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Abstract. Frankliniella schultzei Trybom is a polyphagous pest and vector of tospoviruses
worldwide. It occurs in dark and pale colour forms that are morphologically similar
but differ in vector competency and geographic spread. In Kenya and other tropical
regions, mixed populations of both colour forms are observed in similar habitats, so are
considered as one species. To ascertain the taxonomic status of the two colour forms, they
were characterized using morphological, molecular, biological and ecological approaches.
Morphological characterization revealed differences between the colour forms on eight
features and they separated into distinct clusters through principal component analysis.
Restriction fragment length polymorphism of the internal transcribed spacer region (ITS-
RFLP) analysis revealed differences between the two colour forms and was confirmed by
differences in ITS2 sequences. Virgin pale females had female offspring (thelytoky), while
virgin dark females had male offspring (arrhenotoky). Interbreeding of dark males with
pale females resulted in pale females, indicating absence of interbreeding between the
two colour forms. Laboratory colonies of pale forms lacked males and further analysis of
F. schultzei males from Ipomoea setosa flowers in the field indicated the presence of dark
males and the absence of pale males. Field surveys in Kenya indicated differences in
distribution and host plant preferences among the colour forms. Lack of interbreeding,
distinct host preferences and distribution, and morphological and molecular differences
indicate that the two colour forms of F. schultzei could be different species. The results
highlight the need for combining morphological, biological, molecular and ecological
characteristics for resolving taxonomic status of closely related insects.

Key words: Common blossom thrips, colour forms, ITS-RFLP, ITS2, parthenogenesis,
interbreeding, morphometry

Introduction (CBT), is a key crop pest causing worldwide
economic loss (Kakkar et al., 2014). The pest causes
direct damage during feeding and oviposition,
and indirect damage as a vector of tospoviruses
(Sakimura, 1969). Frankliniella schultzei is one of the

Frankliniella schultzei Trybom (Thysanoptera:
Thripidae), known as the common blossom thrips
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major insect pests affecting French bean production
in Kenya (Nyasani et al., 2010; 2012).

Frankliniella schultzei is distributed in two colour
forms: dark and pale. The dark form is mainly
distributed south of the Equator, while the pale form
is mainly found north of the Equator (Sakimura,
1969). The two forms of CBT coexist in the same
habitat with overlapping host ranges in India,
the Philippines, New Guinea, Northern Australia
and East Africa (Mound, 1968; Sakimura, 1969).
Overlapping habitats, host ranges and similar
morphological features apart from the differences
in colour, suggest their grouping as one spe-
cies. Hence, the pale form which was origin-
ally described as Frankliniella sulphurea (Schmutz,
1913) was synonymized with F. schultzei (Mound,
1968).

Most thrips species reproduce both sexually and
parthenogenetically (Moritz, 1997). Although mixed
colonies of both colour forms have been reported on
some host plants (Mound, 1968), no official reports
on the possibility of interbreeding between the two
forms are available, and differences between the two
forms are not well established at morphological and
molecular levels.

The colour forms are known to differ in their
vector competence with the dark form considered
to be a good vector of at least four tospoviruses,
whereas the pale form is a weak vector of only
two (Sakimura, 1969; Cho et al., 1988; Wijkamp

et al., 1995; Nagata and de Avila, 2000). On the
contrary, the pale forms are good vectors of Maize
chlorotic mottle virus when compared to the dark
forms (Nyasani ef al., 2015).

Therefore, the current study aimed to resolve
the taxonomic status of the two colour forms
of F. schultzei through combined assessment of
morphological, molecular, biological and ecological
differences as suggested by Sakimura (1969). Phys-
ical features were compared morphometrically, and
molecular differences were assessed using ITS-RFLP
and sequence analysis. Interbreeding experiments
were conducted, and host and ecological preferences
of the two colour forms determined. This study em-
phasizes the importance of ‘integrative taxonomy’
in accurate species identification and nomenclature
(Dayrat, 2005), which is critical in quarantine
pest diagnostic and management (Garza et al,
2007).

Material and methods

Thrips rearing

The study was conducted at the International
Centre of Insect Physiology and Ecology (icipe),
Nairobi, Kenya. Isolated colonies of the two colour
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forms of F. schultzei were reared in icipe’s Animal
Rearing and Containment Unit. The dark forms of
F. schultzei originated from a population on Mal-
vaviscus grandiflorus Kunth from Kasarani, Nairobi
Province (GPS coordinates: —1.221, 36.897) and has
been in culture for approximately 100 generations.
The pale form of F schultzei originated from a
population on Phaseolus vulgaris (Linnaeus) in Kitui,
Eastern Province (GPS coordinates: —1.298, 37.944)
and has also been in culture for approximately
100 generations. Both colour forms were reared in
ventilated plastic jars (1 litre) with thrips-proof nets
covering the top. The two colour forms were reared
on surface-sterilized French bean (P. vulgaris (L.) var.
samantha) pods as described earlier by Niassy et al.,
(2012).

Biological characterization — interbreeding

To generate virgin parents, larvae of the different
colour forms were transferred individually into 90
mm Petri dishes lined with a paper towel and
fed with a piece of French bean pod (about 7 cm
long) until adult emergence. Emerged adults were
sexed and utilized in interbreeding experiments.
Twenty dark and 20 pale F. schultzei females were
placed individually in 10 ml glass vials for mating
with dark males in a female to male ratio of 1:4
for 3 days. After mating, all females were placed
in separate Petri dishes containing sterile French
bean pod for oviposition. Recently emerged larvae
(F1) were transferred to separate Petri dishes and
fed as described above until adult emergence.
Concomitantly, control treatments of virgin dark or
virgin pale females were conducted with 20 females
of each colour form held in the absence of males. The
experiment was replicated three times. We could
not undertake the interbreeding of pale males with
dark females as pale males were not observed in
the colony. Twenty parental specimens of both forms
(dark and pale) and their respective F1 offspring
(virgin dark female, virgin pale female, dark male
x dark female and dark male x pale female) were
cleared, dehydrated and mounted on slides with
Canada balsam using methods outlined by Moritz
et al. (2013).

Morphological characterization

The identity of the specimens mounted on
the slides was confirmed as F. schultzei using
morphological features outlined in the Lucid key on
‘Pest thrips of East Africa” (Moritz et al., 2013). Eight
morphological features were selected for further
characterization of the specimens based on previous
literature (Johansen, 2002; Hamodi and Abdul-
Rassoul, 2004; Retana-salazar et al., 2010; Wang et al.,
2010; Subramanian et al., 2012; Moritz et al., 2013).
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The features selected included the length of third
ocellar setae (SI), the distance of the third ocellar
setae from the tangent of the anterior margin of
the hind ocellar (DfT), the lengths of first ocellar
setae (Setl), second ocellar setae (Set2), metanotal
lateral setae (Mls), major setae on tergite X (TX),
width of the forewings (Fw) and the appearance
of posteromarginal comb of microtrichia on tergite
VIII (Comb) (Fig. 1). Morphometric measurements
were made on the specimens using a Leica DM
LB® microscope fitted with Leica EC3® camera and
Leica Application Suite Version 3.0.0 software (Leica
Microsystems, Switzerland).

The length of third ocellar setae (S/) and distance
of the third ocellar setae from the tangent of the
anterior margin of the hind ocellar (DfT), which
are among the significantly different character states
between the parents (Subramanian et al., 2012) were
further used to characterize the F1 offspring from
dark male x dark female and dark male x pale
female crosses.

Molecular characterization

Individual specimens of F. schultzei stored in
95% ethanol were removed from 1 ml Eppendorf
tubes and allowed to air dry for 2 min. Each
specimen was then placed on a sterile microscope
slide and their abdomen dissected using a sterile
surgical blade. Total DNA was extracted from the
dissected abdomen using ISOLATE II Genomic
DNA Bioline Kit, following the manufacturer’s
instructions, with a slight modification of eluting the
DNA in 30 ul elution buffer. The remaining body
parts that consisted of head, thorax and a section
of the abdomen were cleared and mounted on
slides for morphological identification as described
earlier.

The Internal Transcribed Spacer region (ITS2)
was amplified from the DNA obtained using
the primer pair ITS2 F 5-CGAGTATCGATGAA-
GAACGCAGC- 3 (Despres et al., 1993) and ITS2
R 5-AATGCTTAAATTTAGGGGGTA- 3 (Campbell
et al., 1994). Amplification was performed in 30 ul
total reaction volumes, comprising 3 ul of genomic
DNA solution, 10 pmol of each primer, 10mM
dNTPs, 1.25mM MgCl, 5X Phusion HF buffer, 100%
DMSO and 5 units of Phusion DNA Polymerase. The
amplification was carried out in an Arktik Thermo
Scientific® Thermocycler. The DNA was initially
denatured at 98 °C for 1 min and 10 s followed
by 35 cycles of denaturation for 20 s at 98 °C,
annealing for 40 s at 57.2 °C and elongation for 45
s at 72 °C. The last cycle was followed by a 10-min
incubation period at 72 °C to complete any partially
synthesized strands. The amplification products
were separated by electrophoresis in 1% agarose
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gel containing ethidium bromide. Amplified DNA
products were purified using ISOLATE II PCR and
the Gel Bioline Kit and samples were sent for
sequencing.

ITS2 fragments obtained from amplification
using ITS2F-ITS2R primer pair were subjected to
Restriction Fragment Length Polymorphism (RFLP)
analysis using four restriction enzymes; Alul, Hinf],
Rsal and Haelll (Thermo Scientific, Inc). Each
enzyme reaction was conducted separately. The
reactions were done in 18 ul reaction volumes,
comprising 10X Fast Digest green buffer, 2 units of
restriction enzyme and 5 ul purified PCR products.
The DNA was first digested at 37 °C for 14 h
and then the reaction was stopped by denaturing
the enzyme at 65 °C for 5 min. The restricted
fragments were separated by electrophoresis in 2%
agarose gel containing ethidium bromide at 70 V
for 1.5 h and visualized under the UV imaging
system.

Due to the absence of pale F. schultzei males in
the colony, it was essential to confirm their presence
in the wild. Male F. schultzei were collected from
Ipomoea setosa Ker-Gawl flowers which hosted both
pale and dark F. schultzei. All males were treated as
tentative candidates. DNA was extracted from indi-
vidual male F. schultzei, the ITS2 regions amplified
and the fragments digested using Alul restriction
enzyme as described above. Since Alul generated
distinct markers among the parents (Fig. 2), it was
selected for screening of the males from the wild
population. Twenty of the males collected from I.
setosa were also mounted on slides as described
above and their morphometrics measured, based on
the eight variables previously stated.

Ecological characterization

Host plant and ecological preferences of the
two colour forms were assessed by analysing
the geo-referenced database maintained in the
Biosystematics Unit, icipe. A total of 1383 F. schultzei
specimens were sampled between August 2008 and
July 2009 from over 88 locations in Kenya. At each
location, sampling was undertaken at random from
10 x 20 plants/location using the standard ‘Plant
tapping method’ (Pearsall and Myers, 2000; Mfuti
et al., 2016). The geo-referenced database includes
information on the global positioning system (GPS)
coordinates of each sampling location, host plant
records, dates of collection and thrips species
information.

Data analysis

Analysis of data obtained from the morpho-
metrics study was performed using R version
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Fig. 1. Morphological features used in morphometric study. (A) Set1, Set2 and SI, first, second and third ocellar setae
length, respectively; (B) DfT, distance of third ocellar setae from tangent of anterior margin of hind ocellar; (C) TIX and
TX, Tergite 9 and 10, respectively; S1 and S2, TX major setae length (S=seta); (D) MIs, metanotal lateral setae length; (E)
Fw, forewing width; (F-G) Comb, absence of comb and presence of partial comb, respectively; TVIII, tergite 8.

https://doi.org/10.1017/51742758416000126 Published online by Cambridge University Press


https://doi.org/10.1017/S1742758416000126

Characterization of Frankliniella schultzei colour forms 61

1kb DFSPCR Alul Hinfl Rsal Haelll
Ladder Product

10037 bp

8 9 10 11 12

PFSPCR  Alul Hinfl Rsal Haelll
Product

Fig. 2. ITS2-RFLP banding profile of dark and pale forms of Frankliniella schultzei. (Lanes 1 and 13) 1Kb ladder; (lanes 2
and 8) ITS2 PCR Product of dark and pale forms, respectively; (lanes 3—6 and 9—12) restriction of ITS2 region of dark and
pale forms, respectively using restriction enzymes Alul, Hinfl, Rsal and Haelll.

313 (R Core Team, 2015). Normality of data
was checked using the Shapiro-Wilk test. Multiple
comparisons of mean of the morphometric features
between parents (dark and pale) and respective
F1 off spring (dark male x dark female and dark
male x pale female) were made using ANOVA
in Microsoft® Excel 2007 /XLSTAT©-Pro (Version
6.1.9, 2003, Addinsoft, Inc., Brooklyn, NY, USA).
The level of significance was fixed at 95%. Principal
component analysis (PCA) was then conducted
using R 3.1.3 (R Core Team, 2015) to determine
the relationship between dark and pale F. schultzei
parental populations, as well as between dark
F. schultzei males from the colony and F. schultzei
males from I. sefosa. This was determined, based on
the clustering of the eight morphometric variables
measured. ITS2 DNA sequences were analysed by
first editing and aligning them using Geneious® ver-
sion 8.0.2 (Kearse et al., 2012). Consensus sequences
were deposited in the GenBank and accession
numbers were obtained. Homology searches of
the ITS2 sequences against DNA databases were
performed using nBLAST (http://www.ncbi.nlm.
nih.gov/blast). Multiple sequence analysis of both
dark and pale F. schultzei parental ITS2 sequences
were conducted using Clustal W2 (Larkin et al.,
2007). Pairwise sequence divergence was calculated
using the Kimura two parameter model (Kimura,
1980) in MEGA 6 (Tamura et al., 2013). To visualize
the patterns of divergence, a neighbour-joining tree
(Saitou and Nei, 1987) was constructed from the
evolutionary distances using a bootstrap of 1000
replicates and complete deletion option. The genetic
distances were also used to generate a principal
component plot using GenAlEx 6.41 (Peakall and
Smouse, 2006). The descriptive statistical analysis
on host plant and geographic preference were
performed using Microsoft® Excel 2007 / XLSTAT©-
Pro (Version 6.1.9, 2003, Addinsoft, Inc., Brooklyn,
NY, USA).
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Results

Biological characterization — interbreeding

Virgin dark F. schultzei produced only male F1
offspring. Virgin pale F. schultzei produced only
female F1 offspring. The dark male x dark female
produced dark F1 offspring, both male and female
at a ratio of 1:1. Pale male x dark female produced
only pale female F1 offspring (Table 1).

Morphological characterization

Multiple comparison of mean of morphometric features

Analysis of the parents revealed that there was
significant difference between the two colour forms
for Set1 (F1,38 = 3229, P < 00001), Set?2 (F1,38 = 8760,
P < 0.0001); SI (Fy38 = 187.38, P < 0.0001); Terg10
(F138 = 51.53, P < 0.0001); DfT (Fy38 = 115.06, P <
0.0001); Mis (Fq38 = 29.31, P < 0.0001) and Fw (F 33
= 21.30, P < 0.0001). Post-hoc comparison using the
Tukey HSD test indicated that the dark F. schultzei
parents had significantly longer Set1 (0.108 & 0.004),
Set2 (0.123 £ 0.003), SI (0.337 + 0.005), Terg10 (1.019
+ 0.012) as compared to the pale parents Set1 (0.078
+ 0.005), Set2 (0.086 £+ 0.004), SI (0.240 £ 0.007)
and Terg10 (0.900 £ 0.017). It was observed that the
dark parents had significantly shorter Mis (0.130 £
0.002), Fw (0.117 & 0.002) and DfT (0.059 + 0.003) as
compared to the pale parents MIs (0.145 & 0.003), Fw
(0.130 £ 0.003) and DfT (0.103 + 0.004) (Fig. 3).

Further analysis of parents compared to their F1
offspring revealed significant differences amongst
the parents and F1 for S (F3,91 = 74.85, P = < 0.0001)
and DfT (F391 = 20.80, P = < 0.0001). Post-hoc
comparison using the Tukey HSD test indicated that
Sl of dark parents (0.337 & 0.005) was significantly
longer than that of the F1 offspring of dark male
x pale female cross (0.249 + 0.012). Pale parents
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Table 1. Interbreeding of Frankliniella schultzei colour forms

Sex of F1 Sex ratio (female: Colour of F1 Sl and DfT of
Parents offspring male) of F1 offspring offspring F1 offspring
Virgin dark female Male 0:1 All dark Similar to parents
Virgin pale female Female 1:0 All pale Similar to parents
Dark male x dark female Female and male 11 All dark Similar to parents
Dark male x pale female Female 1:0 All pale Similar to pale mother
1.2 W P DfT was significantly shorter in dark F. schultzei
— parents (0.059 £ 0.003) as compared to the F1
1 offspring from the dark male x pale female cross
T os] (0.106 £ 0.009). Pale parents (0.103 £ 0.004) had
g significantly longer DfT than the F1 offspring of
-G the dark male x dark female cross (0.062 & 0.007).
3 Dark male x dark female offspring (0.062 £ 0.007)
g ooal had significantly shorter DfT than dark male x pale
= female F1 offspring (0.106 £ 0.009). No significant
0.21 difference in DfT was found between dark parents
h h ..l ﬂ ol (0.059 £ 0.003) and F1 offspring of the dark male x
7 s e dark female cross (0.062 £+ 0.007) or between pale

Morphological Features

Fig. 3. Mean length of seven quantitative morphological
features of parental populations of the two colour forms
of Frankliniella schultzei.
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Fig. 4. Mean length of third ocellar setae (SI) and distance
of the third ocellar setae from the tangent of the anterior
margin of the hind ocellar (DfT) of parental populations of
the two colour forms of Frankliniella schultzei compared to
their F1 offspring.

(0.240 £ 0.007) had significantly shorter SI compared
to F1 offspring of the dark male x dark female cross
(0.353 £ 0.009). SI was also significantly longer in
the F1 offspring of the dark male x dark female
cross (0.353 £ 0.009) than those from the dark male
x pale female cross (0.249 + 0.012). No significant
differences were found in SI between dark parents
(0.337 £+ 0.005) and dark male x dark female F1
offspring (0.353 £ 0.009) as well as between pale
parents (0.240 + 0.007) and dark male x pale
female F1 offspring (0.249 £ 0.012) (Fig.4). The
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parents (0.103 £ 0.004) and F1 offspring of the dark
male x pale female cross (0.106 + 0.009) (Fig. 4).

Appearance of Comb in the dark form was
either absent or incomplete with one or two pairs
of marginal microtrichia while the pale form had
an incomplete marginal Comb with three pairs of
microtrichia (Fig. 1).

Principal component analysis of morphometric data

The first two principal components contributed
to 94.1% of the total variance (PC1 = 86.9 and
PC2 = 7.2). The scatter plot developed using
the loadings generated by PC1 and PC2 showed
significant differences between dark and pale
E schultzei as the two forms separated into two
distinct clusters (Fig.5). The four most different
contributing features were the length of the major
setae at tergite 10, length of the third ocellar setae,
second ocellar setae length and distance of third
ocellar setae from tangent of anterior margin of
hind ocellar, each contributing 79, 52.5, 19.3 and
18% towards the distinct clustering of the colour
forms, respectively.

Molecular characterization

ITS2-RFLP analysis

The ITS2 region of both dark and pale F. schultzei
parents produced fragments of ~700 bp. Digestion
of their respective amplicons using Alul, Hinfl, Rsal
and Haelll restriction enzymes yielded differences
in banding patterns and fragment sizes between
the two colour forms (Fig. 2). Restriction by Alul
produced two bands in both colour forms, with a
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Fig. 5. Principal component analysis of morphometric
character states of dark and pale forms of Frankliniella
schultzei.

common ~200 bp band but the dark form had a
second ~500 bp band, while the second band for the
pale form was ~250 bp. There were also differences
in the bands produced by Hinfl and Rsal in both
colour forms, with both colour forms having similar
first bands of ~150 bp and ~250 bp in these two
enzymes, respectively. However, restriction with
Hinf1 resulted in a second band of ~350 bp for the
dark form, while the pale form had a second band
of ~200 bp. Similarly, in Rsal, the dark form had a
second band of ~400 bp while the pale form had
a second band of ~350 bp. Restriction with Haelll
resulted in a distinct band of ~150 bp for the pale
form which was absent in the dark form.

Nucleotide sequence variation

The sequences obtained in this study were
deposited in the GenBank; accession numbers
KR105630—KR105633 for dark forms and acces-
sion numbers KR105634—KR105637 for pale forms.
Multiple alignments of sequences from the dark
and pale forms of F. schultzei in Clustal W2
showed consistent nucleotide differences between
the two forms (Fig.6). Distance estimates from
the sequences obtained were used to generate a
neighbour-joining tree which separated the dark
and pale F schultzei into two clades (Fig. 7). The
genetic distance between the two colour forms
ranged between 0.18 and 0.23. The average distance
between the individuals within the same colour
form was estimated between 0.00 and 0.01 among
the dark forms and 0.00 and 0.04 among the pale
forms, respectively (Table 2). The PCA of the genetic
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KR105632 TTTCGAACGCACAT TCCCGGGCCACACCTGAC &0

ER105633 TTTCGAAC TGTT 60

ER105631 TTTCGAAC TGTT CTGAC &0

ER105630 TTTCGAACGCACAT TGCGECCCTGEEACTTGTTCCOGEGCCACACCTGACTGAGGGTCGE 60

ER105634 TTTCGAACGCACATTGCGGCCCTGGGACTTGTTCCOGGGCCACACCTGACTGAGGGTCGG 60

ER105635 TTTCGA T TGT &0

ER105636 TTT TGT &0

ER105637 TTTCGARCGCACATTGCGGCCCTEGGACTTGTTCCOGGGCCACACCTGACTGAGGGTCGE 60

ER105632 TAGACCAT TCTCT T 120
ER105633 TAGACCATATCTCACK TGTCCTCTCT T 120
KR105631 TAGACCATATCTCAC CAGACTGTCCTCTCT T 120
ER105630 TAGACCATATCTCACGATACGACCAGACTGTCCTCTCTTC TGGAGTT 120
KR105634 TAGAC TGGAGTC 120
FR105635 TAGAC CTC 120
ERLO5636 TAGACTATATCTCACY TGTCCTS 120
ER105637 TAGACTATATCTCACGATACGACCAGACTGTCCTCTCCT 120
ER105632 T TAGTTTCG TGCGC-GG 178
ER105633 TTCCGAGGC. CCTCCCC TAGTTTCG-GO CCCTTGCGC-GG 178
ER105631 TTCCGAGGCA CCTCCCCGATTAGTTTCG-GO CCCTTGCGC-GG 178
FR105630 T TGGGCCCTCCCCGATTAGTITCG TTGCGC-GG 178
FR105634 T ~GAGAGTTT TCTCTCACTCGCCCTGE 173
ER105635 TTCCGAGGC ~GAGAGTTTTCATGCTCTCTCTCTCACTCGCCCTGG 173
ER105636 TTCCGAGGE ~GAGAGTTTTCATGCTCTCTCTCTCACTCGCOCTGG 173
ER105637 TTCCGAGGL GAGAGTTTTCATGCTCTCTCTCTCACTCGCCCTGG 173
KR105632 TACTCTTAARGCACGAGGCGTTGECECGECGGAG- TTTTCTCCG 236
EKR105633 TACTCTTAAAGCACGAGGCGT TGGCGCGECGEAG - TTGATTTTTCTCCG 236
FR105631 TACTCTTAA T AARTTGATTTTTCTCCG 236
ER105630 TACTCTT: T TGATTTTTCTCCG 236
ER105634 TACTCTTAAAGCTCGARGCGCTGOL AATTTTTTTTTIT T 233
ER105635 TACTCTTAAAGCTCGARGCGCTGCCECGECEGAGT TGAGAGAARAARTTITTITTTIT T 233
ER105636 TACTCTTAAAGCTCGARGD AARATTTTTTTTTTTCT 233
ER105637 TACTCTTAARGCT! ARRTTTTTTITTTTCT 233
ER105632 TCTTCTCCGTACCGOGTOGET TTGATCAGCCGTC CGGAG 292
KR105633 TCTTCTCCGTACCGOGTC CGTTTGATCAGCCGTCTCTGCATTICCGGAG 292
ER105631 ====TCT GG 2CGTC CGGAG 292
ER105630 -==~TCTTCTCOGTACCGCGTCGGCETCGCOGTT AGCCGT TCCGGAG 292
KR105634 TTGCTCTTCTCC CCCAATTGATCAGTCGTCTCT - ~TGACCGGAG 291
KR105635 TTGCTCTTCTC CCCAATTGATCAGTCGTCTCT - ~TGACCGGAG 291
ER105636 TTGCTCTTCTC CCCGATT CAGTCGTCTCT- -TGACCGGAG 291
ER105637 TTGCTCTTCTCC -~TGACCGGAG 291

ER105632 CGACTGAGTCL ARG GCGACGCAGTCACCTTCTGOGCCGE 352
ER105633 CGACTGAGTCC AACGAGCAGTGCGCGACGCAGTCACCTTCTGCGCCGE 352
FR105631 TGTGARAL CACCT 352
KR105630 CGAC A GCGACGCAGTCACCTT 352
ER105634 CGACCGAGTCC ACGCAGTCCCCTTCTOCGTTGE 350
EKR105635 CGACCGAGTCC-GTGGCT AR AGGGGGCAACGCATTCCCCTTCTGCGTTGE 350
KR105636 CGACCGAGTCC-GTGGCT A AGTGGGCAACGCAGTCCCCTTCTGCGTTGE 350
ER105637 GGCTTG-TAA TCTGCGTTGC 349
ER105632 GCCGCATCAG - AAACA TCCTGGCACATCC TGT T 411
ER105633 GCCGCATCAG - Ah TCC TATCAGCTTGT 411
ER105631 GOCGCATCAG-AMMCACCCTACCGETGTCCTGGCACATCCTATCAGCTTGTTCCAGGACT 411
ER105630 GCCGCATCAG - ARMCACCCTACCGGTGTCCTGECACATCCTATCAGCTTGTTCCAGGACT 411
KR105634 CCCCCATCAAAACCCCCCOCACCGGTGTCCTGECCCATCCTATCACCTTGGGTCGGGACT 410
KR105635 CCCCCATCAAAACCCCCCCTACCGGTGTCCTGGCACATCCTATCAGCTTGGGTCGGGACT 410
ER105636 GCCGCATCARAACCCCCCCTACCGETSTCC C T 410
ER105637 GCCGCATCAGAACACCCCCTACCGGTGTCCTGGCACATC 409
ER105632 T---GGEATATTCGTATTGATGCGT CTTTCCGTCTCTCG 468
FR105633 o TCGTAT ACTCRA T 468
KR105631 T---GGGATATTCGTAT TGATGCGTCGAGCCACACTCARAMGGACTCTTTCCGTCTCTCG 468
ER105630 T---GEGATATTCGTATTGATGCGTCGAGCCACACTCANAAGGACTCTTTCCGTCTCTCG 468
ER105634 T TCGTATTGATGCTTCAGGCCACAAR TCGGTTGTTTTTITG 470
ER105635 T TTCGTATTGATGCTT A TCGETTGTTITTITG 470
ER105636 T TGTTTTTITG 470
ER105637 TGTITITITG 469
ER105632 CG---ATGC 474

KR105633 CG---ATGC 474

ER105631 CG---ATGC 474

ER105630 CG-==ATGC 474

ER105634 CGGGCATGC 479

ER105635 CGGGCTTGC 479

ER105636 CGGGCATGC 479

KR105637 CGGGCATGC 478

Fig. 6. Multiple sequence alignment of a 498 bp section
from the ITS2 region. Dark (KR105630 — KR105633)
and pale (KR105634 — KR105637) Frankliniella schultzei
sequences.

distances resulted into two distinct clusters of the
two colour forms (Fig. 8).

Confirmation of the absence of pale F. schultzei males in
the environment

PCA conducted on specimens collected in the
wild showed that there was no significant difference
between males from the colony of dark F. schultzei
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Table 2. Genetic distances of Frankliniella schultzei ITS2 sequences. Dark (KR105630 — KR105633) and pale

(KR105634 — KR105637)

KR105630 KR105632 KR105633 KR105631 KR105634 KR105635 KR105636 KR105637
KR105630 0.00
KR105632 0.00 0.00
KR105633 0.00 0.01 0.00
KR105631 0.01 0.00 0.01 0.00
KR105634 0.23 0.23 0.23 0.23 0.00
KR105635 0.22 0.22 0.22 0.22 0.02 0.00
KR105636 0.20 0.20 0.20 0.20 0.03 0.02 0.00
KR105637 0.19 0.19 0.19 0.18 0.04 0.04 0.02 0.00
57 KR105630 those with the highest populations of pale forms
"HLKRN%SS were Capsicum sp., Senna sp. and Ajuga remota
100} L kr105632 Benth (Labiatae). Host plants that had nearly equal
KR105631 proportions of both colour forms of F. schultzei were
- KR105637 Bidens pilosa L. 1753, Brassica oleracea L., Citrullus
KR105636 lanatus (Thunb.) Matsum. & Nakai and Solanum
‘Wi_i KR105634 Iycopersicum L. (Fig. 12). The population of the dark
98— KR105635 colour form increased with altitude and is most
prominent at altitudes of 700—1900 m. Above 1300
—

0.02
Fig. 7. Unrooted neighbour-joining tree of Frankliniella
schultzei constructed from Kimura two-parameter dis-
tance model. Dark (KR105630 - KR105633) and pale
(KR105634 — KR105637).

and those found in I setosa flowers, the two
populations clustered together (Fig. 9). These results
were also supported by comparison of the ITS2-
RFLP banding pattern produced by restriction of the
ITS2 region of males collected from I. setosa flowers
and males from the dark F schultzei colony by
restriction enzyme Alul (Thermo Scientific, Inc). All
wild males had banding patterns identical to those
of dark males in the laboratory colony (Fig. 10).

Ecological characterization

Host plant and geographical preference

Among the 1383 F. schultzei specimens observed
from the thrips collections at icipe, the proportion
of dark F. schultzei (68%) exceeded that of the pale
F. schultzei form (32%). The dark colour form was
predominant in Western and Nyanza provinces,
which are dry to sub-humid mid-altitude regions
in the Lake Victoria basin. The proportion of pale
F. schultzei population increased gradually towards
the coast with highest proportions in the low
altitude hot and humid coastal province followed
by the warm and dry medium altitude region in
the Eastern Province (Fig. 11). The host plants with
the highest proportion of dark F. schultzei were
Phaseolus sp., Cucurbita sp. and Ipomoea sp. while
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m, the population of the pale colour form decreased
as altitude increased (Fig. 13).

Discussion

Thysanopterans are a highly diverse group of or-
ganisms with over 5200 recognized species (Moritz
et al.,2000). Within the group, subtle variations in the
morphological character states delineate differences
in species (Mound, 2002). Within thrips species,
a high degree of variability in morphological
character states have been reported in Frankliniella
occidentalis (Pergande) (Chumak, 2014; Clueveretal.,
2015) and Scirtothrips dorsalis Hood (Rugman-Jones
et al., 2006; Hoddle et al., 2008a; Dickey et al.,
2015). Similarly populations of some thrips species
have been shown to differ in their modes of
reproduction and host associations, as has been
shown for Thrips tabaci (Jenser and Szénasi, 2004;
Jenser et al., 2006; Westmore et al., 2013; Nault
et al., 2014). The CBT, F. schultzei also exhibits a
high degree of variability in terms of morphological
characters (Johansen, 2002; Cavalleri and Mound,
2012) and populations have been grouped into pale
and dark colour forms (Mound, 1968). However,
the taxonomic status of the two colour forms of
F. schultzei has been a subject of debate among
thrips biologists. Some biologists, e.g., Bhatti et al.
(2009), considered the pale form of F. schultzei as
a separate species, F. sulphurea (Schmutz, 1913).
Others consider the two colour forms as one species
since they occur sympatrically with overlapping
host plants (Mound, 1968; Hoddle et al., 2008b).
Apart from the differences in colour, analysis of
eight morphometric character states undertaken in
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Fig. 8. Principal component analysis of genetic distances between dark and pale forms of F. schultzei. Dark (KR105630 —
KR105633) and pale (KR105634 — KR105637) Frankliniella schultzei.
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ella schultzei males from the laboratory colony.

this study revealed significant differences between
the two colour forms. The length of the major setae at
tergite 10, length of the third and second ocellar setae
and distance of third ocellar setae from the tangent
to the anterior margin of hind ocellar were key
character states that differentiated the two colour
forms.

In addition to differences for morphological
character states, the two colour forms of F. schultzei
exhibited significant variations at molecular level
with genetic distances of up to 23% between them,
grouping them into two distinct clades. Considering
the fact that the ITS region has a high inter-specific
variability and low intra-specific variability (Moritz
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et al., 2001), the high level of molecular differences
between the two colour forms of F. schultzei in the ITS
regions argues strongly that they are two different
species. The non-coding and highly evolving ITS2
region has been used to identify closely related
thrips species (Toda and Komazaki, 2002; Rugman-
Jones et al., 2006; Farris et al., 2010).

The pale and dark forms of F schultzei have
an allopatric distribution (Sakimura, 1969) with
Kenya, Uganda, Sudan, India, New Guinea and
Puerto Rico as regions where both colour forms
are found (Mound, 1968; Kakkar et al., 2014). In
allopatric populations, genetic divergence usually
leads to evolution of barriers (Gavrilets, 2004) which
in turn could become a hindrance to interbreeding
and reproductive isolation, therefore, contributing
to speciation (Bush, 1975). Our study did not find
evidence of pale F. schultzei males either in the
colony or in the wild. The absence of males needs
to be further confirmed in other host plants and
regions. Circumstantial evidence for absence of
males in F. schultzei is given by Wijkamp et al. (1995),
where the population of pale F. schultzei used for
transmission studies had only females, while the
population of dark F. schultzei had both males and
females. The absence of pale males and emergence of
female progenies from virgin pale female indicates
a thelytokous form of parthenogenetic reproduction
in pale F. schultzei. On the other hand, emergence of
male progenies from virgin dark females indicates
an arrhenotokous form of parthenogenetic repro-
duction in dark F schultzei. Endosymbionts such
as Wolbachia spp. (Kumm and Moritz, 2008) are
known to influence parthenogenetic reproduction.
This needs to be further investigated with the two
colour forms of F. schultzei. Emergence of female
progenies similar to the female parent in dark
male x pale female crosses indicates the existence
of barriers to interbreeding between the colour
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Fig. 10. ITS2-RFLP banding profile of males from Ipomoea setosa. (Lane 1) 100 bp ladder; (lanes 2-7) Restricted ITS2 region
of males from Ipomoea setosa digested using restriction enzyme Alul; (lane 8) dark F.schultzei male from colony; (lane 9)

pale E. schultzei female from colony.
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COAST

KEY ) ]
B Dark
Pale

Fig. 11. Proportion of dark and pale Frankliniella schultzei
in different provinces of Kenya.

forms and further strengthens the evidence for
thelytokous reproduction in pale F. schultzei. The
allopatric distribution of the two colour forms might
have created differences in their mate-choosing
response systems, creating a pre-mating barrier
and eventually preventing interbreeding within the
same ecosystem (Templeton, 1989; Grant and Grant,
2009) as observed in this study. In recent studies
with F. occidentalis, Rugman-Jones et al., (2010) found
evidence of reproductive isolation in biologically
and morphologically diverse sympatric populations
of F. occidentalis. This was based on differences in
nuclear as well as mitochondrial gene sequences,
inferring that the diverse populations could be two
cryptic species.

From an ecological perspective, the distribution
of two colour forms appears to be influenced by
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the climate and host plant. Pale forms were more
prevalent in the low altitude, hot and humid regions
of the coast and warm and dry mid-altitudes of
Eastern Province of Kenya, while the dark forms
were prevalent in the high altitude, cool and wet
regions of Central Province and in the warm and
humid medium altitude regions of Western and
Nyanza provinces of Kenya. The differences in
agroecological preferences of the two colour forms
could be related to their host plant preference.
Host plants such as beans (Phaseolus sp.) and
cucurbits (Cucurbita sp.) that are widely grown
in high altitude regions with cool temperatures
are predominantly infested by dark forms. Plants
such as Capsicum sp., Senna sp. and Ajuga remota
Benth, which thrive well in the low altitudes with
warm and humid conditions were predominantly
infested by the pale forms. Differences in prevalence
of pale and dark F. schultzei might be related to
variations in temperature in the different agro-
ecologies. Temperature and colour of the insects
influenced the body temperatures and thereby the
insect physiology and their abundance. For instance,
Murai and Toda (2001) reported that at lower
rearing temperatures, T. tabaci adults were darker
as compared to paler thrips when reared at higher
temperatures. Similarly, in montane areas often
characterized by cool temperatures, the dark forms
of F. occidentalis were frequently observed (Hoddle
et al., 2008b). Dark forms of F. occidentalis were
more abundant during the cooler months, while pale
forms were abundant during the warmer months
(Elimem et al., 2011).

The morphometric, molecular, ecological and
host plant differences between the dark and pale
forms of F. schultzei (together with their inability to
interbreed) lead us to conclude that the colour forms
represent distinct species. Further investigation on
the presence/absence of pale F. schultzei males in


https://doi.org/10.1017/S1742758416000126

Characterization of Frankliniella schultzei colour forms

.-

o

&

7

[

5

4

Number of Insects

3

2

67

® Dark%

OPale%

|

= = =1 s = = = = =1 =
36) —
Ipomoea sp (n=36) —
Nyecandra physalodes (n=20) _

-?
o=
I

Jatropha curcas L. (n=7) :_

—~ g -~ — =~ = .
= § = Nfoonsmm
T - - = a -
=t = L T 2T T 98T =
= - B2 =2 N 8 = 8 &8 & = |0
4 8€8e3 S NG T ZG
] S o B g H
REEER g fid g
! g = @ 5 s 8
2 33 % g 3 2 g E 355 £EE
8 = = E & ° = E = ® E E
Es£3EL 5 2 § g5~ <2 s
E & | = 5 s &8 & gs;
g = 8 15} = & E g @
= E B ] a

s T - £ 3 <
E] E =
s = g £ "
2 a 2 = ¥]
=3 -
=] e G
Q =
b B

E

E]

F]

S

23

=

]

=

Malvaviscus grandiflorous Humb., Bonpl.& Kunth (n=6)

M}

Cleome gynandra (n

Luffa acutangula Mill. [n=7)

) E———

Citrullus lanatus (n=14) -:_
Lablabpurpureus (n=7) [

SR TS G — .—.'»-'p-.la-.lﬁl.-.',—.lo-.l
‘.’ﬁ:ﬁ”":'ﬁ‘ 238155 % 2
[T i':"EEE rTTT 21T 21
S S22 323 £ 225 E 8 3
s 4 PR - - . = 2
¢4 8t dfF ik § £ JaB% %@
o 1
E = 2 0O g E‘!Ezgga E
B QBT o 2 E =23 5 8 & Hl
B a 5 % =2 & s g & =2 E § = 3
-] E 8 = = = s W = =2 2
& &3¢ 282 38 £ 223 8
T £ F T 5 =2 23§:U_u £ 4
S s = = S g g £ E g
~g: SA8E =f &F £°
: £ g * E g <
& 3 = =2 =
= 5 H S K]
=) 5 2 =
= o =
2 = ]
=l _§ -«
™ =
=4
-4
i

Host Plants

Fig. 12. Proportion of dark and pale forms of Frankliniella schultzei collected from different host plants in Kenya.
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Fig. 13. Numbers of dark and pale forms of Frankliniella schultzei collected from different altitudinal classes in Kenya.

different regions and host plants, factors influencing
the modes of parthenogenetic reproduction, differ-
ential response to climatic variables, and vector
competence could provide valuable insights into
the divergence of the two species. This study
also highlights the importance of the integrative
taxonomic approach for conclusively resolving the
species status of closely related population of thrips.
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Effective management of insect pests begins with
their unambiguous and accurate identification.
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