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SUMMARY:
In this protocol, methods for conducting inbreeding crosses, and for evaluating the success of those crosses, are described for the ant Vollenhovia emeryi. These protocols are important for experiments aimed at understanding the genetic basis of sex determination systems in Hymenoptera. 

ABSTRACT:
The genetic and molecular components of the sex-determination cascade have been extensively studied in the honeybee, Apis mellifera, a hymenopteran model organism. However, little is known about the sex-determination mechanisms found in other non-model hymenopteran taxa, such as ants. Because of the complex nature of the life cycles that have evolved in hymenopteran species, it is difficult to maintain and conduct experimental crosses between these organisms in the laboratory. Here, we describe the methods for conducting inbreeding crosses and for evaluating the success of those crosses in ant Vollenhovia emeryi. Inducing inbreeding in the laboratory using V. emeryi, is relatively simple because of the unique biology of the species. Specifically, this species produces androgenetic males, and female reproductives exhibit wing polymorphism, which simplifies identification of the phenotypes in genetic crosses. In addition, evaluating the success of inbreeding is straightforward as males can be produced continuously by inbreeding crosses, while normal males only appear during a well-defined reproductive season in the field. Our protocol allow for using V. emeryi as a model to investigate the genetic and molecular basis of the sex determination system in ant species.

INTRODUCTION:
Eusocial Hymenopteran taxa, such as ants and bees, have evolved a haplodiploid sex-determination system in which individuals that are heterozygous at one or more complementary sex determination (CSD) loci become females, while those that are homo- or hemizygous become males (Figure 1A)1. 

Genetic and molecular components involved in the sex determination cascade have been well studied in the honeybee, Apis mellifera, a hymenopteran model organism2-4. Recent comparative genomics investigations suggest that ants and honeybees share many putative homologs in the sex determination pathway, such as the initial sex determination gene, csd5. However, evidence for the functional conservation of these homologs is still lacking in ants.

To address this problem, inbreeding lines need to be developed as they are essential for genetic mapping and molecular studies. However, it is difficult to maintain and conduct experimental crosses between these organisms in the laboratory because of the complex nature of the life cycles that have evolved.

Here, we use Vollenhovia emeryi as a model to investigate the genetic and molecular basis of the sex determination system in ants6,7. The inbreeding lines of this species were developed previously for linkage mapping of quantitative trait loci (QTL) for traits related to sex determination for the first time in ants6. In addition, the molecular sex-determination cascade has been investigated7. This species has evolved an unusual reproduction system that employs both gynogenesis and androgenesis (Figure 1B)8,9. Most new queens and males are clonally produced from the maternal and paternal genomes, respectively. In addition, workers and some queens are produced sexually8. This reproduction system is particularly well suited to genetic studies because the inbreeding crosses produced using sexually produced queens and males are genetically equivalent to a classic backcross. Since sexually produced queens differ morphologically from queens produced from maternal genomes10 (Figure 1B), conducting and evaluating inbreeding crosses is greatly simplified using this method. 

In this article, the methods for establishment of laboratory colonies for crossing test, application of inbreeding crosses using full-sib pairs, and evaluating the success of those crosses using genotyping of colony members and dissection of male offspring genitalia are described in V. emeryi. 

Regardless of the reproduction system employed, application of inbreeding crosses is often the essential first step in any investigation of sex determination systems in the Hymenoptera. For example in Cardiocondyla obscurior, the almost complete absence of diploid males after 10 generations of full-sib mating in the laboratory demonstrates absence of CSD locus11. It is possible to predict the number of CSD loci from the ratio of males produced in inbreeding crosses6,12,13. 

PROTOCOLS:

1. [bookmark: _Hlk520195726]Field Collection and Maintenance of V. Emeryi Colonies in the Laboratory

Note: Nests of V. emeryi are found in rotting logs and fallen decaying tree branches in secondary forests throughout Japan. This species shows two types of colonies, i.e., (1) colonies producing only long-winged queens and (2) colonies mainly producing short-winged queens in addition to small number of long-winged queens8,14. In this protocol, we collected the latter type of colonies in Ishikawa prefecture, Japan. 

1.1. Collect V. emeryi colonies during early summer. 

Note: To obtain sufficient numbers of sexual individuals during the reproductive season, colonies containing more than 300 individuals are preferred. 

1.2. Transfer the ant specimens from the collected branches to an artificial plaster nest with a glass cover using an aspirator (Figure 2, left). 

1.3. Maintain colonies in the artificial nest at 25 °C under a 16:8 h light/dark cycle. Provide tap water with a wash bottle to wet the plaster. 

1.3.1. Add about 100 mg of dry cricket powder wrapped in aluminum foil and a brown sugar water-filled tip (20 µL tip) every other day until new reproductives (F1 winged-queens and F1 males) emerge. 

2. Experimental Laboratory Crosses

Note: New reproductives start to emerge from late summer to autumn (Figure 3). Long-winged queens are produced sexually, and short-winged queens are produced clonally and have the maternal genome (Figure 1). Use long-winged queens and males for inbreeding crosses. 

2.1. To stop individuals from moving, place colonies in a constant environment room at 4 °C for 15 min.

2.2. Remove the mid-legs of 30 workers using forceps under a stereoscopic microscope and transfer them into new smaller plaster nest (Figure 2, right) for inbreeding crosses. 

Note: The legs are removed to distinguish the present workers from the workers that will be produced by the subsequent inbreeding crosses.

2.3. Add 3-4 larvae or pupae into a plaster nest containing workers.

Note: Workers show exploratory activity in the F0 queens-less colony. Larvae or pupae can effectively attract these workers and new reproductives in the center of the colony during crossing test. As a result, keep conditions of the experimental colony close to the normal colony.

2.4. Transfer a long-winged queen and a male into a plaster nest prepared in step 2.3 for inbreeding crosses.

2.5. Keep colonies at 25 °C under a 16:8 h light/dark cycle with food and water provided as described in 1.3 until the queen lose her wings and lay eggs. 

Note: This takes one week to a month. 

2.6. Check the experimental colony everyday under a stereoscopic microscope. After performing inbreeding crosses between the F1 offspring, eggs can be observed under a stereoscopic microscope.

2.7. After the F1 queen starts laying eggs, remove F1 males and larvae or pupae added in step 2.3 from the nest to avoid mixing of the F1 generation (males and females used for inbreeding crosses) and the F2 generation (offspring produced from inbreeding crosses). 

Note: If there are few males in the colony, it is possible to induce inbreeding crosses using one male and 1 to 3 queens in the same experimental colony. 

2.8. Keep colonies under the same conditions as described in 1.3, until F2 offspring emerge. 

Note: Transfer F1 queen and F2 offspring into new larger plaster nest (Figure 2, left) for long-term colony keeping.

3. Evaluation of Inbreeding Success

3.1. DNA extraction and genotyping of the parental generation (F0)

3.1.1. Remove one leg of a F0 queen using forceps and transfer the leg to a 1.5 mL microtube containing 100 µL of chelation agent. 

3.1.2. Under a stereoscopic microscope, dissect a female abdomen in glass dish filled with 300 µL of ultrapure water using forceps and isolate the spermatheca containing the sperm from mated males.

3.1.3. Peel away the tissue of the spermatheca and isolate the sperm from the tissue of the female using insect pins. 

Note: To facilitate sperm extraction from the spermatheca, store female specimens in 100% EtOH for more than one day before dissection.

3.1.4. Using a micropipette, transfer the sperm into a 1.5 mL microtube containing 100 µL of chelation agent. 

3.1.5. Incubate samples of F0 queen and sperms prepared in step 3.1.1 and 3.1.3, respectively, at 95 °C for 20 min. Flash centrifuge the microtube and store at 4 °C.

3.1.6. Genotype all samples using method described elsewhere4. 

3.2. DNA extraction from the pair of ants used for inbreeding crosses (F1)

3.2.1. After confirming egg production by the sib mated F1 queen, extract the DNA of the queen using her shed wings or one mid-leg and genotype using same method described in section 3.1 above.

3.2.2. Extract DNA of F1 male using one leg and genotype them using same method described in section 3.1 above.

Note: Samples can be stored in 100% EtOH before DNA extraction, and DNA in chelation agent can be stored for two months at 4 °C.

3.3. Evaluation of male fertility in males produced from inbreeding crosses 

Note: Diploid males produced from inbreeding crosses are often sterile.

3.3.1. Dissect internal reproductive organs in a glass dish with 400 µL of PBS solution using forceps. 

3.3.2. Remove PBS and add 4% paraformaldehyde (PFA) using a micropipette.

3.3.3. Fix the tissue by incubating in PFA for 30 min at room temperature (15 – 25 °C). 

3.3.4. Wash tissue 5 times with 400 µL of PBS using a micropipette.

3.3.5. Dilute the 4',6-diamidino-2-phenylindole (DAPI) solution to 1 µg/mL in PBS. 

3.3.6. Remove PBS and add approximately 300 µL of this dilute DAPI staining solution to tissue.
 
3.3.7. Incubate 15 min under dark condition at room temperature (15 – 25 °C).

3.3.8. Wash tissue 5 times with 400 µL of PBS, and transfer tissue on center of slide glass using forceps.

3.3.9. Mount tissue on mounting medium containing Tetramethylrhodamine (TRITC)-conjugated phalloidin. 

3.3.10. Observe samples by confocal laser scanning microscope using 20X or 63X objective lenses.

3.3.11. Use a 405 nm excitation laser and a hybrid detector at 410-530 nm for DAPI detection.

3.3.12. Use a 561 nm excitation laser and a hybrid detector at 565-650 nm for TRITC detection.

3.3.13. Use a scan speed of 400 Hz (400 lines/s) at a resolution at 1024 × 1024 pixels.

3.3.14. Capture images using a software platform.

REPRESENTATIVE RESULTS:
Results of microsatellite analysis using F0 and F1 generations showed that inbreeding crosses were produced successfully (Figure 4)6. As a result of inbreeding crosses, mated queens were obtained within one month of establishing the experimental crossing colonies. A quarter (27.1 ± 8.91% SD) of all offspring (F2) from the inbreeding crosses was male, while the remainder was female (workers and a queen)6. QTL mapping using the offspring from inbreeding crosses showed that males produced by inbreeding crosses were diploid and homozygous at two CSD loci (CSD1 and CSD2 in Figure 5), while females (workers) produced from inbreeding crosses were diploid and heterozygous at least at one CSD locus6.

Dissection of haploid males revealed testes and sperm, as expected (Figures 6A-6C). However, in diploid males, sperms were never observed, suggesting that males produced in inbreeding crosses are sterile in V. emeryi6. In addition, testes of diploid males failed to develop (Figures 6D-6E). 

Figure 1: Typical reproductive system in (A) Hymenoptera and the atypical reproductive system involving androgenesis and gynogenesis in (B) V. emeryi. Typically, females (workers and queens) develop from fertilized diploid eggs, and males develop from unfertilized haploid eggs containing half of the maternal genome (A). In V. emeryi, sterile workers and a few long-winged queens (LWQ) develop from fertilized diploid eggs, while short-winged queens (SWQ) develop with nearly complete maternal genomes from unfertilized diploid eggs (gynogenesis). Males never inherit maternal genomes but are clones of their fathers (androgenesis) (B). This figure has been modified from [Miyakawa et al. 2018]7.

Figure 2. Experimental set up of V. emeryi colonies. After field collection, colonies are transferred into an artificial plaster nest and kept in the laboratory. A large plaster nest (left) is prepared for maintain collected colonies, whereas a smaller plaster nest (right) is prepared for experimental inbreeding crosses.

Figure 3. New V. emeryi reproductives emerge during the reproductive season. Mature and well-fed colonies tend to produce long-winged queens (LWQ) with the parental genome in addition to short-winged queens (SWQ) which bear only the maternal genome (Figure 1B). Photo courtesy of Taku Shimada.
 
Figure 4. Design of inbreeding crosses and microsatellite genotypes of F0 and F1 generations. Using 11 microsatellite markers developed in previous studies6,8,9, females and males of the parental generation (F0) showed different genotypes. The genotypes of females and males used for experimental crosses (F1) inherited the parental and paternal genotypes, respectively, indicating that females were crossed successfully with their brothers, with which the females shared half their genomes. Numbers indicate lengths of PCR products at microsatellite locus L-5, which is one of the markers used for genotyping6,8–10. This figure has been illustrated according to the data from [Miyakawa and Mikheyev 2015]6.

Figure 5. Allele patterns of two CSD loci (CSD1 and CSD2) in offspring produced by inbreeding crosses. Proportion of diploid males (about 25%) and QTL mapping using offspring produced by sib-mated queens suggest the existence of two CSD loci in V. emeryi. Females are heterozygous in at least one of the two CSD loci whereas males are homozygous at all loci. Genotypes are represented by letters of the alphabet. This figure has been modified from [Miyakawa et al. 2018]7.

Figure 6. Male internal reproductive organs of androgenetic haploid and diploid males in V. emeryi. Morphologies of testes and other internal reproductive organs dissected out from the androgenetic haploid males (A). Sperm (fibrous tissue) could be seen in testes of haploid males (B and C). Blue color marks nuclei stained by DAPI, and red color marks F-actin stained by Tetramethylrhodamine (TRITC)-conjugated phalloidin in B, C, and E. (a) accessory glands; (t) testes; (v) vas deferens; (g) external genitalia. Morphologies of internal reproductive organs dissected out from the diploid males (D). Testes and sperm of diploid males were never observed (D and E, N >> 30).

DISCUSSION:
This article demonstrates protocols that can be used to induce inbreeding crosses and evaluate the occurrence of inbreeding in the ant V. emeryi. In the experiments, genotyping of the individuals used for crosses is necessary to ensure that inbreeding crosses were successful. However, the effectiveness of these crossing tests is clearly apparent as diploid males can be produced throughout the year, while haploid males can only be produced in autumn in both the field and the laboratory6. Sib-mated queens start to produce male offspring immediately after crossing. No morphological phenotypic differences were observed between diploid and haploid males in V. emeryi6,7. However, diploid male V. emeryi almost invariably fail to develop testes. In the absence of genetic markers for testing the genetic relatedness of pairs used for crossing tests, the reproductive potential of male offspring can be used to infer whether inbreeding has occurred. However, it should be noted that males produced in inbreeding crosses are not always sterile in other hymenopteran species15–17.

The first critical step in the success of the protocol is the maintenance of well-fed colonies, as feeding them after field collection will increase the likelihood of obtaining sufficient numbers of reproductives for crosses. In V. emeryi, a positive correlation has been reported between nutrition and the production of long-winged queens, which are the queens used for the inbreeding crosses10. In social insects, small colonies, or colonies in poor health, tend not to produce new reproductives18. It is therefore important to collect mature colonies from the field and to provide them with adequate amounts of nutritious food for experiments using new reproductives.

The second critical step is to keep workers, reproductive and few larvae or pupae together during the crossing tests and to maintain the experimental crossing colony at the same state as that of a normal colony until crossing is completed (for a week to a month). It is difficult to maintain colonies that are to be used for crossing tests without workers for more than 3 days because males are unable to feed themselves and must be fed by workers. Under such unnatural conditions, the success rate of inbreeding crosses was extremely low6.

There are two limitations regarding the application of these protocols to other ant species. First, the cues for inducing crosses are species specific. It is relatively easy to induce laboratory crosses in V. emeryi since intra-colony mating without flight occurs in nature. However, many ant species have evolved mating rituals that involve nuptial flights during which new queens and males mate during or after flight19. It is therefore important to elucidate the triggers that induce crossing in each species in a laboratory setting. For example, in the parasitic ant Acromyrmex ameliae, the main stimulus for triggering nuptial flights appears to be light20. The second limitation is, in some cases, the diploid males produced by inbreeding crosses cannot be collected as they are inviable or killed by workers because they do not work and/or have no or low reproductive potential, and are thus a major cost to the colony of the objective species21–23. Fortunately, diploid V. emeryi males are not killed by workers and they live until they die naturally, which suggests that they are not frequently encountered in nature and a strategy to exclude diploid males from colonies has not evolved in this species.

Compared to other ant species that employ arrhenotokous parthenogenesis to reproduce (Figure 1A), we can assume that there are certain advantages to producing experimental inbreeding crosses using V. emeryi by androgenesis as the inbreeding crosses are genetically equivalent to a classic backcross. Indeed, the system has enabled us to design experiments to investigate the sex-determination genes, molecular mechanisms, and perform functional studies in this species6,7. 

In summary, methods to conduct inbreeding crosses and to evaluate the success of the resulting crosses have been described in V. emeryi. These protocols are essential for experiments directed at understanding the genetic and molecular basis of sex determination systems in the Hymenoptera. 
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