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Abstract

The invasive larger grain borer Prostephanus truncatus (Horn) is the most
important pest of farm-stored maize in Africa. It was introduced into the continent
from Mesoamerica in the late 1970s and by 2008 had spread to at least 18 countries.
Classical biological control using two populations of the predator Teretrius nigrescens
Lewis achieved long-term and cost effective control in warm-humid areas, but not in
cool and hot-dry zones. The present study investigated the phylogenetic relation-
ships between geographical populations of the predator. Ten populations of
T. nigrescens were studied using randomly amplified polymorphic DNA polymerase
chain reaction (RAPD-PCR), sequence analysis of mitochondrial Cytochrme oxydase
1 mtCOI) gene and ribosomal internally transcribed spacers (ITS) 1, 5.85 and ITS2.
The mtCOI variation revealed two clades associated with geographical regions in
Central America. It also reveals a significant isolation by distance between
populations and considerable genetic shifts in laboratory rearing. RAPD-PCR did
not reveal any potential SCAR diagnostic markers. The ITS variation mainly involved
insertions and deletions of simple sequence repeats even within individuals. This
study reveals the existence of two different mitochondrial lineages of the predator,
associated with the geographical origin of populations distinguishable by fixed
mutations on the mtCOI gene. The populations of T. nigrescens released in Africa
belonged to two different clades from Meso America, namely south (released in West
Africa) and north (released in eastern Africa). However, more polymorphic markers
are required to clarify the observations in demographic time scales.
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Introduction

Classical biological control entails the introduction of a co-
evolved natural enemy meant to control an inadvertently
introduced invasive pest. The objective of a novel introduction
is the re-establishment of a natural balance, hence, control of
the introduced pest in its new range. However, although about
30% of introductions result in establishment of the natural
enemy, only 10% lead to economically significant control
(Bellows et al., 1999). Introductions of the pest and/or the
natural enemy are both often followed by a rapid population
expansion in the new geographical range, usually leading to
loss of genetic diversity associated with the establishment
constraints and determined by the diversity of the original
founding population (Grevstad, 1999; Sakai et al., 2001;
Memmott et al., 2005). For natural enemies, this effect can be
reduced by large releases and multiple field recoveries of the
natural enemy across its natural ecological range (Grevstad,
1999; Roderick & Navajas, 2003; Lloyd et al., 2005). However,
this requires some knowledge of the underlying natural
variation, which could be exploited to increase diversity of
the population to be released in biocontrol programmes
(Lockwood et al., 2005; Bacigalupe, 2009). Also, the adapta-
bility and genetic diversity may be lost during laboratory
culturing if strong selection pressure occurs that enable the
organism to survive under such conditions, thereby lowering
the chance of establishment (Bigler, 1992). This may result in
lower vigour of the natural enemy in the wild (Bellows et al.,
1999). Molecular markers are therefore important for assessing
the underlying field diversity and monitoring its maintenance
through the culturing and establishment periods.

The invasive larger grain borer (LGB), Prostephanus
truncatus (Horn) (Coleoptera: Bostrichidae), is the most
devastating pest of farm-stored maize in Africa (Schneider
et al., 2004). It was accidentally introduced into the continent
during the 1970s and has since spread to at least 18 countries
(Schneider et al., 2004; Gueye et al., 2008). The LGB may cause
grain weight losses of up to 34% within the first six months of
grain storage, five times of that resulting from indigenous
storage pests (Hodges et al., 1983; Giles et al., 1996). Storage
loss is particularly costly as it occurs when all the production
costs have been incurred and when plant compensatory
growth is not possible.

Being an invasive species causing devastating outbreaks in
its new areas, LGB appeared to be a prime candidate for
classical biological control (Markham et al., 1991). Teretrius
(formerly  Teretriosoma) nigrescens Lewis (Coleoptera:
Histeridae), found to be consistently associated with
P. truncatus in Meso-America, has been introduced into several
African countries (Meikle ef al., 2002). Teretrius nigrescens is a
specialist predator that is strongly attracted to the pheromone
of P. truncatus, using it as a kairomone to locate its prey (Boye,
1988). The low pest status of LGB in Central America and the
occurrence of T. nigrescens under a wide range of environ-
mental conditions suggested that the pest was under natural
control in the area of origin. In West Africa, the release of a
Costa Rican population of the predator considerably reduced
trap catches of LGB in the warm humid coastal areas of Togo
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and Benin (Schneider ef al., 2004), but the predator appeared
not to be efficient in the dry-hot savannahs, and it did not
establish in the cool highlands of Guinea Conakry
(Borgemeister, ICIPE, Nairobi, Kenya unpublished data). A
Mexican T. nigrescens population released in the semi-arid
areas of Wundanyi and Makueni in eastern Kenya purportedly
resulted in an 80% reduction in pest flight activity and predator
dispersal of over 70 km within the first three years of its release
(Nang’ayo, 1996; Hill et al., 2003). However, recent surveys
indicated that T. nigrescens got extinct in the original release
area. The failure of the populations of the predator introduced
into Africa to establish in or spread to certain regions suggests
the existence of ecotypes adapted to different climatic con-
ditions. However, a review of the literature does not reveal a
distinct biological discontinuity among geographical popu-
lations, making it difficult to estimate the level of differentiation
that would be expected within and among the populations.
Knowledge of the genetic structure of T. nigrescens populations
has potential use in guiding the exploration for new popu-
lations, monitoring released populations and their interactions
with the environment, other populations and the pest.

The separate introduction of two populations of
T. nigrescens recovered from Mexico and Costa Rica, over
2000 km apart, raises the possibility that distinct strains were
involved. Both strains, however, were not effective in
controlling LGB in warm dry and cool climates (Giles et al.,
1996; Hill et al., 2003; Hodges et al., 2003; Schneider et al., 2004).
Using data from extensive pheromone trapping in various
climatic zones, Tigar et al. (1994) modelled the conditions
responsible for the survival of both the pest and predator in
Mexico and inferred that they could exist in a wide range of
regions. Rees et al. (1990) recovered both LGB and T. nigrescens
under hot-dry conditions in the Yucatan Peninsula. It is, thus,
possible that the limitations of the T. nigrescens populations
introduced into Africa are partially due to their inherent
genetic limitations. To address this problem, four populations
of the predator from Mexico and Honduras have been
imported into the quarantine facilities of the International
Centre of Insect Physiology and Ecology (ICIPE), Nairobi, for
eventual release. Pertinent questions still to be answered are:
What is the extent of genetic variation in T. nigrescens? Do
geographical populations of T. nigrescens represent distinct
ecotypes? Can simple genetic markers be used to distinguish
between these ecotypes? How can this genetic diversity be
incorporated into a biological control program? To investigate
these questions, the sequence variations of the mitcochondrial
cytrochome oxidase 1 (mtCOI) gene and the internal sub-
scribed spacers, ITS1 and ITS2, spacer regions among the
populations of the predator, were studied.

Materials and methods
Study materials
Insects

Starter colonies of T. nigrescens were obtained as outlined in
table 1 and fig. 1. The strain from the Kiboko Field Station of
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Table 1. Field sources and culturing history of the sample populations of T. nigrescens used in this study.

Name Field Origin Type Year Remarks
sampled
KARI Neuvo Leone, Mexico Laboratory colony 1990  Earlier released for biocontrol in Kenya
Benin Guanacaste, Costa Laboratory colony 1989 Established from field samples collected in Benin
Rica
Ghana' Ghana Laboratory colony 1989 Possible progeny of Benin samples
Teupasenti Honduras Field recovery 2007  Originating from south western Honduras
Gualaso Honduras Field recovery 2007 Mid altitude Honduras population
Yoro Honduras Field recovery 2007  High altitude Central Honduras population
Oaxaca Mexico Recent field recovery 2003 Mid altitude population, southern Mexico
El Batan Mexico Recent field recovery 2003 Low altitude population Central Mexico
Tlaltizapan Mexico Recent field recovery 2003 High altitude population, upper central Mexico
Malawi Costa Rica Laboratory colony 1990  Sub-culture of Benin colony
Store Unknown (Kenya) Recovered from LGB-infested 2006 Antiquity unknown; possible descendants of
wood in project store KARI releases
Field Kenya Field recovery 2007 Possible descendants of KARI releases
Mombasa  Kenya Field recovery 2007  Caught on sticky traps, possible descendants of

KARI releases

! Ethanol-preserved samples only used for molecular studies. The size of the original field-recovered population of the CIMMYT samples
was about 200 beetles. The original size number of traps used and sampling duration for the recovery of KARI and Benin populations are not

known.
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Fig. 1. Map of Central America showing the field origin of Teretrius nigrescens populations used in this study.

the Kenya Agricultural Research Institute (KARI), which was
released in Kenya in 1992, originally stemmed from Mexico
(Giles et al., 1996). The Benin strain was obtained from the
International Institute of Tropical Agriculture (IITA),
Abomey-Calavi, Benin. This population had been established
from adults recovered from granaries in Benin, three years
after field releases in Togo (C. Atcha, Africa Rice Centre, Benin,
personal communication). The Togo releases had originated
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from Sardinal, Guanacaste, north-western Costa Rica (Boye,
1990). Three geographical strains from colonies established
using insects recovered from granaries at El Batan (hereafter
referred to as the Batan strain), Oaxaca and Tlatizaspan in
Mexico were imported from CIMMYT, Mexico. Three other
populations were collected from Teupasenti, Gualaso and
Yoro in Honduras between 2006 and 2007, and used to found
laboratory cultures. The Kiboko colony was established using
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insects recovered in 2007 from the Kiboko Range, eastern
Kenya within the original outbreak and release area (Giles
et al., 1996). The ‘Store’ colony was accidentally discovered in
LGB-infested wooden pegs from a store at ICIPE (Nairobi).
These pegs had reportedly been used for field sampling cereal
stem borers and their parasitoids at the Kenyan coast a year
earlier. The origin of this population was not known. All
T. nigrescens strains were reared on P. truncatus raised on
maize at the Animal Rearing and Quarantine Unit (ARQU) at
ICIPE, Nairobi, Kenya. The LGB and T. nigrescens were reared
using a modification of protocols described by Giles et al.
(1996) and C. Atcha & C. Borgemeister (unpublished IITA
manual).

Alcohol-preserved samples from three further populations
were also used. The Ghana strain was obtained from a colony
maintained at the Natural Resources Institute (NRI), UK,
established with insects initially recovered from the field in
Ghana in 1998 following releases in Togo, Benin and the Volta
Region, in Ghana (R. Hodges, Natural Resource Institute,
Greenwich, UK, personal communication). The Malawi
samples originated from a colony maintained at the Crop
Protection Agency, Ministry of Agriculture, Malawi. This
colony was a subculture of the Benin colony (IITA, 1999). The
Mombasa population was comprised of five individuals
caught in a pheromone-baited sticky trap in the North
Coast, Mombasa, Kenya. These traps were set after the
discovery of the ‘Store’ population since the substrate material
it was obtained from had been reportedly used in this region.
Teretrius americanus (= T. latebricola) was used as the outgroup
species. Specimens were obtained by J. Grubber (Russell Labs,
Madison, WI, USA) from fallen tree barks in WI, USA,
immediately preserved in 70% ethanol and shipped to ICIPE.

DNA extraction

The DNA was extracted from the head and thorax of adult
insects using the phenol-chloroform-isoamyl alcohol protocol
(Sambrook ef al., 1989). Briefly, insect tissue was homogenised
in 100 ul of tissue-grinding buffer (10mM Tris-Cl, 10 mM
EDTA, 150 mM Sucrose, 60 mM NaCl, 0.5% SDS, 25U ml !
Proteinase, pH 7.5) and incubated at 55°C for one hour. An
equal volume of the lysis buffer (0.3 M Tris-Cl, 0.1 M EDTA,
0.15 M Sucrose, 60 mM NaCl, 0.75% SDS, pH 7.5) was added
to the homogenate, mixed gently and incubated on ice for
10 min. One volume of equilibrated phenol was added to the
lysate, mixed by gentle inversion and centrifuged at 5000 g for
10 min. An equal volume (200pl) of chloroform isoamyl
alcohol (24:1) was added to the supernatant in a fresh tube,
mixed gently and centrifuged at 13,000 g for 5 min. The DNA
was precipitated by mixing the supernatant with a tenth
volume of 5 M sodium acetate (pH 5.2) and an equal volume of
cold isopropanol and incubating it overnight at —20°C. DNA
was pelleted by centrifuging at 13,000 g for 25 min and tilting
off the alcohol gently. The pellet was washed twice with 70%
ethanol, each time centrifuging at 13,000 g for 5min before
decanting off the liquid phase. It was dried in a flow hood and
resuspended in 300 ul of TE buffer (10 mM Tris pH 8.0, 1 mM
EDTA).

Polymerase chain reaction

Cytochrome Oxidase 1. A 1200 bp region of the mtCOI gene
was amplified by PCR using the universal insect mtCOI
primers: C1J-17363 (5' TATAGCATTCCCACTAATAAATAA
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3') forward and TL2-N-3014 (5" TCCAATGACTAATCTGCC-
ATATTA 3') reverse, previously described by Zhang & Hewitt
(1997). The PCR amplifications were carried out in 30 pl
reaction volumes containing 1xGenscript Tag polymerase
buffer with 1.5 mM MgCl,, 400 uM dNTPs, 150 nM each of the
primers, 1U Tag polymerase and ~20ng genomic DNA
(Genscript, Piscataway, NJ) and 10ng of genomic DNA
template. The thermal cycling programme was 94°C 3 min,
followed by 35 cycles of denaturation at 94°C 1 min, annealing
at 52°C for 40 s and extension at 72°C for 90 s, and then a final
extension step of 72°C for 10min. The PCR product was
separated on a 1.2% agarose gel. The amplification product of
1200 bp size was excised from the gel and purified using
Qiagen Min Elute Gel purification kit (Qiagen Inc., Valencia,
CA, USA) according to manufacturer’s instructions. The
eluted product was sequenced in both directions using the
PCR primers on an ABI chain termination sequencing tech-
nology at a commercial facility (Macrogen Inc., Korea).

Internal transcribed spacer regions (ITS). Amplification of the
two ITS regions and 5.85 rRNA coding site was done as above
using standard forward primer ITS5 (5'GGAAGTAAAA-
GTCGTAACAAGG 3) and reverse primer ITS4 (5
TCCTCCGCTTATTGATATGC 3') (White et al., 1990). The
thermal cycling conditions were similar to those of mtCOI
(above) but with an annealing temperature of 54°C and a
reduction to 25 cycles, done to limit polymerase errors. Fewer
cycles were used to increase the integrity of the product for
cloning. Preliminary direct sequencing of ITS genes produced
equivocal results; hence, cloning was done to separate co-
amplifying products.

Gel purified fragment was cloned into pGEMT-E vector
(Promega, Madison, WI, USA) and used to transform DH5a
chemically competent cells according to manufacturer’s rec-
ommendations. Recombinant colonies were screened by PCR
to confirm the presence of the insert. Five positive recombinant
colonies per insect sample were selected for bacterial pro-
pagation and plasmid purification. Plasmid purification was
done using Qiagen Miniprep Kit according to manufacturer’s
protocol. Plasmid and DNA samples were sequenced by the
ABI terminator system using M13FpUC and M13RpUC uni-
versal primers (Promega) (Macrogen Inc., Seoul, South Korea).

PCR-RFLP analysis. Sequence alignment of the mtCOI
fragment revealed parsimony informative sites associated
with populations; thus, NEB cUTTER version 2 software (Vincze
et al., 2003) was used to predict the diagnostic utility of the
restriction endonucleases. The selected enzymes were then
used to digest PCR products of the mtCOI from the five
populations of T. nigrescens (Ghana, Oaxaca, Benin, KARI and
Tlaltizapan) representing the main sub clusters in sequence
analysis.

Data Analysis

DNA sequences were edited manually to confirm the
positions of ambiguous nucleotides using BioEpit (Hall, 1999).
The reverse complement of the reverse sequence was
contigged with the forward sequence after pairwise alignment
of the termini produced at least 100 bp complete consensus
overlap region. All complete sequences were aligned together
and segregating sites reconfirmed by comparison with the
trace diagrams and translation using the Invertebrate
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Variable positions marked from the beginning of the 1083 bp fragment
11
1111122222 4444 4444444555 555 77 00
24 23 4677745566 77699011124468900123 4457789035 7 2 8912224477 66
7213931235 4247865614 0424761587 2831628400 1475842112 6358349 S1463164455 43292463944 91736 906507 78
HS8 GAATATTGTA AGATTCACGT ACTCGGCTCA TTCGTCGGCA CTCTCTGCCA ACTAATATAT TAGTTTTTGT AACGTCCTTT AGCCCTGGTT ATTCACTAAA GT
HIO  tneeinnenn ceneennenn connennnn G ettt eeeeeeeeh eeeeaieas eeeeaaeee eeeeaeen eeeeaaen teeneaans G ..
HO tiieiiienn ceneeineen eenneanan G teiiieeet eeeeeieeen eeeeaaean . Btittet teieeiiee teeieiaie eeneaaae. e
H12 ..G.....C. .AG.C.GT.. ... . S A.TAA. L.TLLT.. ..C.... C....C.C.. ...
H15 ..G....TC. .AG.C.GT.. ... TTe..on ... A.TAA. ..T..T.. ..C.... C....c.C.. ..
H13 ..G.....C. .AG...GT.. +eevenennen onn A.TA... .... T..TT. ..... C.... CG...C.C.. ..
H14 ..G.....C. .AG...GTu. +eennnennn onn A.TA... .... T..TT. ..... Cevrr CG.otCuCut eevenennn s T...AC
H3 A.G..A...C GA...... N R T. ... TCA... .... GCT... C.ACCC.C.. .G .. ..
H4 A.G..A...C GA...... AC GuvvtBivnr vnnennnn TG ....T.A.. .GCT c.accc.c.. .G. ..
H1I A.G..A...C GA...... AC G....A.. ..T. .C..T.A.. .GCT c.accc.c.. .G ..
H2 A.G..A...C GA...... AC G....A.. ..T. .C..T.A.. GeT c.accc.c.. .G ..
H1l ..G..A...C GA...... AC Guvrvnnnnn vnnennnn T. .C..T.A... .... GCT... C.ACCC.C.. .G ..
H7 A.G..A...T GA...... AC Guvrrrnnnn o Corrnnn T. ... T.A... .... GCT.G. C.A.CC.C.. .G. ..
H5 A.G..A...C GA....... CGuuunnn Cov vennnnnn T. ...CT.A..G ..CGGCT... C.A.CC.C.C .G. ..
H6 A.G..A...C GA....... C Guvrnnnnnn vennnnnn T. ...CT.A... ..CGGCT... C.A.CC.C.C .G. ..
H16 .GGCCAC..C .A.C.T..A. GAC...T.T. ACT..... T. .... Tevier wnnn GCT.G. C.A.CC.C.. .G. ... TA.... .
H18 .GGCC.C..C .A.C.T..A. ..C..AT.TG ..T.A...T. T.T.T...TG TG...C.C.C C.A.CCCCA. G.TACT..CC TAT.T.AACC .C.T..... G .c
H19 .GGCC.C..C .A.C.T..A. ..C..AT.TG ..T.A...T. T.T.T...TG TG...C.C.C C.A.CCCC.. G.TACT..CC TAT.T.AACC .C.T.....G .C
H20 .GGCC.C..C .A.C.T..A. ..C..AT.TG ..T.A...T. T.T.T...TG TG...C.C.C C.A.C.CC.. G.TACT..CC TAT.T.AACC .C.T.....G .C
H21 .GGCC.C..C .A.C.T..A. ..C...T.TG ..T.A...T. T.T.T...TG TG...C.C.C C.A.CCCC.. G.TACT..CC TAT.T.AACC .C.T....TG .C
H22 .GGCC.C..C .A.C.T..A. ..C...T.TG ..T.A...T. T.T.T...TG TG...C.C.C ..A.CCCC.. G.TACT..CC TAT.T.AACC .C.T...G.G .C
H17 .GGCC.C..C .A.C....A. ..C..AT.TG ..T.A...T. T.T.T...TG TG...C.C.C C.A.CCCC.. G.TACT..CC TAT.T.AACC .C.T..... G AC
Fig. 2. Nucleotide variation among 22 mtCOI haplotypes (H1 to H22) on 1083 bases of the mtCOI T. nigrescens used in this study. Numbers

at the top of each nucleotide position represent the segregating site position relative to the first nucleotide of this fragment. Haplotypes are
arranged in order of relative similarity. Dots represent similarity with haplotype H8 while the nucleotide in each segregating site is labelled
vertically (such that the first is 27 bp and the last is 1068 bp from the origin).

Mitochondrial codon table. Since mtCOl is an expressed gene,
only fragments translating into a complete protein sequence
were considered to minimise error from possible nuclear
mitochondrial pseudogenes (Bensasson et al., 2000). Haplo-
type identification and frequencies were done manually by
sequences alignment and grouping of sequences according to
similarity in BioEpir (HaLL, 1999). Haplotype network was
determined in TCS version 2.1 (Clement et al., 2000).
Haplotypes were grouped into series of clades from the
smallest group of individual haplotypes.

Multiple sequence alignment was performed using Clustal
W version 1.8 as implemented in BioEpit. The numbers and
types of segregating sites, Kimura 2-parameter distances (K2P)
between individuals, populations and groups of populations
were determined using MEGA 4.0 (Tamura et al., 2007). In this
approach, the mean number of base substitutions per site from
all 59 sequences and 1083 bases per sequence were conducted
using the Maximum Composite Likelihood method in
MEGA4 (Tamura et al., 2004, 2007). Average within and be-
tween geographic population K2P distances and their stan-
dard deviation were calculated using MeGa 4.0.

The phylogenetic relationships between the samples were
inferred using a neighbour-joining tree on MEGA 4 (Saitou &
Nei, 1987). Sequence alignment was done in Clustal X to create
an alignment file for MEGA. The evolutionary relationships
were inferred with the neighbour-joining tree method, with
1000 bootstrap replicates. The evolutionary distances used to
compute tree-branch length were determined based on the
K2P parameter (Kimura, 1980). A similar length mtCOI
sequence from Teretrius americanus LeConte (=T. latebricola
Lewis) was used as an outgroup species.

Isolation by distance. Mantel tests were done between pair-
wise genetic and geographic orthodromic distances, in kilo-
meters, (raw and log-transformed distances). A partial mantel
test (reduced major axis regression) was subsequently done
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Table 2. Maximum composite likelihood estimate of the pattern of
nucleotide substitution.

Nucleotide
A T C G
A - 0.0233 0.0136 0.1289
T 0.0190 - 0.1887 0.0109
C 0.0190 0.3239 - 0.0109
G 0.2250 0.0233 0.0136 -

Each entry shows the probability of substitution from one base
(row) to another base (column).

using associated indicator matrices as conditional matrices.
Two associated matrices were used, one based on splitting
between populations (introduction matrix) and the other
linked to geographical obstacles. Mantel test for significance
was employed with 30,000 randomisations. The 99% confi-
dence intervals were also estimated with 30,000 bootstrap
replicates over independent population pairs. All regression
analyses were performed using the web-based IBDWS Version
3.15 software (Jensen et al., 2005).

The ITS1 and ITS2 sequences were aligned manually on
BIoEDIT, since, due to numerous indels, automatic alignment
was not satisfactory. The repeat regions were identified man-
ually from the BioEpir alignment and using SSR Finder
(Benson, 1999). The boundaries of the 185, 5.85 and 215 rRNA
genes were delimited by comparisons with sequences of
Timarcha and Tetranynchus sequences (Navajas et al., 1998;
Gomez-Zurita et al., 2000).

Results
MtCOI Sequence variation

A 1200 bp region was amplified with the mtCOI primers.
After editing, a 1083 bp fragment was used in the analyses
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Table 3. Estimates of evolutionary divergence over sequence pairs between populations.

Population KARI Benin Kiboko Oaxaca Honduras Batan Store Malawi Ghana
Benin 0.0254

Kiboko 0.0216 0.0287

Oaxaca 0.0087 0.0281 0.0248

Honduras 0.0417 0.0366 0.0361 0.0379

Batan 0.0022 0.0277 0.0239 0.0109 0.0441

Store 0.0432 0.0386 0.0344 0.0387 0.0226 0.0456

Malawi 0.0473 0.0317 0.0354 0.0425 0.0216 0.0497 0.0232

Ghana 0.0527 0.0405 0.0428 0.0483 0.0264 0.0552 0.0299 0.0261

Tlaltizaspan 0.0523 0.0321 0.0399 0.0490 0.0302 0.0548 0.0356 0.0219 0.0213

Table 4. Predicted products of the cleavage of 1200 bp mtCOI PCR
product using four potentially diagnostic endonucleases'.

Enzyme Fragments Produced Remarks
Mexico Costa Rica

Rsal 39, 432, 701 432,740 Good

Fokl 123, 510, 598 124, 213, 443, 451 Fair

BstYI 59, 475, 697 475, 755 Good

Acil 59, 469, 703 199, 200, 832 Good

Ddel 123, 212, 869 124, 267, 270, 570 Fair

1 Fragments in bold, for each enzyme, are not distinguishable on
the agarose gel.

whose results are presented below. These sequences of the 22
unique haplotypes have been deposited in GenBank (acces-
sion numbers: GC920842-G(Q920863). The nucleotide frequen-
cies were 0.285 (A), 0.349 (T), 0.203 (C) and 0.163 (G),
comparable to mitochondrial sequences in other Coleoptera
(Cognato et al., 2003; Mynhardt et al., 2007). There were 102
polymorphic sites, of which 72 were parsimony informative
(fig. 2). This variation occurred mostly at third (83.3%),
followed at the first (13.7%) and was lowest at the second
(9%) codon positions. The rate and direction of nucleotide
substitutions are summarised in table 2.

Genetic diversity

Pair-wise divergence between populations based on the
K2P parameter are shown in tables 3 and 4. The evolutionary
divergence among samples from Honduras/Costa Rica
samples was greater than among samples from Mexico.
However, the Mexican Tlaltizapan population was closest to
individuals from Ghana and Malawi, both originating from
the Costa Rica population reared and released in Benin.

The evolutionary relationships between the 57 T. nigrescens
samples revealed two major clades supported by >98%
bootstrap values (fig. 3). One cluster contained most samples
originally recovered from Mexico, while the other grouped
samples from Honduras, Costa Rica and Tlaltizapan (Mexico).
Other minor clusters that were highly supported (e.g. all
‘Store” samples) grouped samples from highly monomorphic
populations. Twenty-two haplotypes were observed, of which
15 were unique (observed in only one individual each) (fig. 2).
Haplotype diversity was highest among the Honduras
populations (seven haplotypes) and lowest among the KARI,
‘Store’ and Malawi populations (two haplotypes each).
Haplotype H19 was both the most geographically diverse
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and the most frequent, occurring in five of the populations and
23% of the individuals (fig. 4).

Islation by distance

Figure 5 shows scatterplots of the pairwise corrected
genetic distances of all populations versus geographic ortho-
dromic distances (fig. 5a); and versus log geographic distances
(fig. 5b). Measures of geographic and genetic distance
exhibited a significant positive correlation in the RMA analy-
sis, indicating that geographic distance explains a significant
proportion of the variance in genetic distance between
populations (r*=0.145, P<0.02, y=0.01129+1.933x10"®x).
However, there was a higher correlation between the genetic
distance and the indicator matrix defining geographical
between source populations and split events between source
populations and those released for biological control in Africa
(?*=0.216, P<0.004). A partial correlation of genetic and
geographical distances controlling for the indicator matrix was
insignificant. A similar analysis excluding any secondary split
laboratory samples (only field samples and the first introduc-
tion populations) revealed that log(geographical distance)
explained a significant portion of the observed genetic
diversity (?=0.153, P<0.05, y=—0.08323+0.3951x, 1n=28).
The partial correlation between genetic diversity and the
geographical split events was not significant.

PCR-RFLP identification of populations

In silico restriction analysis showed that the restriction
endonucleases Acil, BstYI, Ddel, Fokl and Rsal, had their
recognition sites flanking parsimony-informative sites and,
thus, could resolve four populations into two major clades
(table 4). The results of these digestions are shown in fig. 6.

Internal transcribed spacer regions

Cloning enabled the sequencing of the whole of the ITS
amplicons with flanking coding sequences and enabled
comparison between samples and outgroup species. The
length of the ITS sequences ranged between 1250 and
1350 bp. Intra-individual variation of up to ten bases was
observed. Most of this variation involved insertions and
deletions of tandem sequence repeat units. Differences were,
therefore, in multiples of repeat lengths. Because of little
variation in the non-repeat sequences and high polymorphism
in the repeat variable regions, the ITS was not found useful for
the phylogenetic analysis in this study.
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Fig. 3. Evolutionary relationships of 57 samples of T. nigrescens from seven populations analysed using the UPGMA method. The tree is
rooted using a homologous sequence from T. americanus. This consensus tree inferred from 5000 replicates is shown, with the bootstrap

values next to the branches.
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Discussion

The mtCOI sequences were the most useful in the detection
of population genetic variations in T. nigrescens. The ITS 1 and
ITS 2 sequences showed comparable sizes and coding region
similarity with the previously studied beetle species (Gomez-
Zurita et al., 2000). Since the variation was predominantly
due to two or three base pair tandem repeats, it might be

https://doi.org/10.1017/S0007485311000113 Published online by Cambridge University Press

interesting to investigate how the repeat-length fit with
microsatellite models in population genetic analysis. How-
ever, one must first resolve the apparent polyploid genotype
pattern created by the intragenomic variation of these markers
and to estimate the most dominant variants.

The mtCOI gene sequence analysis revealed two major
clades of T. nigrescens associated with defined geographical
ranges. Apart from the ‘Store’ samples, whose origin was not
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clearly known, all insect samples from Africa clustered with
their original source populations, confirming suitability of this
marker for phylogeographic analysis (Otranto et al., 2003). The
1200 bp region sequenced in this study covered two highly
variable regions and a much more conserved portion of this
gene (Lunt et al., 1996, Zhang & Hewitt, 1997). This strategy
promised greater accuracy since the phylogenetic differen-
tiation of the species was initially unknown. Several regions of
the sequence with a greater density of parsimony informative
sites have been identified in this study. Shorter fragments
spanning these desirable regions would be more practical, to
reduce the potential analysis challenges associated with a
large number of single sequence haplotypes and potential
error in sequencing large fragments. Although very few
parsimony-informative segregating sites are within five bases
of each other, careful primer design might reveal a single step
multiplex PCR protocol for identifying these populations
(Lindell & Murphy, 2008).

The 22 haplotypes separated into two clusters revealed two
distinct maternal lineages, suggesting historical geographical
and hence genetic fragmentation. This could have impeded
interaction between populations causing independent evol-
ution of this gene in the two populations. The region between
Oaxaca and Tlaltizapan is the possible contact zone, where
both subtypes exist. Lindell & Murphy (2008) have identified
the Baja peninsula in north-western Mexico as a possible
hybrid zone for the mitochondrial forms of the fence lizard Uta
stansburiana, Baird & Girard. This hybrid zone was explained
to reflect a complex of geological history events since the
Miocene era (Lindell et al., 2006). Although all samples of
T. nigrescens were obtained south of the Baja peninsula, the
extent of the historical geological disturbances would vary for
individual species depending on their original distribution
and the effect of geological events on their eventual dispersal.
Thus, a study of the geological and ecological history of the
natural range of T. nigrescens would clarify this possibility.
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This was, however, beyond the scope of the study.
Alternatively, the T. nigrescens could have spread north and
southwards from the zone around Oaxaca, founding the two
different clades. This hypothesis is supported by the haplo-
type differentiation observed.

The observation of significant association between geo-
graphical distances and genetic distances further supports this
hypothesis. Geographical obstacles seemed to increase this
association, implying that active dispersal was limited by such
factors. Taken together, the results of the isolation by distance
analysis underscore the importance of artificial population
subdivisions and depth of sampling coverage in defining the
genetic diversity of introduced populations.

There is a possibility of population fragmentation, as
suggested by a high frequency of unique haplotypes only
shared among a few individuals within specific populations.
Local eco-geographic features may also be responsible for the
variation and lineage divisions observed in this study. It is
recognized that the adaptability of an invader, rather than
sheer genetic diversity or numbers, are responsible for the
establishment of a species in the new range (Lloyd ef al., 2005;
Zayed et al., 2007; Bacigalupe, 2009). However, adaptability is
also a factor of the diversity of the gene pool introduced, upon
which selection occurs to produce an adaptable population
(Roderick & Navajas, 2003). The chances of establishment and
range expansion, therefore, may be higher with an increased
genetic base (Kolar & Lodge, 2001; Allendorf & Lunquist,
2003; Phillips et al., 2008). Adequate sampling for a greater
genetic pool is important in recovery of natural enemies
(Omwega & Overholt, 1996; Phillips et al., 2008) and should
guide future sampling plans for a more genetically inclusive
approach to the biological control of the LGB.

Genetic diversity in laboratory samples was generally
lower than that of field samples. Similarly, both the Malawi
and NRI populations showed a much lower level of mito-
chondrial genetic diversity than their parental Benin popu-
lation. This suggests the disproportionate contribution of a
few related females to the genetic pool of these populations,
population expansion from a few haplotypes or problems with
genetic bottlenecks during recovery, quarantine or rearing
(Lloyd et al., 2005; Zayed et al., 2007). The demographic history
of the laboratory populations used in this study is not certain
on a few important events. For instance, insects isolated from
Mexico were studied in the IITA Benin laboratory, but their
possible genetic contribution to the Benin populations is not
clear (W. Meikle, USDA, Weslaco, TX, USA, personal com-
munication). In Kenya, mite infestation and possible myco-
plasma infections were reported leading to culling of a part of
the colony, though the size of the eventual founding popu-
lations are not documented nor is the extent of this possible
bottleneck known (R. Hodges, NRI, Greenwich, UK;
P. Likhayo and G. Kibata, KARI, Nairobi, Kenya, personal
communications). Recent population genetic shifts and
admixture events could also have contributed significantly
to the genetics of the populations we used and eventually to
the performance of those released for biological control. These
hypotheses may be tested more efficiently in recent population
time scales using hypervariable multilocus markers, such as
microsatellites and gene expression profiles.

The variability of establishment and success of T. nigrescens
in the control of the larger grain borer in Africa is possibly
associated with the genetic variation within the populations
used. Here, we show the existence of two clades of the
predator dominant at the two areas of earlier field recovery of
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M Ki Kz Bty Btz Bni Bn2Gi G2 Ox1 Oxz2 Tl Tl2 —ve

A: 1200 bp PCR product

M Ki Kz Bti Btz Bny Bn2Gi G2 Ox1Ox2 Tl Tl2 -ve M

C: Digestion with Rsal

M KiKz BtiBtz Bni Bnz Gi G2 Ox1 Ox2 Tl1 Tl2 —ve

B: Digestion with Accl

M Ky K2 Bti Btz Bni Bn2Gi Gz Oxy Ox2 Tli Tl2 —ve

D: Digestion with Ddel

Fig. 6. The ~1200 bp amplicon and products of its single digestion with three restriction enzymes. Sample abbreviations are: K, KARI; Bt,
Batan; Ox, Oaxaca; G, Ghana, Tl, Tlatizapan; ‘' — ve’, negative control set up without DNA.

the species and sympatric in southern Mexico. This difference
still is largely maintained in the laboratory samples from the
two control programmes, even after many cycles of rearing.
The association of this diversity with definite adaptability and
potential survival in different regions in Africa could be tested
by ecological experiments and gene expression assays,
especially of stress related factors. It would be interesting to
explore the full range of genetic diversity of this predator in a
new effort to the biological control of the LGB in Africa.
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