbatus site”).
These two sites are separated by 6 km of continuous habitat. Workers were also collected
from 36 colonies from a P. barbatus population near Blumenthal, Travis County, Texas,
~1,000 km ESE of Hidalgo and Junction, and from 44 colonies from a P. rugosus
population in Pinal County, Arizona, ~260 km northwest of the sites (Queen Creek®). No
heterozygosity excess, indicative of genetic caste determination, was detected in workers in
either of these populations (per-locus randomization tests: P. rugosus, P1ocus = 0.11—
1.00; P. barbatus, Pyocus = 0.35-1.00).

Nuclear genotyping

Allozyme protocols followed that in ref. 6. Enzyme data for 31 of the 42 Hidalgo P. rugosus
colonies were previously presented in ref. 6; all other data are presented here. DNA was
extracted from the alitrunk ( = thorax) of individual ants with the Puregene tissue
extraction kit (Gentra). DNA concentration was quantified in a Hoefer DyNA Quant 200
fluorimeter and diluted when necessary to achieve 10-30 pgml~' DNA. Five
microsatellite loci, three designed specifically for P. barbatus (Pb5, Pb7 and Pb8)** and two
designed for other genera (Myrt3 (ref. 15) and L18 (ref. 16)), were amplified in 10-pl
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reactions consisting of 1 pl DNA, 1 pl Qiagen 10 X PCR buffer, 1 pl 2 uM dNTPs, 0.8 pl
25 mM MgCl,, 1 ul 10 uM fluorescently tagged forward and reverse primers, 0.05 pl
Qiagen Taq polymerase and 4.15 pl sterile water. All loci were amplified with the following
programme: 94 °C for 4 min, 39 cycles of 94 °C for 30's, 54 °C or 57 °C for 30 s and 72 °C for
1.5 min, then 72 °C for 6 min and pausing at 4 °C. Loci were detected on an ABI 377
automatic sequencer.

A single winged queen was used from each colony at Hidalgo and Junction to
determine allele frequencies. For most colonies (73 of 76), the multilocus genotype of
the queen could be classified into one of four distinct classes or lineages (see the text). The
exceptions all possessed genotypes consistent with an F; hybrid between two lineages
(heterozygous at all diagnostic loci); such queens were noted but excluded when
calculating the allele frequencies of each lineage. Workers were used to calculate allele
frequencies in the P. barbatus and P. rugosus populations.

MtDNA sequencing

We analysed a 433-base-pair portion of the mitochondrial gene coxI, encoding
cytochrome oxidase ¢ subunit I. Pogonomyrmex californicus was used as the outgroup for
the analysis; this species has been placed in a different complex within the genus'”'®. DNA
was sequenced from a single winged queen or worker for five colonies of each lineage
(determined from nuclear genotype) and the two parental populations. Universal insect
cox1 primers (forward, C1-J-1751; reverse, C1-N-2191) were used', except for the
substitution of A for C at position 3 of C1-N-2191. DNA was amplified in 50-pl
reactions (5 pl DNA, 5 pl Qiagen 10 X buffer, 4 ul 25 mM MgCl,, 5 pl 10 puM forward
and reverse primers, 20.75 pl water, 0.25 pl Qiagen Taq polymerase) and amplified with
the following PCR conditions: 94 °C for 4 min, 35 cycles of 94 °C for 30's, 48 °C for 30s
and 72 °C for 1.5 min, then 72 °C for 6 min and pausing at 4 °C. PCR products were purified
with Qiaquick purification columns. Sequencing reactions and detection were performed by
Microsynth GmbH, Switzerland. Both forward and reverse strands were sequenced.
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By voluntarily directing attention to a specific region of a visual
scene, we can improve our perception of stimuli at that location'.
This ability to focus attention upon specific zones of the visual
field has been described metaphorically as a moveable spotlight
or zoom lens that facilitates the processing of stimuli within
its ‘beam’*. A long-standing controversy has centred on the
question of whether the spotlight of spatial attention has a
unitary beam or whether it can be divided flexibly to disparate
locations™>*°. Evidence supporting the unitary spotlight view
has come from numerous behavioural> ' and electrophysio-
logical'"'? studies. Recent experiments, however, indicate that
the spotlight of spatial attention may be divided between non-
contiguous zones of the visual field for very brief stimulus
exposures (<100 ms)'>'“. Here we use an electrophysiological
measure of attentional allocation (the steady-state visual evoked
potential) to show that the spotlight may be divided between
spatially separated locations (excluding interposed locations)
over more extended time periods. This spotlight division appears
to be accomplished at an early stage of visual-cortical processing.

To study whether the beam of spatial attention may be divided
over sustained periods of several seconds, we recorded frequency-
coded steady-state visual evoked potentials (SSVEPs) to concur-
rently presented stimuli at attended and interposed unattended
locations. The SSVEP is the electrophysiological response of the
visual cortex to a rapidly repeating (flickering) stimulus, and
generally has a sinusoidal waveform with the same temporal
frequency as the driving stimulus'. Previous studies have shown
that the SSVEP amplitude is substantially increased when attention
is focused upon the location of the flickering stimulus'®'”. The
present study recorded SSVEPs to stimuli at four locations, each
flickering at a different rate, so that measures of attentional
allocation to spatially separated attended locations and interposed
unattended locations could be obtained concurrently over periods
of several seconds.

Informed consent was obtained from 15 subjects, who viewed the
stimuli on a computer monitor while brain activity was recorded
non-invasively from 30 scalp electrodes mounted in an elastic cap.
During testing, the subject maintained fixation on a central white
cross. The stimuli consisted of repetitively flashed white rectangles
with superimposed red symbols that were presented at four posi-
tions along the horizontal meridian (Fig. 1). On each trial the
rectangles were flashed continuously for 3.06 seconds at 15.2 Hz
(position 1), 8.7 Hz (position 2), 20.3 Hz (position 3) and 12.2 Hz
(position 4). Randomized sequences of five different symbols were
presented at each location. Symbol presentations occurred in
synchrony at the four locations with fixed durations of 181 ms.

The subject’s task was to pay attention to the symbol sequences at
two of the four positions, and to push a button upon detecting the
simultaneous occurrence of a particular target symbol at those two
positions. On separate blocks of trials, subjects were instructed
verbally to attend to either the two left field positions (1 + 2), the
two right field positions (3 4 4), or to two separated positions
(14 3) or (24 4). Simultaneous target symbols occurred unpre-

309




