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Abstract The alfalfa leafcutting bee, Megachile rotundata
(ALCB) is an economically important pollinator necessary
for seed production of the critical forage crop alfalfa, Med-
icago sativa. The pollinator was accidentally introduced to
North America from Europe approximately 70 years ago,
and it is primarily produced in Canada and shipped to the
United States annually en masse for seed field pollination.
We investigate how the large-scale commercial movement
of this bee affects the genetic structure of populations in
the North American seed growing system and compare the
genetic diversity and structure of introduced North Ameri-
can bees with two native European populations. Using 16
newly developed microsatellite loci, we describe the North
American population structure of this bee. ALCBs col-
lected from alfalfa seed farms have a degree of genetic vari-
ability similar to one native European population, but lower
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than the second. Considering that the species was acciden-
tally introduced into North America, we anticipated more
signature of a founder effect. Despite the level of genetic
variability, we found little, if any, genetic structuring across
North America, other than that the North American popula-
tions were distinct from the European populations sampled.
While we detected some sub-structure in North American
populations using Bayesian methods, the structuring was
without geographic pattern, and we propose it is the result
of the intense human management and movement of these
bees. The trade and movement of these bees by humans has
created a nearly panmictic M. rotundata population across
the continent, which has implications relevant to the preser-
vation and conservation of other bee pollinators.

Keywords Alfalfa - Bees - Leafcutting bee - Leaf cutter
bee - Lucerne - Megachile rotundata - Population genetics -
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Introduction

We describe here the population genetic structure of the
alfalfa leafcutting bee, Megachile rotundata L., (Hyme-
noptera: Megachilidae)(ALCB), the second most impor-
tant, managed pollinator after honey bees (Apis mellifera
L., Hymenoptera: Apidae). When an organism is inten-
sively managed for agricultural use, the genetic diversity
and structure of the domesticated populations can become
altered relative to their wild progenitors (Yukuhiro et al.
2002). When insects are reared en masse, some species
lose genetic diversity due to founder effects and inbreed-
ing (e.g., screw worms Bush and Neck 1976), while other
species remain quite diverse despite domestication (e.g.,
silk worms Xia et al. 2009). Honey bee colonies have
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been managed by humans a few thousand years, prob-
ably longer than any other insect (Bloch et al. 2010; Crane
1999). Initially, honey bees were kept primarily for honey
production, but in recent history, increased demands for
crop pollination have increased the demand for the man-
agement and movement of bees; not only honey bees, but
other species as well, and this movement has occurred on
both local and global scales (James and Pitts-Singer 2008;
Pitts-Singer and Cane 2011; Byatt et al. 2016). The reali-
zation that crop yields can be improved by bringing bees
into the fields for pollination has contributed to the rise of
new industries that raise and sell both native and non-native
bumble bees (Bombus spp.), mason bees (Osmia spp.), and
ALCBs, in addition to honey bees (James and Pitts-Singer
2008). Consequently, human propagation and movement
of bees has the potential to change the distribution and the
population genetics for all these species, as has widely been
documented in honey bees (e.g., Crane 1999; Delaney et al.
2009; Cobey et al. 2012; Harpur et al. 2012).

The genus Megachile is very large and diverse, with an
estimated 1525 species worldwide (Ascher and Pickering
2011; Gonzalez et al. 2012). ALCBs are solitary, cavity-
nesting bees native to Europe and Africa (Friese 1899;
Enkulu 1988), unintentionally introduced into the United
States at least as early as the 1940s (Hurd 1954; Pitts-Singer
and Cane 2011). ALCBs subsequently became widespread
and abundant throughout parts of western North America
(Pitts-Singer and Cane 2011), and they became recognized
in the 1960s as an effective pollinator of alfalfa (lucerne),
Medicago sativa L. (Stephen and Torchio 1961). ALCBs
are now propagated and managed on a commercial scale to
pollinate alfalfa for seed production systems (for details of
bee management and production see Pitts-Singer and James
2005; Pitts-Singer 2008; Pitts-Singer and Cane 2011). This
bee greatly enhances alfalfa seed yield, as compared to pol-
lination by honey bees (Richards 1984; Frank 2003). Many
commercial suppliers of ALCBs are in Canada (Table S1),
where this bee tends to have higher survival rates (Pitts-
Singer and Cane 2011), and most of the market for the bees
is in the western US alfalfa seed production fields (Pitts-
Singer and James 2005).

The biology of the ALCB is fairly typical of cavity nest-
ing solitary bees (Johansen and Eves 1973). These bees
nest in small cavities, constructing cells from cut leaf
pieces in the summer. In managed systems, the bees are
provided communal nesting sites of cavities in large wood
or polystyrene blocks (Pitts-Singer and Cane 2011). The
female ALCB provisions each cell with a pollen and nec-
tar mass, then the eggs hatch and larvae feed on the pollen
provision and develop over the summer. Mature fifth instar
larvae (pre-pupae) spin a cocoon and diapause within their
natal cells, spending the winter in this stage, although some
portion of the population is often multivoltine (Krunic
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1972; Johansen and Eves 1973; Hobbs and Richards 1976;
Parker and Tepedino 1982; Rank and Rank 1990; Yocum
et al. 2015).

ALCBs have been in North America for at least 70 years
and are used agriculturally throughout the western United
States and Canada, resulting in an introduced range that
includes several latitudes, altitudes, and climate types. The
purpose of this study is to describe the current population
genetics of ALCBs in agricultural fields of North Amer-
ica. Despite the economic importance of this bee for pol-
lination, there are only two studies that describe its genetic
variability, and both were based on small, localized popula-
tions (Blanchetot 1992; Lu and Rank 1996). As such, rela-
tively little is known about the genetic structure of this spe-
cies, neither in its native range nor in North America, thus
we would benefit by understanding the population genetics
of this important species.

Methods
Sample collection

We obtained 282 female pre-pupae as loose cells from the
United States and Canada and 51 samples of adult females
from Europe (Table 1). North American bees were obtained
as overwintering pre-pupae (as is standard for the industry;
see Pitts-Singer 2008) from ALCB producers in the United
States and Canada in 2012 to the USDA-ARS-Pollinating
Insect Research Unit in Logan, UT, where subsequent
analyses were performed. We randomly selected ten indi-
vidual bees from each producer for the molecular analyses
and after an initial screening, removed the males from that
number, resulting in a final sample size of 282 bees from
North America. We obtained additional European samples
of adult bees from Copenhagen (Denmark) and Barcelona
(Spain), which had been freeze-killed and shipped dry in
petri dishes. We confirmed species identity, through assess-
ment of morphological characters.

Sample preparation

We removed pre-pupae from their respective cells and
placed them into individual 2.0 ml screw top tubes.
To each, we then added 1 ml DNA extraction buffer
(100 mM Tris—HCL, pH 8.0; 2% CTAB; 20 mM EDTA)
and crushed the larvae with a plastic pestle. We incubated
each preparation at 65°C for 30 min, then added 0.8 ml
of phenol:chloroform (1:1) before centrifuging the tubes
for 20 min at 13,500 rpm. Following centrifugation, we
transferred the supernatant to another tube, washed it with
0.7 ml of chloroform, and centrifuged again for 3 min at
13,500 rpm. We then transferred the supernatant to another
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'.Tal.)lg 1 Number of diploid n (diploid) Allelic richness (A) Private allelic Ho He

individuals used in analyses, richness (PAR)

AR average allelic richness, _

PAR private allelic richness, Ho PAlberta o4 2.63 0.09 0.59 0.68

observed heterozygosity and California 37 2.64 0.10 0.63 0.70

He expected heterozygosity for

each sampling location Idaho 20 2.58 0.10 0.64 0.67
PManitoba 8 2.59 0.08 0.66 0.68
Montana 11 2.46 0.10 0.58 0.69
PQuebec 6 2.48 0.10 0.69 0.65
PSaskatchewan 41 2.63 0.12 0.62 0.68
Utah 15 2.50 0.08 0.64 0.64
Washington 3 2.53 0.08 0.72 0.72
Wyoming 47 2.61 0.09 0.66 0.68
"Denmark 37 2.54 0.29 0.61 0.65
"Spain 14 3.99 1.44 0.61 0.73

333 2.68+0.42 0.22+0.39 0.64+0.04 0.68+0.03

Totals sample size, and mean +standard deviation of AR and PAR are given in the final row. Estimates
based on Rarefaction using HPRare. Native range samples are denoted with a (n) in the first column of
the table, primary North American production regions for bees are denoted with a (p), and areas of use for
alfalfa seed production are not marked; however, both production of bees and alfalfa seed may occur at sev-

eral of the sites we sampled

tube, added 0.8 ml of cold isopropanol (—20°C), and incu-
bated at —20°C for at least 30 min, after which we centri-
fuged the tubes at 13,500 for 30 min, poured off the isopro-
panol, washed the pellet with 0.5 ml of 70% (v/v) ethanol,
and dried it in a fume hood for 10 min. We re-suspended
the pellet in 200 pl of TE (10 mM Tris—HCI; 1 mM EDTA,
pH 8.0) and aliquoted 100 pl into two microcentrifuge
tubes to store at —20 °C until PCR amplification.

We extracted DNA from a single leg of each adult bee
from Europe and the congeneric bees that were tested for
cross-species amplification using a Chelex® extraction pro-
tocol. We removed a single leg (generally a mid-leg) and
placed it in an individual well of a 96 well PCR plate. We
submerged the legs in 150 ul of a 5% Chelex® solution and
crushed with forceps. We then added Proteinase K (5 pl of
10 mg/ml) to each well and incubated the samples for 1 h at
55°C, 15 min at 99°C, 1 min at 37 °C and 15 min at 99°C
(modified from Walsh et al. 1991). We stored the extracted
DNA at —20°C until PCR amplification.

We amplified all 333 female ALCBs and visualized frag-
ments on an ABI® 3730xl sequencer. We performed four
10 pl multiplex reactions each containing: 1 pl extracted
DNA, 1x Promega (Madison, WI) reaction buffer, 0.6 mM
dNTP mixture, 0.1-0.4 pM primer, 0.001 mg BSA, 0.4
units Taq polymerase (Promega, Madison, WI), and the
MgCl, concentration was adjusted to 1.4 mM. The four
reactions contained the following primers (Table S2):
(A) Mrot0001, Mrot0005, Mrot0006, and Mrot0012 and
Mrot0017; (B) Mrot0009, Mrot0015, Mrot0016, and
Mrot0018; (C) Mrot0013, Mrot0019, Mrot0020, Mrot0026,
and Mrot0035; (D) Mrot0023, Mrot0027, Mrot0029, and

Mrot0031. The PCR conditions for multiplex reactions
were: one 4 min cycle at 95°C, 30 cycles of 95°C for
30 s, and annealing at 54 °C for 75 s, then 72°C for 45 s.
The cycles were followed by a final extension period of
15 min at 72°C. We separated the DNA amplifications on
an Applied Biosystems 3730x] automatic sequencer (Life
Technologies), and we scored allele sizes using GeneMa-
pper™ v4.0 Software (Applied Biosystems). We removed
two loci that were either monomorphic (Mrot0020), exhib-
ited significant linkage disequilibrium, or deviated from
HWE (Mrot0013), resulting in 16 loci for the population
genetics analyses (see Supplemental Material for details on
marker development and selection).

Population genetics and spatial analysis

Because of differences in sample sizes across regions, we
used the program HP-Rare (Kalinowski 2005) to calcu-
late allelic richness and private allelic richness. We used
FSTAT (Goudet 2001) to determine the fixation index Fgr
for each pair of groups. Fgr in this case, is a useful meas-
ure for examining population substructure to assess genetic
divergence among population pairs and to test for isolation
by distance. Heterozygosity and population pairwise com-
parisons were calculated using Arlequin v.3.5.1.3.

To assess geographic structuring in North American
populations and determine the appropriate geographic level
for conducting our analyses, we first performed a test for
isolation by distance. For all North American farms sam-
pled that had six or more bees (n= 18 farms), we calculated
pairwise genetic (Fgy) and linear geographic distances (km)
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then conducted an “Isolation by Distance” (IBD) analy-
sis (Genepop v.4.2, Isolation By Distance) (Raymond and
Rousset 1995; Rousset 2008) with 1000 permutations for
the Mantel test and the minimum distance for regression
set at 100 km, so that adjacent farms which might show
inbreeding would not bias a distance effect. We used a log
transformation of linear distances and converted F-statis-
tics to F/(1—F) for the analysis. We detected no significant
farm-by-farm Fg; values and so chose to pool samples by
state or province for subsequent analyses, in an effort to
elucidate differences in genetic structure geographically.

Population structure

We used the program STRUCTURE (Pritchard et al. 2000)
to infer population structure, employing a Bayesian method
to determine the probability of assigning each individual
to K hypothetical clusters, when K was initially unknown
(admixture model, correlated allele frequencies). We sepa-
rated runs for each value of K from 2 to 13, with 50,000
burn-ins and 100,000 replications after burn-in. We esti-
mated the optimal K value using the AK method (Evanno
et al. 2005) in STRUCTURE HARVESTER (Earl and
vonHoldt 2012). Neither this method nor the IBD analysis
revealed a fine structure (i.e., farm-by-farm or region-by-
region) in populations, thus the state-by-state analyses that
follow are appropriate.

Bottleneck and migration

Using the program BOTTLENECK (Cornuet and Luikart
1997), we tested all populations for heterozygote excess
under the infinite alleles model and the stepwise muta-
tion model as described in Cornuet and Luikart (1997) to
detect a significant mode shift in allele frequency distribu-
tions. This enabled us to assess the possibilities of a popu-
lation bottleneck in North American ALCBs by employing
a simulation to test variation in the mutation-drift equilib-
rium that would result from a recent population bottleneck
(Maruyama and Fuerst 1985; Cornuet and Luikart 1997).
To detect migrants in individual populations, we chose to
use population information in our populations under the
ancestory model tab in the STRUCTURE analyses. We set
the parameters at the default (GENSBACK=2; MIGRP-
RIOR =0.05) using the admixture model.

Results
Population genetic diversity

The average allelic richness (+SEM) across all loci for
each sampling location varied from 3.99 +0.54 (Spain) to
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2.50+0.52 (Utah), and the private allelic richness across
all loci for each sampling location varied from 1.44 +0.72
(Spain) to 0.08+0.14 (WA) (Table 1). The samples of
ALCBs from Spain had a markedly higher average num-
ber of private alleles per locus than ALCBs from any of the
other sample locations (Table 1). Specifically, ALCBs from
Spain had more private alleles at 15 of the 16 loci.

Based on the pairwise multi-locus Fg estimates, we
determined that the ALCB samples from Denmark were
significantly, genetically distinct from ALCBs from Cali-
fornia, Utah, and Spain (for correlation coefficients and
statistical tests, see Table 2). Significant population dif-
ferentiation was also observed between Spain and all other
locations. The ALCB samples sizes from Washington were
not large enough to calculate a reliable Fg, estimate, so
results from that population should be viewed with caution;
however, they are consistent with the other North American
samples.

Spatial analysis

No significant signature of IBD was found among the 18
farms with more than six bees that we tested (n= 122 pair-
wise comparisons; #=0.028; df=121; P=0.142). The
correlation of genetic distance to geographic distance was
very weak and not statistically significant. We observed
some evidence of high genetic similarity at sites less than
100 km apart (evidenced by Fg; values not significantly
different from zero among nearby farms), which is perhaps
only a sign that neighboring farms are likely to purchase
bees from the same supplier.

Population structure

For samples from North America only (data not shown),
STRUCTURE and STRUCTURE HARVESTER both iden-
tified two distinct population clusters (K=2). This conclu-
sion is supported by three separate estimations of K: AK,
rate of change of the likelihood distribution, and the mean
of In(p(X/K)). As such, there is little, if any, geographic
population structuring across the entire North American
continent for this species. Both putative populations in the
North American ALCB were represented in each region
and generally were found among the bees of each sampled
farm (Fig. 1 ).

When the European samples were included in a full anal-
ysis, STRUCTURE and STRUCTURE HARVESTER both
identified four distinct population clusters (K=4; Fig. 2).
This conclusion is supported by three separate estimations
of K: AK, rate of change of the likelihood distribution, and
the mean of In(p(X/K)) (see Figure S1). The clusters were
geographically associated in Europe (Denmark and Spain),
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Table 2 Above the diagonal are pairwise multilocus F; estimates of samples from 12 different ALCB populations. Below the diagonal are the p values associated with each pairwise Fy; esti-

mate

Spain

Manitoba Montana Quebec Saskatchewan Utah Washington Wyoming Denmark

California Idaho

Alberta

0.2152
0.1945
0.203

0.0026
0.0099
0.005

—0.0027
—0.0005
—0.005

—0.0075
-0.0116
—0.004

—0.0551
—0.0052
—0.0382
—0.0069
—-0.0163

*

0.0004
0.0040
0.007

0.0025
0.0054
—0.001

0.0120

—0.0001
0.0149
0.014

—-0.0109
—0.0128
-0.012

*

0.0013

0.0012

*

PAlberta

—0.0033
0.001

—0.0001

%

0.387

California
Idaho

0.441

0.514

0.1987
0.2411
0.1802
0.2306
0.2246
0.2003
0.2195
0.2345

*

—0.0092
—-0.0014

0.0223
0.0070
0.0188
0.0069
0.0024

*

-0.0110

0.0018
0.0084

—-0.0214
—0.0044

0.0096
0.0021

—0.0064

0.0073
0.0025

k

—-0.0196
0.0395

Ed

—0.0153

0.910 0.856

0.901

PManitoba
Montana

0.829
0.775

0.090 0.117

0.559

0.523

0.072

0.315

0.189
0.234

PQuebec

—0.0002
0.0038

0.712 0.279 0.396
0.270

0.514

0.090

PSaskatchewan

Utah

0.405

0.171 0.946 0.631
0.910

0.288

0.459

—0.0118

0.712

0.505
0.550
0.081

0.649

0.279

0.757

0.432

0.523
0.396
0.018

0.721

‘Washington

0.568
0.342
0.000

0.234
0.018

0.297
0.577

0.802
0.784

0.712

0.919

Wyoming

0.288

0.117

0.252

0.252

"Denmark

0.000

0.000

0.000

0.000 0.000 0.000 0.000 0.000

0.000

0.000

"Spain

Native range samples are denoted with a (n) in the first column of the table, primary North American production regions for bees are denoted with a (p), and areas of use for alfalfa seed produc-

tion are not marked; however, both production of bees and alfalfa seed may occur at several of the sites we sampled

but not in North America where the weakly differentiated
populations showed no relation to geographic origin.

Population bottleneck and migration

We found no clear evidence of population bottlenecks in
the North American ALCB populations as evidenced by
a mode shift from a normal L-shaped distribution of the
allele frequencies. However, in some populations we did
find heterozygote deficiencies and excesses, but only in one
population was the mode of the distribution shifted signifi-
cantly, and indication of a recent bottleneck (Table S4). It
was among the Washington State samples that allele fre-
quency distribution deviated from the normal L-shaped
distribution, and this deviation was statistically significant
under the stepwise mutation model (p=0.02), but was not
significant in the infinite alleles model (p=0.52). This
population is the only one that showed any sign of a recent
bottleneck; however, it also had the smallest sample size
(n=3), and thus should be viewed with caution.

Only three of the 333 individuals (0.9%) tested were
found to be potential migrants in our analyses. One indi-
vidual from California and two individual bees from Spain
were identified as potential migrants in the analysis. The
bee from California assigned primarily to the Denmark
population with California being the secondary assignment;
whereas the two bees from Spain each had weak associa-
tion with several potential areas of origin and the strong-
est association with the Spanish population. Given the low
level of population differentiation in North America, as evi-
denced by Fg; values, the power to detect migration among
regions using this method may be limited.

Discussion

We found that managed ALCB populations in North
America had high genetic diversity, little to no geographic
genetic structuring, and no evidence of genetic bottlenecks,
except perhaps at one sampling site. Based on the results
from our European samples, the ALCB appears to have a
high genetic diversity in its natural range, a characteristic
that could make this bee adaptable to many different envi-
ronments (De Palma et al. 2015), providing at least some
explanation as to why it has been such a successful invader.

While the sample size from the Old World is relatively
small, the ALCBs we sampled from North American
alfalfa seed farms had a high degree of genetic variability
that was comparable to the Spanish population. It would
be interesting to see if the allelic richness and degree of
structure that we observed in the Spanish sample is reflec-
tive of broader patterns of European ALCB populations,
or if the lower level of diversity observed in Denmark is

@ Springer
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Fig. 1 Map of North America indicating the collection locations for
Megachile rotundata. Individual farms are represented by white dots.
Population genetic identity was pooled by province or state, and these

more the norm within the native range of this bee. Consid-
ering that ALCBs were accidentally introduced into North
America, and presumably had very few introduction events
(Hurd 1954), we expected it to exhibit some degree of a
founder effect there. We propose several possible reasons
for this lack of a genetic bottleneck in the invaded region.
The first possibility is that the North American populations
have already reached migration-drift equilibrium. Alterna-
tively, although it has been assumed the founding popula-
tion came from a small migration event (Hurd 1954), mul-
tiple introductions might actually have occurred. The first
introductions were estimated to have occurred in the 1940s
(Hurd 1954), but it is plausible that multiple introductions
occurred over time from bees nesting in wooden shipping
crates from Europe. Furthermore, contemporary gene flow
may still be occurring as recent invasions into North Amer-
ica have been documented for other Megachilidae bees
(Paiero and Buck 2003; Strange et al. 2011). Multiple intro-
duction events can create a novel and diverse gene pool,
founded from multiple European populations that are being
homogenized by the subsequent human-mediated mass
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pooled populations are represented by pie charts that show the pro-
portion of genetic assignment within the political entity, using K=4
populations averaged across all individuals with that political region

movement of ALCBs within North America, similar to
what is observed in other domesticated organisms (Yuku-
hiro et al. 2002; Delaney et al. 2009). A third possibility
is that the initial founder population in North America was
very large, providing the relatively diverse population we
now observe.

Although we found the population structure to lack any
geographic pattern in North America, these populations
were markedly different from those sampled in Europe,
especially Spain. Thus, there has either been a lack of local-
ized adaptation in North America, a frequent and thorough
mixing of the gene pool, or both. In other words, despite
having high genetic variability and occurring across a very
large region that includes a large range in latitudes, climate
zones, and elevations, the ALCB has not differentiated into
unique populations. This phenomenon is likely caused by
human intervention, because alfalfa seed growers import
bees from Canada every year. The Canadian producers
tend to produce healthier bees, and nearly half of all the
bees used in the United States are imported from Canada
annually, on average (Table S1). Thus, a large proportion
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preventing local population structure from developing in
the northern portions of the range. In contrast, the ALCB is
not typically managed in Europe, and where it is, it is man-
aged locally and not transported across regions as in North
America (Pitts-Singer and Cane 2011).

The degree of allelic diversity we observed within the
North American ALCB samples, coupled with the weak
structuring found among widely distributed North Ameri-
can sample sites, is in contrast to what we observed in the
endemic range of the species in Europe, where high levels
of diversity were coupled with strong structuring of popu-
lations. The lack of structure in ALCB in North America is
similar to that observed with honey bees in North Amer-
ica, another introduced, managed bee (Harpur et al. 2012,
2015). In the areas where the bees are non-native, the high
rates of human-mediated migration have not reduce the
genetic diversity, but rather they have created a geographi-
cally widespread, panmictic population with high levels
of diversity (Delaney et al. 2009). In contrast, movement
of bees in Europe risks mixing distinct ecotypes that are
well adapted to local environments within the native range
(Strange et al. 2008). What is yet unclear from this current
study is whether the maintenance of genetic diversity is suf-
ficient in these panmictic populations to adapt to local envi-
ronmental variation or climate changes. Genetic diversity
also has implications for bee conservation efforts that rein-
troduce or translocate species from areas of abundance to
areas of the native range where the species has been extir-
pated. The implications for such movement goes beyond
genetic considerations (Lozier et al. 2015), but using this
endemic bee as an example, perhaps moving other bee spe-
cies in re-population efforts is not as harmful to population-
wide genetic diversity as previously assumed.
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