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ABSTRACT 21 

Reproductive division of labour is based on biased expression of complementary parental behaviours, 22 

brood production (egg-laying) by queens and brood care (in particular, brood provisioning) by workers. In many 23 

social insect species, queens provision brood when establishing colonies at the beginning of a breeding season and 24 

reproductive division of labour begins with the emergence of workers. In many social insect species, the expression 25 

of foraging (for) mRNA is associated with the intensity of foraging behaviour, and therefore brood provisioning. 26 

However, only two studies have compared queen and worker for expression levels, and neither accounted for 27 

transcript splice variation. In this study, we compare the expression level of the for-α transcript variant across four 28 

life stages of the queen caste, two behavioural groups of workers, and males of a eusocial sweat bee Lasioglossum 29 

laevissimum (Smith, 1853). Foundresses collected prior to the onset of the foraging season and males had the highest 30 

for-α expression levels. All active (post-hibernatory) queens and workers had similar for-α expression levels 31 

independent of behaviour. These results suggest that the for gene in L. laevissium acts as a primer before foraging 32 

activity, and that caste-specific expression patterns correlate with the timing of foraging activity in queens and 33 

workers. 34 

 35 
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INTRODUCTION 40 

Eusocial insects are characterized by cooperative brood care, overlapping generations, and a reproductive 41 

division of labour between queens and workers (Batra 1966; Wilson 1971; Michener 1974). Reproductive division 42 

of labour is based on biased expression of two complementary types of parental behaviour, namely brood production 43 

(egg-laying) and brood care (in particular, brood provisioning) (Wilson 1971; Michener 1974; Royle et al. 2012). A 44 

few eusocial species with morphological castes, such as honeybees, exhibit such complete reproductive division of 45 

labour that there is virtually no overlap in the parental repertoires of queens and workers: queens specialize in laying 46 

eggs and provide no brood care, whereas workers specialize in brood care and almost never lay eggs. However, 47 

reproductive division of labour is more nuanced in many eusocial lineages, including some typically described as 48 

“highly eusocial”. In many social insect lineages, including semi-claustral ants, bumblebees, sweat bees, and paper 49 

wasps, queens construct nests and forage to provision their first brood. Reproductive division of labour actually 50 

begins with the emergence of workers, with queens switching to egg production and workers specializing on care of 51 

the queen’s brood. In many cases, workers, especially those produced later in the colony cycle, also become 52 

reproductive, mating and laying eggs (Wcislo and Fewell 2017).  53 

Eusocial hymenopterans evolved from solitary ancestors with reproductive behaviour like that of living 54 

solitary species, in which mothers raise their own offspring with no help from other individuals. The ovarian 55 

ground-plan hypothesis (OGPH) (West-Eberhard, 1987) posits that in solitary ancestors of eusocial descendants, 56 

egg-laying and brood provisioning behaviours were coupled (Fig. 1, Step 1). Over time, these behaviours decoupled 57 

as reproductive division of labour evolved. In other words, the OGPH suggests how the two complementary aspects 58 

of reproductive behaviour, egg-laying and brood care, became increasingly caste-biased (Fig. 1, Step 2). In a few 59 

lineages, such as honeybees, the behavioural bias developed to an extreme in which virtually all eggs are laid by 60 

queens and all brood provisioning is done by workers (Fig. 1, Step 3). In addition to predicting that reproductive 61 

division of labour evolved in transitions from solitary to eusocial reproduction, the OGPH predicts that the gene 62 

expression networks underlying division of labour should also have diverged (West-Eberhard 1987, 1996). 63 

Specifically, the degree of caste bias in egg-laying and foraging behaviours should correlate with the degree of caste 64 

bias in the expression patterns of genes associated with these behaviours (Rehan and Toth 2015; Sumner et al. 65 

2018). 66 
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Evidence for caste bias in genes associated with reproductive division of labour 67 

In insects, two genes, vitellogenin (vg) and foraging (for), are clear candidates for investigating gene 68 

expression patterns underlying reproductive division of labour in eusocial species. In eusocial species, queens lay 69 

more eggs than workers, and therefore are predicted to have higher levels of mRNA expression for genes such as vg, 70 

which encodes a protein essential to egg production. Workers, which forage for most of the food resources used for 71 

provisioning brood, are predicted to have higher mRNA expression levels for genes such as for, a locus associated 72 

with the intensity of foraging behaviour in many different insect lineages, including fruit flies (Osborne et al. 1997; 73 

Allen et al. 2017; Anreiter and Sokolowski 2019), locusts (Dawson-Scully et al. 2007; Lucas et al. 2010), aphids 74 

(Tarès et al. 2013), and kissing-bugs (Marliére et al. 2020). 75 

Multiple studies have supported the OGPH prediction of queen-biased expression in vg mRNA or protein 76 

in species with behavioural castes and those with morphological castes (summarized in Lockett et al. 2016 and 77 

Awde et al. 2020). Studies in eusocial sweat bees, which have behavioural castes, demonstrate that caste bias in vg 78 

expression is an indirect consequence of a strong association between vg expression level and a female’s degree of 79 

ovarian development; since queens usually have higher ovarian development than workers, they also tend to have 80 

higher mRNA and protein levels (Kapheim et al. 2012; Awde et al. 2020). Studies in honeybees, which have 81 

morphological castes, show not only that vg expression is higher in queens than workers (Guidugli et al. 2005; 82 

Grozinger et al. 2007), but also that vg has been evolutionarily co-opted for novel functions distinct from egg 83 

production, including regulation of behavioural variation within the mostly sterile worker caste (Nelson et al. 2007).  84 

Multiple studies have examined the relationship between for expression patterns and foraging behaviour in 85 

eusocial Hymenoptera. Only two studies have addressed the issue of caste-related differences postulated by the 86 

OGPH (Table 1). In Polistes metricus, which has behavioural castes, for expression levels were higher in foragers 87 

(foundress queens and workers) than non-foragers (queens and gynes) but were not associated with caste per se 88 

(Toth et al. 2007, 2010). In Bombus terrestris, which has morphological castes (Holland and Bloch 2020), for 89 

expression levels were similar among foragers (nest foundresses and workers) and non-foragers (queens and gynes), 90 

implying that neither foraging behaviour nor caste were associated with differences in for expression (Woodard et 91 

al. 2014). The remaining studies listed in Table 1 addressed variation in foraging behaviour within the worker caste, 92 

with some studies providing evidence that foragers have higher for expression than non-foragers, while in other 93 

cases the opposite pattern occurs (Table 1 and Table S1). Recently, it was discovered that for is alternatively spliced 94 
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in a number of solitary and social taxa (Anreiter and Sokolowski 2019). Foraging transcript isoforms are known to 95 

differentially influence a number of phenotypes in Drosophila, such as foraging path length, learning and memory, 96 

food intake, sleep, and fat storage (Anreiter and Sokolowski 2019). In honey bees, there are at least two splice 97 

variants, for-α and for-β, only one of which is significantly associated with foraging behaviour (Thamm and 98 

Scheiner 2014). Foraging workers show significantly higher expression of for-α than non-foraging workers, whereas 99 

for-β expression is similar in these two groups. To date, the association between foraging behaviour and specific for 100 

splice variants has been distinguished only in one social insect, the honeybee Apis mellifera (Thamm and Scheiner 101 

2014), although for splice variants have been identified in a number of other social taxa (Anreiter and Sokolowski, 102 

2019). Since previous studies did not take into consideration alternative splicing, this might account for some of the 103 

contradictory results of previous work, including a lack of association between for expression and foraging 104 

behaviour in some species.   105 

Foraging behaviour and gene expression in a eusocial sweat bee 106 

The social behaviour of eusocial sweat bees may help us to understand intermediate stages in the evolution 107 

of reproductive division of labour as described by the OGPH (i.e., Fig. 1, Stage 2; Rehan and Toth 2015; Taylor et 108 

al. 2018). In eusocial sweat bees, colony social organisation is mediated by behavioural differences between queens 109 

and workers; in other words, the castes are differentiated by behaviour rather than morphology (Yanega 1989; 110 

Schwarz et al. 2007). Newly eclosed females are totipotent, meaning that they can become either queens or workers. 111 

The behavioural repertoires of queens and workers are largely overlapping, as both queens and workers forage for 112 

brood provisions (although at different points during the colony cycle) and workers often lay eggs. Reproductive 113 

division of labour begins after the eclosion of the first workers, when queens cease foraging, increase their egg-114 

laying activity, and begin to aggressively dominate their workers. In the presence of a queen, newly eclosed 115 

workers, especially those that emerge earliest, take over the tasks of brood cell construction, foraging, and brood 116 

provisioning. Nevertheless, in many eusocial sweat bees, there is substantial worker production of both female and 117 

male brood. So-called “reproductive workers” (Richards et al. 2010) are foragers carrying full-size or near full-size 118 

oocytes, suggesting that at least some of their foraging effort is directed towards provisioning their own brood, just 119 

as spring queens or the females of solitary species do.   120 

The OGPH generates testable predictions about the major behavioural components of reproductive division 121 

of labour, and how these evolve in transitions from solitary to eusocial behaviour. Surprisingly, no research studies 122 
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have yet evaluated caste-associated gene expression patterns associated with both egg-laying and foraging behaviour 123 

within a eusocial sweat bee species. The current study builds on a previous investigation in which we examined 124 

caste-related patterns of vg expression in the behaviourally well-studied eusocial sweat bee Lasioglossum 125 

laevissimum (Packer et al. 1989a, 1989b; Packer 1992; Packer and Owen 1994; Awde and Richards 2018; Awde et 126 

al. 2020). We showed that females with highly developed ovaries generally have higher vg mRNA expression; since 127 

queens have higher rates of ovarian development than workers, they also have higher vg expression levels (Awde et 128 

al. 2020), as predicted by the OGPH.   129 

Here we investigate caste-related patterns of for expression in L. laevissimum. More specifically, we 130 

investigate how mRNA expression levels of the for-α splice variant correlate with foraging behaviour and caste. We 131 

did not investigate expression levels of for-β in L. laevissimum, since for-β expression did not correlate with 132 

foraging behaviour in Apis (Thamm and Scheiner 2014). The OGPH predicts that the degree of caste bias between 133 

queen and worker phenotypes (i.e. behaviour) should be correlated with the degree of caste bias in the expression 134 

patterns of genes associated with these same behaviours (Rehan and Toth 2015; Sumner et al. 2018). Here we 135 

examined four predictions.  136 

1. Foraging queens, gynes and spring foundresses (different developmental phases of the queen caste) 137 

should have higher for expression levels than early spring foundresses (pre-provisioning) and summer 138 

queens (post-provisioning);  139 

2. Workers collected while actively foraging should have higher for expression levels than workers 140 

collected while engaged in other tasks inside nests; 141 

3. Foraging workers should have higher for expression levels than non-foraging queens;  142 

4. Males, which must forage for themselves, should have for expression levels comparable to those of 143 

foraging females; thus males provide a different perspective to understand the role of for as a behavioural 144 

gene associated with foraging behaviour.145 
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METHODS 146 

Lasioglossum laevissimum collections and behavioural classification 147 

Adult females and males were collected from 2013 to 2015 at a nesting aggregation at Brock University, 148 

Ontario, Canada; details on collections and colony social organization are provided in Awde and Richards (2018). 149 

The colony cycle is summarized in Figure 2.  150 

The foraging status of individual bees was assigned based on their activity at the time of collection (Table 151 

2). Females of the queen caste were collected at four different life stages. Gynes were collected after eclosion in late 152 

summer; since many gynes leave their natal nests briefly to feed prior to digging hibernacula and overwintering, and 153 

were classified as possible foragers. Early spring foundresses were collected from their hibernacula about twoweeks 154 

before the onset of spring brood provisioning activity and were classified as pre-foraging. Spring foundresses were 155 

collected from flowers near the nesting aggregation, where they were feeding and collecting brood provisions, and 156 

were classified as foragers. Summer queens were collected from nest excavations before sunrise and were classified 157 

as post-foraging. Females of the worker caste were collected from early morning nest excavations (nest workers) or 158 

from flowers (foraging workers). Males collected while flying were also classified as foragers, since they must feed 159 

themselves in order to fuel their main activity, searching for and mating with females.  160 

Upon collection, each bee specimen was immediately stored in RNA preservative (RNAlater; for details, 161 

see Awde et al. 2020). Adult females and males were measured and dissected in the same preservative using a 162 

stereomicroscope (Awde and Richards 2018). Size measurements and wear scores were used in part to assign each 163 

female to caste. After an individual was measured and dissected, the head and abdomen (gut removed) were 164 

separated from the thorax, stored separately in preservative, and placed in a -80 °C freezer until RNA extraction. 165 

Details for each L. laevissimum category can be found in Table 2. Of the L. laevissimum individuals assayed in this 166 

study, only two (one queen and one worker) came from the same nest. 167 

RNA extractions and cDNA preparation 168 

RNA was extracted separately from heads and abdomens using a Total RNA Purification kit (Norgen 169 

Biotek Corp.) and eluted to a volume of 50 μl with water. RNA was converted into single-stranded cDNA, 20 μl 170 

final volume, using RNase Inhibitor (BioShop), dNTP mix (BioShop), and Oligo dTVN20 primers (Sigma-Aldrich), 171 

SuperScript III Reverse Transcriptase (Invitrogen) and the manufacturer’s protocol.  172 
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Primer design and PCR amplicon validation for RT-qPCR 173 

We designed and tested for-α primers for real-time quantitative PCR (RT-qPCR), based on the sequences 174 

of the for-α and for-β splice variants in honeybees (Thamm and Scheiner 2014). These primers specifically 175 

amplified the for-α transcript (from exon 1 to exon 2) but not the for-β transcript (which does not include exons 1 176 

and 2). 177 

We used three sets of gene-specific primers to amplify reference genes: glyceraldehyde 3-phosphate 178 

dehydrogenase (gapdh), actin, and acidic ribosomal protein P2 (RpP2) (validated as suitable reference genes in 179 

Awde et al. 2020). For all primer sets, either the forward or reverse primer was located on an exon–exon boundary, 180 

or primers were located on different exons so we could differentiate gDNA from mRNA based on size. Sequences, 181 

locations, and the expected size of each cDNA product for each primer set can be found in Supplementary Table S2. 182 

Primers for reference genes were designed by aligning mRNA and gDNA sequences of target and reference genes 183 

from several bee species in GenBank (Apis sp., Bombus sp., etc.), as well as a Lasioglossum albipes mRNA 184 

sequence kindly provided by Dr. Sarah D. Kocher (Princeton University). Sequences were aligned using 185 

ClustalOmega (Sievers et al. 2011), and primers were designed with the software program Primer-BLAST (Primer3; 186 

Ye et al. 2012).  187 

All primers were tested with L. laevissimum cDNA and gDNA to ensure that they amplified the cDNA 188 

target and not gDNA. PCR products were run on polyacrylamide gels to confirm the expected size of each cDNA 189 

amplicon. PCR amplicons were sequenced (Genome Québec) and verified using BLAST. Sequences amplified from 190 

reference gene primers and for-α primers are available on GenBank (accession numbers MT823471 – MT823473 191 

and MW883574, respectively). 192 

RT-qPCR protocol   193 

Gene expression was measured with RT-qPCR using a BioRad CFX96™ PCR Detection System. For each 194 

cDNA sample, all four genes were measured on a single plate, with separate reactions and no-template controls for 195 

each primer set. Each reaction contained a 4 μl aliquot of L. laevissimum cDNA, 10 μl of 2x SYBR FAST Universal 196 

qPCR Master Mix (KAPA), 0.25 μM of the forward and reverse gene-specific primers, and was topped up to a final 197 

volume of 20 μl with water. The following thermal cycling program was used for each RT-qPCR: initial 198 

denaturation at 95°C for 3 min, then 31 cycles of 95°C for 10 sec, 58°C for 10 sec, and 72°C for 15 sec. Reactions 199 

were performed in technical triplicates for each sample and each set of gene-specific primers. The average 200 
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quantification cycle (Cq) from each triplicate was used in subsequent analyses. The replicate furthest from the 201 

median was excluded if the standard deviation of the three replicates was >0.5 Cq (Awde et al. 2020). A melt-curve 202 

analysis (ramping from 65°C to 95°C in 0.5°C steps every 5 sec) was included after the thermal cycling program to 203 

verify that amplification was not the result of primer dimerization, gDNA contamination, or off-target amplification.  204 

As described in Awde et al. (2020), we validated gapdh, actin, and RpP2 as suitable reference genes in 205 

head and abdomen samples separately using RefFinder (Xie et al. 2012). Gapdh, actin, and RpP2 expression values 206 

were significantly positively correlated in pair-wise comparisons (Supplementary Fig. S1). Correlations between 207 

expression values were stronger using abdomen samples (Pearson correlation coefficient range r = 0.90 – 0.96) than 208 

head samples (Pearson correlation coefficient range r = 0.60 – 0.76).  209 

Foraging-α expression was normalized to the geometric mean of the three reference genes [normalized for-210 

α expression (ΔCq) = geometric mean of reference gene expression (Cq) – for-α expression (Cq)]. Samples were only 211 

included in analyses if expression of all three reference genes was detected (Cq < 31), representing our threshold for 212 

reliably detecting for-α mRNA levels. Sample sizes that met this criteria for each group can be found in Table 3 (the 213 

denominator value). If a body part had detectable levels of all three reference genes and no detectable for-α 214 

expression, the Cq value of for-α was set to 31, representing the maximum value for detectable expression (similar to 215 

Morandin et al. 2014 and Awde et al. 2020). 216 

Data analysis 217 

We compared for-α expression patterns among female categories and with males. We compared the 218 

proportions of samples with detectable levels of for-α mRNA in their heads and abdomens for each L. laevissimum 219 

category (males, gynes, summer queens, etc.) with Fisher’s exact tests. We compared for-α expression levels of 220 

heads and abdomens from the same individual using a paired t-test. To investigate how normalized for-α expression 221 

varied among L. laevissimum sample categories, we used ANOVA and Tukey’s HSD post-hoc test.  222 

Summary statistics from the analyses are presented in tables and figure captions. Data analyses were 223 

performed in R, version 4.0.4, with RStudio, version 1.4.1103. All data underlying this study are available in the 224 

Brock University digital repository. 225 
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RESULTS  226 

The proportions of heads and abdomens with detectable levels of for-α mRNA expression were similar 227 

across caste and sex categories (Table 3). In addition, head and abdomen samples from the same individuals had 228 

similar for-α expression levels (Fig. 3). Given these results, and since most previous studies analyzed heads (Table 1 229 

and Supplementary Table S1), in the following analyses, we focus on heads. 230 

 231 

Caste-based comparisons 232 

Figure 4 summarizes for-α mRNA expression levels across behavioural, caste, and sex categories. Among 233 

female bees, early spring foundresses, which had not yet left their nests or started to provision brood, had 234 

significantly higher for-α expression levels than other categories. Spring foundresses, which were active foragers, 235 

had for-α expression levels similar to those of gynes and summer queens, which were not active foragers. Workers 236 

collected while foraging and those collected from nest excavations had similar for-α expression levels (Fig. 4). 237 

Therefore, for-α expression did not vary based on worker behaviour at the time of collection.  238 

These comparisons demonstrate that there was no main effect of caste on expression levels, i.e. there is no 239 

consistent difference between the queen and worker castes.  240 

Comparisons between females and males 241 

Males had significantly higher for-α expression levels than most female categories, including females of 242 

similar age (gynes) and females actively foraging during the same phase of the breeding season (workers collected 243 

on the wring; Fig. 4). Interestingly, males and early spring foundresses had similar for-α expression levels despite 244 

dramatic differences in behaviour at the time of collection, given that males were collected on the wing and early 245 

spring foundresses were collected from their hibernacula (Fig. 4).246 



11 

 

DISCUSSION  247 

Foraging expression in L. laevissimum queens and workers  248 

Based on the OGPH and the established association of for expression and foraging behaviour, we used the 249 

behaviourally well characterized eusocial sweat bee, L. laevissimum, to test four predictions relating patterns of 250 

foraging behaviour and for gene expression. Our comparisons of four life stages of the queen caste, two behavioural 251 

groups of workers, and males, demonstrated that the highest expression levels of the for-α variant were found in 252 

early spring foundresses collected just prior to the onset of the foraging season, and in young males, whose main 253 

activities are searching for females and nectar-feeding on flowers. We found similar levels of for-α expression 254 

among all active (post-hibernatory) queens and workers, some of which were foragers and some not. Thus for-α 255 

expression levels were similar across most queen and worker behavioural categories, including both foragers and 256 

non-foragers. We assayed for-α expression in whole heads of each behavioural group, therefore expression 257 

differences between groups could be the result of a specific tissue or tissues (i.e., brain region or non-brain tissue), 258 

and locating these regions in future studies could generate interesting hypotheses as to the mechanism through 259 

which for-α expression influences behaviour. 260 

Foraging expression levels have been compared between queens and workers in just two other 261 

hymenopteran species, Polistes metricus (Toth et al. 2007, 2010) and Bombus terrestris (Woodard et al. 2014). 262 

Since these studies pre-dated the discovery that the foraging gene is alternatively spliced, some caution is required 263 

when making comparisons. In P. metricus, for expression levels are higher in workers than non-foraging queens 264 

(Toth et al. 2007, 2010). In contrast, B. terrestris workers and non-foraging queens had similar for expression levels 265 

(Woodard et al. 2014). Foraging expression patterns of queens and workers in L. laevissimum are more similar to B. 266 

terrestris than P. metricus. It is possible that for expression is caste-biased in paper wasps but not in eusocial bees, 267 

due to lineage-specific differences in diet and nutritional requirements. Most bee species eat pollen as their protein 268 

source while P. metricus is carnivorous and uses prey fluid as its protein source (Michener 2000; Wcislo and Fewell 269 

2017).  In fruit flies, genotypic and expression differences at the for locus have been linked to food responsiveness 270 

and energy metabolism (Belay et al. 2007; Kaun et al. 2007; Kent et al. 2009). This means that beyond behavioural 271 

differences, for expression may vary with respect to molecular pathways that influence differences in diet and 272 

metabolism between hymenopterans.  273 
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Foraging-α expression as a possible primer for foraging activity 274 

Although we did not find the predicted link between for-α expression and foraging behaviour, our data 275 

nevertheless support the hypothesis that the onset of for-α expression might act as a primer for the initiation of 276 

foraging and flight activities, as suggested by Heylen et al. (2008) and Oettler et al. (2015). This idea stems from the 277 

‘sensory response threshold hypothesis’ as applied to honeybee workers, which proposes that a phenotypic response 278 

is induced when a stimulus passes a particular threshold (Robinson 1992; Page and Erber 2002; Thamm et al. 2018). 279 

We observed high levels of for-α expression in early spring foundresses. High for or for-α expression levels may 280 

prepare early spring foundresses to respond quickly to an external stimulus, such as an increase in soil temperature. 281 

This stimulus could prepare females to emerge from their hibernacula and initiate foraging behaviour as soon as 282 

spring conditions are favourable. Indeed, some of the earliest bees to emerge in spring in southern Ontario are, like 283 

L. laevissimum, members of the subgenus Dialictus (MH Richards, unpub. data). Because early spring foundresses 284 

have high for expression, they would be primed for the external stimulus that triggers PKG activity, which can then 285 

influence downstream molecular pathways and initiate foraging activity quickly.  We also observed high levels of 286 

for-α expression in males.  Males probably leave their natal nests shortly after eclosion to search for food and mates; 287 

since they are rarely found inside nests and have short lifespans (Awde and Richards 2018), for-a could function as 288 

a primer that ensures they begin these activities as quickly as possible.     289 

If for expression is indeed a primer for the initiation of foraging activity, it should also be expressed at high 290 

levels in workers just prior to the onset of foraging, possibly in imagos, just prior to adult eclosion. Although we did 291 

not collect sufficient specimens of pre-emergence workers to test this hypothesis in the current study, future studies 292 

could comparie for expression levels between adults and imagos. This would require nest excavations early in 293 

summer and the collection of worker still in their brood cells, since workers start foraging shortly after they eclose. 294 

Foraging expression patterns in the workers of two ant species, C. obscurior (Oettler et al. 2015) and 295 

Pogonomyrmex barbatus (Ingram et al. 2005), support the hypothesis that for expression may act as a primer for 296 

foraging behaviour. In honeybee workers, which transition from nurse behaviour in the hive to foraging outside the 297 

hive at about 21 days post-eclosion (Seeley and Kolmes 1991), peak for expression occurs when workers are 18 - 22 298 

days old (Heylen et al. 2008). Given that for-α and for-β expression patterns and functions have evolutionarily 299 

diverged  (Thamm and Scheiner 2014),  this implies that the foraging locus could actually have more functions than 300 

are currently apparent from our examination of for-α alone.  301 
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Conclusions 302 

The OGPH describes evolutionary divergence in the two classes of behaviour most crucial to reproductive 303 

division of labour in eusocial bees, wasps, and ants, namely egg-laying and brood provisioning, as well as in the 304 

underlying genetic architecture. In a previous study of L. laevissimum, we examined queen and worker vitellogenin 305 

(vg) expression patterns (Awde et al. 2020). We found that vg expression levels were correlated with the degree of 306 

female ovarian development and therefore, queens tended to have higher mRNA levels than workers (Awde et al. 307 

2020). In the current study, for-α expression levels did not differentiate L. laevissimum queens and workers, because 308 

for expression was not directly correlated with foraging behaviour. However, if the role of the for gene in L. 309 

laevissimum is to initiate a cascade of biochemical and behavioural events that culminate in the initiation of foraging 310 

behaviour, then there would indeed be a caste-specific pattern: workers express for during or shortly after eclosion, 311 

which initiates brood provisioning soon after adult emergence, whereas queens suppress for expression until 312 

emerging from hibernation the following spring. Hibernation is a major difference between the queen and worker 313 

castes of temperate-zone sweat bees, so it might be that expression patterns of the for locus interact with those of 314 

loci influencing whether newly eclosed females enter hibernal diapause before initiating brood provisioning (Hunt et 315 

al. 2007; Amsalem et al. 2015). Future studies could test the priming hypothesis by examining for-α expression 316 

levels before and after the onset of foraging in both females and males of solitary and social species.  317 
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FIGURE CAPTIONS 

 

Figure 1. The transition from solitary behaviour to eusociality through evolutionary time is simplified into a three-

stage process, based on the Ovarian Ground-Plan Hypothesis (OGPH; West-Eberhard 1987, 1996). Stage 1. In a 

solitary ancestor, solitary mothers express both egg-laying and brood care (specifically, foraging) behaviours. Stage 

2. Over evolutionary time, egg-laying and foraging behaviours decouple, being preferentially expressed in queens 

and workers, respectively. Behavioural overlap occurs because queens raise their first workers solitarily, which 

requires foraging for brood provisions. After worker emergence, queens cease foraging and monopolize egg-laying. 

Stage 3. In highly eusocial, swarm-founding species, there is complete decoupling of egg-laying and foraging 

phenotypes, because queens never forage, and the vast majority of workers never lay eggs  

 

 

Figure 2. Life cycle of a eusocial sweat bee in temperate environments. Phase 1 of the life cycle starts during spring 

when foundresses emerge from their hibernacula and provision their first brood (workers). During summer (phases 2 

and 3), queens remain in the nest, no longer provision offspring, and lay eggs for a second brood. This second brood 

is provisioned by workers, some of which provision and lay their own eggs. During summer / early fall (phases 3 

and 4) the second brood of males and future queens (gynes) eclose, mate, and forage for themselves. Gynes then 

overwinter and initiate a nest the following spring, becoming new foundresses and eventually queens 

 

 

Figure 3. Comparisons of head and abdomen for-α expression levels. Each point represents head and abdomen 

measurements in a single individual. Foraging-α expression levels were similar in head and abdomen (Paired t-test, t 

= 0.64, df = 32, p = 0.53) 

 

 

Figure 4. The effect of sex, female behaviour, and caste on normalized for-α expression levels. Foraging-α 

expression levels varied across sample categories (F=12.44 df=6,30, p<0.001). Results from pairwise comparisons 

(Tukey’s HSD) are indicated by letters above each sample category, categories with the same letter had significantly 

different for-α expression levels (p<0.05). Box and whisker plots provide summary statistics for each group; the 

middle line in the box is the median, the top and bottom of the box indicate the 75th and 25th percentile, and the 

whiskers represent the largest or smallest value < 3x the interquartile range 
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TABLES  
 
Table 1. Foraging (for) expression patterns of social hymenopteran species from studies with gene expression results properly validated according to MIQE guidelines (Bustin et 
al. 2009). Studies that used primitively eusocial species are listed first. With few exceptions, for expression is higher in actively foraging females than non-foragers in bee species.  
 

Species Body part / tissue Comparison Foraging expression 
levels are highest in … Reference 

 
Polistes metricus 

 
Brains 

 
Foragers (foundresses and workers) 
and non-foragers (queens and gynes) 

 
Foragers (foundresses 
were similar to workers) 

 
(Toth et al. 2007, 2010) 

Bombus terrestris Brains Early (foragers) and late stage queens 
(non-foragers) with and without 
workers 

Foragers (early queens) (Woodard et al. 2013) 

Bombus terrestris Brains Foundresses, queens, workers, and 
gynes 

No difference (Woodard et al. 2014) 

Bombus terrestris Heads Forager vs. nurse workers  Foraging workers (Tobback et al. 2011) 

 
Apis mellifera 

 
Brains 

 
Forager vs. nurse workers 

 
Foraging workers 

 
(Ben-Shahar et al. 2002; 
Ben-Shahar 2003) 

Apis mellifera Brains Forager vs. nurse workers 
for-α and for-β splice variants 

Foraging workers 
(for-α splice variant) 

(Thamm and Scheiner 
2014) 

Solenopsis invicta Heads Foraging vs. nest workers  
(non-foragers) 

Non-foraging workers (Lucas et al. 2015) 

Pheidole pallidula    Brains Foragers vs. defenders Non-foraging workers (Lucas and Sokolowski 
2009) 

Allomerus octoarticulatus    Heads Food discovery (%)  
by workers 

Non-foraging workers 
(Low discovery % 
correlated with high for) 

(Malé et al. 2017) 
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Table 2. Terminology used to categorize female and male L. laevissimum collected throughout the breeding seasons of 3 years (2013-2015). Within the queen caste, categories are 
arranged in order of increasing age.  
 

Caste / Sex Bee category Foraging / provisioning 
phenotype 

Collection method Collection phase 

Queen Gynes 
 

Possible foragers Nest excavations Phases 3 and 4 

 Early spring 
foundresses 
 

Pre-provisioning Nest excavations; found 
in hibernacula  

Early spring, 
before Phase 1 

 Spring 
foundresses 

Actively provisioning Netted while flying 
around the aggregation 
 

Phase 1 

 Summer 
queens 
 

Post-provisioning Nest excavations Phases 2 and 3 

Worker Flying 
workers 

Actively provisioning Netted while flying 
around the aggregation 
 

Phases 2 and 3 

 Nest  
workers 
 

Not provisioning Nest excavations Phases 2 and 3 

Males  Foragers Netted while flying 
around the aggregation 
 

Phases 2 and 3 
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Table 3. Variability in detectability of for-α mRNA in the heads and abdomens of all L. laevissimum categories is 
given as the proportion of tested individuals in which all 3 reference genes were successfully amplified (sample size 
of each category). There were no significant differences in the proportions in comparisons between heads and 
abdomens. 
 

Caste / Sex Bee category Heads with   
for-α detected 

Abdomens with  
for-α detected 

Fisher test p 

Queen Gynes 
 

4/5 80% 5/5 100% 1.00 

 Early spring 
foundresses 
 

6/6 100% 4/4 100% 1.00 

 Spring 
foundresses 

6/6 100% 7/8 88% 1.00 

 Summer  
queens 
 

4/5 80% 7/7 100% 0.42 

Worker Flying  
workers 

3/6 50% 5/6 83% 0.55 

 Nest  
workers 

2/4 50% 4/5 80% 0.52 

Males  3/5 60% 5/6 83% 0.55 

All categories 28/37 76% 37/41 90% 0.13 
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SUPPLEMENTARY TABLES AND FIGURE 

Supplementary Table S1. Foraging (for) expression patterns of social hymenopteran species from studies that do not conform to the MIQE guidelines (Bustin et al. 2009) or have 
complementary data to validate the gene expression assay.  
 

Species Body part Comparison Foraging expression levels 
are highest in … Reference 

 
Polistes metricus 

 
Brains 

 
Forager vs. non-forager worker 

 
No difference 

 
(Daugherty et al. 2011) 

Bombus ignitus Heads Forager vs. nurse workers  Non-foraging workers (Kodaira et al. 2009) 

Bombus terrestris Brains, fat bodies, 
and ovaries 

Queens with workers (non-
foragers) and without workers 
(foragers) 

Foraging queens (Lockett et al. 2016) 

 
Vespula 
vulgaris 

 
Brains 

 
Forager vs. nurse workers  

 
Non-foraging workers 

 
(Tobback et al. 2008) 

Apis mellifera Brains Workers transitioning from non-
foragers to foragers 

Foraging workers (Heylen et al. 2008) 

Apis cerana Heads, antennae, 
thoraces, legs, and 
abdomens 

Forager vs. nurse workers Foraging workers (Ma et al. 2018) 

Solenopsis invicta Whole bodies, 
heads 

Forager vs. non-forager worker Foraging workers (Bockoven et al. 2017; 
Lei et al. 2019) 

Cardiocondyla obscurior Heads Forager vs. nest workers  Non-foraging workers (Oettler et al. 2015) 

Pogonomyrmex occidentalis Brains Forager vs. nest workers Foraging workers (Ingram et al. 2011) 

Pogonomyrmex barbatus  Brains Forager vs. nest workers  Non-foraging workers (Ingram et al. 2005) 

Pogonomyrmex barbatus Brains Forager vs. nest workers  Foraging workers (Ingram et al. 2016) 
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Supplementary Table S2. Sequences, locations, and amplicon sizes of primer sets used for each gene in RT-qPCR analyses.  
 

 Primer location    
Gene Forward 

primer  
Reverse 
primer 

Forward primer sequence 5’- 3’ Reverse primer sequence 5’- 3’ Amplicon size 
(cDNA) 

for-α exon 1 exon 2 TCGCTGACAGTCGTCGATAA AAACGATGGACCCGACATCT 184 bp 

gapdh exon 2:3 exon 3 ACCATGGACAAGGCTTCGGCTC GATGGGTCATAAGCATCCAAG 75 bp 

actin exon 1 exon 2 GCGGCTCTCGAGTCTCGCTTC GTGGTCGACCGACGATGGATGGG 191 bp 

RpP2 exon 2 exon 2:3 CGTGGCCGCTTATCTTTTGGC TGCCAATTTCTCGCGTCCTTGT 153 bp 
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Supplementary Figure S1. Validation of three reference genes used in L. laevissimum for expression comparisons. 
Correlations of cycle number (Cq; x and y-axes) of three reference genes for L. laevissimum samples: gapdh, RpP2, 
and actin. Low Cq values represent high expression levels and high Cq values represent low expression levels. 
Pearson correlation coefficients (r) and probabilities (p) for each correlation are provided. (Head) Samples of 37 L. 
laevissimum individual heads (32 female and 5 male). (Abdomen) Samples of 41 L. laevissimum individuals (35 
female and 6 male). Sample sizes for each L. laevissimum category are in Table 2 
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