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In eusocial insects the production of daughters is generally
restricted to mated queens, and unmated workers are functionally
sterile. The evolution of this worker sterility has been plausibly
explained by kin selection theory [Hamilton W (1964) J Theor Biol
7:1–52], and many traits have evolved to prevent conflict over re-
production among the females in an insect colony. In honeybees
(Apis mellifera), worker reproduction is regulated by the queen,
brood pheromones, and worker policing. However, workers of the
Cape honeybee, Apis mellifera capensis, can evade this control and
establish themselves as social parasites by activating their ovaries,
parthenogenetically producing diploid female offspring (thely-
toky) and producing queen-like amounts of queen pheromones.
All these traits have been shown to be strongly influenced by
a single locus on chromosome 13 [Lattorff HMG, et al. (2007) Biol
Lett 3:292–295]. We screened this region for candidate genes and
found that alternative splicing of a gene homologous to the gem-
ini transcription factor of Drosophila controls worker sterility.
Knocking out the critical exon in a series of RNAi experiments
resulted in rapid worker ovary activation—one of the traits char-
acteristic of the social parasites. This genetic switch may be con-
trolled by a short intronic splice enhancer motif of nine nucleotides
attached to the alternative splice site. The lack of this motif in
parasitic Cape honeybee clones suggests that the removal of nine
nucleotides from the altruistic worker genome may be sufficient
to turn a honeybee from an altruistic worker into a parasite.
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The evolution of a sterile worker caste in eusocial hymenop-
tera has been plausibly explained by inclusive fitness theory

(1). Generally, workers refrain from reproduction as a result of
intracolonial reproductive hierarchies. Ovary activation in hon-
eybee workers (Apis mellifera) is inhibited by the pheromones
from the queen and the brood (2). In addition, the multiple
mating of the queen and the coexistence of many half-sibling
subfamilies in the colony facilitates worker policing, where
workers remove eggs laid by other workers (3), leading to <1%
of worker-laid offspring (4).
These mechanisms often fail, however, to control worker re-

production of the Cape honeybee (Apis mellifera capensis). In this
subspecies, laying workers can function as social parasites in-
vading foreign colonies, killing the resident queen and establish-
ing themselves as pseudoqueens (5–7). The proximatemechanisms
for this parasitic life history strategy are well understood (8). Par-
asitic pseudoqueen workers produce a queen-like pheromonal
bouquet indicating the presence of a queen to the host workers
(9–13). Moreover, the diploid offspring of the parasitizing workers
produce brood pheromones, suggesting the presence of a laying
queen to the host workers and preventing these workers from ac-
tivating their ovaries. Finally, the diploid eggs laid by the parasitic
workers are not policed as predicted by evolutionary theory (1, 14).
A single locus termed thelytoky (th) is thought to control this par-
asitic life history strategy (15). Workers that are homozygous for
the th allele produce parthenogenetic diploid offspring, have rapid

ovary activation, and produce queen-like pheromones. The th lo-
cus, which has been mapped to a region spanning 11.4 cM com-
prising 15 genes on chromosome 13 (16), is thus in control of the
three essential characters that facilitate social parasitism. Because
transcription factors control several traits within one organism, the
two transcription factors in this region [ATF2 (XM_393896) and
CP2 (XM_001121158; XM_393898)] were considered to be prime
candidate genes to control the parasitic worker phenotype in
A. mellifera. Because the ATF2 homolog did not show differential
expression between different castes (Fig. S1), and members of the
CP2 transcription factor family were differentially expressed be-
tween queens and workers in both the honeybee (Fig. S1) and the
stingless bee Melipona quadrifasciata (17), we focused on the CP2
transcription factor as the prime candidate for the th locus in
honeybees. This transcription factor is homologous to the gemini
(= genitalia missing) locus in Drosophila melanogaster (18), which
was shown to interact with the Spindle-F protein CG12114 (19).
This protein has a minus end-directed microtubule activity, and
is involved in oocyte axis determination and oocyte microtubule
cytoskeleton organization. This is of particular interest, as the
restoration of diploidy inA.m. capensisworker eggs is caused by an
abnormal spindle rotation during meiosis (20).
The functional diversity of several CP2 transcription factor

family members is derived from alternative splicing leading to
tissue- and stage-specific isoforms (21). We show that alternative
splicing of the honeybee gemini homolog as a general mechanism
for generating functional diversity of transcription factors (22)
provides the genetic mechanism for the th locus to affect re-
productive dominance of honeybee workers.

Results
Comparing the gemini splice patterns of laying and nonlaying
thelytokous workers (A. m. capensis) with those of laying and
nonlaying arrhenotokous workers (A. m. carnica) yielded dif-
ferent transcript isoforms at exon 5 and exon 7 (Fig. 1).
Exon 5 is a cassette exon with two mRNA splice isoforms—the

full-length transcript and a shorter transcript with a deletion of
78 bp. The deletion of these base pairs does not affect the ORF
and leads to a putative protein shortened by 26 aa. Exon 7 con-
tains two alternative 59 splice sites. The first site causes a deletion
of 59 bp with a shift in the reading frame. The resulting isoform
contains a stop codon in exon 8 and has therefore an incomplete
DNA-binding domain lacking the C-terminal protein domains.
Quantification of this transcript was not possible in our samples
due to its low abundance. The second splice site results in a de-
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letion of 24 bp (S7 transcript form in Fig. 1) and the loss of 8 aa
in the putative DNA-binding domain spanning from exon 7 to
exon 9. Both splice forms of exon 5 and exon 7 were found in
combination with each other (Fig. 1).
Semiquantitative RT-PCRs revealed that the splice patterns

of exons 5 and 7 were characteristic of the different reproductive
states of the tested queens and workers (Figs. 2 and 3, Fig. S2,
and Table S3), and of the different modes of parthenogenesis.
In laying arrhenotokous queens that served as positive controls
for fully reproductive females, both the spliced and the full
transcripts were produced for both exons (Figs. 2 and 3, Fig. S2,
and Table S3). Arrhenotokous A. m. carnica workers showed
a different pattern. Workers with undeveloped ovaries exclu-
sively produced the full transcript containing exon 5, whereas
laying workers almost exclusively produced the splice product
lacking exon 5. Exon 7 predominantly showed the long splice
variant in both reproductive states, although both isoforms
were expressed at a higher level in laying workers. Thelytokous

A. m. capensis workers (homozygous at the th locus), both laying
and nonlaying, produced both transcript forms of exon 5 in
a pattern similar to that of the queen. In this subspecies the
different splice patterns of exon 7 rather than exon 5 matched
the two reproductive states. When the splice pattern of thely-
tokous workers was similar to that of nonreproductive arrheno-
tokous workers, they did not have activated ovaries. However,
when the exon 7 splicing pathway was similar to that of the
queen, workers were egg layers.
To rule out the possibility that the splice pattern of gemini was

simply correlated with different reproductive states of workers,
we knocked down the level of transcripts containing exon 5 in
A. m. carnica worker bees by undertaking a series of siRNA feeding
experiments to change the ratio of exon 5-containing/missing
transcripts. Therefore, workers were fed daily with two siRNAs
specific for the 39 and 59 end of exon 5 for 14 d. The abundance
of transcripts containing exon 5 was reduced >90% (Fig. 4) by
this treatment. Moreover, although the abundance of transcripts
containing the shorter variant of exon 7 was lower in the treat-
ment group compared with workers fed with nonsense siRNA,
the ratio of exon 7-missing to exon 7-containing transcripts did
not change significantly. Nevertheless, the exon 5 knockdown
bees had a higher reproductive capacity, showing ovaries with
swollen ovarioles and mature eggs that were significantly more
frequent than in the various controls (Fig. 5).
Sequencing the coding regions of gemini in arrhenotokous and

thelytokous workers and in arrhenotokous queens yielded no
differences in the overall sequence. Hence these regions them-
selves cannot function as the allelic forms of the th locus.
Therefore, we sequenced all noncoding regions of gemini gene,
including the promoter region and the introns flanking the al-
ternatively spliced exons. No consistent sequence differences
were found in the promoter region and in the nonflanking
introns. Furthermore, sequencing the flanking intronic regions of
exon 7 did not reveal any consistent sequence differences be-
tween arrhenotokous and thelytokous subspecies. Only in the
downstream intron flanking cassette exon 5 (the putative mo-
lecular thelytoky switch), a consistent deletion of 9 bp (59-
GAAACGATG-39) was found in the parasitic Cape honeybee
clone (Fig. S3). We named this deletion the thelytoky associated
element 1 (tae1). Both arrhenotokous subspecies, the European
A. m. mellifera and the African A. m. scutellata, show the iden-
tical intronic sequence in this region, confirming that it is not just
a marker that is characteristic of African honeybees. This tae1
sequence shows a very high level of purines (77.8%) compared
with the purine content of the whole intron (50.47%).

Discussion
In eusocial insects, caste-specific phenotypic plasticity and worker
reproduction are controlled by differential gene expression (23,

Fig. 1. Diagram of gemini (introns as lines, exons as boxes)
and its four pre-mRNA splice products. Arrows indicate the
alternatively spliced exons. +5, isoform with exon 5; –5, isoform
lacking exon 5; L, long isoform of exon 7; S, short isoform of
exon 7. Exon 5 (yellow) is present in the first two isoforms but
absent in the other two. The length polymorphism in exon 7 is
shown in orange. Spliced intronic regions are light gray. Exon
numbering refers to the annotated transcript XM_001121158.1
(National Center for Biotechnology Information; Nucleotide
Database).

Fig. 2. Transcript ratios of alternate transcripts of gemini (mean values ±
SE; log scale). (A) Exon 5-missing transcripts (−5) in relation to exon 5-con-
taining transcripts (+5). (B) Unspliced exon 7 transcripts (L7) in relation
to −24-bp deletion exon 7 transcripts (S7): arrhenotokous workers in blue
(dark, nonlaying; light, egg laying), thelytokous workers in green, and
arrhenotokous laying queens in black. Different letters indicate significant
differences (P # 0.05).
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24) maintained by epigenetic modifications (25, 26) and caused by
differential feeding of queens with royal jelly (25, 27). This study
reveals another genetic mechanism that controls reproductive

dominance in honeybees: different transcript isoforms of a single
transcription factor generated by alternative splicing, to control
the reproductive physiology of this eusocial insect.

Fig. 3. Transcript ratio 2D scatterplot with 0.6 confidence el-
lipses of all gemini isoforms. The ratio of exon 5-deficient
transcripts in relation to exon 5-containing transcripts are
plotted on the x axis, whereas the ratio of unspliced vs. spliced
exon 7 transcript are plotted on the y axis. All of the values
were log transformed before they were plotted. All of the
tested groups apart from queen and reproductive A. m.
capensis worker samples significantly differ from each other
(one-way ANOVA F = 29.33; df = 4; P # 0.001 and Newman–
Keuls post hoc tests P # 0.01). Every symbol stands for a single
individual.

Fig. 4. Relative gene expression of all gemini transcripts after exon 5 knockdown by RNAi. (A and B Left) Gene expression of the transcripts containing or
missing exon 5. (Right) Gene expression data on exon 7 . (A) Relative gene expression of different gemini transcripts. The transcript expressions were nor-
malized to untreated bees whose transcript expression was set to 1. The asterisks indicate a significantly reduced expression of transcripts containing exon 5
after the feeding of exon 5-specific siRNAs (P < 0.01; Kruskal–Wallace ANOVA and multiple comparisons of mean ranks for all groups). (B) Expression ratios of
spliced vs. unspliced transcripts shown on a logarithmic scale. The asterisk indicates a significantly shifted exon 5 transcript ratio toward the shorter isoforms
of exon 5 (P < 0.05; Kruskal–Wallace ANOVA and multiple comparisons of mean ranks for all groups).
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Characterization and quantification of honeybee gemini iso-
forms revealed that the abundance of four processed transcripts
corresponded with different ovarian states of workers and also
with different castes. Furthermore, knockdown experiments in
A.m. carnicaworkers revealed exon 5 to be causative in regulating
the ovarian development in arrhenotokous workers. This knock-
down leads to an alteration in the ratio of exon 5-containing and
exon 5-missing transcripts, which subsequently controls the onset
of egg laying. We did not observe such a shift in the exon 7-con-
taining/missing transcripts, suggesting that exon 7 is not involved
in the control of ovary activation in arrhenotokous bees.
In addition to the control of ovary activation, the mapped th

locus controls the production of queen-like amounts of 9-ODA,
the queen substance (16). This pheromone suppresses worker
reproduction in arrhenotokous subspecies and ensures the re-
productive dominance of the queen. Furthermore, the very same
locus is responsible for the thelytokous production of diploid
worker-laid eggs (16). Because the alternative splice pattern of
gemini is characteristic for both the queen pheromonal pheno-
type and the thelytokous mode of parthenogenesis in workers,
we suggest that gemini and its altered transcripts are also im-
portant for these traits (although we did not prove this by
knockout experiments as for ovary activation). As we showed
that exon 5 directly affects ovarian development, we expect the
shorter exon 7 in combination with a specific expression ratio of
exon 5 to be responsible for both the caste-specific reproductive
dominance in arrhenotokous honeybee species and the thelyto-
kous production of diploid offspring. One possible interpretation
of the data (among many others) is a simplistic two-exon regu-
latory model (Fig. 6) to explain this complex network. We sug-
gest that splicing of exon 5 and a certain threshold ratio of
unspliced vs. spliced transcripts directly controls the shift of
ovary activation in arrhenotokous subspecies. To be consistent
with our model, splicing of exon 5 alone should be insufficient to
exhibit the full pseudoqueen phenotype in thelytokous Cape
honeybees. The abundance of transcripts missing exon 5 differs
slightly between laying and nonlaying thelytokous workers, but is
well below the threshold that governs ovary activation of arrhe-
notokous workers; it may not sufficiently vary to serve as a switch
for ovary activation in thelytokous workers. As thelytokous
worker groups produce both splice variants of exon 5 qualita-
tively similar to that of arrhenotokous queens, we propose this

queen-like level of exon 5 to determine the mode of partheno-
genesis (thelytoky). Additionally, the differences in the splice
products of exon 7 between laying and nonlaying thelytokous
workers suggest that alternative splicing of exon 7 is involved in
ovary activation in thelytokous workers. Reproductive thelyto-
kous workers may reduce the relative abundance of the long
exon 7 and 5 when exploiting a host, thereby completely re-
sembling the queen splice pattern for both exon 5 and exon 7
(red queen line in Fig. 6).
The missing protein domains of the spliced transcripts may

essentially modify the access of gemini to different DNA-binding
domains of other genes, which eventually result in the observed
phenotypic differences. Exon 7 is part of the CP2 DNA-binding
domain, and the deletion of 8 aa is expected to have an impact
on the DNA-binding capacity of the resulting protein and
therefore on the worker phenotype. Similar effects have been
shown in human LBP-1d (UBP-1; another CP2 member) tran-
script isoforms that have a deletion in the putative DNA-binding
domain, generated by alternative splicing. Those transcripts are
no longer able to bind DNA and repress DNA binding of other
isoforms by forming heteromers (28). Because exon 5 is not part
of the CP2 DNA-binding domain, a mechanism other than DNA
binding must control the molecular switch controlling the onset
of egg laying. A common mechanism for controlling the action of
transcription factors is the alteration of dimerization domains
that cause isoform variability (22). For example, in grainyhead,
another member of the CP2 family, a mutant lacking the N-
terminal activation domain binds to the full-length grainyhead
isoform and hence inhibits its ability to homodimerize (29).
To further understand the mechanisms controlling the ob-

served splice patterns, we sequenced all noncoding regions of
gemini, including the promoter region, which may also comprise
sequence stretches necessary for accurate splicing (30–32). We
did not observe any consistent sequence differences in the non-
flanking intronic regions or in introns flanking exon 7. However,
all parasitic Cape honeybee workers share a common deletion of
9 bp in the flanking intron of exon 5—the exon that controls
ovary activation in arrhentotokous honeybees and that is dif-
ferentially spliced in thelytokous honeybees. Both European
A. m. mellifera and African A. m. scutellata show the identical
sequence without the 9-bp deletion in this flanking intron, con-
firming that it is not only a marker of African honeybees but
perhaps the functional site controlling the mode of worker par-
thenogenesis. Interestingly, and similar to other intronic splice
enhancer (ISE) motifs, this thelytoky associated element 1 (tae1)
sequence is purine rich and short in length. Differential splicing

Fig. 5. RNAi-mediated exon 5 knockdown and the resulting ovary activa-
tion in arrhenotokous A. m. scutellata workers from two different colonies
treated with gemini-specific siRNA (n = 72), scrambled siRNA (n = 69), or
sugar water (n = 79). (A) The frequency of reproductive workers in the three
treatment groups. The knockdown by the combination of two transcript-
specific siRNAs leads to a significant increase of reproductive workers shown
by different letters (P # 0.05, Mann–Whitney U test tests with P values
corrected for multiple testing). (B) Dissected worker ovaries were classified
as developed when the ovarioles were swollen and mature eggs visible
(Upper) or as undeveloped (Lower).

Fig. 6. Double-exon regulatory model for controlling worker reproduction
by alternative splicing of exon 5 (E5) and exon 7 (E7) of gemini. The ex-
pression of different transcript isoforms is dependent on the worker’s re-
productive status and the mode of worker parthenogenesis (solid line,
arrhentoky; dotted line, thelytoky). The red line represents the splice pattern
of the queen (queen line) that expresses both transcript isoforms for both
exons. Minus (−) or plus (+) signs indicate the absence or presence of exon 5.
Long or short indicates the unspliced or spliced isoform of exon 7.
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has repeatedly been shown to be controlled by such ISE motifs
located downstream of alternate exons (33, 34). The 9-bp de-
letion in A. m. capensis may therefore have far-reaching effects
on the splice-site recognition of the upstream laying cassette
exon 5. As this was the only consistent sequence difference we
found in the four flanking introns of the spliced exons, it might
be possible that tae1 not only affects the exon 5 switch but also
the splicing of exon 7, as it has been shown that more distant
splice regulatory motifs can control splicing of non-neighbor
exons (32). Predictions of the secondary structure of intron 5_6
of gemini suggest that this sequence is part of a stem/loop con-
formation (Mfold) (35). With the deletion of this motif, the stem
integrating the relevant bases is predicted to disappear. This
conformational change might influence the pre-mRNA splicing
process via different mechanisms (36). Either structural elements
might hinder the accessibility of cis regulatory sequences by
splicing factors, or the altered secondary structure might in-
terfere with the regulatory mechanisms required for successful
and accurate splicing. Furthermore, it remains possible that the
deletion itself is directly involved in the assembly of putative
splice factors. Serine/arginine-rich (SR) proteins and heteroge-
neous nuclear ribonucleoproteins (hnRNPs) have been shown to
interact with such purine-rich motifs in mammals (33) and hence
directly control the altered splice pattern of gemini in honeybees.
Irrespective of the actual molecular switch mechanisms, we

have found a gene that is alternatively spliced in a caste and type
of parthenogenesis-specific manner and central to the regulation
of worker fertility. If the 9-bp deletion with the ISE motif (tae 1)
flanking the ovary activation exon in nonparasitic honeybee
workers proves to be the allelic form of the thelytoky gene in
future studies, it would take as little as nine nucleotides to turn
an altruistic worker into one that can become a social parasite.

Material and Methods
Honeybee Samples for gemini Expression. A. m. capensis workers were reared
from brood produced by social parasitic workers in an A. m. scutellata host
colony at the University of Pretoria and are therefore homozygous for the
thelytoky allele. The brood frames were incubated at 35 °C and w60%
relative humidity. Emerging bees were kept in hoarding cages containing
120 individuals with food and water ad libitum. After 16 d of incubation, the
bees were killed and the ovaries dissected and stored in RNAlater until RNA
preparation. A. m. carnica workers and queens were held at the apiary of
the Martin-Luther-Universität Halle-Wittenberg. Sealed brood frames with
young nurse bees and emerging brood were removed from the colony and
kept queenless. After 14 d, w200 workers (aged w7–21 d) were randomly
sampled from the frames and immediately flash-frozen in liquid nitrogen.
A. m. carnica queens were reared using standard apicultural techniques and
kept in small colonies of w1,000 worker bees until day 7 after the onset of
egg laying. All sampled bees were stored at −80 °C. Worker ovaries were
classified using the categories of Hess (37) by pooling classes 1 and 2 as
undeveloped and 3–5 as developed.

RNA Preparation. Ovaries from each individual were manually homogenized,
and RNA extraction followed the standard TRIzol (Invitrogen) protocol with
subsequent DNase (Promega) digestion. RNA quality and quantity was pho-
tometrically assessed. Equal amounts of RNA were immediately reverse-tran-
scribed with M-MLV H− Point Mutant Reverse Transcriptase (Promega) using
oligo(dT) primer (0.5 μg/μL; Promega) according to the manufacturer’s
instructions.

Splice Variant Detection. Because exon 1 was never transcribed in any of the
samples, cDNA was amplified using primers 4I and 18II (Table S1) spanning all
exons except the first one (resulting in a PCR product of 2,299 bp; Amel_4.0)
(38) with long-range PCR Enzymes (Finnzymes and Fermentas) following
the manufacturers’ instructions. The PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen) and thereafter cloned into the
pGEM-T Vector using the TA cloning kit (Invitrogen). Transformation was
done in JM109 competent cells according to the manufacturer’s instructions
(Promega). Plasmids were purified and inserts sequenced and aligned using
CLC Free Workbench 3 (CLC Bio). The annotated exons 11 and 12 are not
transcribed, and because the annotated exons 14 and 15 are not separated

by an intron, they are fused to exon 14. Moreover, the transcripts contain
179 bp at the 39 end, which had been originally annotated to be untran-
scribed genomic DNA in the Amel_4.0 genome sequence.

Rapid Amplification of cDNA Ends (RACE)-PCR. To complete the transcript
sequences, RACE-PCRs were conducted. A 39 end cDNA amplification was
done according to Scotto-Lavino et al. (39), and the nested PCRs were
adapted to the BiothermTM DNA Polymerase (Genecraft) using 0.2 mM
dNTPs, 0.3 μM of each primer (gemini-specific forward primers: sp7.1I; 7.2I
and 7.3I in PCR1, 15I in PCR2; Table S1) and 0.5 units polymerase in a total of
10 μL. The PCR programs consisted of 5 min at 95 °C, followed by 40 cycles of
30 s at 95 °C, 30 s at 54 °C, and 60 s at 72 °C, and a final extension of 20 min
at 72 °C. The PCR products were either directly sequenced after gel elution
or cloned (see above) if the quality of the PCR products was insufficient for
direct sequencing. Plasmids having the right insert were purified and se-
quenced as mentioned above.

For the amplification of 59cDNA ends the protocol of Scotto-Lavino et al.
(40) was modified. After reverse transcription and poly(A)-tailing poly(T)
gemini-specific primers (QgemI; Qgem4I; Table S1) were used for amplifi-
cation. Tailing the primers with 15 thymine residues ensured that these
primers were only bound to the 59 end of the tailed cDNAs. The transcript-
specific primers sp5II (which spans the boundaries of exon 5 and 6) and 5II
(which is situated in exon 5) were used as reverse primers. Purified PCR
products were sequenced.

RT-PCR. ATF2, gemini, glycerol-phosphate-dehydrogenase (GPDH), ribosomal
protein 49 (rp49), and elongation factor 1α (EF) quantification was con-
ducted with real-time PCR using SYBR Green (Bio-Rad) assays following the
manufacturer’s instructions. The four different splice products were ana-
lyzed separately, because the PCRs of the combined altered transcript iso-
forms (+5.L7; +5.S7; −5.L7; −5S7) did not yield adequate products. Each
isoform was quantified with primers specific for the two exons and their
spliced counterpart (Table S1). Each sample was run in duplicate. The real-
time PCR cycling profile consisted of a 3-min incubation at 95 °C, followed by
39 cycles of 15 s at 95 °C and 30 s at 54 °C for annealing, and 30 s at 72 °C for
extension and data collection. Melting curve analyses were performed be-
tween 50 °C and 90 °C, reading the fluorescence at 1 °C increments. Addi-
tionally, the purity of the PCR products was visually verified on 1.8% agarose
gels. After baseline subtraction using the global minimum trend option, C(t)
values were calculated by the Opticon Monitor 3 software (Bio-Rad) using
a single SD over cycle range.

Data Analysis. The relative gene expression of ATF2 was calculated as
the efficiency-corrected gene expression of ATF2 compared with the effi-
ciency-corrected gene expression of the housekeeping genes GPDH
(NM001014994), rp49 (AF441189.1), and EF (NM001014993).

The expression ratios of the different transcript forms of gemini were
calculated from the efficiency-corrected gene expressions for each gemini
amplicon. The efficiency-corrected relative expression of the individual
transcript isoforms was calculated by normalizing the gemini gene expres-
sion to the two housekeeping genes GPDH and EF. PCR efficiencies of every
PCR product were determined by pooling cDNA from every sample used in
the calculations. PCR efficiencies were determined using serial dilutions
covering a 104-fold template dilution range (41). Nonparametric Mann–
Whitney U tests were used for statistical comparisons adjusting the P values
for replicate tests.

gemini (Exon 5) Knockdown by RNAi. Our aim was to activate ovaries in
arrhenotokous workers by reducing the abundance of specific splice variants.
Because transcripts missing exon 5 were not detected by qPCR in non-
reproductive arrhenotokous workers, we did not conduct a silencing ex-
periment to even further reduce this already rare transcript. Instead we
targeted transcripts containing exon 5, which were highly abundant in all
arrhenotokous workers, to substantially alter the ratio of unspliced vs. spliced
transcripts and eventually activate the ovaries of A. m. carnica workers.
Hence, two gemini-specific siRNA template sequences within the cassette
exon 5 (78 bp) were selected using the siRNA target designer version 1.6
(Promega), which also scrambled the target-specific siRNA sequences
resulting in siRNAs to be used as negative controls. The selected siRNA
sequences were blasted against the honeybee genome to avoid potential
off-target effects in genes other than gemini. None of the siRNAs shared
sequence similarities longer than 14 nt (16- to 18-nt–long stretches of ho-
mology are suggested as the maximum acceptable length in RNAi studies
per Ambion siRNA design guidelines). Furthermore, none of the genes with
the highest sequence similarities was found twice when blasting both siRNAs
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individually. The two siRNAs obtained (for sequences, see Table S2) cover the
39 and the 59 regions of the template. Using this siRNA mixture decreased
the chance of affecting unintended targets. siRNA was synthesized using the
T7 Ribomax Express RNAi System (Promega) according to the manufacturer’s
instructions but with an extended incubation time of up to 2 h. The siRNA
quality and quantity was assessed by capillary gel electrophoresis and
photometry.

Honeybees and siRNA Feeding. Newly emerged A. m. carnica workers
(arrhenotokous, 1–2 d old) were sampled from a single brood frame and
divided into three groups: untreated bees, bees treated with scrambled
siRNA (which has no sequence similarity to any bee-specific gene), and
a gemini-specific siRNA treatment group. Bees in the latter group were fed
with a mixture of equal amounts of the two gemini-specific siRNAs. In each
case, 35–40 newly emerged bees were put in wooden cages (10.5 × 13 cm)
provided with a small piece of comb and pollen ad libitum at 34 °C. The bees
were fed daily with 1.5 mL 50% sugar water containing 1 μg siRNA per in-
dividual. After 14 d, a time span after which ovary activation can easily be
detected, bees were killed and screened for ovary activation in a double-
blind test. The samples were stored in coded tubes by a person with no
knowledge of the treatments, to allow for an unbiased examination of the
ovaries by a second person without any prior knowledge of the experi-
mental groups. Ovaries were classified as developed when ovarioles con-
tained mature eggs. This procedure was repeated in two consecutive trials,
using two brood frames from two different colonies. The quantification of
the transcript changes were conducted as discussed previously.

Sequencing of Noncoding Regions of gemini and Characterization of tae1. The
putative promoter region and genomic sequences between the exons were
analyzed using phenol/chloroform-extracted genomic (gDNA) from parasitic
A. m. capensis clone workers and A. m. scutellata workers from the Uni-
versity of Pretoria. PCRs were run with gDNA from one individual, each with
intron-spanning primers (Table S1). Sequencing of fragments <1 kb were
done by standard PCRs using the BiothermTM DNA Polymerase (Genecraft),
following the manufacturer’s instructions. Products were directly sequenced.
Fragments >1 kb were processed by long-range PCRs using the Kapa2G
Robust PCR Kit (Peqlab). The PCR programs consisted of an initial heating at
95 °C for 3 min, followed by 40 cycles of 30 s at 95 °C, 30 s at 54 °C, and 2 min
at 72 °C and ended with a final elongation at 72 °C for 20 min. PCR products
were purified (QIAquick PCR Purification Kit; Qiagen) and cloned (see
above). Clones were sequenced by primer walking, and sequences were
compared with the annotated honeybee genome (Amel_4.0). Sequence
differences in intron 5_6 (tae1) in A. m. capensis workers were thereafter
confirmed by PCRs spanning the region of interest using primers I2500I and
I21000II and subsequent sequencing in four workers of each subspecies.
Length differences caused by the deletion of the tae1 were thereafter
confirmed in 130 A. m. capensis workers and 10 A. m. scutellata workers by
PCRs using primers gem_taeI and gem_taeII.
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