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ABSTRACT

Apis mellifera scutellata and Apis mellifera capensis, two native subspecies of western
honey bees in the Republic of South Africa (RSA), are important to beekeepers in
their native region because beekeepers use these bees for honey production and
pollination purposes. Additionally, both bees are important invasive pests outside of
their native ranges. Recently, whole mitogenome sequencing and single nucleotide
polymorphisms were used to study their genetic diversity. To add to our knowledge
of the molecular ecology of both bees, we tested the ability of microsatellites to

be used as a tool to discriminate between A.m. capensis and A.m. scutellata.

We analyzed the genetic variability and overall population structure of both bee
subspecies and hybrids of the two by genotyping individuals collected from RSA
(N = 813 bees from 75 apiaries) at 19 microsatellite DNA loci. Overall, populations
averaged between 9.2 and 11.3 alleles per locus, with unbiased heterozygosity values
ranging from 0.81 to 0.86 per population. Bayesian clustering analyses revealed
two distinct evolutionary units, though the results did not match those of earlier
morphometric and molecular analyses. This suggests that the microsatellites we
tested were not sufficient for subspecies identification purposes, especially for Cape
and hybrid bees. Nevertheless, the microsatellite data highlight the considerable
genetic diversity within both populations and a larger-than-expected hybridization
zone between the natural distributions of A.m. capensis and A.m. scutellata.

Subjects Biodiversity, Entomology, Genetics
Keywords Apis mellifera scutellate, Apis mellifera capensis, Microsatellite genotyping,
Population structure

INTRODUCTION

Apis mellifera L. (western honey bees) are eusocial bees native to Eurasia and Africa.
A. mellifera is one of nine honey bee (Apis spp.) species, with the other eight species being
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native to and distributed in Asia (Radloff, Hepburn ¢» Engel, 2011). A. mellifera has
diversified into approximately 25-30 subspecies which are further classified into six
evolutionary groups, or “lineages” (A, M, C, O, Z and Y) (Ruttner, 1988; Garnery,
Cornuet & Solignac, 1992; Franck et al., 2000; Alburaki et al., 2013). At least 11 of the
A. mellifera subspecies are native to Africa. Two subspecies native to the Republic of
South Africa (RSA) are of particular interest to us. They are Apis mellifera scutellata
(the savannah or lowland honey bee) and Apis mellifera capensis (the Cape honey bee).
These two subspecies hybridize readily in the intermediate areas where their natural
distributions overlap (Crewe, Hepburn & Moritz, 1994; Moritz, Beye ¢» Hepburn, 1998;
Eimanifar et al., 2018b; Bustamante, Baiser & Ellis, in press).

Both A.m. scutellata and A.m. capensis are important to beekeepers in the RSA but are
considered invasive pests outside of their native ranges (Eimanifar et al., 2018a, 2018b).
A.m. scutellata is the bee introduced into Brazil in the mid 1950s, later becoming known in
the Americas as the “killer bee” (Caron, 2001) due to the heightened defensiveness it
exhibits. Cape bees can reproduce thelytokously (worker bees produce diploid, female
offspring), a trait that allows them to be social parasites (Aumer et al., 2019). This behavior
makes A.m. capensis a significant problem in northern parts of the RSA where they are not
native. There, they socially parasitize A.m. scutellata colonies. Though A.m. capensis
workers can produce female offspring, they reproduce at much lower rates than do queen
honey bees, rendering them unable to support a robust colony population. Consequently,
A.m. scutellata colonies infested with A.m. capensis laying workers suffer dwindling
populations and ultimately die. Beekeepers in the RSA call this phenomenon the “capensis
calamity” (Allsopp, 1992).

A.m. capensis and A.m. scutellata show a distinct genetic structure (Jaffe et al., 2009;
Neumann et al., 2011; Eimanifar et al., 2018b). Some studies have been published on this
topic already, but the sample sizes used render them less informative at the level of
subspecies differentiation (Wallberg et al., 2014; Chapman et al., 2015; Harpur et al., 2015;
Nelson et al., 2017). Recently, the population structure and genetic diversity of both
subspecies was determined using Genotyping-by-Sequencing analyses for 474 individuals,
representative of 28 geographical regions in the RSA (Eimanifar et al., 2018b) and whole
mitogenome analyses of 25 individuals from across the RSA (Eimanifar et al., 2018a).
Eimanifar et al. (2018b) produced a list of 83 divergent SNP loci that can be used to
distinguish the two subspecies. In contrast, whole mitogenomes were not useful for
distinguishing between the subspecies, though the high genetic diversity of the bees
was highlighted (Eimanifar et al., 2018a). In recent years, there have been substantial
applications of microsatellite markers to assess the genetic variability, population structure
and conservation genetics of many organisms (Wang et al., 2017; Frias-Soler et al., 2018;
De Melo Moura et al., 2019; Yu et al., 2019). Thus, to add to our knowledge of the
molecular ecology of both bee populations in the RSA, we used 19 microsatellite loci to
discern the range-wide genetic variation and population genetic structure of 813 honey
bees from 75 different apiaries (29 geographical regions) across the bees’ natural
distribution in the RSA. Our microsatellite data, when viewed in context with our earlier
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work (Eimanifar et al., 2018a, 2018b), highlight the high genetic diversity of the honey bee
populations inhabiting the RSA.

MATERIALS AND METHODS

Honey bee sampling and DNA extraction

In April/May 2013 and April 2014, a total of 60+ bees were collected from each of over
1,100 managed honey bee colonies located in 75 different apiaries grouped into 29
geographical regions (1-3 apiaries/region) across the A.m. scutellata and A.m. capensis
distribution in RSA (Mortensen et al., 2016). A region was defined as a cluster of 1-3
apiaries that were located close to one another (i.e., ~ 5-50 km between apiaries) or was
otherwise isolated by itself in instances where a region was composed of only one apiary.
The regions were named for the closest city, town, village, or other geographically defined,
nearby area. Detailed information on the sampling regions and apiaries, the number of
bees analyzed per apiary and the geographical coordinates of the sampling regions are
shown in Table 1.

The bees were collected and stored by colony in a 50 ml tube containing >95%
ethanol. The samples were transported (per USDA-APHIS regulations) to the Honey
Bee Research and Extension Laboratory at the University of Florida where the identity
of each colony (A.m. capensis, A.m. scutellata or hybrid) was determined using classical
morphometrics conducted on at least ten bees from each colony (for procedure,
Bustamante, Baiser ¢ Ellis, in press). The results of the morphometric classification are
shown in Table S1. Colony identity was cross-checked using a distribution map published
by Hepburn ¢ Radloff (1998). For later analysis, the sample tubes of bees were kept
at —-80 °C.

For this study, 813 worker bees were sampled from 101 selected colonies across the
75 different apiaries, with 22-33 bees used per region (5-10 bees per colony). The DNA
was extracted from the dissected thoraces of each individual bee using Wizard® Genomic
DNA Purification kit (Promega, Durham, NC, USA) according to the manufacturer’s
instructions. DNA quality was assessed using a 1% agarose gel and quantified using Qubit®
3.0 Fluorometer based on manufacturer’s guidelines (Thermo Scientific Inc., Waltham,
MA, USA).

Microsatellite genotyping

Nineteen microsatellite loci were selected from previous studies and deemed appropriate
candidates for the genotyping of the target bee populations (Shaibi, Lattorff ¢» Moritz,
2008; Chen et al., 2005; Alburaki et al., 2013; Rowe et al., 1997; Solignac et al., 2003;
Weinstock et al., 2006). The forward primers were labeled at the 5" end with one of four
fluorescent dyes (FAM, VIC, PET and NED; Applied Biosystems, Foster, CA, USA) and
distributed into six multiplex PCR reactions. A list of labeled primers and associated
information is included in Table S2. PCR reactions were performed in a thermal cycler
(Eppendorf, Hamburg, Germany) in 20 ul volumes containing 10 pl of Master Mix
Maxima Hot Start 2X Qiagen, 0.6 pl of each primer (10 pmol/pl) and one pl of DNA
(>10 ng/ul). The PCR program started with a denaturation phase at 95 °C for 5 min,
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Table 1 Summary information for honey bee samples collected in the Republic of South Africa.
Apiary No = 75 total apiaries sampled. Sampling regions/apiaries = city/town closest to all apiaries in
the region + apiary in/around that city (A-C apiaries). Apiary identifier = code generated from two-letter
city/town abbreviation and apiary letter. N = number of honey bees examined in a given region.
Geographical coordinates = GPS location of each apiary.

Apiary no. Sampling regions/apiaries Apiary identifier N Geographical coordinates
1 Bloemfontein/A BL/A 14 29.24°S-26.95°E
2 Bloemfontein/B BL/B 13 29.20°S-27.20°E
3 Bloemfontein/C BL/C 5 29.24°5-26.94°E
4 Kroonstad/A KR/A 10 27.58°5-27.30°E
5 Kroonstad/B KR/B 10 27.33°§-27.50°E
6 Kroonstad/C KR/C 8 27.27°§-27.50°E
7 Pretoria/A PT/A 10 25.74°S-28.26°E
8 Pretoria/B PT/B 17 25.70°S-28.10°E
9 Springbok/A SP/A 10 29.65°5-17.83°E
10 Springbok/B SP/B 10 29.71°S-17.78°E
11 Springbok/C SP/C 10 29.67°5-17.81°E
12 Upington/A UP/A 10 28.48°S5-21.18°E
13 Upington/B UP/B 10 28.72°§-20.98°E
14 Upington/C UP/C 9 28.52°§-21.24°E
15 Vryburg/A VR/A 30 26.96°S-24.76°E
16 Bredasdorp/A BD/A 10 34.50°S-20.35°E
17 Bredasdorp/B BD/B 9 34.57°5-20.26°E
18 Bredasdorp/C BD/C 10 34.53°S-20.29°E
19 Citrusdaal/A CD/A 9 32.86°S-19.21°E
20 Citrusdaal/B CD/B 10 32.84°S-19.24°E
21 Citrusdaal/C CDh/C 10 32.67°S-19.06°E
22 Cape Town/A CT/A 8 33.80°S-18.36°E
23 Cape Town/B CT/B 12 33.97°S-18.51°E
24 Cape Town/C CT/C 10 33.96°S-18.45°E
25 George/A GE/A 33.90°S-22.33°E
26 George/B GE/B 33.95°5-22.75°E
27 George/C GE/C 33.98°5-22.47°E
28 Grahamstown/A GT/A 15 33.31°S-26.49°E
29 Grahamstown/B GT/B 14 33.37°S-26.42°E
30 Knysna/A KN/A 15 34.05°S-22.99°E
31 Knysna/B KN/B 15 34.02°5-22.97°E
32 Langebaan/A LA/A 10 33.04°S-18.09°E
33 Langebaan/B LA/B 10 33.00°S-18.31°E
34 Langebaan/C LA/C 10 33.03°S-18.10°E
35 Laingsburg/A LB/A 5 33.27°5-20.85°E
36 Laingsburg/B LB/B 13 33.28°5-20.97°E
37 Laingsburg/C LB/C 8 33°37'S-21°16'E
38 Moorreesburg/A MB/A 10 33.10°S-18.74°E
39 Moorreesburg/B MB/B 10 33.11°S-18.56°E
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Table 1 (continued).

Apiary no. Sampling regions/apiaries Apiary identifier N Geographical coordinates
40 Moorreesburg/C MB/C 10 33.02°S-18.85°E
41 Modderfontein/A MF/A 30 33.18°S-25.80°E
42 Oudtshoorn/A OD/A 10 33.50°S-22.51°E
43 Oudtshoorn/B OD/B 10 33.53°S-22.54°E
44 Oudtshoorn/C OD/C 10 33.58°S-22.49°E
45 Plettenburg Bay/A PB/A 22 34.05°S-23.36°E
46 Plettenburg Bay/B PB/B 8 34.09°5-23.34°E
47 Port Elizabeth/A PE/A 10 33.87°S-25.39°E
48 Riversdale/A RD/A 10 34.31°S-21.50°E
49 Riversdale/B RD/B 10 34.23°S§-21.58°E
50 Riversdale/C RD/C 10 34.10°5-21.20°E
51 St. Francis/A SF/A 20 34.17°S-24.81°E
52 Stellenbosch/A ST/A 10 33.89°S-18.89°E
53 Stellenbosch/B ST/B 10 33.91°S5-18.81°E
54 Stellenbosch/C ST/C 10 33.85°S-18.82°E
55 Swellendam/A SW/A 10 34.05°S-20.65°E
56 Swellendam/B SW/B 10 34.40°S-20.60°E
57 Swellendam/C Sw/C 9 34.19°5-20.30°E
58 Touwsrivier/A TR/A 33.15°5-20.47°E
59 Touwsrivier/B TR/B 33.17°5-20.53°E
60 Touwsrivier/C TR/C 10 33.17°5-20.26°E
61 Worcester/A WD/A 10 33.59°5-19.45°E
62 Worcester/B WD/B 33.52°5-19.49°E
63 Worcester/C WD/C 33.62°S-19.69°E
64 Beaufort West/A BW/A 10 32.34°5-22.64°E
65 Beaufort West/B BW/B 10 32.34°5-22.64°E
66 Beaufort West/C BW/C 10 32.34°S-22.62°E
67 East London/A EL/A 10 33.04°S-27.86°E
68 East London/B EL/B 8 32.94°S-27.97°E
69 East London/C EL/C 9 32.97°S-27.90°E
70 Graaff-Reinet/A GR/A 10 32.25°S-24.53°E
71 Graaff-Reinet/B GR/B 10 32.17°S-24.56°E
72 Graaff-Reinet/C GR/C 9 32.26°5-24.54°E
73 Klawer/A KL/A 10 32.02°S-18.78°E
74 Klawer/B KL/B 10 32.17°S-18.51°E
75 Klawer/C KL/C 10 32.10°S-18.84°E
Total number of bees 813

followed by 35 cycles of 30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C and a final elongation
phase at 72 °C for 30 min. The resulting PCR products were diluted 25-100 fold before

genotyping and submitted to the University of Florida’s Interdisciplinary Center for
Biotechnology Research for sequencing. A volume of 990 pl Hi-Di"™ Formamide
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(Catalog # 4311320; Life Technologies, Grand Island, NY, USA) was mixed with 10 pl of
the GeneScan™ 600 LIZ size standard (Catalog # 1406056; Life Technologies, Grand
Island, NY, USA). A volume of 10 pl of the solution was mixed with one pl of PCR product
per sample and distributed in a 96 well plate. Fragment lengths were determined using a
3730"1 DNA Analyzer (Model 325-0020; Applied Biosystems, Foster City, CA, USA)
and alleles were scored using GeneMarker version 2.4.0 (Applied Biosystems, Foster City,
CA, USA) (Hulce et al., 2011). All electropherograms were checked manually and
confirmed for further statistical analyses.

Statistical analyses

Population genetic analyses

MICRO-CHECKER 2.2.3 was used to identify the likelihood of scoring errors due to
null alleles, stutter bands and large allele dropout (Van Oosterhout et al., 2004).

We genotyped 10% of the samples twice to evaluate the rate of genotyping errors.
Microsatellite diversity was evaluated by calculating the mean number of alleles per
locus (Na), the number of effective alleles (Ne), observed (Hops) and expected (Heyp,)
heterozygosities, unbiased expected heterozygosity (uHe), Shannon index (I) per
sampling region, and the number of private alleles per region (NP) using GenAlEx 6.5
(Peakall & Smouse, 2012). The inbreeding coefficient (Fis) was estimated based on Wrights
F-statistics using GenAlEx 6.5 (Peakall & Smouse, 2012). Allelic richness (Ar) per sampling
region was calculated with FSTAT 2.9.3 (Goudet, 2001) using the rarefaction method.
Bee samples from BW, CD, PE, and WD were not included in the population diversity
analyses because the microsatellites assigned them to bee groups that were different
from those to which they were assigned using single nucleotide polymorphisms (SNPs)
(Eimanifar et al., 2018b) and morphometrics (Bustamante, Baiser ¢ Ellis, in press). Thus,
their identities were questionable, making their assignment to a bee group for population
analysis injudicious.

The deviation of genetic markers from Hardy-Weinberg equilibrium was examined
for each combination of locus and region based on the exact test following Markov
chain parameters including dememorization = 5,000, batches = 5,000, iterations per
batch = 1,000 (Guo & Thompson, 1992) as implemented in Genepop 4.2 (Raymond ¢
Rousset, 1995). Overall population differentiation indices were calculated among regions
(again, excluding bees from BW, CD, PE and WD) based on Wrights F-statistics index
(Fst) using GenAlEx 6.5 (Peakall ¢ Smouse, 2012). We also calculated Hedrick’s G’ and
Jost’s D for each subspecies as genetic differentiation indicated by Fsr may remain
undetected for highly variable, multi-allelic markers such as microsatellites (Meirmans ¢
Hedrick, 2011). G’sr is the original Ggr as defined by Nei (1978) and standardized by the
maximum value it can obtain (Ggr (max) (Hedrick, 2005). Jost’s D is calculated based
on the effective number of alleles instead of heterozygosity, which is considered a more
intuitive diversity estimate (Jost, 2008). All three pairwise genetic differentiation metrics
were calculated and their significance was inferred based on 9,999 permutations in
GenAlEx 6.5 (Peakall ¢ Smouse, 2012). The overall genetic differentiation indices (Fsr,
G’st and Jost’s D) were compared statistically between subspecies using a one-way
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ANOVA test as implemented in SPSS Statistica (IBM Corp, 2013). A significance value of
95% for confidence intervals was applied to analyze the pairwise data set. The matrix of
genetic distance was calculated based on Nei index among regions using GenAlEx 6.5
(Peakall & Smouse, 2012).

Partitioning of genetic variation between and within regions was determined by a
hierarchical analysis of molecular variance in Arlequin v. 3.5 package (Excoffier ¢ Lischer,
2010). The significance of these values was examined based on 9,999 permutations.

The structure of defining regions was adjusted based on clustering patterns of honey bees
distributions described by Hepburn ¢ Radloff (1998).

Bayesian population structure analysis

Analyses of genetic clustering among regions were performed using STRUCTURE 2.3.4
(Pritchard, Stephens ¢ Donnelly, 2000). An admixture model with correlated allele
frequencies were assumed. We applied a number of clusters (K), varying from 1 to 10, with
five independent runs per each K to estimate the most reliable number of genetic clusters
(K) using the posterior probability (LnP (N/K)) (Falush, Stephens & Pritchard, 2007)
and ad hoc quantity DK for each K partition. We conducted the analysis with no prior
information about population identity with the following parameters: 100,000 pre-burn
steps and 750,000 post-burn iterations of the MCMC algorithm for each run. Posterior
probability changes with respect to K between different runs were assigned as a method for
determining the true K value (Evanno, Regnaut ¢ Goudet, 2005). The most likely value
for K was estimated applying Evanno’s AK method (Evanno, Regnaut ¢» Goudet, 2005)
using STRUCTURE HARVESTER (Earl ¢ Von Holdt, 2012). We used individual Q
matrices to visualize structure bar plots using STRUCTURE PLOT (Ramasamy et al,
2014).

RESULTS

The result from MICRO-CHECKER revealed no issues with scoring alleles due to
stutters or allelic dropout in any of the 19 loci. We detected the occurrence of homozygote
excess for three loci (UN351, HB-SEX-01 and HB-THE-03), likely indicating the
occurrence of null alleles. Because of this, all datasets were rerun excluding these loci.

In each case, the results were similar to those obtained using all 19 loci, so we included all
loci in the analyses. In order to estimate population genetic indices, we divided all regions
based on subspecies identity determined by Eimanifar et al. (2018b) and Bustamante,
Baiser & Ellis (in press). The results of the population genetics indices are depicted in
Table 2 for each region.

The mean number of alleles per locus was 10.01 + 0.11 (mean + s.e. here and hereafter)
and varied from 5.8 (A24) to 13.44 (A107). The mean number of alleles for A.m. scutellata
(six regions), A.m. capensis (11 regions) and hybrid populations (eight regions) was
10.23 + 0.42, 9.94 £ 0.6 and 9.96 * 0.8, respectively. The Heyp, value ranged from 0.72 at
locus A24 to 0.87 at locus A14, while the H,s value ranged from 0.35 at locus HB-SEX-01
to 0.88 at locus AC6. The H,,,, value across all loci was highest in the KL region, with
an average of 0.84. The lowest Heyp values were found in the VR, CT, GE, LA and SF
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Table 2 Population genetic characteristics, determined using 19 microsatellite loci of honey bees sampled from 25 geographical regions in the
Republic of South Africa (excluding bees from BW, CD, WD and PE—see text). Region abbreviations are explained in Table 1. Bee identity was
determined using Eimanifar et al. (2018a, 2018b) and (Bustamante, Baiser ¢ Ellis, in press). Abbreviations: N,, mean number of observed allele per
locus; N, mean number of effective population size; Ar, mean allelic richness; Hops, observed heterozygosity; Heyp, expected heterozygosity; uHe,
mean unbiased estimate of expected heterozygosity; I, Shannon index; Fig; Fixation index and Np (%), percentage of mean number of private alleles

per region. The standard deviation is indicated in parentheses. The data are the mean with s.e. below in parentheses (Mean (s.e.)).

Pop. Na Ne Ar H H oyp u He I F g Np (%)

A.m. scutellata regions

BL 10.7 (0.8) 6.4 (0.5) 8.73(2.33)  0.79 (0.04) 0.83(0.01) 0.84 (0.01) 2 (0.08) 0.05 (0.04) 15.8 (8.6)

KR 10.4 (0.7) 6.5 (0.5) 8.83 (227) 075 (0.03)  0.83 (0.01) 0.85(0.01) 2.01(0.07) 0.10 (0.03) 0 (0)

PT 10.7 (0.7) 5.9 (0.4) 8.86 (2.18)  0.79 (0.03)  0.82 (0.01)  0.83 (0.01) 1.97 (0.07) 0.03 (0.03)  26.3 (10.4)

SP 9.9 (0.5) 5.7 (0.3) 8.14 (1.51)  0.77 (0.04) 0.81 (0.01) 0.83 (0.01) 1.92 (0.05) 0.06 (0.04) 10.5 (7.2)

UP 9.8 (0.6) 5.8 (0.4) 8.19(1.92) 0.74(0.03) 0.81(0.01) 0.83(0.01) 1.91(0.07) 0.09 (0.03) 5.3 (53)

VR 9.9 (0.6) 54 (0.3) 8.00 (1.65) 0.74 (0.04)  0.80 (0.01)  0.82 (0.01) 1.88 (0.06) 0.08 (0.04) 10.5 (7.2)

A.m. scutellata 1023 (042) 595 (0.42)  8.46 (0.39)  0.76 (0.02)  0.82 (0.01)  0.83 (0.01)  1.95 (0.05)  0.07 (0.03)  11.4 (9.06)
mean (SE)

A.m. capensis regions

BD 9.8 (0.6) 5.8 (0.4) 8.11 (1.81) 0.78 (0.04)  0.81 (0.02) 0.82 (0.02) 1.91(0.07) 0.04 (0.04) 0 (0)

CT 9.3 (0.5) 53 (0.3) 784 (1.50)  0.73 (0.05)  0.80 (0.01)  0.81 (0.01) 1.86 (0.06)  0.09 (0.05) 0 (0)

GE 9.2 (0.5) 5.3 (0.3) 8.13(1.65) 0.74 (0.03)  0.80 (0.01) 0.81(0.01) 1.86(0.06) 0.07 (0.04) 15.8 (8.6)

LB 10.3 (0.6) 6.4 (0.4) 891 (2.15)  0.75 (0.04)  0.83 (0.01)  0.85(0.01) 2.01 (0.07) 0.10 (0.04) 0 (0)

LA 9.6 (0.5) 54 (0.4) 792 (1.53) 077 (0.03)  0.80 (0.01)  0.82 (0.01) 1.87 (0.06) 0.04 (0.04) 0 (0)

MB 10.2 (0.6) 6.1 (0.5) 8.55(1.90)  0.77 (0.03)  0.81 (0.02) 0.83 (0.02) 1.96 (0.08) 0.06 (0.03) 10.5 (7.2)

oD 11.3 (0.6) 6.3 (0.4) 9.30 (1.91)  0.73 (0.04) 0.83(0.01) 0.84 (0.01) 2.05(0.06) 0.12(0.05) 0 (0)

RD 10.5 (0.7) 6.1 (0.4) 8.58 (1.95)  0.80 (0.04) 0.82 (0.02) 0.84 (0.02) 198 (0.07)  0.03 (0.03)  10.5 (7.2)

ST 9.7 (0.5) 5.5 (0.3) 8.08 (1.49) 0.76 (0.04) 0.81 (0.01) 0.82 (0.01) 1.89 (0.05) 0.06 (0.04) 5.3 (5.3)

SW 9.6 (0.7) 5.9 (0.5) 8.21 (2.17)  0.70 (0.04) 0.81 (0.02) 0.83(0.02) 1.92(0.07) 0.14 (0.05) 5.3 (5.3)

TR 9.8 (0.6) 6.1 (0.4) 8.50 (2.10)  0.71 (0.05)  0.82 (0.01)  0.84 (0.01) 1.94 (0.07) 0.13(0.05) 5.3 (5.3)

A.m. capensis  9.94 (0.60)  5.84 (0.40)  8.38 (0.44) 0.75(0.03) 0.81 (0.01) 0.83(0.01) 193 (0.06) 0.08 (0.04)  4.79 (5.49)
mean (SE)

Hybrid regions

EL 10.8 (0.5) 6.2 (0.4) 9.00 (1.67)  0.73 (0.03)  0.82 (0.01)  0.84 (0.02) 2 (0.06) 0.12 (0.04)  15.8 (8.6)

GR 9.5 (0.6) 5.7 (0.4) 792 (1.83) 077 (0.03)  0.81 (0.02) 0.82 (0.02) 1.88 (0.07)  0.05 (0.03) 0 (0)

GT 10.1 (0.5) 5.9 (0.3) 844 (1.50)  0.75 (0.04) 0.82 (0.01) 0.84 (0.01)  1.96 (0.05)  0.09 (0.05) 10.5 (7.2)

KL 10.8 (0.6) 6.9 (0.4) 9.10 (1.86)  0.75(0.04) 0.84 (0.01) 0.86 (0.01) 2.07 (0.06) 0.11(0.04) 15.8 (8.6)

KN 9.9 (0.5) 6.1 (0.4) 8.36 (1.63) 0.73 (0.03)  0.82(0.01) 0.84 (0.01) 196 (0.06) 0.11 (0.04) 5.3 (5.3)

MF 10.0 (0.7) 5.9 (0.3) 835 (1.77) 077 (0.03)  0.82 (0.02)  0.83 (0.02) 1.94 (0.06) 0.06 (0.03) 21.1 (9.6)

PB 10.3 (0.5) 5.7 (0.3) 828 (1.60)  0.71 (0.03) 0.81 (0.01) 0.83 (0.01) 1.92(0.06) 0.12 (0.04) 15.8 (8.6)

SF 8.3 (0.5) 5.3 (0.3) 7.59 (1.63)  0.75 (0.05)  0.80 (0.01)  0.82 (0.01)  1.80 (0.05)  0.06 (0.06) 5.3 (5.3)

Hybrid 9.96 (0.80) 596 (0.47) 838 (0.50)  0.75(0.02) 0.82 (0.01) 0.84 (0.01) 1.94 (0.08)  0.09 (0.03)  11.20 (7.14)
mean (SE)

regions, with an average of 0.8, respectively. Observed heterozygosity ranged from 0.7 in
the SW region to 0.8 in the RD region. Mean H.,, and H,s values were 0.81 and 0.75,
respectively. The highest and lowest unbiased expected heterozygosities were found in KL

(0.86), and CT/GE (0.81), respectively. Multilocus values of Fig per region ranged from
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Figure 1 A heat map showing the value of allelic richness of honey bees from 29 regions in the
Republic of South Africa (generated using ArcGIS). The abbreviations of the regions are explained
in Table 1. Full-size k&) DOT: 10.7717/peerj.8280/fig-1

0.03 (PT and RD regions) to 0.14 (SW region), and the overall value was significantly
positive 0.08 + 0.008. Allelic richness among regions of A.m. scutellata and capensis varied
from 7.84 (CT region) to 9.3 (OD region). In hybrid regions, it varied from 7.59 (SF region)
to 9.1 (KL region) (Table 2; Fig. 1).

Hardy-Weinberg equilibrium tests were performed for each region and each locus.
No regions or loci deviated from Hardy-Weinberg equilibrium (P < 0.05). The percentage
of the mean number of private alleles varied from 0 (KR, BD, CT, LB, LA, OD, and
GR regions) to 26.3% (PT region). The percent mean number of private alleles in
A.m. scutellata, A.m. capensis, and hybrid bees was 11.4%, 4.79% and 11.2% respectively
(Table 2). The highest and the lowest value of genetic distance was observed between
UP-RD and MEF-ST (0.68), and BD-RD (0.30), respectively (Table S3). A.m. capensis had
higher Fgr, G’st and Jost’s D values than did A.m. scutellata and hybrid bees but there was
no significant difference observed between them (Table 3).

The AMOVA results indicated that most of the genetic variation (78.97%) was
attributed within populations (i.e., between bees within a region) with only 5.05% of the
variation occurring between the 25 regional populations (Table 4). In the STRUCTURE
analysis, the most likely number of clusters across regions was estimated based on
likelihood and Delta K scores across regions. Two genetically heterogeneous clusters were
detected by STRUCUTRE as the value of Delta K was greatest at K = 2. The average value
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Table 3 Estimation of pairwise mean genetic differentiation indices for A.m. scutellata,
A.m. capensis and hybrid honey bees collected from the Republic of South Africa. Columnar
means sharing the same letter are not significantly different; ANOVA, Tukey test, P > 0.05. F value refers
to the ratio of the between groups to within groups mean square. All tests are calculated based on 9,999
bootstraps. CI: 95% confidence intervals.

Fgt (mean + SD)
[95% CI]

G’gt (mean + SD)
[95% CI]

Jost’s D (mean + SD)
[95% CI]

A.m. scutellata

A.m. capensis

0.06 % 0.01* [0.04-0.11]
0.07 + 0.01* [0.05-0.12]

0.04 + 0.01% [0.02-0.08]
0.05 + 0.01* [0.03-0.09]

0.29 + 0.09% [0.12-0.44]
0.31 + 0.10* [0.18-0.53]

Hybrid 0.06 + 0.01% [0.05-0.09] 0.04 + 0.01% [0.03-0.07] 0.28 + 0.08* [0.13-0.50]
F-value 2.41 2.28 0.498
P value 0.099 0.111 0.610

Table 4 Analysis of molecular variance on genetic partitioning for honey bees. The results of an
Analysis of Molecular Variance on genetic partitioning for honey bees from the Republic of South Africa
using 19 microsatellite loci and recognizing three populations (A.m. scutellata, A.m. capensis and hybrid

bees).
Source of variation df Sum of Estimated Percentage of
squares variance variation (%)
Between regional 24 812.89 0.42 5.05
populations
Among individuals 691 6,491.30 1.35 15.98
Within populations (between 716 4,788.50 6.68 78.97
bees within a region)
Total 1,431 12,092.69 8.56 100
Table 5 Estimated posterior probabilities and Delta K for each K partition.
K Reps Mean LnP (K) Stdev LnP (K) Ln’ (K) [Ln" (K)| Delta K
1 5 —65,504.2 0.49295 - - -
2 5 —64,668.3 2.65 835.90 248.80 93.85
3 5 —64,081.2 18.37 587.10 205.68 11.20
4 5 —63,699.8 308.14 381.42 262.48 0.85
5 5 —-63,055.9 19.78 643.90 179.82 9.09
6 5 -62,591.8 43.82 464.08 26.76 0.61
7 5 -62,154.5 97.66 437.32 48.46 0.50
8 5 -61,765.7 190.04 388.86 62.70 0.33
9 5 -61,314.1 52.00 451.56 244.74 4.71
10 5 -61,107.3 279.83 206.82 - -

of posterior probabilities and Delta K for each K are shown in Table 5. The results suggest
that the sampled honey bees belong to two large genetic groups at the subspecies level,
with evidence of admixture patterns across the regions of the two defined populations
(Fig. 2). The regions were assigned with unequal probability to each genetic group

(Fig. 3). When assigning all genotypes at the subspecies level for morphometrically
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A.m. Scutellata A.m. capensis hybrid

Figure 2 Bayesian clustering assignment of 813 honey bees using STRUCTURE. Bayesian clustering
assignment of 813 honey bees of A.m. scutellata, A.m. capensis and hybrid colonies from 29 geographical
regions in the Republic of South Africa using STRUCTURE. The regions are defined in Table 1. Cluster
analysis of subspecies are shown at K = 2, without prior information of population identity. The different
regions are depicted on the X-axis and were defined using SNPs (Eimanifar et al., 2018b). Each honey bee
is represented by a bar that is, segmented into two colors based on the assignment into inferred clusters
given the assumption of K populations. The length of the colored segment is the estimated proportion of
alleles of the individuals belonging to that cluster. The analysis was performed in five replicates for each K
so the replicate with the highest likelihood is shown. Full-size K&] DOT: 10.7717/peer;j.8280/fig-2

South Africa

Figure 3 Geographic distribution of 75 sampling apiaries (black dots) of honey bees in the Republic
of South Africa. Adjacent apiaries around each town are clustered into a single region (29 total regions
grayed in the figure) abbreviated with the name of the closest town (the region abbreviations are defined
in Table 1). The pie charts represent the composition of the two genetic clusters for each geographical
region shown as blue (more A.m. scutellata) and orange (more A.m. capensis). The colors indicate the
different proportion of allele frequencies assigned to bees from each region.

Full-size k4] DOI: 10.7717/peer}.8280/fig-3

A.m. scutellata-like bees, 23% and 77% of the bees were assigned to the K1 and K2 genetic
groups, respectively. For morphometrically A.m. capensis-like bees, 63% and 37% of

the bees were assigned to the K1 and K2 genetic groups respectively. For morphometrically
hybrid bees, 45.5% and 54.5% were assigned to the K1 and K2 genetic groups respective
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(Fig. 3). The microsatellite genotypes generated for all honey bee’s analyzed are provided in
Table S4.

DISCUSSION

In the present study, we present information resulting from microsatellite genotyping
to evaluate the detailed genetic diversity and population structure of two subspecies
(A.m. scutellata and A.m. capensis) and their hybrids from 29 regions in the RSA.
Microsatellite loci have been widely used to characterize the structure of honey bee
populations across different geographical regions since they have a high degree of
sensitivity and provide a reasonable level of polymorphism (Franck et al., 2001;
Loucif-Ayad et al., 2015; Techer et al., 2015).

Genetic diversity

In an analysis of 19 microsatellite loci, we detected a high level of genetic variability
based on the mean number of alleles observed per microsatellite locus and heterozygosity
within and among examined honey bee regions. The high level of genetic diversity
observed for all honey bee groups was consistent with that shown in previous studies
(Estoup et al., 1995; Franck et al., 1998; Jaffe et al., 2010; Eimanifar et al., 2018a, 2018b).
This may be true in RSA given the high densities of wild honey bee colonies in certain areas
of the country (Vaudo et al., 2012a, 2012b).

The microsatellites we used tended to classify bees from certain regions as hybrids, more
so than did SNPs, which tended to separate the subspecies more predictably (Eimanifar
et al., 2018b). In fact, both the A.m. capensis and A.m. scutellata regions in RSA were
smaller when defined by microsatellites than they were when defined using SNPs or whole
mitogenomes (Eimanifar et al., 2018a, 2018b). Consequently, we feel the microsatellites
possibly overestimated the size of the hybrid zone. In contrast, it is possible that the
microsatellites provided evidence of greater hybridization between the two subspecies than
first thought.

As expected, honey bees in the hybrid region in RSA contain a gene pool derived
from hybridization of A.m. scutellata and A.m. capensis bees. The hybrid bees in our study
had many polymorphic alleles that likely originated from recombination of alleles of the
two subspecies (Alda ¢» Doadrio, 2014). We suspect that the occurrence of new alleles
in the hybrid bees could be a result of hybridization of the two subspecies, as is known to
happen for populations in hybrid zones in general (Arnold et al., 1999).

The mean number of alleles observed across all loci (Na = 10.01) and the mean value
of observed heterozygosity (H,ps = 0.75) were greater for bee populations in our study
(N =716) than those reported in the literature for Algeria (N = 414, Na = 9.5, Hyps = 0.69)
(Loucif-Ayad et al., 2015), Croatia (N = 225, Na = 9.25, Hyps = 0.67) (Muiioz et al., 2009)
and on Rodrigues Island (N = 524, Na = 7.63, Hyps = 0.64) (Techer et al., 2016). The
greater mean number of alleles/locus in our study than in others likely resulted from our
large sample size and generally large populations of the two subspecies we examined
(Loucif-Ayad et al., 2015). African honey bees exhibit several exceptional characteristics,
including pronounced migratory behavior (absconding and swarming), which possibly
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could explain their high level of genetic diversity with low levels of differentiation
(Franck et al., 1998; Hepburn & Radloff, 1998).

Population genetic structure

The set of microsatellite markers we used yielded a distinctive population structure
within the examined groups, though the microsatellite results did not align completely
with those of the morphometric (Bustamante, Baiser ¢ Ellis, in press) and other molecular
results (Eimanifar et al., 2018b). Nevertheless, our STRUCTURE results support the
presence of some genetic structure at the subspecies level, reinforcing other work showing
that there are two different gene pools existing in A.m. capensis and A.m. scutellata honey
bees from the RSA (Eimanifar et al., 2018a, 2018b).

We found additional evidence of the allelic introgression of A.m. capensis from their
native range into that of A.m. scutellata regions (Neumann ¢» Moritz, 2002; Moritz et al.,
2008). These results highlight the decades-old, continuing impact of the “capensis
calamity” on A.m. scutellata colonies in the RSA. Our STRUCUTRE results (Fig. 3) suggest
that the A.m. capensis/scutellata hybrid zone has moved north and east from that originally
delineated by Hepburn ¢ Radloff (1998) over two decades ago.

In conclusion, honey bees in the RSA are composed of two genetically different
populations, both with significant genetic structure. Given our large sample size and
analytical tools, we show two distinct evolutionary units, though the results did not
match those of earlier morphometric and molecular analyses (Eimanifar et al., 2018b;
Bustamante, Baiser ¢ Ellis, in press), suggesting that the microsatellites we tested were not
sufficient for subspecies identification purposes, especially for Cape and hybrid bees.
Nevertheless, our data highlight the considerable genetic diversity within both populations,
a possibly larger-than-expected hybridization zone between the natural distributions of
A.m. capensis and A.m. scutellata, and evidence of the expansion of A.m. capensis into
A.m. scutellata regions. The genetic introgression of A.m. capensis into A.m. scutellata
territory continues from the days of the “capensis calamity” and highlights the invasive
potential of A.m. capensis. Our data suggest that the hybrid zone has expanded in the RSA
beyond that shown using morphological data (Hepburn ¢» Radloff, 1998; Bustamante,
Baiser & Ellis, in press), possibly owing to migratory beekeeping activities in the RSA.

ACKNOWLEDGEMENTS

We thank current and former members of the University of Florida Honey Bee
Research and Extension Laboratory who collected honey bee samples across the Republic
of South Africa (RSA): Tomas Bustamante, Mark Dykes, Ashley Mortensen, and Daniel
Schmehl. We also thank Mathias Ellis for his assistance with sample collection.

We graciously acknowledge Mike Allsopp (ARC-Plant Protection Research Institute,
RSA), Christian Pirk (University of Pretoria, South Africa), and Garth Cambray for the
assistance they provided in coordinating field sample collections and/or providing
samples. We also thank the RSA beekeepers who allowed us to sample their colonies.
We thank the genotyping facilities at the University of Florida, Interdisciplinary Center for

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 13/18


http://dx.doi.org/10.7717/peerj.8280
https://peerj.com/

Peer/

Biotechnology Research, for sequencing of 813 honey bees. We gratefully acknowledge
Robin Moritz who provided comments on multiple drafts of the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This project was supported through a cooperative agreement provided by the United States
Department of Agriculture, Animal and Plant Health Inspection Service (USDA-APHIS)
and by the Florida Department of Agriculture and Consumer Services through the
guidance of the Honey Bee Technical Council. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

A cooperative agreement provided by the United States Department of Agriculture,
Animal and Plant Health Inspection Service (USDA-APHIS).

Florida Department of Agriculture and Consumer Services through the guidance of the
Honey Bee Technical Council.

Competing Interests

Amin Eimanifar is employed by the Eurofins EAG Agroscience, Johanna T. Pieplow

is employed by the Martin-Luther-Universitiat Halle-Wittenberg, Alireza Asem

is employed by the Hainan Tropical Ocean University and James D. Ellis is

employed by the University of Florida. The authors declare that they have no competing
interests.

Author Contributions

e Amin Eimanifar conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

e Johanna T. Pieplow analyzed the data, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper, approved the final draft.

o Alireza Asem analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

e James D. Ellis conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Field permits were not required. Samples were collected from beekeeper colonies, not
wild colonies, with the beekeepers’ permission.

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 14/18


http://dx.doi.org/10.7717/peerj.8280
https://peerj.com/

Peer/

Data Availability
The following information was supplied regarding data availability:
Raw data is available in Table S4.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8280#supplemental-information.

REFERENCES

Alburaki M, Bertrand B, Legout H, Moulin S, Alburaki A, Sheppard WS, Garnery L. 2013.
A fifth major genetic group among honeybees revealed in Syria. BMC Genetics 14(1):117
DOI 10.1186/1471-2156-14-117.

Alda F, Doadrio 1. 2014. Spatial genetic structure across a hybrid zone between European rabbit
subspecies. Peer] 2(Suppl. 34):e582 DOI 10.7717/peer;j.582.

Allsopp MH. 1992. The capensis calamity. South African Bee Journal 64:52-54.

Arnold ML, Bulger MR, Burke JM, Hempel AL, Williams JH. 1999. Natural hybridization: how
low can you go and still be important? Ecology 80(2):371-381
DOI 10.1890/0012-9658(1999)080[0371:NHHLCY]2.0.CO:;2.

Aumer D, Stolle E, Allsopp M, Mumoki F, Pirk CWW, Moritz RFA. 2019. A single SNP turns a
social honey bee (Apis mellifera) worker into a selfish parasite. Molecular Biology and Evolution
36(3):516-526 DOI 10.1093/molbev/msy232.

Bustamante T, Baiser B, Ellis JD. Comparing classical and geometric morphometric methods to
discriminate between the South African honey bee subspecies Apis mellifera scutellata and Apis
mellifera capensis (Hymenoptera: Apidae). Apidologie (in press)

DOI 10.1007/s13592-019-00651-6.

Caron D. 2001. Africanized honey bees in the Americas. Medina: The A.I. Root Company, 228.

Chapman NC, Harpur BA, Lim J, Rinderer TE, Allsopp MH, Zayed A, Oldroyd BP. 2015.

A SNP test to identify Africanized honeybees via proportion of ‘African’ancestry. Molecular
Ecology Resources 15(6):1346-1355 DOI 10.1111/1755-0998.12411.

Chen SL, Li JK, Zhong BX, Su SK. 2005. Microsatellite analysis of royal jelly producing traits of
Italian honeybee (Apis mellifera Liguatica). Yi Chuan Xue Bao 32:1037-1044.

Crewe RM, Hepburn HR, Moritz RFA. 1994. Morphometric analysis of two southern African
races of honeybee. Apidologie 25(1):61-70 DOI 10.1051/apido:19940107.

De Melo Moura CC, Bastian H-V, Bastian A, Wang E, Wang X, Wink M. 2019. Pliocene origin,
ice ages and postglacial population expansion have influenced a panmictic phylogeography of
the European bee-eater Merops apiaster. Diversity 11(1):12 DOI 10.3390/d11010012.

Earl DA, Von Holdt BM. 2012. STRUCTURE HARVESTER: a website and program for
visualizing STRUCTURE output and implementing the Evanno method. Conservation Genetics
Resources 4(2):359-361 DOI 10.1007/s12686-011-9548-7.

Eimanifar A, Brooks SA, Bustamante T, Ellis JD. 2018b. Population genomics and
morphometric assignment of western honey bees (Apis mellifera L.) in the Republic of South
Africa. BMC Genomics 19(1):615 DOI 10.1186/s12864-018-4998-x.

Eimanifar A, Kimball RT, Braun EL, Ellis JD. 2018a. Mitochondrial genome diversity and
population structure of two western honey bee subspecies in the Republic of South Africa.
Scientific Reports 8(1):1333 DOI 10.1038/s41598-018-19759-3.

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 15/18


http://dx.doi.org/10.7717/peerj.8280/supp-4
http://dx.doi.org/10.7717/peerj.8280#supplemental-information
http://dx.doi.org/10.7717/peerj.8280#supplemental-information
http://dx.doi.org/10.1186/1471-2156-14-117
http://dx.doi.org/10.7717/peerj.582
http://dx.doi.org/10.1890/0012-9658(1999)080[0371:NHHLCY]2.0.CO;2
http://dx.doi.org/10.1093/molbev/msy232
http://dx.doi.org/10.1007/s13592-019-00651-6
http://dx.doi.org/10.1111/1755-0998.12411
http://dx.doi.org/10.1051/apido:19940107
http://dx.doi.org/10.3390/d11010012
http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1186/s12864-018-4998-x
http://dx.doi.org/10.1038/s41598-018-19759-3
http://dx.doi.org/10.7717/peerj.8280
https://peerj.com/

Peer/

Estoup A, Garnery L, Solignac M, Cornuet JM. 1995. Microsatellite variation in honey bee
(Apis mellifera L.) populations: hierarchical genetic structure and test of the infinite allele and
stepwise mutation models. Genetics 140:679-695.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of clusters of individuals using the
software STRUCTURE: a simulation study. Molecular Ecology 14(8):2611-2620
DOI 10.1111/j.1365-294X.2005.02553 x.

Excoffier L, Lischer HE. 2010. Arlequin suite ver 3.5: a new series of programs to perform
population genetics analyses under Linux and Windows. Molecular Ecology Resources
10(3):564-567 DOI 10.1111/j.1755-0998.2010.02847 x.

Falush D, Stephens M, Pritchard JK. 2007. Inference of population structure using multilocus
genotype data: dominant markers and null alleles. Molecular Ecology Notes 7(4):574-578
DOI 10.1111/j.1471-8286.2007.01758.x.

Franck P, Garnery L, Loiseau A, Oldroyd BP, Hepburn HR, Solignac M, Cornuet J-M. 2001.
Genetic diversity of the honeybee in Africa: microsatellite and mitochondrial data. Heredity
86(4):420-430 DOI 10.1046/j.1365-2540.2001.00842 x.

Franck P, Garnery L, Solignac M, Cornuet JM. 1998. The origin of west European subspecies of
honeybees (Apis mellifera): new insights from microsatellite and mitochondrial data. Evolution
52:1119-1134.

Franck P, Garnery L, Solignac M, Cornuet J-M. 2000. Molecular confirmation of a fourth lineage
in honeybees from the Near East. Apidologie 31(2):167-180 DOI 10.1051/apido:2000114.

Frias-Soler RC, Pildain LV, Hotz-Wagenblatt A, Kolibius J, Bairlein F, Wink M. 2018. De novo
annotation of the transcriptome of the Northern wheatear (Oenanthe oenanthe). Peer]
6(9):e5860 DOI 10.7717/peerj.5860.

Garnery L, Cornuet J-M, Solignac M. 1992. Evolutionary history of the honey bee Apis mellifera
inferred from mitochondrial DNA analysis. Molecular Ecology 1(3):145-154
DOI 10.1111/§.1365-294X.1992.tb00170.x.

Goudet J. 2001. FSTAT, a program to estimate and test gene diversities and fixation indices.
Version 2.9.3. Available at http://www.unil.ch/izea/softwares/fstat.html.

Guo SW, Thompson EA. 1992. Performing the exact test of Hardy-Weinberg proportion for
multiple alleles. Biometrics 48(2):361-372 DOI 10.2307/2532296.

Harpur BA, Chapman NC, Krimus L, Maciukiewicz P, Sandhu V, Sood K, Zayed A. 2015.
Assessing patterns of admixture and ancestry in Canadian honey bees. Insectes Sociaux
62(4):479-489 DOI 10.1007/s00040-015-0427-1.

Hedrick PW. 2005. A standardized genetic differentiation measure. Evolution 59(8):1633-1638
DOI 10.1111/j.0014-3820.2005.tb01814.x.

Hepburn HR, Radloff SE. 1998. Honeybees of Africa. Heidelberg: Springer Science & Business
Media.

Hulce D, Li X, Snyder-Leiby T, Liu CJ. 2011. GeneMarker® genotyping software: tools to increase
the statistical power of DNA fragment analysis. Journal of Biomolecular Techniques 22:S35.

IBM Corp. 2013. IBM SPSS statistics for windows, version 22.0. Armonk: IBM Corp.

Jaffe R, Dietemann V, Allsopp MH, Costa C, Crewe RM, Dall’olio R, De La Rua P,
El-Niweiri MA, Fries I, Kezi¢ N, Meusel MS, Paxton R]J, Shaibi T, Stolle E, Moritz RFA. 2010.
Estimating the density of honeybee colonies across their natural range to fill the gap in pollinator
decline censuses. Conservation Biology 24(2):583-593 DOI 10.1111/j.1523-1739.2009.01331 .

Jaffe R, Dietemann V, Crewe RM, Moritz RFA. 2009. Temporal variation in the genetic structure
of a drone congregation area: an insight into the population dynamics of wild African honeybees

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 16/18


http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1046/j.1365-2540.2001.00842.x
http://dx.doi.org/10.1051/apido:2000114
http://dx.doi.org/10.7717/peerj.5860
http://dx.doi.org/10.1111/j.1365-294X.1992.tb00170.x
http://www.unil.ch/izea/softwares/fstat.html
http://dx.doi.org/10.2307/2532296
http://dx.doi.org/10.1007/s00040-015-0427-1
http://dx.doi.org/10.1111/j.0014-3820.2005.tb01814.x
http://dx.doi.org/10.1111/j.1523-1739.2009.01331.x
http://dx.doi.org/10.7717/peerj.8280
https://peerj.com/

Peer/

(Apis mellifera scutellata). Molecular Ecology 18(7):1511-1522
DOI 10.1111/j.1365-294X.2009.04143 x.

Jost L. 2008. GST and its relatives do not measure differentiation. Molecular Ecology
17(18):4015-4026 DOI 10.1111/j.1365-294X.2008.03887 .x.

Loucif-Ayad W, Achou M, Legout H, Alburaki M, Garnery L. 2015. Genetic assessment of
Algerian honeybee populations by microsatellite markers. Apidologie 46(3):392-402
DOI 10.1007/s13592-014-0331-0.

Meirmans PG, Hedrick PW. 2011. Assessing population structure: FST and related measures.
Molecular Ecology Resources 11(1):5-18 DOI 10.1111/j.1755-0998.2010.02927 x.

Moritz RFA, Beye M, Hepburn HR. 1998. Estimating the contribution of laying workers to
population fitness in African honeybees (Apis mellifera) with molecular markers. Insectes
Sociaux 45(3):277-287 DOI 10.1007/s000400050088.

Moritz RFA, Pirk CW, Hepburn HR, Neumann P. 2008. Short-sighted evolution of virulence in
parasitic honeybee workers (Apis mellifera capensis Esch.). Naturwissenschaften 95(6):507-513
DOI 10.1007/s00114-008-0351-6.

Mortensen AN, Schmehl DR, Allsopp M, Bustamante TA, Kimmel CB, Dykes ME, Ellis JD.
2016. Differences in Varroa destructor infestation rates of two indigenous subspecies of Apis
mellifera in the republic of South Africa. Experimental and Applied Acarology 68(4):509-515
DOI 10.1007/s10493-015-9999-8.

Muiioz I, Dall’Olio R, Lodesani M, De La Rua P. 2009. Population genetic structure of coastal
Croatian honeybees (Apis mellifera carnica). Apidologie 40(6):617-626
DOI 10.1051/apido/2009041.

Nei M. 1978. The theory of genetic distance and the evolution of human races. Japanese Journal of
Human Genetics 23(4):341-369 DOI 10.1007/BF01908190.

Nelson RM, Wallberg A, Simées ZLP, Lawson DJ, Webster MT. 2017. Genomewide analysis of
admixture and adaptation in the Africanized honeybee. Molecular Ecology 26(14):3603-3617
DOI 10.1111/mec.14122.

Neumann P, Hirtel S, Kryger P, Crewe RM, Moritz RFA. 2011. Reproductive division of labour
and thelytoky result in sympatric barriers to gene flow in honeybees (Apis mellifera L.). Journal
of Evolutionary Biology 24(2):286-294 DOI 10.1111/j.1420-9101.2010.02167 x.

Neumann P, Moritz R. 2002. The Cape honeybee phenomenon: the sympatric evolution of a social
parasite in real time? Behavioral Ecology and Sociobiology 52(4):271-281
DOI 10.1007/500265-002-0518-7.

Peakall R, Smouse PE. 2012. GenAlEx 6.5: genetic analysis in Excel. Population genetic software
for teaching and research-an update. Bioinformatics 28(19):2537-2539
DOI 10.1093/bioinformatics/bts460.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure using multilocus
genotype data. Genetics 155:945-959.

Radloff SE, Hepburn HR, Engel MS. 2011. The Asian species of Apis. In: Hepburn H, Radloff S,
eds. Honeybees of Asia. Berlin: Springer.

Ramasamy RK, Ramasamy S, Bindroo BB, Naik VG. 2014. STRUCTURE PLOT: a program for
drawing elegant STRUCTURE bar plots in user friendly interface. SpringerPlus 3(1):431
DOI 10.1186/2193-1801-3-431.

Raymond M, Rousset F. 1995. GENEPOP (version 1.2): population genetics software for exact
tests and ecumenicism. Journal of Heredity 86(3):248-249
DOI 10.1093/oxfordjournals.jhered.al11573.

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 17/18


http://dx.doi.org/10.1111/j.1365-294X.2009.04143.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03887.x
http://dx.doi.org/10.1007/s13592-014-0331-0
http://dx.doi.org/10.1111/j.1755-0998.2010.02927.x
http://dx.doi.org/10.1007/s000400050088
http://dx.doi.org/10.1007/s00114-008-0351-6
http://dx.doi.org/10.1007/s10493-015-9999-8
http://dx.doi.org/10.1051/apido/2009041
http://dx.doi.org/10.1007/BF01908190
http://dx.doi.org/10.1111/mec.14122
http://dx.doi.org/10.1111/j.1420-9101.2010.02167.x
http://dx.doi.org/10.1007/s00265-002-0518-7
http://dx.doi.org/10.1093/bioinformatics/bts460
http://dx.doi.org/10.1186/2193-1801-3-431
http://dx.doi.org/10.1093/oxfordjournals.jhered.a111573
http://dx.doi.org/10.7717/peerj.8280
https://peerj.com/

Peer/

Rowe DJ, Rinderer TE, Stelzer JA, Oldroyd BP, Crozier RH. 1997. Seven polymorphic
microsatellite loci in honeybees (Apis mellifera). Insectes Sociaux 44(2):85-93
DOI 10.1007/s000400050032.

Ruttner F. 1988. Biogeography and taxonomy of honeybees. Heidelberg: Springer.

Shaibi T, Lattorff HMG, Moritz RFA. 2008. A microsatellite DNA toolkit for studying population
structure in Apis mellifera. Molecular Ecology Resources 8(5):1034-1036
DOI 10.1111/j.1755-0998.2008.02146.x.

Solignac M, Vautrin D, Loiseau A, Mougel F, Baudry E, Estoup A, Haberl M, Cornuet J-M.
2003. Five hundred and fifty microsatellite markers for the study of the honeybee (Apis mellifera
L.) genome. Molecular Ecology Notes 3(2):307-311 DOI 10.1046/j.1471-8286.2003.00436.x.

Techer MA, Clémencet J, Simiand C, Portlouis G, Reynaud B, Delatte H. 2016. Genetic diversity
of the honeybee (Apis mellifera L.) populations in the Seychelles archipelago. Insect Conservation
and Diversity 9(1):13-26 DOI 10.1111/icad.12138.

Techer MA, Clémencet J, Turpin P, Volbert N, Reynaud B, Delatte H. 2015. Genetic
characterization of the honeybee (Apis mellifera) population of Rodrigues Island, based on
microsatellite and mitochondrial DNA. Apidologie 46(4):445-454
DOI 10.1007/s13592-014-0335-9.

Van Oosterhout C, Hutchinson WF, Wills DP, Shipley P. 2004. MICRO-CHECKER: software
for identifying and correcting genotyping errors in microsatellite data. Molecular Ecology Notes
4(3):535-538 DOI 10.1111/j.1471-8286.2004.00684 x.

Vaudo AD, Ellis JD, Cambray GA, Hill M. 2012a. Honey bee (Apis mellifera capensis/

A.m. scutellata hybrid) nesting behavior in the Eastern Cape, South Africa. Insectes Sociaux
59(3):323-331 DOI 10.1007/s00040-012-0223-0.

Vaudo AD, Ellis JD, Cambray GA, Hill M. 2012b. The effects of land use on honey bee
(Apis mellifera) population density and colony strength parameters in the Eastern Cape,
South Africa. Journal of Insect Conservation 16(4):601-611 DOI 10.1007/s10841-011-9445-0.

Wallberg A, Han F, Wellhagen G, Dahle B, Kawata M, Haddad N, Pirk CW. 2014. A worldwide
survey of genome sequence variation provides insight into the evolutionary history of the
honeybee Apis mellifera. Nature Genetics 46(10):1081-1088 DOI 10.1038/ng.3077.

Wang E, Van Wijk RE, Braun MS, Wink M. 2017. Gene flow and genetic drift contribute to high
genetic diversity with low phylogeographical structure in European hoopoes (Upupa epops).
Molecular Phylogenetics and Evolution 113:113-125 DOI 10.1016/j.ympev.2017.05.018.

Weinstock GM, Robinson GE, Gibbs RA, Worley KC, Evans JD, Maleszka R, Elsik CG. 2006.
Insights into social insects from the genome of the honeybee Apis mellifera. Nature
443(7114):931-949 DOI 10.1038/nature05260.

Yu Y, Zhou S, Zhu X, Xu X, Wang W, Zha L, Wang P, Wang J, Lai K, Wang S, Hao L. 2019.
Genetic differentiation of Eastern Honey Bee (Apis cerana) populations across Qinghai-Tibet
Plateau-Valley landforms. Frontiers in Genetics 10:483 DOI 10.3389/fgene.2019.00483.

Eimanifar et al. (2020), Peerd, DOI 10.7717/peerj.8280 18/18


http://dx.doi.org/10.1007/s000400050032
http://dx.doi.org/10.1111/j.1755-0998.2008.02146.x
http://dx.doi.org/10.1046/j.1471-8286.2003.00436.x
http://dx.doi.org/10.1111/icad.12138
http://dx.doi.org/10.1007/s13592-014-0335-9
http://dx.doi.org/10.1111/j.1471-8286.2004.00684.x
http://dx.doi.org/10.1007/s00040-012-0223-0
http://dx.doi.org/10.1007/s10841-011-9445-0
http://dx.doi.org/10.1038/ng.3077
http://dx.doi.org/10.1016/j.ympev.2017.05.018
http://dx.doi.org/10.1038/nature05260
http://dx.doi.org/10.3389/fgene.2019.00483
https://peerj.com/
http://dx.doi.org/10.7717/peerj.8280

	Genetic diversity and population structure of two subspecies of western honey bees (Apis mellifera L.) in the Republic of South Africa as revealed by microsatellite genotyping ...
	Introduction
	Materials and Methods
	Results
	Discussion
	flink5
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


