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Abstract

When a promising natural enemy of a key pest exists locally, it is a common prac-
tice in biological control (BC) to rear and release it for supplementary control in the
targeted agroecosystem even though significant knowledge gaps concerning pre/
post release may still exist. Incorporating genetic information into BC research fills
some of these gaps.Habrobracon hebetor, a parasitoid of many economically important
moths that infest stored and field crops worldwide is commonly used, particularly
against the millet head miner (MHM), a key pest of millet in Sahelian countries. To
advance our knowledge on how H. hebetor that occurs naturally in open-field crop-
ping systems and grain stores as well as beingmass-produced and released forMHM
control, performs in millet agroecosystems in Niger we evaluated its population gen-
etics using two mitochondrial and 21 microsatellite markers. The field samples were
genetically more diverse and displayed heterozygote excess. Very few field samples
had faced significant recent demographic bottlenecks. The mating system (i.e. non-
random mating with complementary sex determination) of this species may be the
major driver of these findings rather than bottlenecks caused by the small number
of individuals released and the scarcity of hosts during the longlasting dry season
in Niger. H. hebetor population structure was represented by several small patches
and genetically distinct individuals. Gene flow occurred at local and regional scales
through human-mediated and natural short-distance dispersal. These findings high-
light the importance of the mating system in the genetic diversity and structure of H.
hebetor populations, and contribute to our understanding of its reported efficacy
against MHM in pearl millet fields.
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Introduction

Pest management has played a critical role in achieving the
current level of the global food supply, and its importance will
continue to increase due to the increase in the human

population with the Sahelian countries being particularly af-
fected. In parallel, concern about preserving the environment
and the health of living organisms is also increasing. In this
context, biological control (BC) is often considered as one of
the most economical and environmentally sustainable means
of managing agricultural pests and crop diseases (Cock et al.,
2010; Oleke et al., 2013; van Lenteren et al., 2018). BC of insect
pests relies on the use of natural enemies (mainly parasitoids
andpredators, andmicrobial pathogens)which canbepurchased
from commercial suppliers or produced locally, or/and which
occur naturally in the agroecosystem concerned. In augmentative
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BC (ABC), natural enemies are mass-reared before being re-
leased for supplementary pest control in field crops either for
immediate or several generation control. ABC has been applied
with some success for more than 100 years in several cropping
systems and geographic areas (Gurr & Wratten, 2000; Cock
et al., 2010; Calvo et al., 2012; Ba et al., 2014 ; Wang et al., 2014;
Kaboré et al., 2017; van Lenteren et al., 2018). Today, ABC is
most often included in Integrated Pest Management (IPM) pro-
grammes that also incorporate new technologies and practices,
in particular genetic tools and approaches (van Lenteren et al.,
2018). Genetic markers, including mitochondrial DNA and
microsatellite loci, are particularly valuable for solving taxo-
nomic problems, assessing advantageous biological traits
such as host specificity and dispersal ability in natural enemies,
detecting among- or within-population structure and diversity,
etc. (Behura, 2006; Gariepy et al., 2007; Rauth et al., 2011;
Gaskin et al., 2011; Vorsino et al., 2012; Moffat & Smith, 2015).
Concerning ABC, there are several important issues which re-
quire the use ofmolecular tools including species identification,
detection of signatures of bottlenecks, loss of genetic diversity
and increased inbreeding (the last two likely due to the small
numbers of BC agents released), monitoring the released BC
agents, and gene flow with natural populations in the agroeco-
systems targeted. All these parameters can impair BC efficacy
and need to be better understood to improve our knowledge
of what actually happens in the agroecosystems.

Pearl millet Pennisetum glaucum (L.) is one of the most im-
portant staple cereal foods in semi-arid and arid areas of Asia
and Africa, and particularly in the African Sahel where it is
the only cereal crop that can produce grain yields under the
prevailing harsh conditions (i.e. the poorest soils, the hottest
climate, low and erratic rainfalls). Despite its adaptation to ex-
treme climatic conditions, pearl millet suffers frommany biot-
ic constraints including insect pests (Nwanze & Harris, 1992).
Among these, the millet head miner (MHM), Heliocheilus albi-
punctella (de Joannis) (Lepidoptera, Noctuidae), is a major in-
sect pest of millet in the African Sahel. It is a univoltine species
which diapauses during the dry season (i.e. for at least 9
months) and attacks millet during the rainy season (Gahukar
et al., 1986; Nwanze & Sivakumar, 1990; Sow et al., 2018).
Management of this pest in Sahelian countries has involved
the use of insecticides, host-plant resistance, cultural manage-
ment practices and more recently the use of indigenous BC
agents (Payne et al., 2011; Ba et al., 2014; Kaboré et al., 2017;
Baoua et al., 2018). Habrobracon hebetor Say (Hymenoptera,
Braconidae), a well-known gregarious ectoparasitoid of the
larvae of a wide range of economically important moths that
mainly infest stored grains as well as field crops worldwide is
commonly used. This cosmopolitan parasitic wasp has been
used with some success for many years to regulate destructive
moth pests (Payne et al., 2011; Adarkwah et al., 2014; Ba et al.,
2014; Ghimire & Philipps, 2014). The first releases ofH. hebetor
against MHM were attempted in Senegal in 1985, then in
Niger in the early 2000s (Kaboré et al., 2017). In recent years,
the apparent efficacy of H. hebetor augmentative releases
against MHM populations conducted at the beginning of the
rainy season has been reported (Payne et al., 2011; Ba et al.,
2014; Baoua et al., 2018). As a result, its use has expanded
but many knowledge gaps remain particularly concerning
the genetic diversity and structure of this species that occurs
naturally in open-field cropping systems and grain stores as
well as being mass-produced and released in the field. For ex-
ample, it has been commonly assumed that even a restricted
parasitoid population can survive the 9 month diapause

period of its host MHM. H. hebetor can also enter reproductive
diapause but only under laboratory, and certain temperature
and photoperiod conditions which do not occur in Sahelian
countries such as Niger (Chen et al., 2012). Consequently, as
a parasitoid of many lepidopteran species, is it likely that H.
hebetor shifts to other moth hosts and/or locations and re-
covers rapidly in the rainy season. The fact is, what actually
happens to this widely used BC agent before (i.e. during
mass rearing) and after its release among all the H. hebetor
which occur in pearl millet fields is not clearly understood.
To this end and to advance our knowledge onH. hebetor popu-
lation genetics, a large sampling ofH. hebetormainly emerging
from MHM larvae parasitized in pearl millet fields in Niger,
one of themajor pearl millet producers in Africa, was collected
and compared to some laboratory strains. Based on two
mtDNA genes and microsatellite markers (Garba et al.,
2016), and using population genetics and phylogeny ap-
proaches, we investigated: (1) the genetic diversity of some
laboratory H. hebetor strains used for annual field releases,
(2) whether it would be possible to monitor them in the
field, (3) the patterns of genetic diversity and structure of
H. hebetor from the field, (4) the possible occurrence of recent
bottlenecks and inbreeding, which are more likely to occur in
the dry season when its host MHM diapauses and more
broadly in the absence of many lepidopteran hosts, (5) the
level of gene flow between the samples and the distinct genetic
(sub)populations, and at various spatial scales. Our findings
are discussed in light of the species’ biology and their rele-
vance for BC.

Material and methods

Samples

A total of 618 H. hebetor individuals from 34 samples com-
prising seven laboratory samples and tests, and 27 samples
collected in millet fields from 12 different locations in Niger
(fig. 1) and Iran was studied (table 1). Thus, one sample corre-
sponds of all individuals collected on the same day from sev-
eral panicles of millet plants growing in a restricted site, or
from the laboratory colony or tests. The samples named
L-NgF, L-Ng9, L-Ng12, L-Ng14 and L-Ng19 consisted of spe-
cimens collected between August 2014 and September 2016
from the colony of H. hebetor maintained at the DGPV
(Department of plant protection) in Niamey since 1989. This
laboratory colony was first established from parasitized
MHM larvae collected in the field in Sadoré (45 km from
Niamey). It was subsequently maintained on Corcyra cephalo-
nica 3rd and 4th instar larvae as described by Bal (2002).
Both insects are cultured in the laboratory at room tempera-
ture (30 °C ± 4 °C) with 30% relative humidity (RH). To main-
tain the colony, H. hebetor from parasitized MHM larvae
collected in the field or caught using insect nets were some-
times added, as was the case in 2008 using specimens from
the Dosso region, and in 2010 and 2015 using specimens
from Tondibia and Louga regions, respectively (fig. 2). The
samples named C-Ng17 and C-Ng18 were the progeny of
preliminary reciprocal crossing-tests between H. hebetor from
the DGPV colony and some field individuals from Bazaga
(GPS coordinates 13.79999N, 5.09999E_ about 325 kms east
from Niamey) as follows: 2 ♂ field x 2 ♀ DGPV for C-Ng17,
2 ♀ field x 2 ♂ DGPV for C-Ng18. The otherH. hebetor samples
were from MHM larvae collected from either a restricted area
including 16 sites along a maximal 1400 meter-transect (i.e.
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Louga), or from sites located between 2 and 500 kms away
(fig. 1). In all the areas, millet was the most important cereal
grown but was often associated with cowpea (Vigna unguicu-
lata, Fabaceae). In the part of the Louga region sampled, there
were temporary ponds 1–2 km away from the central collec-
tion point that enabled vegetable cultivation, and where
the natural vegetation included the two predominant tree spe-
cies Faidherbia albida (Fabaceae) and Piliostigma reticulatum
(Fabaceae). As far as we know, some of the sites in which
H. hebetor came from were previously subjected to some
DGPV-parasitoid colony releases during BC campaigns or ex-
periments: in Dantiadou, one release was made by the DGPV
and a private producer in October 2014; in Dosso, two succes-
sive releases by the DGPV were made in the autumn 2014 and
2015; and others in the localities of Louga and Tondikouarey in
September 2014, and in the locality of Ayorou in September
2015 (fig. 2). In the present study, all samples collected in the
Louga region (except F-Ng36 and F-Ng37) resulted from a pre-
liminary release experiment of parasitoids conducted by
the DGPV in September 2016 in a millet field located at the
central point (GPS coordinates 13.64946N, 2.09554E) on the 5
September 2016. Before the parasitoids were released at the
central point, parasitized MHM larvae were collected in the
vicinity and kept in the laboratory until H. hebetor emergence
(i.e. F-Ng20, control sample). After this control collection, a
laboratory wasp strain was released and dispersed to parasit-
ize MHM larvae in millet fields. One week later, on the 12
September, parasitized MHM larvae were collected from
nine millet panicles per site (F-Ng21 to F-Ng35) along cardinal
directions (N, W, S), and at intervals of 200 m away the release
point along amaximal 0 to 1400 m transect. Because of a severe
drought and the vicinity of a transport axis, no panicles and/
or MHM larvae were found along the eastern and southern
axes. A total of 10–15 parasitized MHM were collected at
each site, transferred to the DGPV laboratory, and examined
for parasitoid emergence. The wasps obtained were clearly
female biased. The wasps originating from MHM collected
per panicle were pooled and placed alive in a tube filled with
90% ethanol and stored at −20 °C for genetic analyses. From
one to 30wasps emerging fromdifferentMHM larvae collected
from different panicles to limit sibling effects per site were then
analyzed. Most of these specimens were also morphologically
checked by the authors andwhen required by a Braconid expert
(G. Delvare, CIRAD, France).

DNA protocols

Genomic DNAwas extracted from each adultH. hebetor for
further amplification of mitochondrial and nuclear DNAmar-
kers using the DNeasy Blood & Tissue Kit (Qiagen) according
to the manufacturer’s instructions.

Two mitochondrial fragment genes, COI and 16S rDNA,
were amplified and then sequenced in one to five specimens
(male and/or female) per site and laboratory strain (table 1)
using the barcoding primers LCOI490 [GGTCAACAAATCA
TAAAGATATTGG] and HCOI2198 [TAAACTTCAGGGTG
ACCAAAAAATCA] for COI (Folmer et al., 1994), and the pri-
mers 16SWa [CGTCGATTTGAACTCAAATC] and 16SWb
[CACCTGTTTATCAAAAACAT] for 16S rDNA (Dowton
et al., 1998). Standard 25 µl polymerase chain reactions
(PCRs) were performed. For COI, 1.2 µl of one DNA template,
2.5 µl of Qiagen amplification buffer 10X (with 15MmMgCl2),
l μl of 2.5 Mm dNTPs, 1.75 µl of each 10 µM primer, 1 unit of
Taq polymerase (Qiagen), and 16.3 µl of ultrapure water were
used. PCRs were performed as follows: an initial denaturing
step for 5 min at 95 °C, 40 cycles comprising a 3 min. denatur-
ing step at 95 °C, a 1 min. annealing step at 50 °C, a 1 min.
elongation step at 72 °C, and a final 10 min elongation step
at 72 °C. For 16S rDNA, 2.5 µl of one DNA template, 2.5 µl of
Qiagen amplification buffer 10X (with 15MmMgCl2), l.8 µl of
2.5 Mm dNTPs, 2 µl of each 10 µM primer, 1 unit of Taq poly-
merase (Qiagen), and 13.7 µl of ultrapure water were used.
PCRs were performed as follows: an initial denaturing step
for 4 min at 95 °C, 37 or 40 cycles comprising a 30 s denaturing
step at 95 °C, a 1 min. annealing step at 55 °C, a 40 s elongation
step at 72 °C, and a final 7 min elongation step at 72 °C.
Eighty-two amplified COI- and 78 16S rDNA fragments
were sequenced (Eurofins MWG, France) and obtained in
both directions. The resulting consensus sequences were
aligned using Muscle software (Li et al., 2015; http://www.
ebi.ac.uk/Tools/msa/muscle/) and manually checked before
being deposited inGenBank (Accession no.MH733498-576 and
MH733582-584 for COI; MH721433-435 and MH721438-513
for 16S rDNA), and analyzed.

A total of 614H. hebetor individuals originating from fields,
laboratory strains or crossing tests was first screened using
24 microsatellite loci distributed in three PCR multiplex
sets (table S1). Standard 10 µl PCRs were performed as de-
scribed by Garba et al. (2016). Diluted PCR products were
run on an ABI Prism 3130XL automated sequencer (Applied

Fig. 1. Niger maps (from OpenStreetMap) with the sites where parasitized millet head miner (MHM) larvae from which the H. hebetor
samples emerged were sampled from September 2013 to September 2016 (fig. 1a). Ng-Lou represents all 12 samples from Louga
collected in September 2016 (fig. 1b). The sites are from pearl millet fields. The sample code for each site is as listed in table 1.
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Table 1. Description of the samples and number ofHabrobracon hebetor analyzed (N). Samples were collected frommillet crop fields in Niger and Iran, and fromDGPV laboratory rearings
or obtained from a cross between specimens sampled in the field and those reared in the laboratory.

Geographic origin

Sample
code Collection Date

Genetic analysis

Country Location GPS coordinates
Microsatellites

(N)

82 COI/78
16S rDNA

sequences (N) COI Accession no. 16S Accession no.

Open field
Niger

Dantiadou 13.40634 N
2.71836 E

F-Ng1 August 2014 24 4/4 MH733498, 499, 564, 565 MH721449, 455, 456, 470

Tondikouarey 13.58236 N
1.99969 E

F-Ng3 September 2014 22 3/3 MH733502, 514, 558 MH721452, 458, 468

Bangoula 13.5972 N
1.99191 E

F-Ng4 September 2014 13 3/3 MH733509, 569, 570 MH721446, 463, 469

Tondibia 13.5717 N
2.020226 E

F-Ng5 September 2014 18 3/2 MH733504, 507, 512 MH721464, 466

Lourgou (Bango) 13.93967 N
0.73429 E

F-Ng6 September 2014 11 2/2 MH733503, 511 MH721448, 460

Ayorou 14.4412 N
0.5655 E

F-Ng7 September 2014 14 2/2 MH733500, 505 MH721459, 465

Ouallam 14.318 N
2.086 E

F-Ng8 September 2014 17 4/4 MH733506, 508, 510, 513 MH721443, 444, 447, 453

Diney Zougou
(Dosso)

13.04708 N
3.20391 E

F-Ng11 September 2013 21 3/3 MH733553-555 MH721450, 451, 457

Mali border 14. 97126 N
0.89220 E

F-Ng13 August 2015 13 2/3 MH733519, 571 MH721471, 76, 513

Birni N’konni
(Nigeria border)

13.7897222 N
5.24916666666 E

F-Ng15 August 2015 5 2/2 MH733572, 573 MH721473, 474

Louga (T0-0) 13.64946 N
2.09554 E

F-Ng20 September 2016 26 2/2 MH733517, 518 MH721484, 486

Louga (T7-0) 13.64946 N
2.09554 E

F-Ng21 September 2016 25 2/2 MH733534, 535 MH721494, 495

Louga (T7-200N) 13.651267 N
2.095535 E

F-Ng23 September 2016 24 2/2 MH733536, 537 MH721496, 496

Louga (T7-400N) 13.653076 N
2.095528 E

F-Ng24 September 2016 12 2/2 MH733525, 526 MH721487, 488

Louga (T7-600N) 13.654884 N
2.095521 E

F-Ng25 September 2016 24 2/2 MH733538, 539 MH721498, 499

Louga (T7-800N) 13.656692 N
2.095514 E

F-Ng26 September 2016 13 2/2 MH733549, 550 MH721510, 511

Louga (T7-200W) 13.649452 N
2.093693 E

F-Ng28 September 2016 19 3/3 MH733540-542 MH721485, 500, 501

Louga (T7-400W) 13.649446 N
2.091844 E

F-Ng29 September 2016 24 2/1 MH733551, 552 MH721512

Louga (T7-600W) 13.649439 N
2.089995 E

F-Ng30 September 2016 20 2/2 MH733515, 516 MH721502, 503

Louga (T7-800W) 13.649432 N
2.088146 E

F-Ng31 September 2016 22 2/2 MH733543, 544 MH721504, 505
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Table 1. (Cont.)

Geographic origin

Sample
code Collection Date

Genetic analysis

Country Location GPS coordinates
Microsatellites

(N)

82 COI/78
16S rDNA

sequences (N) COI Accession no. 16S Accession no.

Louga (T7-1000W) 13.649425 N
2.086297 E

F-Ng32 September 2016 24 2/1 MH733545, 557 MH721506

Louga (T7-1200W) 13.649419 N
2.084448 E

F-Ng33 September 2016 24 2/2 MH733546, 547 MH721507, 508

Louga (T7-1400W) 13.649412 N
2.082599 E

F-Ng34 September 2016 12 4/4 MH733531, 532, 533, 556 MH721480, 491- 493

Louga (T7-200S) 13.647651 N
2.095549 E

F-Ng35 September 2016 19 2/1 MH733548, 576 MH721509

Louga 13.64630 N
2.09664 E

F-Ng36 September 2016 3 2/3 MH733527, 528 MH721478, 89

Louga 13.65213 N
2.09556 E

F-Ng37 September 2016 1 2/2 MH733529, 530 MH721481, 490

Iran
Khorramabad district
Crossings field X DGPV laboratory

F-Ir12 June 2015 30 3/3 MH733582-584 MH721433-435

♂Bazaga x ♀DGPV C-Ng17 September 2015 13 2/1 MH733522, 523 MH721477
♀Bazaga x ♂DGPV C-Ng18 September 2015 24 −/1 - MH721479

DGPV Laboratory
rearing

1st L-NgF August 2014 2 5/4 MH733559-563 MH721439-442
2nd L-Ng9 October 2014 23 4/4 MH733566-568, 575 MH721445, 461, 462, 482
3rd L-Ng12 February 2015 24 2/2 MH733501, 574 MH721454, 467
4th L-Ng14 December 2015 24 2/2 MH733520, 521 MH721472, 475
5th L- Ng19 September 2016 24 1/1 MH733524 MH721483

Louga (T0 or T7- cardinal axis distance from the release point O) T0: the 5 September, 2016; T7: the 12 September, 2016; N: North; W: West; S: South.
DGPV: Department of Plant Protection, Niamey, Niger.
In front of the sample code, the following letters F for field, L for laboratory and ,C for crossing tests. Country names and sample codes are in bold.
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Biosystems, Montpellier, France) using the GeneScan-500
LIZ ™ size standard. Allele sizes were scored using
GeneMapper ™ 4.0 software (Applied Biosystems) and con-
firmed manually.

Genetic analyses

Hardy–Weinberg and linkage testing, marker polymorphism
analysis

GenePop 4.2 on the Web (Raymond & Rousset, 1995,
http://genepop.curtin.edu.au/) was used to compute the ob-
served number of alleles (NA), the allele size range and mean
observed (HO) and unbiased expected heterozygosity (HE) of
all samples containing more than five specimens. The same
software was also used to test linkage disequilibrium (LD) be-
tween each pair of microsatellite loci, deviation from Hardy–
Weinberg equilibrium (HWE) and the inbreeding coefficient
(FIS) of each locus and sample. As multiple tests were con-
ducted, sequential Bonferroni correction of the P-values was
performed. As potential factors of deviation from HWE, null
allele frequency and/or the presence of scoring errors were es-
timated (Micro-Checker program, van Oosterhout et al., 2004;
FreeNA package, Chapuis & Estoup, 2007). Standard indices
of genetic variability for theCOI- and 16S rDNA fragments ob-
tained [number of haplotypes (NH), polymorphic sites, haplo-
type (h) and nucleotide (π) diversities and their standard
deviations, nucleotide difference] and the selective neutrality
of the observed nucleotide polymorphisms estimated using
Tajima’s D parameter (Tajima, 1989) were evaluated using
the DnaSP v6.11.01 package (Rozas et al., 2003).

Phylogenetic inferences

Phylogenetic COI- and 16S rDNA-based trees were
built using character-based maximum likelihood (ML) meth-
ods (Guindon et al., 2010; PhyML3.0 http://www.atgc-
montpellier.fr/phyml/). The Smart Model Selection tool
(Lefort et al., 2017) in the PhyML Web server was used to de-
termine the most suitable model of DNA substitution for each
dataset. Based on the Akaike information criterion (AIC), the
GTR + I and GTR +G + I models were selected as the statistic-
ally most appropriate models for the 16Sr DNA and COI se-
quence datasets, respectively. Branch supports were assessed
by 1000 bootstrap resamplings. Phylogenetic trees were con-
structed with 94 or 93 sequences from the present study: 82
COI- and 78 16S rDNA H. hebetor sequences, 12 COI- and 15

16S rDNA sequences from various Braconids [Bracon sp1.
and sp2., B. brevicornis, B. lissogaster, B. nigricans, B. cephi],
some more H. hebetor retrieved from GenBank [KX371823,
KJ627789, KY484509, AF003483] and the BOLD database
[NZHYM803, GBMI73841], and rooted.

Population genetic structure

A multilocus Bayesian clustering analysis was performed
using a Markov Chain Monte Carlo (MCMC) algorithm and
Structure software v.2.3 (Pritchard et al., 2000) to delineate
genetic populations. The most likely value of K (number of
genetic populations), the quantification Q (individual assign-
ment) of how likely each individual is to belong to each genetic
population were estimated using the admixture model with
correlated allele frequencies, and using (or not) information
on their prior location (LocPrior = 1) (Hubisz et al., 2009). For
each run, a burn-in period of 80,000 iterations followed by
80,000 MCMC iterations was applied. Log-likelihood esti-
mates [lnP(D)] were calculated for K = 1–15. Twenty replicates
were performed to test the consistency of the results. The most
probable number of genetic populations (K) was estimated as
the lowest value of K which best captured the structure
observed (Structure v.2.3) and the higher delta K value esti-
mated according to the method of Evanno et al. (2005)
(Structure Harvester program, http://taylor0.biology.ucla.
edu/structureHarvester/, Earl & vonHoldt, 2012). The dataset
was then partitioned into each of the defined genetic popula-
tions to be reanalyzed following the same procedure as above.
The values of r, which parameterizes the amount of informa-
tion vehicled by the location, were also examined. Values of
r > 1 indicate that there is either no population structure or
that the structure is independent of the location. As a comple-
mentary analytical approach, principal component analysis
(PCoA) was performed on the whole sampling and then sep-
arately on each genetic population to summarize the genetic
variability of the microsatellite dataset and to identify possi-
ble genetic (sub)populations using GenAlex 6.5 (Peakall &
Smouse, 2012).

Levels of population genetic diversity

For each defined genetic (sub)population, the previously
described genetic variability indices [(NA), (HO), (HE) for the
microsatellites, (NH), (h) and (π) and their standard errors for
the mtDNA markers] were estimated using GenePop on the
Web and DnaSp, respectively.

Fig. 2. Figure representing what is know about the contributions of field H. habrobracon in the DGPV laboratory colony (from 1987 to 2015)
and the releases ofH. hebetor from the DGPV colony (autumn 2014 and 2015) in some areas where the sampling investigated was conducted
(from September 2013 to September 2016).
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As demographic bottlenecks can influence allele richness
and heterozygosity, tests were run to identify their signatures
in the microsatellite data for each of the 31 samples with N≥ 5
using Bottleneck v.1.20.2 (Piry et al., 1999). This method as-
sumes that recent bottlenecks cause a shift away from an
L-shaped distribution of allelic frequencies to one with fewer
alleles in low-frequency categories. So, we used the descriptor
(‘mode-shift’ indicator) of the allele frequency distribution and
the non-parametric Wilcoxon sign rank test under the two-
phase mutation model (TPM) (variance 30.00, probability
70%, 1000 simulations) to assess deviation from expected ex-
cess heterozygosity (signature of a bottleneck). Probability va-
lues determined using a one-tailed Wilcoxon test for
heterozygote excess <0.05 and a shifted-mode of allele fre-
quency distribution were considered as indicative of
bottlenecks.

Levels and factors of population differentiation

The levels of genetic differentiation among the 31 samples
withN≥ 5 and the (sub) populations delineated were assessed
from each microsatellite dataset harbouring (1) no null alleles
using the excluding null alleles (ENA) method (FST-ENA) fol-
lowing bootstrapping over loci (1000 replications) using
FreeNA (Chapuis & Estoup, 2007), and (2) null alleles (FST)
using GenePop 4.2. The overall significance of genotypic dif-
ferentiation was estimated using Fisher’s exact tests imple-
mented in GenePop 4.2 on the Web.

The correlation between geographic distance and genetic
distance was estimated by isolation-by-distance (IbD) analysis
performed using a regression of FST/(1− FST) values against
the log of the geographical distance (kilometres) between sam-
pling sites. The significance of the correlation between the two
data matrices was assessed using a Mantel test with 1000 per-
mutations, as implemented in Isolde in GenePop 4.2. on the
Web. This approach was conducted at the local (i.e. Louga)
and regional scales including all field samples with N≥ 5.

To estimate the significance of genetic variation explained
by the following factors: the collection year for the field sam-
ples (i.e. from 2013 to 2016) in Niger, the location of the field
samples (i.e. Louga, Dantiadou, Tondikouarey, Bangoula,
Tondibia, Lourgou, Ayorou, Ouallam, Dosso, Mali or
Nigeria borders), the type of sample (lab vs. field samples),
some analyses of molecular variance (AMOVA) were per-
formed using GenAlex 6.5 (Peakall & Smouse, 2012). The sig-
nificance of each analysis was tested using 999 random
permutations.

Results

Hardy–Weinberg and linkage testing, marker characteristics

A total of 614 H. hebetor specimens sampled across 34 sam-
ples were successfully genotyped at 24 polymorphic loci. The
number of alleles per locus ranged from two to 24 (overall loci,
mean NA = 8.91). Heterozygosities revealed a wide range of
values per locus (0.018 <HO < 0.726; 0.012 <HE < 0.889) and
high mean values over all 24 loci (HO = 0.516 + 0.205;
HE = 0.643 + 0.206) (table S1). After Bonferroni correction, 21
loci out of 24 conformed to HWE and no evidence for LD re-
mained, suggesting they segregated independently. The mean
frequency of null alleles for each locus (table S1) and sample
(table 2) was low (f < 0.10) and no evidence for significant scor-
ing errors was revealed. As a result, the 21 microsatellite loci

that conformed to HWEwere used for the population genetics
study. For all the samples withN≥ 5, the number of alleles per
locus ranged from 1.71 to 5, and mean heterozygosities
(HO = 0.564 ± 0.085;HE = 0.533 ± 0.091) did not globally differ
except for F-Ng15 and F-Ir12. But most of the samples indi-
vidually revealed heterozygosity excess and low or even nega-
tive FIS (−0.442≤ FIS≤ 0.133) values both statistically
significant in 7/25 field samples, 1/2 crossing samples and
1/4 laboratory samples (table 2).

Twelve 641 bp-COI and 32 506 bp-16S rDNA fragments
were obtained. Both genes revealed two very common haplo-
types (f≥ 15.8%) andmany rare ones. No haplotypewas shared
between the H. hebetor from Iran and Niger. Specimens from
laboratory samples shared haplotypes with those from the
fields (table S2). The genetic diversity (hCOI = 0.616 ± 0.057,
π COI = 0.005 ± 0.002; h16S rDNA = 0.584 ± 0.066, π16S rDNA =
0.004 ± 0.001) and the polymorphism (6.86% and 10.47% for
COI- and 16S rDNAwith <7% of informative sites, respectively)
were shown to be moderate. This polymorphism did not
result from non-random processes (Tajima’s DCOI =−1.976,
PCOI < 0.05; Tajima’s D16S rDNA =−2.413, P16S rDNA < 0.01). It
was mainly characterized by transitions among the H. hebetor
haplotypes in Niger. The haplotype(s) deriving from Iran speci-
mens exhibited a low level of nucleotide variability among
themselves, in some cases, none, but a high level of both transi-
tions and transversions with the homologous haplotypes deriv-
ing from Niger specimens (tables S2).

Phylogenetic inferences

Both COI- and 16S rDNA phylogenetic reconstructions
(only the COI-based reconstruction is shown here, fig. 3)
showed two well-supported H. hebetor lineages (bootstrap va-
lues >90%), differing in 5.7–6.3% of nucleotides in the 641
bp-COI fragment and 1.9–4% in the 506 bp-16S rDNA frag-
ment. One lineage consisted of the haplotype(s) deriving
from the Iran specimens. The other included all the haplotypes
from the Niger specimens, displaying <1% of nucleotide vari-
ability for COI and between 0.3 and 2.7% for 16S rDNA (table
S3). ML analyses of both mitochondrial datasets derived from
H. hebetor from Niger failed to produce well-resolved recon-
structions (most bootstrap values < 60%). Unexpectedly, all
B. brevicornis haplotypes clusteredwithin theH. hebetor lineage
instead of being positioned as outgroups with the others bra-
conids, and low nucleotide variability (1–1.3% for COI, 0.3–
2.3% for 16S rDNA) was estimated between the two putative
species (table S3, fig. 3).

Population structure

Based on PCoA in which the first two axes explained re-
spectively, 25.8 and 23.6% of the variance in the experimental
data (data not shown), and Bayesian analyses (with or without
LocPrior = 1), the H. hebetor from Iran were clearly separated
from those from Niger and a complex structure was revealed
within the Niger genetic population (K1) (fig. 4. fig S1). Using
Evanno’s method, the most likely number of subpopulations
was seven (table S4), with most of the individuals being as-
signed (with Q ≥ 0.80) to one of the seven subpopulations
shown in different colours and named K1A to K1G (fig. 4).
Most individuals from Louga were more weakly assigned to
a particular subpopulation (Q≤ 0.70) with many individuals
being genetically admixed (i.e. with K1B, K1C, K1D, K1E nuclear
background) and shared among at least four subpopulations
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(K1C, K1D, K1E, K1F) (fig. 4). K1A consisted of all individuals
from L-NgF and L-Ng12, and some more from L-Ng9 and
F-Ng1 individuals (0.60 <Q < 1). K1B consisted of all indivi-
duals from L-Ng14, C-Ng17, C-Ng18, F-Ng13 and F-Ng15,
and a few from F-Ng28. The H. hebetor included in K1C were
from L-Ng9, from most of the field samples collected at the
regional and Louga scales in Niger but the probability of as-
signment to this subpopulation ranged from weak to high
(0.35 <Q < 1). Admixture (major Q ≤ 0.50) was significant
in many Louga samples (F-Ng24 to F-Ng29, F-Ng31 and
F-Ng36-37) meaning some specimens were not assigned
to a specific subpopulation. K1D consisted of all L-Ng19 in-
dividuals released at Louga on the 5 September 2016 and
76% of the F-Ng21 individuals from MHM larvae collected
in the same site but 1 week later. K1E consisted of indivi-
duals from various locations (i.e. Tondikouarey, Tondibia
and Louga). K1F consisted of some individuals from two
nearby sites in Louga. K1 G only included the H. hebetor

F-Ng11 from Dosso (table 3, fig. 4). The r values estimated
(0.7 < rwhole sampling < 1.6; mean rNiger = 0.468) indicated
that the clear and complex structure shown between Iran
and Niger and then in Niger, respectively, was not signifi-
cantly based on location information.

Patterns of genetic diversity

Overall, the highest levels of genetic diversity were ob-
tained for the field samples vs. the laboratory ones for both
markers [(microsatellites: HOfield= 0.589 ± 0.119; HOtests= 0.534 ±
0.028; HOlab= 0.517 ± 0.044; mean NAfield= 3.77 ± 0.86; mean
NAtests = 3.07 ± 1.24;meanNAlab = 3.16 ± 0.64), (COImitotypes:
three for laboratory specimens vs. 12 for the field ones)]. Among
the field samples, significantly lower genetic diversity and
17/34 private alleles (i.e. alleles that occur at any frequency but
in a single sample)were observed for F-Ir12 (table 2, table S2). In
Niger,K1C, whichwas also themost represented subpopulation

Table 2. Genetic characteristics of the 34 samples over the 21 polymorphic microsatellite loci selected for the study (no LD, HWEquilibrium,
f null−allele < 0.10).

Sample N NA HO ± SE HE ± SE Mean fnull−allele ± SE FIS

Field samples
F-Ng1 24 4.38 0.503 + 0.206 0.573 + 0.203 0.056 + 0.049 0.125
F-Ng3 22 3.57 0.550 + 0.267 0.566 + 0.215 0.037 + 0.007 0.029
F-Ng4 13 3.62 0.667 + 0302 0.541 + 0.187 0.016 + 0.045 −0.244
F-Ng5 18 4.62 0.645 + 0.221 0.631 + 0.174 0.014 + 0.034 −0.023
F-Ng6 11 2.86 0.671 + 0.329 0.475 + 0.199 0.001 + 0.001 −0.442
F-Ng7 14 3.24 0.552 + 0.311 0.499 + 0.235 0.018 + 0.044 −0.110
F-Ng8 17 3.71 0.568 + 0.352 0.480 + 0.223 0.010 + 0.028 −0.192
F-Ng11 21 2.86 0.537 + 0.387 0.389 + 0.252 0.008 + 0.033 −0.395
F-Ng13 13 3.29 0.503 + 0.193 0.578 + 0.203 0.039 + 0.048 0.133
F-Ng15 5 1.71 0.305 + 0.314 0.256 + 0.259 0.001 + 0.001 −0.219
F-Ng20 26 2.38 0.506 + 0.327 0.413 + 0.236 0.001 + 0.014 −0.230
F-Ng21 25 3.00 0.552 + 0.340 0.457 + 0.235 0.013 + 0.039 −0.214
F-Ng23 24 4.76 0.649 + 0.229 0.622 + 0.186 0.012 + 0.028 −0.043
F-Ng24 12 4.04 0.659 + 0.281 0.632 + 0.199 0.026 + 0.045 −0.044
F-Ng25 24 5.43 0.673 + 0.224 0.643 + 0.207 0.004 + 0.019 −0.047
F-Ng26 13 3.86 0.659 + 0.296 0.601 + 0.221 0.014 + 0.039 −0.102
F-Ng28 19 4.28 0.584 + 0.233 0.614 + 0.220 0.029 + 0.054 0.049
F-Ng29 24 5.00 0.585 + 0.213 0.639 + 0.205 0.029 + 0.046 0.085
F-Ng30 20 4.19 0.616 + 0.271 0.581 + 0.247 0.011 + 0.025 −0.061
F-Ng31 22 4.13 0.664 + 0.228 0.599 + 0.176 0.012 + 0.031 −0.112
F-Ng32 24 4.19 0.540 + 0.314 0.526 + 0.244 0.028 + 0.057 −0.026
F-Ng33 24 4.33 0.508 + 0.308 0.502 + 0.242 0.026 + 0.063 −0.013
F-Ng34 12 4.09 0.619 + 0.268 0.611 + 0.200 0.027 + 0.054 −0.043
F-Ng35 19 3.95 0.634 + 0.267 0.593 + 0.203 0.001 + 0.042 −0.072
* F-Ng36 3 2.00 – – – –
* F-Ng37 1 1.71 – – – –
F-Ir12 30 2.76 0.396 + 0.283 0.415 + 0.273 0.033 + 0.067 0.046
Laboratory tests
C-Ng17 13 2.19 0.514 + 0.305 0.410 + 0.219 0.011 + 0.027 −0.268
C-Ng18 24 3.95 0.554 + 0.269 0.568 + 0.203 0.048 + 0.093 0.029
Laboratory samples
* L-NgF 2 1.14 – – – –
L-Ng9 23 3.24 0.530 + 0.253 0.541 + 0.209 0.031 + 0.066 0.021
L-Ng12 24 3.09 0.455 + 0.204 0.502 + 0.200 0.025 + 0.052 0.096
L-Ng14 24 3.95 0.524 + 0.180 0.599 + 0.182 0.040 + 0.065 0.110
L-Ng19 24 2.38 0.559 + 0.333 0.457 + 0.245 0.019 + 0.047 −0.231

*Samples with N < 5.
N, number of specimens genotyped;NA, mean number of alleles per locus per sample;HO, observed heterozygosity;HE, unbiased expected
heterozygosity; SE, standard error.
fnull−allele, null allele frequency (Chapuis & Estoup, 2007) significant fnull−allele (f > 0.20).
FIS, inbreeding coefficient (Weir & Cockerham, 1984).
Departure from Hardy–Weinberg equilibrium after Bonferroni correction are in bold (P < 0.05) with a test for heterozygote excess.
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Fig. 3. Maximum likelihood reconstruction (Model GTR +G+ I, γ = 0.411) showing phylogenetic clusterings among the 641-bp mtCOI
sequences obtained in this study from H. hebetor specimens and other braconids (Bracon sp1, Bracon sp2, B. brevicornis, B. lissogaster,
B. nigricans, B. cephi) as outgroups, homologous sequences from H. hebetor retrieved from Genbank and BOLD databases. The tree with
the highest log likelihood (-Ln = 2124,53456) is shown. Bootstrap values over 60 are shown at the corresponding node. Abbreviations for
H. hebetor [Hap for Haplotype 641 bp-COI, sample code acronym followed by the number of the specimen, or sample code followed by
Hh, the gender (male M/female F) and the number of the specimen for the NgF sample] and for the other braconids are Brevi for B.
brevicornis, Lisso for B. lissogaster, Cephi for B. cephi are the same as in table 1 or table S2.
[Hap-1]: F-Ng1-24, F-Ng1-4, F-Ng7-5, L-Ng12-10, F-Ng3-23, F-Ng6-3, F-Ng5-18, F-Ng7-13, F-Ng8-15, F-Ng5-2, F-Ng8-16, F-Ng4-13,
F-Ng8-3, F-Ng6-11, F-Ng5-5, F-Ng3-2, F-Ng13-1, L-Ng14-12, L-Ng14-24, C-Ng17-1, C-Ng17-13, L-Ng19-8, F-Ng24-6, F-Ng24-9,
F-Ng36b-22, F-Ng36-2, F-Ng37-1, F-Ng37b-1, F-Ng34-12, F-Ng34b-1, F-Ng34b-10, F-Ng21-5, F-Ng21-8, F-Ng23-11, F-Ng23-3, F-Ng25-6,
F-Ng25-21, F-Ng28-1, F-Ng28-2, F-Ng28-4, F-Ng31-5, F-Ng31-13, F-Ng32-1, F-Ng33-16, F-Ng33-11, F-Ng35-13, F-Ng26-2, F-Ng26-9,
F-Ng29-1.
[Hap-2]: F-Ng8-7.
[Hap-3]: F-Ng30-13.
[Hap-4]: F-Ng30-8.
[Hap-5]: F-Ng20-8, F-Ng20b-6.
[Hap-6]: F-Ng29-3.
[Hap-7]: F-Ng11-3, F-Ng11-18, F-Ng11-21, F-Ng34-5, F-Ng32-2.
[Hap-8]: F-Ng3-10.
[Hap-9]: L-Ng-HhF1, L-Ng-HhF2, L-Ng-HhM3, L-Ng-HhM4, L-Ng-HhM5, F-Ng1-23, F-Ng1-10, L-Ng9-21, L-Ng9-8, L-Ng9-24, F-Ng4-10,
L-Ng12-15, F-Ng35-19.
[Hap-10]: F-Ng4-7, F-Ng13-6, F-Ng15-4, F-Ng15-5.
[Hap-11]: L-Ng9-9.
[Hap-12]: F-Ir1-2, F-Ir1-20, F-Ir1-12.
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(i.e. approximately 50% of the H. hebetor genotyped and many
admixed individuals, most sites) displayed the highest level of
nuclear (table 2) and mitotype diversity [9/12 COI haplotypes,
14/32 16S rDNAhaplotypes, tables S2].K1F andK1 G exhibited a
marked excess of heterozygotes as previously reported for
F-Ng32, F-Ng33 and F-Ng11 (table 2), and the lowest number
of alleles observed (table 3).

Wilcoxon tests and the ‘mode-shift’ indicator implemented
in the Bottleneck software indicated recent demographic bot-
tlenecks for all the laboratory strains, C-Ng17 and some field
samples [i.e. Tondikouarey (F-Ng3), Tondibia (F-Ng5), Mali
and Nigeria borders (F-Ng13, F-Ng15), Louga (F-Ng20,
F-Ng21, F-Ng24, F-Ng30)].

Patterns of genetic differentiation

FST−ENA values (from FreeNA) and FST values (from
Genepop) were shown to be similar, which is consistent with
the low frequency of null alleles found (table 2), so only the
FST−ENA values are presented here. A wide range of pairwise
FST−ENA values was observed (0.025≤ FST−ENA≤ 0.628), the
highest values being with theH. hebetor from Iran and the low-
est being betweenmost of the samples from Louga (mean pair-
wise FST−ENA (Ng23−Ng35) = 0.074 ± 0.031). This low level of
genetic differentiation between 12 samples from Louga
(F-Ng23 to F-Ng35), led us to pool them under the name
‘Lou’ even though Bayesian analyses separated ‘Lou’ H. hebe-
tor into three different subpopulations (191 in K1C vs. 12 in K1E,
20 in K1F). In contrast, the two central collection point samples
from Louga, F-Ng20 (before the H. hebetor release, in K1E) and
F-Ng21 (after the H. hebetor release, six specimens in K1C and
19 in K1D), were shown to be moderately differentiated from
the others (0.140 < FST−ENA (Ng20−21) vs (Ng23−Ng35) < 0.226)
and even more strongly differentiated among themselves
(FST−ENA Ng20 vs 21 = 0.304) (table 4, table S5; fig. 4). At the
Niger scale, pairwise FST−ENA values ranged from 0.055 to
0.507, the highest values were always observed with F-Ng15
(mean FST−ENA = 0.373) and F-Ng11 (mean FST−ENA = 0.299),
which was apart in K1 G (tables 3 and 4; fig. 4).

The laboratory samples showed levels of genetic differenti-
ation between themselves that increased with the collection
date from the laboratory colony: the pairwise FST−ENA values
between L-NgF, L-Ng9 and L-Ng12 (sampled from August
2014 to February 2015) were 0.087, with L-Ng14 (collected
in December 2015) they ranged from 0.133 to 0.155 and
then with L-Ng19 (collected in September 2016) they
ranged from 0.191 to 0.291. Somewere less differentiated from
some field samples than from some laboratory strains (e.g.
FST−ENA (L−Ng14 vs F−Ng13) = 0.016, FST−ENA (L−Ng14 vs F−Ng5) =
0.098 vs FST−ENA (L−Ng14 vs L−Ng19) = 0.191). Regarding L-
Ng19, all the estimated pairwise FST−ENA values were greater
than 0.19, with both reared and field samples. C-Ng17 and
C-Ng18 which corresponded to reciprocal crossings between
DGPV specimens and specimens collected in the field at
Bazaga in September 2015, revealed low genetic differenti-
ation from L-Ng14, moderate one from F-Ng1, F-Ng5,
F-Ng13 and Ng-Lou samples and high genetic differentiation
from all the others (table 4). The laboratory specimens thus
clustered in four subpopulations (K1A, K1B, K1C, and K1D)
(fig. 4) also including field specimens. Most comparisons be-
tween the FST−ENA values were significant (P < 0.05).
Regarding pairwise FST−ENA values between each subpopula-
tion defined in Niger (0.036 < FST−ENA < 0.433), subpopula-
tions K1A, K1D, K1F, and K1 G differed significantly from one
another and from K1B, K1C, K1E, K1H (78.6% of the specimens
studied) which, however, displayed low levels of genetic dif-
ferentiation (FST−ENA < 0.1) among them (table S6).

Factors of genetic differentiation

At local and regional scales, there was no significant evi-
dence for isolation by distance (R2 ≤ 0.09) between the field
samples. AMOVA showed that genetic variation among the
24 field samples (i.e. withN > 5) or the 11 locations, or among
the 24 field samples vs. the four laboratory ones (i.e. with
N > 5) was not significantly explained by the collection year
(3%), the location (5%), the type of sample (3%), or the sam-
ples (10–14%). The great majority of genetic variation was

Fig. 4. Inference of population genetic structure in H. hebetor based on 21 polymorphic microsatellite loci. Results of successive Bayesian
multiloci clustering analysis and the Evanno’s method run on the samples from Iran and Niger, from the laboratory colony and
cross-tests, and the field with the delineation of two main genetic populations (K1 in Niger vs. K2 in Iran) and seven subpopulations in
Niger (K1A-K1G).
Each vertical bar represents one of the 614 specimens genotyped. The length of each bar is proportional to the inferred ancestry values (Q) in
each genetic (sub)population for each specimen. The sample code for each sample is as listed in table 1. * for Ng36-Ng37.

Patterns and drivers of genetic diversity and structure in the biological control parasitoid Habrobracon hebetor in Niger 803

https://doi.org/10.1017/S0007485319000142 Published online by Cambridge University Press

https://doi.org/10.1017/S0007485319000142


Table 3. Description and genetic diversity of the seven genetic subpopulations (K1A to K1G) defined in Niger, with the additional non-assigned specimens, using Structure software and
Evanno’s method.

Subpopulation

Genetic diversity

N (p) Specimens from samples HO ± SE HE ± SE NA FIS

K1A 45 (2/2) L2-NgF, (14/23) L3-Ng9, (24/24) L5-Ng12, (5/24) F2-Ng1 0.437 + 0.173 0.487 + 0.190 3.67 0.104
K1B 83 (24/24) L8-Ng14, (13/13) F6-Ng13, (5/5) F6-Ng15, (13/13) C7-Ng17, (24/24) C7-Ng18, (4/19) F9-Ng28 0.525 + 0.148 0.623 + 0.181 5.00 0.157
K1C 293 (10/24) L4-Ng9, (19/24) F2-Ng1, (12/22) F3-Ng3, (13/13) F3-Ng4, (12/18)

F3-Ng5, (11/11) F3-Ng6, (14/14) F3-Ng7, (1/17) F3-Ng8, (6/25) F9-Ng21, (191/237) F9-Ng23-Ng35,
(3/3) F9-Ng36, (1/1) F9-Ng37

0.648 + 0.190 0.629 + 0.190 8.10 0.029

K1D 43 (24/24) L9-Ng19, (19/25) F9-Ng21 0.532 + 0.273 0.499 + 0.231 3.14 −0.064
K1E 64 (10/22) F3-Ng3, (6/18) F3-Ng5, (16/17) F3-Ng8, (20/20) F9-Ng20, (3/24) F9-Ng32, (9/24) F9-Ng33 0.540 + 0.265 0.530 + 0.243 3.71 −0.019
K1F 19 (9/24) F9-Ng32, (10/24) F9-Ng33 0.414 + 0.270 0.264 + 0.263 1.76 −0.596
K1G 21 (21/21) F1-Ng11 0.533 + 0.404 0.359 + 0.257 2.00 −0.504
N. ass. 16 (15/19) F9-Ng28, (1/24) F2-Ng1 0.539 + 0.268 0.588 + 0.223 3.57 0.085

The sample code for each sample is as listed in table 1 (i.e. L for Laboratory, F for field and C for crossing tests). The index 1 to 6 added to L, C and F indicates the chronological positioning
of collection dates relative to each other (1: September 2013, 2: August 2014, 3: September 2014, 4: October 2014, 5: February 2015, 6: August 2015, 7: September 2015, 8: December 2015, 9:
September 2016).
N. ass., not assigned specimens: when all Q≤ 0.33.
N, number of specimens clustered; (p), proportion of specimens concerned per sample; NA, mean number of alleles per locus; HO, observed heterozygosity; HE, unbiased expected het-
erozygosity; SE, standard error.
Departure from Hardy–Weinberg equilibrium after Bonferroni correction are in bold (P < 0.05) with a test for heterozygote excess.
The sample code for each sample is as listed in table 1.
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Table 4. Pairwise estimates of FST−ENA among the 31 samples from the laboratory colony, parasitized millet head miner larvae collected in millet fields and crossing tests over the 21
polymorphic loci. Specimens from F-Ng23 to F-Ng35 (Lou) sampled in the Louga region were pooled.

Ng

Laboratory rearings (L-) Field (F-)
Crossing
tests (C-)

*F 9 12 14 19 NIGER
IRAN

17 18

1 3 4 5 6 7 8 11 13 15 20 21 Lou *36 *37 Ir12

*F 0
9 - 0
12 - 0.087 0
14 - 0.133 0.155 0
19 - 0.233 0.291 0.191 0
1 - 0.104 0.136 0.119 0.241 0
3 - 0.124 0.192 0.130 0.231 0.103 0
4 - 0.215 0.235 0.165 0.252 0.127 0.149 0
5 - 0.098 0.166 0.098 0.205 0.055 0.076 0.124 0
6 - 0.264 0.311 0.268 0.385 0.223 0.217 0.299 0.205 0
7 - 0.212 0.254 0.181 0.289 0.133 0.178 0.165 0.108 0.264 0
8 - 0.197 0.217 0.183 0.318 0.143 0.175 0.228 0.073 0.300 0.186 0
11 - 0.257 0.289 0.251 0.338 0.229 0.263 0.276 0.192 0.415 0.281 0.276 0
13 - 0.142 0.170 0.016 0.219 0.144 0.145 0.182 0.122 0.319 0.210 0.204 0.274 0
15 - 0.312 0.368 0.275 0.397 0.302 0.302 0.362 0.306 0.469 0.447 0.449 0.507 0.258 0
20 - 0.246 0.303 0.239 0.328 0.180 0.186 0.218 0.179 0.323 0.233 0.215 0.340 0.252 0.427 0
21 - 0.232 0.295 0.205 0.242 0.179 0.159 0.194 0.175 0.376 0.237 0.293 0.326 0.230 0.383 0.304 0
Lou - 0.140 0.181 0.108 0.199 0.089 0.097 0.123 0.066 0.228 0.136 0.141 0.220 0.120 0.318 0.165 0.189 0
*36 - - - - - - - - - - - - - - - - - - 0
*37 - - - - - - - - - - - - - - - - - - - 0
Iran - 0.488 0.509 0.448 0.550 0.455 0.473 0.496 0.441 0.529 0.504 0.505 0.576 0.477 0.628 0.525 0.554 0.456 - - 0
17 - 0.288 0.313 0.145 0.328 0.227 0.264 0.274 0.218 0.414 0.335 0.325 0.403 0.210 0.517 0.360 0.328 0.222 0.412 0.368 0.546 0
18 - 0.206 0.246 0.129 0.257 0.164 0.171 0.182 0.151 0.288 0.231 0.215 0.286 0.131 0.326 0.217 0.263 0.135 0.271 0.130 0.386 0.219 0

*Samples with < 5 specimens studied (N < 5). Sample names and types are in bold.
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found within individuals (85–86%) which were consequently
very distinct.

Discussion

This study is the first attempt to understand the patterns
and the main driver(s) of population genetics in H. hebetor a
biological agent of lepidopteran moths and a major pest of
pearl millet fields in the Sahel. Consistent with previous
work (Antolin et al., 2003), our findings highlight the import-
ance of the mating system in the genetic diversity and struc-
ture of H. hebetor population. They also advance our
understanding of its reported efficacy against MHM in pearl
millet fields.

Main pattern of genetic diversity

All parameters estimated based on our mitochondrial and
nuclear marker datasets showedmoderate levels of genetic di-
versity across the H. hebetor sampling conducted in Niger and
Iran but with a significantly lower level for the Iran sample,
which also exhibited many private alleles and haplotypes.
However, as only one sample was investigated, no conclusion
can be drawn until other samples from this country are
studied.

In Niger, the samples of H. hebetor emerging from MHM
moths collected in millet fields displayed a higher level of
genetic diversity than those sampled from the laboratory
colony, which were actually collected at different times (i.e
from August 2014 to September 2016). All laboratory sam-
ples unlike field ones were seen to have experienced a recent
bottleneck. These findings are consistent with BC agents
bred in mass-rearings before being released into agroecosys-
tems. Indeed, mass-rearing generally begins with specimens
collected in the field. The history of the laboratory colony of
H. hebetor was partially known, but when a founder sample
is collected in the field, the genetic variability of this base
sample is assumed to be more significant, as demonstrated
by our results. During rearing, the more adapted specimens
to the rearing conditions, for example to their alternative
host, will be maintained. If the effective number of breeding
individuals decreases drastically at this stage, the laboratory
colony might face a bottleneck and an increased inbreeding
which will reduce the genetic variability of the reared strain
before being restored by field specimens. Taken together,
these phenomena could result in strains that are genetically
less diverse, and genetically different from field popula-
tions. In the present study, contrary to what was reported
in a previous work (Heimpel et al., 1997) and as observed
in other BC agents (eg. Streito et al., 2017), the artificial pres-
sure exerted over many generations on the laboratory strain,
did not allow the fixation of typical laboratory mitotype(s).
Indeed they were also shared with field specimens indicat-
ing that the laboratory rearing had been ‘contaminated’
with field specimens either intentionally (to re-establish
the laboratory colony) or involuntarily (specimens from
lab experiments or from the surroundings), or that both
specimen types moved andmated as suggested by the recip-
rocal cross-tests conducted in the DGPV. Consequently,
monitoring of field-released H. hebetor conducted in the
framework of BC programs would not be possible using mi-
totype markers.

General outbreeding and heterozygote excess for ‘field’ samples
vs. laboratory strains: possible mechanisms involved

The F-statistics showed that Fis estimates of 21 samples out
of the 31 tested were negative, even highly negative (−0.442 <
Fis < 0.133, overall mean values Fis =−0.077) indicating that
there was significant heterozygote excess and more outbreed-
ing than would be expected randomly relative to HWE.
Particularly concerned are the field samples from Niger.
Heterozygote excess in insect populations is not as common
as heterozygote deficiency, and has never been examined in
H. hebetor species. What specific characteristics and/or demo-
graphic events could explain this finding? Overdominant se-
lection favouring heterozygotes, negative assortative mating,
and bottlenecks are generally proposed as explanations for
heterozygote excess in natural populations (Cornuet &
Luikart, 1996; Greenspoon & M’Gonigle, 2014). Concerning
overdominant selection favouring heterozygotes, the problem
always consists of having convincing examples of gene loci at
which the heterozygote was selectively superior. In H. hebetor
no evidence for such selection has been reported in the litera-
ture. Thus, could negative assortative mating and/or bottle-
neck events explain the heterozygote excess situations
observed in our study? Negative assortative mating, is non-
random mating in which mating between individuals of the
same type (e.g. same morph, same brood, etc.) occurs less
often than expected. This nonrandom mating has mainly
been demonstrated to contribute to the avoidance of inbreed-
ing, the maintenance of polymorphism and to reducing the
production of less fit offspring (Tien et al., 2011;
Rolán-Alvarez et al., 2012; Holman et al., 2013; Jiang et al.,
2013; Follett et al., 2014; Greenspoon & M’Gonigle, 2014).
The fact is that the mating behaviour and life history attributes
of H. hebetor facilitate outbreeding. Wasp larvae pupate in
close proximity to the consumed host but after emergence fe-
males exhibit a pre-mating refractory period during which
both sexes disperse (Antolin et al., 2003; van Wilgenburg
et al., 2006). As H. hebetor is a gregarious species (i.e. more
than one offspring can develop on/in a single host) the emer-
gent wasps may be related and dispersal before mating conse-
quently avoids inbreeding. Females are also able to distinguish
males from their own natal brood thus avoiding related part-
ners, and mate more than once and with different males
(Antolin & Strand, 1992; Antolin et al., 2003). Negative assorta-
tive mating favouring outbreeding therefore occurs in this
species. What is the particular advantage of outbreeding,
and inherent heterozygote excess in H. hebetor? Like
in many Hymenoptera species, sex determination is influ-
enced by a genetic process called complementary sex deter-
mination (CSD) which, in H. hebetor, is based on a single
sex-determining locus (sl-CSD). Under CSD, heterozygous
diploids at the sex-determining locus are female, while homo-
zygous haploid and diploid individuals at this locus develop
into males. These diploid males generally comprise a genetic
load within populations of Hymenoptera. In some cases,
thesemales have limited viability or/and fail to pass their gen-
etic material to subsequent generations because they are un-
able to mate properly or because they are sterile. Some
diploid males have been shown to produce viable sperm,
but the sperm is diploid rather than haploid and results in ster-
ile triploid progeny (Cowan & Stahlhut, 2004). To conclude,
lack of fitness and low performance characterize these males.
Because of the relationships among inbreeding, diploid male
production, and reproductive failure by these diploid males,
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natural selection should favour outcrossing mechanisms in
species like H. hebetor. Even though a female-biased sex ratio
should be favoured to reduce the genetic load of the CSD
both female and male-biased sex ratios and diploid males
have been reported in natural populations (Antolin &
Strand, 1992; Heimpel & de Boer, 2008; Antolin et al., 2003;
Manishkumar et al., 2013; Ba et al., 2014; Garba personal com-
munication). Then, could bottleneck events also explain the
heterozygote excess revealed in some of the field samples?
During a bottleneck, as previously said, allelic diversity
tends to declinemore than heterozygosity because bottlenecks
tend to eliminatemany low-frequency alleles. The result is that
there is an excess of heterozygosity in selectively neutral loci
compared to what one would expect from a population at
HWE. The heterozygosity excess persists only a few genera-
tions until a new equilibrium is established, consequently
only recent historical bottlenecks can be detected. InH. hebetor,
it has been assumed that the millet field parasitoid population
would not survive the long off-season when its host, MHM, is
in diapause, and consequently undergoes a serious reduction
in its effective size and hence bottlenecks. Our analyses
showed that only aminority of the field samples had faced sig-
nificant recent bottlenecks but they did not show less genetic
diversity than the other field samples. Interestingly, Tajima’s
negative values suggest population size expansion for most
samples, which, in turn, no longer experienced bottlenecks.
In species like H. hebetor whose generation time is <2 weeks
under the climatic conditions of countries like Niger (Magro
& Parra, 2001; Eliopoulos & Stathas, 2008; Ba et al., 2014) and
can parasitize a wide range of lepidopteran hosts, in crop
fields and in grain stores, recovery of a sufficient effective
population size and genetic diversity may be rapid, at least
in the field. Only one laboratory strain (L-Ng19), sampled in
September 2016 from those studied showed a negative Fis
value similar to those observed in the field samples concerned
by heterozygote excess and bottleneck. As discussed below,
L-Ng19 specimens were sampled from laboratory colony
only a few generations after some specimens from the Louga
surroundings had been added to maintain the laboratory col-
ony. This could have led it to differentiate from the previously
sampled lab H. hebetor [FST(L−NG19 VS L−NG−F−9−12−14) > 0.19]
and to experience more outbreeding than those laboratory
samples which had not been recently refreshed with fieldH. he-
betor. Taken together, our results suggest that themating system
rather than bottlenecks is probably the main driver of genetic
diversity in H. hebetor.

Complex genetic structure and gene flow

Insights from the two molecular markers were not equally
significant, which may be explained by the features of the
two kinds of markers; microsatellite loci, with their high muta-
tion rate, can increase the overall resolution needed to detect
more recent population genetics events, and in comparison,
the slower mutation rate of the mtDNA markers may provide
a more historical than recent picture of gene flow. Indeed,
phylogenetic analyses based on COI- and 16srDNA datasets re-
sulted in poorly resolved trees, with only two strongly sup-
ported divergent lineages distinguishing specimens from Iran
from those fromNiger. The lack of a phylogenetic signal within
NigerH. hebetor cladesmay result from the low level of intraspe-
cific divergence observed (e.g. <3% in mtCOI). As suggested by
Mardulyn&Whitfield (1999), the absence of a phylogenetic sig-
nal in parasitic braconid wasps could result from rapid

diversification of the species examined caused by the great di-
versity of lepidopteran hosts. However, this hypothesis and ob-
taining a better phylogenetic signal could be tested by notably
increasing the number of genes studied. Based onmicrosatellite
loci, Iran and NigerH. hebetorwere again clearly separated into
two strongly differentiated populations (FST−ENA(Niger VS

Iran) > 0.44). The extent to which all genetic parameters differed
led us to wonder whether the two lineages were distinct mor-
phocryptic entities of H. hebetor, possibly geographically asso-
ciated as reported by Chomphukhiao & co-authors (2018) or
even two closely related species although both clustered with
H. hebetor sequences. This question remains unanswered until
additional samples from Iran can be analyzed.

Within the Niger H. hetetor lineage, microsatellite loci re-
vealed a complex structure with seven subgenetic populations
(K1A to K1G), most of which were a mixture of H. hebetor com-
ing from distinct and even distant field locations and sites, la-
boratory strains, and different collection years. Neither the
collection site and year nor the origin of the sample (laboratory
vs field), but rather the individuals themselves significantly
explained the observed genetic variation. No link could also
be found between genetic and geographic distances for any
field sample, indicating that human-mediated dispersal is sig-
nificantly involved, which does not exclude the role of natural
dispersal and other factors. This complex genetic structure
was supported by a wide range of FST−ENA values, expressing
very diverse levels of genetic differentiation and gene flow
both at local and regional scales in the millet agroecosystem,
between as well as among laboratory strains and field sam-
ples, among and within the seven subpopulations.

Exactly what relevant insights does this genetic structure
yield into the discriminatory power of the microsatellite loci,
sample history, gene flows and H. hebetor dispersal? The sub-
population K1A comprised the following laboratory strains:
100% of those sampled in August 2014 and February 2015,
61% of those sampled in October 2014, none of those sampled
in December 2015 and September 2016, indicating that the col-
ony has probably evolved over generations because of volun-
tary or/and involuntary ‘genetic contamination’, since some
of them clustered with a remote (i.e. Dantiadou located
about 70 km from Niamey) field sample. In addition, as far
as we know, in late summer 2015, some H. hebetor from the
vicinity of Louga were added to the DGPV colony, and the
H. hebetor population(s) from this regionwere shown to consist
of admixed and genetically distinct specimens therefore repre-
senting sources of new genetic diversity for the lab colony.
Similarly, all the H. hebetor sampled in December 2015
among those reared in the laboratory (i.e. L-Ng14) clustered
with the reciprocal crosses conducted between laboratory
and field specimens in September 2015 and thus temporally
closely related to L-Ng14, but also with all the H. hebetor
sampled in two very distant field sites (i.e about 480 km
from one another, about 350 km from the laboratory in
Niamey). Here, it appears that human transport is the most
likely explanation for the large-scale dispersal of this small
parasitic wasp, since these sites are located far apart but host
genetically similar specimens. The same conclusion can be
drawn with the most represented H. hebetor subpopulation
(K1C) that encompassed most of the field specimens from
Louga and elsewhere in Western Niger. However, human-
mediated dispersal does not exclude the naturalH. hebetor dis-
persal. Interestingly, all the specimens released at the central
point in Louga (L-Ng19) clusteredwith 76% of those emerging
from parasitized MHM larvae collected at the same site but 1
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week later (F-Ng21) which suggests that these wasps might be
the offspring of the released specimens a week earlier
(L-Ng19). If so, in 1 week, the released H. hebetor did not dis-
perse far from the point of release, <200 m, as no H. hebetor
from this subpopulation was found farther away. Previous
studies reported that H. hebetor dispersed 3–5 km from the re-
lease point in 5 weeks in Burkina Faso and Niger millet fields
(Baoua et al., 2018) and 1 km in 6 days in a tomato field in
Russia (Adashkevich et al., 1986), significantly farther than
we found in the current study. The evaluation of parasitoid
dispersal capacity is an important parameter in the develop-
ment of ABC programmes (Heimpel & Asplen, 2011).
Further experiments should be conducted to evaluate the abil-
ity of this released-field parasitoid species to disperse and per-
sist in the field and in grain stores during the rainy as well as in
the dry season when hosts are scarce. Even though various
markers and methods have been reported to mark and moni-
tor insects (Hagler & Jackson, 2001; Lavandero et al., 2004;
Pomari-Fernandes et al., 2018), themicrosatellite markers pres-
ently used might be also valuable for monitoring a ‘pure’ (i.e.
not contaminated) laboratory strain released in field.

Interestingly, many admixture specimens were identified
in Louga, making it difficult or even impossible to assign
some of them to any subpopulation, thereby indicating high
levels of gene flow. One possible reason for this particular ob-
servation may be that Louga is a crop and vegetable produc-
tion area with shrubs and trees that could harbour alternative
host insects and provide floral resources such as nectar for the
H. hebetor population before or during the period when MHM
larvae become available in millet fields. Additional vegetation
also creates a suitable climatic environment for the parasitoids
in the hot dry season. For example, H. hebetor wasps have
already been observed in Faidherbia albida, a tree species com-
monly found in the Louga region. Consequently, connectivity
between the ressources in this area was probably preserved in
space as well as in time, at least during the rainy season, there-
by favouring gene flow and diversity between the H. hebetor
present. In accordance with this statement, 70% of the speci-
mens included in the subpopulation that displayed the highest
allelic richness and heterozygosity came from Louga. Then,
when suitable hosts become scarce in the field they move to
stored-grain product hosts. The FST_ENA values between the
Louga samples (FST−ENA < 0.11) as well as the absence of iso-
lation by distance reinforce these hypotheses by demonstrat-
ing a low level of differentiation presumably resulting from
the homogenizing effect of the short-distance dispersal of the
parasitoid between all the suitable hosts thereby driving a
strong gene flow among the samples. On the other hand, the
presence of some genetic differentiation among samples taken
in the near vicinity (e.g. the release point vs. other samples at
Louga), suggests that local management actions or environ-
mental factors are unlikely to be countered by the natural dis-
persal of insects.

Surprisingly, F-Ng20 which represented the central point
sample of Louga before the release of the laboratory strain
(L-Ng19, 5 September), did not cluster with F-Ng21 (the same
place, 12 September) and with the nearest Louga H. hebetor but
with some from MHM larvae collected in Tondikouarey and
Tondibia, located about 12 km from the Louga release point,
raising the question of either the representativity of some sam-
ples or the real similarity of the sampling conditions. Likewise,
all H. hebetor collected in the Dosso site, located in the southern
corner of Niger, did not cluster with any others H. hebetor. The
level of differentiation from the other sites and the genetic

diversity observed point to a low level of gene flow and supply
of new alleles to the Dosso subpopulation. The Dosso region is
characterized by sedentary livestock breeding and multicrop
susbsistence farms no bigger than a few acres, like many
areas in Niger, so this sample might be a small isolated one.
On the other hand, this finding again underlines the need for
more complete and reliable information about each sample to
be able to assess them correctly.

To conclude, at both regional and local scales,H. hebetor ap-
peared to be structured in distinct genetic subpopulations, i.e.
patches between which gene flow and specimen dispersion
may occur by human-mediated and natural short-distance
dispersal.

The Bracon brevicornis taxonomic confusion

Phylogenetic reconstructions based on mitochondrial mar-
kers and previously conducted cross-species amplifications
with the microsatellite loci used in the present study (Garba
et al., 2016), clearly suggest that our putative « B. brevicornis »
sample may actually be an H. hebetor one. Indeed, a low level
of divergence was identified between the mitotypes obtained
for the two species (1–1.3% for COI, 0.3–2.3% for 16S rDNA)
leading the B. brevicornis sequences to cluster withH. hebetor se-
quences. Such a low level of divergence (0.16%) betweenmtCOI
sequences derived from this braconid and low bootstrap values
at the taxonomic levelmaking it possible to distinguish between
them has already been reported (Rukhsana & Sebastian, 2015).
In fact, morphologically similar, both using the same wide
range of moth hosts, and possibly successfully mating with H.
hebetor, B. brevicornis was long considered as a synonym of H.
hebetor (Puttarudriah & Basavanna, 1956; Papp, 2012). At this
time, we can only speculate about the identity of the B. brevicor-
nis sample we studied, but this ongoing taxonomic problem
should be addressed not only out of taxonomic interest but
also in the framework of conservation BC implemented using
local parasitoid communities, as already suggested in previous
studies (eg. Sow et al., 2018).

Implications for H. hebetor as a biological control agent –
conclusions

The reproductive system, based on single-locus sex deter-
mination (sl-CSD) ofH. hebetor appears to be the driver of gen-
etic diversity and outbreeding of the species in the field. In
laboratory strains, the effects of sl-CSD on genetic diversity
may be counterbalanced by inbreeding and bottlenecks
which, in turn, may lead to a more male-biased sex ratio and
declining laboratory rearings. Many studies have demon-
strated that sl-CSD substantially influences the sex ratio and
the population growth of parasitoid species. Both factors affect
the BC potential of parasitoids and as a result, sl-CSD could
seriously impede BC if appropriate precautions are not taken
(van Wilgenburg et al., 2006; Heimpel & de Boer, 2008; Elias
et al., 2009). Despite these considerations,H. hebetor already ap-
pears to be able to establish itself when released and is capable
of efficient levels of pest control, in particular ofMHM inmillet
crops (Payne et al., 2011; Baoua et al., 2018; Kaboré et al., 2017).
Our study showed that only rare H. hebetor samples collected
in the field displayed signatures of a bottleneck, meaning ei-
ther they quickly re-expanded and grew, which is consistent
with their short generation time under Sahel climatic condi-
tions, or they were not seriously affected by the long-lasting
diapause of MHM. As a parasitoid of many lepidopteran
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moths and with the absence of proven diapause, H. hebetor
may develop on alternative host species both in the field and
in grain stores to survive the period of MHM scarcity. The
Louga study region suggests possible continuous connectivity
between hosts, and also shows how an areawith diverse vege-
tation may favour H. hebetor genetic diversity and efficiency.
Outbreeding and both human-mediated and natural dispersal
probably help maintain allelic genetic diversity at the sex
locus. Our findings also reveal a complex population struc-
ture, probably in patches mainly based on genetically distinct
individuals, which, in turn, points to more sexual outcrossing
thanwemight have expected. The possible advantage of keep-
ing a large number of distinct patches – even if they were
shown to exchange genes – would be that if many alleles
were lost in each patch, at least two different sex alleles
would be retained. If so, breeding small numbers of reared in-
dividuals rather than larger numbers could be a more efficient
way to maintain genetic diversity at the sex-determination
locus in H. hebetor. Several times, the question of the natural
capacity of H. hebetor to disperse was raised. Our results sug-
gest that this species is weakly dispersed, in any case less than
described in the literature but this point needs to be clarified.
Neither haplotypes nor alleles typical of laboratory H. hebetor
strains were found, which would enable us to adequately
monitor the H. hebetor released and their dispersal in the
field as well as their dynamics of parasitism on MHM or
other hosts. Indeed, even though the releases of H. hebetor
help increase parasitism, the observed parasitism cannot
only be attributed to augmentative releases. H. hebetor is en-
demic inmost African countries and increases in parasitism re-
sult from the cumulative effect of natural and released H.
hebetor in the agroecosystems concerned. But, based on micro-
satellite loci and using a ‘pure’ laboratory strain reared for
many generations with no added field specimens, it might
be possible to discriminate between the offspring of a released
strain and a field strain. Even if some points need to be com-
pleted, taken together, our results advance our knowledge of
the patterns as well as of the main driver(s) of population gen-
etic variability and structure, demographic events and gene
flow of H. hebetor, a widely used BC agent. This study under-
lines the need to bear the species’ mating system in mind and
to be aware of the history of the sample to make sense of the
results; it also provides a framework for further population
genetics and dynamics studies of BC agents exhibiting CSD
such as H. hebetor.
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