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Thesis abstract
The leaf-mining moth, Bilobata subsecivella (Zeller) (Lepidoptera: Gelechiidae), thought to
be an invasion from Indo-Asia (where it is known as Aproaerema modicella (Deventer); but
hereafter referred to as B. subsecivella) has become a major pest of groundnut (Arachis
hypogaea L.) and soya bean (Glycine maxi (L.) Merr.) in South Africa and Africa as a whole.
Following the sudden outbreaks of B. subsecivella as a new pest of groundnut in a number of
African countries, the continent has been confronted with the problem of having no
information on the biology and ecology of the pest that can be used for its
management/control. In this context, the main aim of the research for this thesis was to study
the biology and ecology of B. subsecivella in South Africa with the main objective of
obtaining information that will assist in its management as a novel pest of groundnut. To

achieve this objective, several studies were carried out.

First, a detection survey of B. subsecivella infestation was conducted on groundnut, soya
bean and lucerne (Medicago sativa L.), the common host crops for B. subsecivella in India, at
six widely separated sites in South Africa during the 2009/2010 growing season. The sites
included the Agricultural Research Council research stations at Potchefstroom and Brits as
well as the farms surrounding the Brits research farm in the North West province, Vaalharts
Research Station in the Northern Cape province, the Department of Agriculture Lowveld
Agricultural Research Station near Nelspruit in Mpumalanga province, and Bhekabantu and
Manguzi in the northern part of the KwaZulu-Natal province. The study had three objectives.
The first was to build a complete host crop/plant list and record damage symptoms caused by
B. subsecivella in South Africa. The second was to identify the pest to species level. The third
was to determine its inter- and intra-population genetic diversity by analysing in, both cases,
the mitochondrial DNA (mtDNA) COI gene of specimens collected from these sites. Sixty
specimens comprising 24 larvae, 24 pupae and 12 moths were collected from the six survey
sites, and their mtDNA COI were sequenced and compared with those from the Barcode of
Life Data System (BOLD) gene bank. Infestation by B. subsecivella was observed on
groundnut and soya bean, but not on lucerne. The mtDNA COI from all specimens of the
pest, irrespective of whether they were from groundnut or soya bean, matched 100% with the
sequences in BOLD belonging to a B. subsecivella population occurring in Australia (referred

to as Aproaerema simplexella (Walker)) and known as the soya bean moth in that country).



There was very little genetic diversity between and within the populations from the six sites,

which suggested that the populations were maternally of the same origin.

Further molecular and phylogenetic studies were also completed to determine the
evolutionary relationships between B. subsecivella populations collected from Australia,
Africa and India. These studies involved sequencing and analysing five gene regions of
mitochondrial and nuclear DNA, including COI, cytochrome oxidase II (COII), cytochrome b
(cytb), 28 ribosomal DNA (28S rDNA), and intergenic spacer elongation factor-1 alpha (EF-
1 ALPHA). The mtDNA COI analysis also included B. subsecivella (but called A.
simplexella) sequences downloaded from the National Center for Biotechnology Information
(NCBI) GeneBank collected from different areas in Australia. In four phylogenetic trees
(COI, COlII, cytb and EF-1 ALPHA), sequences of B. subsecivella personally sampled from
Australia were grouped separately from the others, whereas sequences of B. subsecivella
from South Africa, India and Mozambique were clustered in one group in most cases.
Furthermore, in the mtDNA COI phylogenetic tree, one Australian sequence of B.
subsecivella that was downloaded from the NCBI GeneBank was grouped with other
sequences from South Africa, India and Mozambique. Moreover, one sequence of B.
subsecivella personally sampled from Australia was grouped with the other two sequences of
B. subsecivella from Australia that were downloaded from the NCBI GeneBank. Based on
these results, it could be hypothesized that there is genetic diversity within B. subsecivella
populations in Australia. The mtDNA COI gene analysis in the current study revealed that
there are B. subsecivella populations in Australia that are similar to the B. subsecivella
populations in South Africa, Mozambique and India. Phylogenetic analysis of the 28S gene
region revealed a lack of genetic diversity between sequences of B. subsecivella from India,
South Africa, Mozambique and Australia. Genetic pairwise distances between the
experimental sequences ranged from 0.97 to 3.60% (COI), 0.19% to 2.32% (COII), 0.25 to
9.77% (cytb) and 0.48 to 6.99% (EF-1 ALPHA).

Field experiments were then conducted at Vaalharts, Brits, Nelspruit, Manguzi and
Bhekabantu during the 2010/2011 and 2011/2012 growing seasons. These experiments
pursued three objectives. The first one was to determine B. subsecivella infestation levels on
groundnut, soya bean, lucerne, pigeon pea (Cajanus cajan L.) and lablab bean (Lablab
purpureus L.) under field conditions. The second was to develop a host plant list for B.

subsecivella and the third was to determine the effect of cypermethrin application on damage



by B. subsecivella to groundnut and soya bean plants. In the 2010/2011 season, larval
infestation was monitored on groundnut crops planted in November 2010 and January 2011.
In the 2011/2012 season, larval infestation was monitored on groundnut, soya bean, lucerne,
pigeon pea and lablab bean planted in November 2011 and January 2012. Wild host plants
were inspected for damage symptoms and the presence of larvae. An experiment which
examined the effect of cypermethrin application on B. subsecivella damage to groundnut and
soya bean plants was completed in the 2011/2012 season at Vaalharts and Nelspruit. A
survey for wild plant hosts of B. subsecivella was conducted in the proximity of the field
experiments during the 2011/2012 growing season, as well as in winter. Amongst the host
crops tested, soya bean was highly infested by B. subsecivella followed by groundnut, at all
sites. The pest was also observed on pigeon pea at all sites, but the infestation was very low,
while lucerne had very low larval infestation. No infestation was observed on lablab bean
across these sites. Groundnut and soya bean crops planted in January were severely infested
by B. subsecivella, compared to the crops planted in November; however, B. subsecivella
infestation on crops was observed 5-6 weeks after crop emergence. Sprays of cypermethrin
on groundnut and soya bean reduced larval infestation in both crops to very low levels. Wild
plant hosts identified were from five families which included three species in the
Leguminosae, two species in the Convolvulaceae, two species in the Malvaceae and one

species each in the Lamiaceae and Asteraceae.

Seasonal monitoring of the flight activity of B. subsecivella moths was completed at
Manguzi, Bhekabantu, Nelspruit, Brits and Vaalharts over a two-year period (from November
2010 to December 2012). The objective of this study was to monitor the flight activity of B.
subsecivella in order to understand its dispersal and off-season survival tactics and to predict
its initial occurrence. Pheromone traps were used to monitor the moths’ flight activity.
Information collected included climatic data (rainfall, temperature and humidity) that were
obtained from ARC weather stations placed at four planting sites. Pearson’s test for
correlation was performed to assess the relationship between B. subsecivella moth catches
and environmental factors (rainfall, temperature and humidity). Results from this study
showed variation in B. subsecivella populations throughout the monitoring period. The
highest peak in B. subsecivella catches was between January and April/May for both seasons.
Though low in numbers, B. subsecivella moths were caught in winter at Manguzi, Nelspruit,
Vaalharts and Bhekabantu. No B. subsecivella moths were trapped during the winter months

at Brits. Pearson’s test for correlation indicated that there was a significant negative


http://www.theplantlist.org/browse/A/Convolvulaceae/
http://en.wikipedia.org/wiki/Lamiaceae

association between temperature and B. subsecivella catches in pheromone traps at Nelspruit,
whereas at Vaalharts there was a significant positive association between humidity and B.
subsecivella catches. There was no correlation between environmental factors and B.
subsecivella catches at Manguzi and Brits. Furthermore, it was found that B. subsecivella in
Australia (moths collected for DNA analysis in the current study) responded to the species-
specific lure that was developed from the sex pheromone of B. subsecivella, referred to as A.

modicella in India.

Overall, the study revealed important ecological and genetic information on B. subsecivella
populations occurring in southern Africa. More importantly, this study established the genetic
connection between B. subsecivella populations from Australia, India and Africa. Hence, the
species conforming to these populations were tentatively synonymized as B. subsecivella in

this thesis.
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Thesis introduction

Groundnut (Arachis hypogaea L.) is an important annual, self- pollinated legume crop that is
grown worldwide on some 24 million hectares (ha) for protein and the extraction of its edible
oil (Janila et al. 2013). Insect pests represent a major yield constraint in groundnut
production, either as a result of direct damage or as vectors of viral diseases (Ghewande &
Nandagopal 1997). Currently, the production of groundnut in Africa is threatened by the
groundnut leaf miner (GLM) which has generally been referred to as Aproaerema modicella
(Deventer) (Lepidoptera: Gelechiidae), a major pest of groundnut and soya bean (Glycine
max (L.) Merr.) in Indo-Asia (Shanower et al. 1993). The groundnut leaf miner is a small
moth whose larvae create mines in between the upper and lower epidermis of the green leaf,
thereby reducing the photosynthetically active leaf area. This adversely affects the growth
and yield of the crop. A single larva destroys from 34.8 to 179.3 cm-* of leaf area in its
lifetime (Islam ef al. 1983; Shanower 1989). The damaged leaves eventually become
brownish, rolled and desiccated, which results in early defoliation (Kenis & Cugala 2006),
and this further negatively impacts on the growth and yield of the groundnut plants.
Groundnut leaf miner can cause up to a 90% loss in total yield of groundnut (Reddy et al.
1978; Sumithramma 1998), and where there are no natural enemies, an epidemic can result in

total crop loss (Wightman & Ranga Rao 1993).

Previously confined to the Indo-Asian continent, the groundnut leaf miner pest problem was
first noticed on the African continent in Uganda in 1998 (Epieru 2004). The problem has
since raised considerable alarm and concern in the groundnut production industries of Malawi
(Subrahmanyam et al. 2000), Uganda (Page ef al. 2000; Epieru 2004), Mozambique (Kenis &
Cugala 2006), Democratic Republic of the Congo (Munyuli et al. 2003) and South Africa
(Du Plessis 2002). In South Africa, GLM was first noticed on groundnut in 2000 within the
Vaalharts irrigation scheme in the Northern Cape Province (Du Plessis 2002). Since then, it
has spread over the entire groundnut production areas of the country, including the Free State,
Northern Cape, North West and Mpumalanga provinces (Du Plessis 2003), and has become a
major pest that is threatening the viability of groundnut production in the country. In
KwaZulu-Natal, the pest was identified at Manguzi in the northern part of the province

during the 2008/2009 season where it caused total crop losses in late plantings (Zharare, pers.
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comm.).! The severity of the pest’s occurrence, however, appears to differ from location to
location and from year to year. Generally, the occurrence of GLM is highly sporadic (Kennis

& Cugala 2006), and this might pose difficulties in predicting GLM incidence.

In the rural areas of South Africa, as in other rural African areas, groundnut is a basic staple
crop of small-holder farmers and is grown both for subsistence and as a cash crop (Janila et
al. 2013). Therefore, GLM poses a serious threat to the food security of these areas. There are
some insecticides that are used to provide control of GLM (Kenis & Cugala 2006), but these
are largely unaffordable for small-holder farmers. There is thus a necessity to find cheaper
alternative methods for managing GLM for small-holder farmers. As a relatively new pest in
South Africa, there is not much information on the ecology and ecophysiology of the pest that
might help to predict its incidence and potential for outbreaks, and to facilitate control

measurces.

Integrated Pest Management (IPM) involves employing different management approaches
against pests (e.g. cultural control, biological control, chemical control), which either reduce
the incidence or delay the build-up of the insect pest complex (Nandagopal & Ghewande
2004). Furthermore, they play a vital role in maintaining pest populations at levels below
those causing economic injury (Kogan 1998). In order to develop an effective IPM program,
it is crucial to have ecological information about pests and their crop environments
beforehand (Kogan 1998). Kenis & Cugala (2006) suggested various integrated approaches
which can be employed in controlling GLM, such as intercropping, manipulation of planting
dates, utilization of less suitable crop genotypes, trap crops, botanical pesticides and the
bacterial biopesticide Bacillus thuringiensis (Berliner). One of the examples of an integrated
approach that has proven to be efficient in controlling GLM in India is described by
Nandagopal & Ghewande (2004). This approach involves trap crops (soya bean), pheromone
traps, specific planting patterns (plant groundnut with a suitable variety of soya bean), base
spray schedules (spraying at 30-35, 45-50, and 60-65 days after planting) and botanical

insecticide treatments (2% crude neem oil).

Since the identification of the GLM problem in South Africa in 2000, there have been several
collaborative studies conducted on the pest by the Agricultural Research Council — Summer

Grain Crops Institute and the North West University, both at Potchefstroom in the North
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West Province. These studies included: a) the development of a control strategy for GLM on
groundnut; b) distinguishing male from female larvae; c) surveys on GLM infestation levels
in groundnut and the rates of parasitism of the pest in South Africa and; d) monitoring GLM
flight activity at the borders of groundnut fields using pheromone traps. However, there still
remain several important ecological questions with respect to the control of the pest in South
Africa, which include:

(i) Where did the GLM in South Africa originate from?

(1)) How does the pest move from one area to another? Has it become naturalized in and

adapted to different climatic environments?
(ii1) How does the pest survive from one season to another?

(iv) Is the GLM in South Africa the same species as the one in India?

The groundnut leaf miner in Africa was thought to be a recent invasion of 4. modicella from
the Asian continent (Du Plessis 2002; Kenis & Cugala 2006). However, there are reports
dating back to the 1950s of a moth similar to 4. modicella, but referred to as Stomopteryx
subsecivella (Zeller) [= Gelechia (Brachmia) subsecivella (Zeller)], being recorded but being
considered of non-economic importance in Africa (Janse 1954; Mohammad 1981). Also, in
Australia there is a congeneric soya bean pest (Aproaerema simplexella (Walker) [= Gelechia
simplexella (Walker)] which is morphologically similar to 4. modicella (Bailey 2007). The
use of different names for GLM worldwide is also reflected in the work of Shanower et al.
(1993), who described the GLM in India as Anacampsis nerteria (Meyrick), the one in Africa
as S. subsecivella (Zeller) and another in India-Indonesia as A. modicella (Van Deventer).
Further literature searches revealed several synonyms that have been applied to this insect.
These include Aproaerema nerteria (Meyrick) (Fletcher 1914, 1917, 1920), Stomopteryx
nerteria (Meyrick) (Anon 1941; Cherian & Basheer 1942), Stomopteryx subsecivella (Zeller)
(Abdul Kareem et al. 1972-73) and Biloba subsecivella (Zeller) (Anon 1977; Dean 1978).

The current pool of knowledge cannot answer all of the above questions. Therefore, the
current study was conducted to provide further information on the ecology of the pest in
South Africa. It was also envisaged that molecular studies (DNA analysis) might provide
answers about the origin of GLM in South Africa, as they offer more precise options for
species identification (Scheffer 2000), and thus provide a lead in determining the best
integrated management plan for the control of this pest in South Africa. The overall aim of

this study was to obtain information on the ecology and the genetics of GLM in South Africa
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with a view towards finding ways to deal with it as a pest of groundnut. The objectives

embedded within this overall aim were:

(1) To investigate the incidence, population dynamics and behaviour of GLM in relation
to geographic area, season and climatic conditions.

(i1)) To determine the genetic diversity of GLM from the different agro-ecological
regions of South Africa through DNA analysis.

(ii1)) To determine the relatedness between GLM in Africa and Indo-Asia and the soya

bean moth in Australia.

The work on GLM which is reported in this thesis has indicated that A. modicella, A.
simplexella and GLM in Africa are very closely related to each other; consequently, these
‘species’ have been tentatively synonymized as Bilobata subsecivella (Zeller) based on the
analyses of mitochondrial and nuclear DNA. However, further studies including both
molecular and morphological analyses of the genitalia of the specimens will be conducted to
reinforce the synonymization status of the species. The literature on the B. subsecivella
population in India (previously called A. modicella) has been reviewed for the purpose of this

thesis, as it is the B. subsecivella population that has been extensively studied.

The thesis is represented in the form of separate chapters using a setup of complete distinct
papers. Consequently, there might be duplication of some information between chapters,
especially in the introduction and reference sections. Some of these papers have already been
published in peer reviewed journals. For consistency of referencing, the style of the journal
African Entomology has been used throughout the thesis. The layout of the thesis is as

follows:

a) Thesis introduction.

b) Literature review (Chapter 1).

c) The groundnut leaf miner collected from South Africa is identified by mtDNA COI
gene analysis as the Australian soya bean moth (Aproaerema simplexella (Walker))
(Lepidoptera: Gelechiidae) (Chapter 2).

d) Molecular and behavioural evidence suggesting a re-examination of the taxonomy of
Aproaerema  simplexella (Walker) and Aproaerema modicella (Deventer)

(Lepidoptera: Gelechiidae) (Chapter 3).
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e) Phylogenetic relationships of Bilobata subsecivella (Zeller) (Lepidoptera:
Gelechiidae) based on mitochondrial and nuclear DNA gene sequences (Chapter 4).

f) A comparison of the infestation of Bilobata subsecivella (Zeller) (Lepidoptera:
Gelechiidae) on groundnut and other known hosts and the impact of insecticide
applications on its populations in groundnut and soya bean (Chapter 5).

g) Seasonal monitoring of the incidence and flight activity of Bilobata subsecivella
(Zeller) (Lepidoptera: Gelechiidae) at five sites in South Africa (Chapter 6).

h) Thesis overview.
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Chapter One

LITERATURE REVIEW

1.1 Groundnut

1.1.1 Origin of groundnut

The natural existence of the genus Arachis is believed to be restricted to Argentina, Bolivia,
Brazil, Paraguay, and Uruguay, with the headwaters of the Paraguay River in the region of
Mato Grosso (Brazil) considered to be the center of origin of the genus (Rao 1987). The
cultivated groundnut (peanut), Arachis hypogaea L. is believed to have arisen in an area of
southern Bolivia and northwestern Argentina, on the eastern slopes of the Andes
(Krapovickas 1969). The species is comprised of several subspecies and botanical varieties
that have a specific geographic distribution in South America (Rao 1987). The crop was
introduced to Asia, Europe, several Pacific Islands and Africa during the discovery voyages

of the Portuguese, Spanish, British and Dutch during the 16™ and 17" Century (Cumo 2013).

1.1.2 Groundnut production and its importance

Groundnut is grown in areas between 40 degrees South and 40 degrees North of the equator,
where the average rainfall is 500 to 1200 mm with mean daily temperatures higher than 20°C
(Krapovickas 1973; Hammons & Branch 1982; Isleib ef al. 1994). At present, India, China,
Nigeria, Senegal, Sudan, Burma and the United States of America are the major groundnut
producing countries in the world, accounting for about 69% of the area under cultivation and
70% of the total production (Madhusudhana 2013). Worldwide, some 18.9 million hectares
(ha) are under groundnut cultivation with around 17.8 million tons produced annually
(Madhusudhana 2013). In Africa, groundnut is mostly grown by small-holder farmers under
rain-fed conditions with low inputs. It thus serves as a cash crop, providing income and
livelihoods to the farmers (Janila ez al. 2013). In South Africa, groundnut is mainly produced
in the north-western regions of the country, namely the western and north-western Free State
(40%), Northern Cape (31%) and the North West Province (25%) (Department of
Agriculture, Forestry and Fisheries 2011-2012). Groundnut is also produced in Limpopo,
KwaZulu-Natal and Mpumalanga provinces; however, production in these provinces is

considerably lower (Department of Agriculture, Forestry and Fisheries 2011-2012).



Groundnut is valued as a rich source of energy as it provides 564 kcal of energy from 100 g
of kernels, which contain oil and protein (48—-50% and 25-28% of the kernels, respectively)
(Jambunathan 1991). Groundnut kernels can be consumed in an unprocessed state, but more
commonly they provide raw materials for the manufacturing of various products such as
peanuts, peanut butter, sweets and cooking oil (Department of Agriculture, Forestry and
Fisheries 2011-2012). In addition to contributing to human nutrition through the consumption
of energy- and protein-rich groundnut kernels, groundnut also provides nutritious fodder
(haulms) for livestock (Janila et al. 2013). Therefore, groundnut cultivation contributes to the
sustainability of mixed crop-livestock production systems, the most predominant agricultural

system of the semi-arid areas of the world (Janila et al. 2013).
1.1.3 Pests of groundnut

Insect pests which are known to attack groundnut worldwide include: lepidopteran defoliators
such as groundnut leaf miner (GLM) Aproaerema modicella (Deventer)® (Lepidoptera:
Gelechiidae), red hairy caterpillar Amsacta albistriga (Walker) (Lepidoptera: Arctiidae),
tobacco bud worm Heliothis virescens (Fabricius) (Lepidoptera: Noctuidae), gram pod borer
Helicoverpa armigera (Hiibner) (Hiibner) (Lepidoptera: Noctuidae) and bihar hairy
caterpillar Spilosoma obliqgua (Walker) (Lepidoptera: Arctiidae); sap-sucking insects such as
thrips (Insecta: Thysanoptera) and aphids such as Aphis craccivora (Koch) (Hemiptera:
Aphididae); soil insects such as white grubs Apogonia rauca (Fabricius) (Coleoptera:
Melolonthidae) and termites (Isoptera); and mite pests such as two spotted white spider mite
Tetranychus urticae (Koch) (Arachnida: Tetranychidae) (Ghewande & Nandagopal 1997).
Among these, GLM is regarded as one of the most important pests of groundnut in India
(Kapadia et al. 1982; Ghewande & Nandagopal 1997). Recently, GLM has become a major
pest of groundnut in African countries including Uganda, Malawi, Democratic Republic of
the Congo, Mozambique and South Africa (Page ef al. 2000; Subrahmanyam et al. 2000; Du
Plessis 2002; Munyuli et al. 2003; Epieru 2004; Kenis & Cugala 2006).

1.2 Classification of GLM

The groundnut leaf miner belongs to the lepidopteran family Gelechiidae and the subfamily

Anacampsinae. There are some twelve species in the genus Aproaerema. They include A.

* South African GLM, A. modicella and A. simplexella have been tentatively synonymised as Bilobata
subsecivella (Zeller) in this thesis.
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alfalfella (Amsel), A. anthyllidella (Hiibner), A. aureliana (Capuse), A. brundini
(Benander), A. crotalariella (Busck), A. lerauti (Vives), A. mercedella (Walsingham), A.
modicella (Deventer), A. nerteria (Meyrick), A. nigritella (Stainton), A. simplexella (Walker)
and A. sparsiciliella (Barrett) (Hall et al. 1993; Jyothi et al. 2008). Of these, A. modicella

has been the most studied, because of its pest status on groundnut.

1.3 The biology of GLM

The adult GLM is a grey mottled moth, with a full wing span of up to 18 mm. The eggs are
small (<1.0 mm) shiny white and oval shaped (Shanower et al. 1993a). The larvae are grey-
green with a shiny black head (Shanower et al. 1993a). Different numbers of larval instars
have been reported in the literature, ranging from three (Kapadia et al. 1982) to four (Gujrati
et al. 1973), five (Amin 1987; Shanower 1989) and six (Islam et al. 1983). The first of the
GLM’s five larval instars has an average length of 0.56 mm, while the final instar is
approximately 6.0 mm long and very active (Shanower ef al., 1993a; Subrahmanyam et al.,
2000). Shanower et al. (1993a) reported that the first instar larvae feed within the epidermis,
reaching the leaf mesophyll and creating winding mines between the upper and lower
epidermis. The mines extend outwards from an initial serpentine shape to become blotch like
and they enlarge as the larvae grow (Chanthy ef al. 2010). Later, when the larvae become too
large to occupy the mines, they emerge onto the leaf surface and either fold over a single leaf
and hold it down with silk, or web together two or more leaflets, and thereafter live and feed
in the shelter they have constructed until they pupate (Shanower et al. 1993a; Kenis & Cugala
2006). The pupae rarely exceed 8 mm in length (Shanower et al. 1993a). Shanower et al.
(1993a) reported that the presence of pink coloured gonads in the region of the sixth and

seventh abdominal segments is a distinguishing characteristic of male larvae.

The life cycle begins when the adult females lay eggs directly on the undersides of groundnut
leaflets, stems and petioles (Shanower et al. 1993a; Kenis & Cugala 2006). The number of
eggs laid by each female ranges from about 87 to 473 (Cherian & Basheer 1942; Gujrati ef al.
1973). The duration of development from egg to adult is dependent on environmental
conditions, particularly temperature. The entire life cycle generally takes 15 to 28 days in the
warmer conditions of southern India (Cherian & Basheer 1942), compared to 37 to 45 days in
northern India where temperatures are cooler (Sandhu 1978). Shanower et al. (1993b)

reported that fewer eggs were produced at 15 °C than at 30 °C and at low temperatures, GLM
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may take as long as 80 days to complete its life cycle, compared to only 23 days at high

temperatures.

Under field conditions, eggs generally hatch in 3-4 days, but at lower temperatures may
require 6-8 days (Kapadia et al. 1982; Shanower et al. 1993a). Larval development requires 9
to 28 days under field conditions and ambient temperatures (Cherian & Basheer 1942;
Sandhu 1978; Kapadia et al. 1982). Shanower et al. (1989) reported that larval development
to the adult stage requires approximately 325 degree-days above a threshold temperature of
11.3 °C. Pupation occurs in the webbed leaflets (Kenis & Cugala 2006), requires 72 degree-
days (Shanower 1989) and can be completed in 3 to 10 days at ambient temperatures
(Cherian & Basheer 1942; Sandhu 1978). Adults eventually emerge from the pupa and the

cycle repeats.

1.4 Host crops for GLM

Shanower et al. (1993a) stated that GLM is polyphagous and has been reported to feed on a
variety of host plants, mostly leguminous crops. However, Borreria hispida (L.) K. Schum (=
Spermacoca hispida L.; http://wfo.kew.org) (Rubiaceae) is a notable exception. GLM host
plants in the Fabaceae that are listed by Shanower et al. (1993a) include Arachis hypogaea L.
(groundnut), Glycine max (L.) Merr. (soya bean), Vigna radiata (L.) Willzeek (= Phaseolus
aureus) (mung bean), Cajanus cajan (L.) Millsp. (pigeon pea), Medicago sativa L. (lucerne),
Psolarea corylifolia L. (babchi), Indigofera hirsuta L. (hairy indigo), Vigna umbellata
(Thunb) Ohwi and Ohashi (= Phaseolus calcaratus) (rice bean), Glycine soja Sieb. & Zucc.
(wild soya bean), Trifolium alexandeium L. (berseem clover), Teramnus labiolis (L.) Spreng
(blue wiss), Lablab purpureus L. (lablab bean), Rhynchosia minima DC. (jumby bean) and B.
hispida (shaggy button weed).

1.5 Economic importance of GLM and yield loss

Groundnut leaf miner is a major pest of groundnut and soya bean in the semi-arid tropics
(Wightman et al. 1990). Amin (1983) referred to GLM as the most important groundnut pest
in India, while Wightman et al. (1990) considered it to be the most serious pest of groundnut

and soya bean in South and South-East Asia. More recently, Kenis & Cugala (2006)



described GLM as the most important groundnut pest to have recently invaded Africa

(Uganda, Malawi, DRC, and Mozambique).

A single larva, in its lifetime, destroys from 34.8 to 179.3 cm? of leaf area (Islam ez al. 1983;
Shanower 1989). Additionally, the mined leaves become distorted within a few days. Three
or four mines per groundnut leaflet can cause so much distortion that an infested leaf exposes
as little as 30% of its potential photosynthetic area to the sun, which further affects the
growth and yield of the crop (Kenis & Cugala 2006). The damaged leaves eventually become
brownish, rolled and desiccated, resulting in early defoliation that aggravates yield losses
(Kenis & Cugala 2006). Infestations are usually detected by the presence of small brown
blotches on (or in) the leaves (Wightman & Ranga Rao 1993) and the webbing of leaflets
(Kenis & Cugala 20006).

1.6 Effects of climatic factors on GLM infestation

The level of infestation is largely dependent on environmental conditions. Rainfall, humidity
and temperature are the most important climatic factors that affect GLM populations. Amin
(1987) suggested that heavy rainfall reduces GLM populations. However, Wheatley et al.
(1989) found that water from an overhead irrigation system did not lower GLM densities. In
southern India, GLM infestations are intense during drought periods, especially when no rain
is recorded for 21 days or more (Gadgil ef al. 1999; Narahari Rao et al. 2000). Ranga Rao et
al. (1997) also observed GLM infestations to be severe when the groundnut crop suffers from
moisture stress. It is generally accepted that the conditions most favorable for the growth of
the GLM are long dry spells in association with high temperature and low humidity (Amin &
Reddy 1983; Ranga Rao et al. 1997; Gadgil et al. 1999; Narahari Rao et al. 2000; AICRPAM
2001). Shanower et al. (1989) reported that GLM egg production is lower at 15 and 35°C
than at 30°C. In addition to affecting egg production and duration of development,
temperature also influences the survival of GLM in its immature stages, especially the larval
stage. For example, hatching is slower at 15°C than at higher temperatures and larval

mortality approaches 100% at 15°C (Shanower et al. 1993b).

Because of modulation by climatic conditions, the number of annual generations per crop is
highly variable and has been reported to range from two to seven (Yang & Liu 1966;
Campbell 1983; Logiswaran & Mohanasundaram 1986; Wheatley ef al. 1989; Shanower
etal. 1993a; Kenis & Cugala 2006). In the absence of natural mortality factors, GLM
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numbers can increase by a factor of up to 20 per generation so that by the crop’s pod-filling
stage, they are present in high numbers (Wheatley et al. 1989; Shanower ef al. 1993a),
resulting in severe leaf defoliation and reduction of the leaf surface area exposed to the sun
for photosynthesis (Kenis & Cugala 2006). Board et al. (2010) found that leaf defoliation
during the pod-filling period on soya bean reduced the assimilate supply of nutrients and
consequently seed size was reduced, which drastically reduced yields (Shew et al. 1995).
Shanower et al. (1993a) reported that population densities of more than 320 larvae per plant
may occur in some seasons. The impact of GLM on the growth and yield of groundnut is,
however, determined by the time of infestation in relation to the growth stages of the crop as
well as by the presence of natural enemies. In groundnut, the GLM can cause up to a 90%
loss in total yield (Reddy ef al. 1978; Sumithramma 1998), and where there are no natural
enemies, an epidemic can result in total crop loss (Wightman & Ranga Rao 1993; Lavanya
2009). In most groundnut growing areas of India, because of the presence of natural enemies
(Kenis & Cugala 2006), groundnut pod yield loss ranges between 30% and 60% (Shanower
et al. 1993a; Muthiah & Kareem 2000). In South Africa, crop loss assessments have not yet
been conducted but Zharare (pers. comm.) noted total crop losses in the Manguzi area of

KwaZulu-Natal.

1.7 Economic threshold levels for GLM

The economic threshold levels for GLM differ between regions and with the
growth/development stage of the crop (Shanower ef al. 1993a). Those reported in the
literature range from two larvae per plant (Ghewande & Nandagopal 1997) to 38 larvae per
plant (Muthiah & Kareem 2000; Epieru 2004; Kenis & Cugala 2006; Van der Walt et al.
2009). In Uganda, control action against the pest is initiated when the GLM infestation levels
reach 5 and 10 larvae per plant at 30 and 50 days, respectively, after crop emergence (Epieru
2004). In southern Mozambique, Kenis & Cugala (2006) reported that the infestation levels
that cause economic damage range from 29 to 38 larvae per plant, whereas in South Africa,
the threshold has been set at between 2 and 10 larvae per plant (Van der Walt et al. 2009).
However, the critical plant growth stages at which these infestation levels reach the economic

threshold levels have not been specified for Mozambique or South Africa.
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1.8 Control measures for GLM

There are various methods available for the control of GLM. These include cultural,

biological as well as chemical control.

1.8.1 Cultural control

Cultural control involves crop husbandry activities that modify the relationships between a
pest population and its natural environment. Thus, cultural control methods are also known as
ecological control methods (Zethner 1995; Abate & Ampofo 1996). Cultural methods used to
control GLM include crop rotation, intercropping, timing of planting dates, resistant varieties,

and irrigation.

a) Crop rotation

Crop rotation is the practice of growing a series of different types of crops in the same area in
sequential seasons, in order to avoid the build-up of pathogens and pests, improve soil health,
and avoid pesticide resistance issues that often occur when one species is continuously
cropped (Lozano & Belloti 1980). Crop rotation is one of the oldest and most effective
cultural control methods for both insect pests and diseases (Paine & Harrison 1993).
Growing a single groundnut crop year after year in the same field (i.e. monocultures) gives
GLM pest populations sufficient time to become established and build up to damaging levels
(Ghewande & Nandagopal 1997). Therefore, it is recommended that crop rotation with non-
leguminous crops should be considered, as the GLM utilizes mostly legume crops (Shanower

et al. 1993a).

b) Irrigation

Evidence from the literature suggests that drought-stressed groundnut plants are much more
suitable to GLM attack than irrigated plants, because the growth of the GLM is favoured by
dry conditions/drought (Amin & Reddy 1983; Ranga Rao et al. 1997; AICRPAM 2001).
Therefore, GLM incidence can also be reduced by irrigating the groundnut crop, so as to

avoid periods of water stress (Ghewande & Nandagopal 1997).

¢) Intercropping
Intercropping, also known as mixed cropping, is the agricultural practice of cultivating two or

more crops in the same space at the same time (Andrews & Kassam 1976). In some cases,
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intercropping lowers the overall attractiveness of the environment to a pest, as occurs when
host and non-host plants are mixed together in a single planting (Meyer 2009). Intercropping
therefore offers another way to reduce GLM pest populations by increasing biological
diversity. Intercrops such as pearl millet and sorghum have been used to suppress GLM
populations, as these plants act as traps or barriers, thus reducing GLM pest incidence on
groundnut (Logiswaran & Mohanasundaram 1986; Ghewande & Nandagopal 1997). Muthiah
(2000) also reported that intercropping of groundnut with black gram, pigeon pea, green gram

and pearl millet reduced GLM infestation levels in Tindivanam, India.

d) Planting dates

One of the ways of managing certain pests is to adjust crop planting dates to take advantage
of the growth stages of the crop and pest life cycles (Pilcher & Rice 2001). Rusch et al.
(2010) stated that the timing of planting dates affects the level of damage resulting from
insect pest attacks and the ability of the plants to compensate for this damage. For example,
Bajwa & Kogan (2004) demonstrated that early-sown corn (maize) is less suitable to the stem
borer, Diatraea grandiosella (Dyar) (Lepidoptera: Crambidae). This lower susceptibility
results from the tendency of D. grandiosella to lay fewer eggs on more mature plants, which
have already passed their critical growth stage before most of the larvae begin to feed (Bajwa

& Kogan 2004).

Results from the survey which was undertaken at Tshiombo Irrigation Scheme in the
Limpopo Province of South Africa during the 2006/2007 season, indicated that farmers who
planted in the months of July and August experienced lower GLM infestation levels than
those who planted in the months of September to October (ARC 2007). This was also
confirmed by Zharare (pers. comm.) at Manguzi in northern KwaZulu-Natal, where GLM
was particularly active on crops planted after December, with devastating effects. It is
currently not known why early planted groundnut crops are able to suffer lower GLM
damage. It could be hypothesized that pest pressure during the growing season varies
according to the environmental conditions of the area. Environmental variables such as
temperature affect developmental times in the life cycle of the pest, which in turn affect the

progression of infestation during the growing season (Shanower et al.1993Db).
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f) Integrated Pest Management (IPM) methods

Examples of integrated approaches that have proven to be efficient in reducing GLM
infestation in India include the use of trap crops (soya bean), pheromone traps, planting
patterns (sow groundnut with a suitable variety of soya bean), timed insecticide applications
(spraying at 30-35, 45-50, 60-65 days after sowing) and the use of botanical insecticide
mixtures (2% crude neem oil) (Nandagopal & Ghewande 2004).

1.8.2 Biological control

Biological control of pests (natural control) in agriculture relies fully on predation,
parasitism, or other natural mechanisms (Shanower et al. 1993a), and therefore can be an
important component of IPM programs. A number of parasitoids, predators, pathogens and
nematodes have been recorded as natural enemies of the GLM in Asia, where the pest is

presumed to be indigenous (Shanower et al. 1993a).

a) Predators

Several invertebrate taxa that prey on GLM have been reported in India. These include larvae
of the ground beetle Chlaenius sp. (Bonelli) (Coleoptera: Carabidae) (Shanower & Ranga
Rao 1990), various robber flies (Diptera: Asilidae) (Srinivasan & Siva Rao 1986), the
predatory wasp Odynerus punctum (Fabricius) (Hymenoptera: Eumenidae), the ladybirds
Cheilomenes sexmaculata (Fabricius) and Coccinella septempunctata (Linnaeus)
(Coleoptera: Coccinellidae) and the lacewing Chrysoperla carnea (Stephens) (Neuroptera:
Chrysopidae) (Crop Pest Compendium 2005). Curently, there is little information on the rates
of predation and the impact of predators on GLM populations in Africa (Kenis & Cugala
2006). Furthermore, all predators feeding on GLM in Asia have been reported to be
polyphagous (Kenis & Cugala 2006), and thus would not be suitable for use as classical

biocontrol agents outside Asia (e.g. in Africa).

b) Parasitoids

Several parasitoids of GLM have been recorded in Asia (Shanower et al. 1993a). Of these,
hymenopteran parasitoids are most effective on GLM larvae, parasitizing more than 90% of
the available hosts (Khan & Raodeo 1978; Shanower et al. 1992). In Mozambique, several
parasitoid species from the families Braconidae, Ichneumonidae, Chalcididae, Eulophidae
and Bethylidae were observed, with parasitism rates varying between 0 and 23.2%, although
the parasitoids were not identified further (Kenis & Cugala 2006). Van der Walt et al. (2009)
confirmed that parasitic Hymenoptera, primarily attacking the larval stages of GLM, formed
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an important part of its natural enemy complex in South Africa. Parasitoids in the families
Eulophidae (Diglyphus sp. (Walker) and Asecodes sp. (Forster)) and Pteromalidae
(Pteromalus sp. (Swederus)), with parasitism rates that varied from 1.4 to 4.5%, were
reported from Uganda and the Democratic Republic of the Congo (Munyuli et al. 2003;
Kenis & Cugala 2006). Concluding remarks by Kenis & Cugala (2006) in their review of the
prospects for biological control of GLM emphasized that the use of parasitoids for the control
of GLM in Africa appears to have potential. However, the biology of the parasitoid complex
attacking GLM is not well known. Therefore, there is a need to explore the biology of these

parasitoids before they are introduced in a biological control program.

¢) Pathogens and nematodes

In India, several diseases and nematodes that attack GLM have been recorded. Rajagopal et
al. (1988) reported infections of the bacterium Bacillus thuringiensis (Berliner) (Bacillales:
Bacillaceae) and the fungus Beauveria bassiana Bals. Criv. (Hypocreales: Cordycipitaceae).
Shanower et al. (1992) observed that viral and fungal pathogens killed up to 30% of the
larvae; however, there was no identification of the species involved and it was not mentioned
which larval instars were infected, nor where they were found. Rao & Reddy (1997) isolated
the fungus Metarhizium anisopliae (Metschn.) from dead larvae and tested it successfully in

the laboratory. They suggested that it could be used as a biological control agent for GLM.

1.8.3 Chemical control

In India, several insecticides have been screened for use against GLM, most of which are
applied to the foliage either as liquid sprays or as dust (Praveen 2010). Systemic insecticides
have been tested both as seed dressings and as granules that are incorporated into the soil
during planting (Shanower ef al. 1993a). The pesticide DDT was the first systemic insecticide
to be recommended for GLM control (Ramakrishna Ayyay 1940). For India, the following
chemicals and rates of application have more recently been recommended for the control of
GLM: dimethoate 30 EC 0.03%; monocrotophos 36 EC 0.5% (both applied at 500-7001 ha™V;
carbaryl 50 WP 0.1% and 0.2%; and endosulfan 35 EC 0.05% (Rajput ef al. 1984; Ghewande
et al. 1987; Ghule et al. 1987; Shrivastava et al. 1988). The threshold populations
recommended for application of these chemicals are when five or more active larvae per plant
are found up to 30 days after seedling emergence (DAE), 10 larvae per plant at 50 DAE, or
15 larvae per plant at 75 DAE or later (Shanower ef al. 1993a).
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Kenis & Cugala (2006) stated that the use of insecticides such as cypermethrin or dimethoate
was the only available control method for GLM in Africa at that time. In Mozambique,
Cugala et al. (2010) reported that spraying cypermethrin on groundnut reduced the
population densities of GLM and increased groundnut grain yields. In Uganda, the
effectiveness of cypermethrin in controlling GLM was confirmed by Epieru et al. (2004).
Though several insecticides are recommended for the control of GLM in India and Africa,
they are not a sustainable option for Africa as they are unaffordable for small-holder farmers

(Kenis & Cugala 2006). Therefore, there is a need to explore biological control methods.

The observations of varying GLM populations between years had been reported in India and
Africa (Shanower ef al. 1993a; Van der Walt 2007). Kenis & Cugala (2006) suggested that
the frequent decreases of GLM populations were due to natural enemies controlling the pest.
Furthermore, Kenis & Cugala (2006) stated that even though there are several GLM
parasitoids listed in India, their identity, biology and ecology is not well understood.
Therefore, a biological control programme against GLM in Africa should begin with studies
involving a proper identification of GLM parasitoids; this could be achieved by employing
methods such as molecular techniques which offer complementary, faster and more precise
options for species identification (Scheffer 2000). In addition, molecular techniques can
provide answers on the identity of GLM as Shanower ef al. (1993a) reported that there is a

degree of uncertainty as to the correct classification of GLM in India, Indonesia and Africa.

1.9 DNA analysis as a research tool in entomology

DNA fingerprinting is a molecular research tool which assists in the identification of the
unique DNA pattern of an organism by the genetic polymorphism in its DNA, which
constitutes the genetic material (Crawford ef al. 1993). The individual specific DNA patterns
render DNA fingerprinting possible, and the technology is being widely used for the
identification of biological entities (Crawford ef al. 1993; Jayarao & Oliver 1994; Peng et al.
2003; Saez et al. 2004). Techniques for DNA fingerprinting include either the analysis of
nuclear DNA (nDNA) or mitochondrial DNA (mtDNA), depending on the purpose of the
analysis. Those based on nDNA, such as restriction fragment length polymorphism analysis
and short tandem repeats analysis (Butler 2001), are most suitable for discrimination between
individuals, which allows the identification of individuals, and hence are suitable for within-

population genetic diversity (Crawford et al. 1993; Peng et al. 2003). Mitochondrial DNA is
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maternally inherited. Consequently, its analysis can provide insights into population genetic
structure, gene flow and between-population, biogeographic and intraspecific relationships
(Moritz et al. 1987; Danforth et al. 1998; Sperling et al. 1999; Simmons & Scheffer 2004).
Techniques involved in mtDNA analysis are therefore most commonly used to determine
genetic relationships between populations (Sperling et al. 1999; Scheffer 2000; Scheffer &
Lewis 2001; Segraves & Pellmyr 2001; King ef al. 2002; Simmons & Scheffer 2004). These
techniques are also able to reveal cryptic lineages that represent distinct species within
geographically widespread and apparently morphologically homogeneous organisms

(Schefter 2000).

Generally, DNA techniques are based on a procedure known as the polymerase chain reaction
(PCR) (Saiki et al. 1988). This procedure allows creations of millions of precise DNA
replications from a single sample of DNA; enough to allow genetic variation to be analysed
in a number of ways (Saiki et al. 1988). Furthermore, PCR analysis has the advantage of
analyzing very small sample sizes, even if they are degraded; although, they must not be
contaminated with DNA from other sources during the collection, storage and transport of the

sample (Jayaro & Oliver 1994; Saez et al. 2004).

For the study reported in this thesis, mtDNA analysis using the Cytochrome oxidase I (COI)
gene was used in the identification of GLM occurring in South Africa. This method was
selected on the basis that it is useful in identifying species which have similar morphological
characteristics (Scheffer 2000); as is the case with the GLM entities that have been described
as A. modicella and A. simplexella. In addition to mtDNA analysis, nDNA analysis was used
in a phylogenetic relationships study of GLM in Africa and material from India and Australia

that have been described as 4. modicella and A. simplexella, respectively.
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Chapter Two

The groundnut leaf miner collected from South Africa is identified by
mtDNA COI gene analysis as the Australian soya bean moth (Aproaerema

simplexella (Walker) (Lepidoptera: Gelechiidae)

Abstract

Although the leaf miner attacking groundnut in Africa has been widely reported as
Aproaerema modicella (Deventer)’, a common groundnut (Arachis hypogaea L.) and soya
bean (Glycine max (L.) Merr.) pest in Indo-Asian countries, a proper taxonomic identification
of the pest has not been completed. A detection survey for the pest was conducted on
groundnut, soya bean and lucerne (Medicago sativa L.), the common host crops for A.
modicella, at six widely separated sites in South Africa during the 2009-2010 growing
season. Sixty specimens comprising 24 larvae, 24 pupae and 12 moths of what was thought to
be A. modicella (54 from groundnut; six from soya bean) were collected from the six survey
sites, and their mitochondrial DNA (mtDNA) COI were sequenced and compared with those
from the BOLD gene bank. Infestation by GLM was observed on groundnut and soya bean,
but not on lucerne. The mtDNA COI from all specimens of the pest, irrespective of whether
they were from groundnut or soya bean, matched 100% with the sequences in BOLD
belonging to Aproaerema simplexella PS1, a species occurring in Australia, and known as
the soya bean moth in that country. There was very little genetic diversity between and within
the populations from the six sites, which suggested that the populations were maternally of

the same origin.

Key words: Arachis hypogaea, Aproaerema modicella, Glycine max, lucerne, mitochondrial

DNA.

2.1 Introduction

The identity of the groundnut leaf miner (GLM) in Africa, including South Africa, has

generally been assumed to be Aproaerema modicella (Deventer) (Lepidoptera: Gelechiidae)

> GLM occurring in South Africa, 4. modicella and A. simplexella has tentatively been synonymised as Bilobata
subsecivella (Zeller).
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(Page et al. 2000; Subrahmanyam et al. 2000; Du Plessis 2002; Munyuli et al. 2003; Epieru
2004; Kenis & Cugala 2006), although Shanower et al. (1993) hinted that it might be a
different species. Since no proper taxonomic identification has been done on this new pest in
southern Africa, the adoption of the name A. modicella was probably based on morphological
characteristics of the larvae and adults, crop damage symptoms similar to those of A.
modicella and the strong prevalence of the pest on groundnut (Du Plessis 2002, 2003; Kenis
& Cugala 2006). Van der Walt et al. (2008) examined the gonads of the female and male
larvae of GLM specimens collected in South Africa, and concluded that they were similar to
those reported for A. modicella in Asia by Shanower et al. (1993), which reinforced the
assumption that the pest was 4. modicella. Because of its sudden appearance in Africa, GLM
was thought to be a recent invasion from the Indo-Asian continent (Kenis & Cugala 2006)
where A.modicella is considered to be native and infests groundnut and soya bean (Shanower
et al. 1993). Although this is possible, an alternative hypothesis is that the pest may have

evolved and spread within Africa.

Morphological studies have been the keystone of insect pest identification in the past, and
continue to be in the present, although modern molecular techniques offer complementary,
faster and more precise options for species identification (Scheffer 2000). These are
especially useful in differentiating between related species that share similar morphological
characteristics. In addition, molecular techniques (e.g. DNA finger printing), especially those
involving mitochondrial DNA (mtDNA), are reliable in pinpointing or tracing the
geographical origin/links of pests and their paths of spread (Scheffer 2000; Simmons &
Scheffer 2004).

The study reported in this chapter had three objectives. The first was to compile a complete
host crop/plant list and record damage symptoms on these caused by GLM occurring in South
Africa. The second was to identify the pest to species level and the third was to determine its
inter- and intra-population genetic diversity by analysing in, both cases, the mtDNA COI

gene of specimens collected from widely separated sites.
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2.2 Materials and methods

2.2.1 Detection survey and specimen collection sites

A detection survey involving three visits to each site was undertaken to determine the
presence of GLM on groundnut and alternative host crops/plants at six locations (Table 2.1)
in the North West, Northern Cape, Mpumalanga and KwaZulu-Natal provinces of South
Africa. The first visit was done between 11 and 16 January 2010, the second between 22 and
27 March 2010 and the last between 24 and 29 October 2010. In the North West province, the
sites included the Agricultural Research Council research stations at Potchefstroom and Brits
as well as farms surrounding the Brits research farm. In the Northern Cape, the inspection site
was the Vaalharts Research Station. In Mpumalanga, the inspection site was the Department
of Agriculture Lowveld Agricultural Research Station near Nelspruit. In KwaZulu-Natal, the
inspections were done at Bhekabantu and Manguzi in the northern part of the province. The
latter site is unique from the other sites in that it is warm throughout the year and groundnut
can thus be planted continuously. Being coastal, Manguzi is also expected to have higher

humidity than the other sites.

Table 2.1. Survey sites where groundnut leaf miner inspections and sample collections were

conducted.

Province and Inspection site

Mean annual
rainfall (mm)

Climatic description

Summer
temperatures (°C)

Winter

temperatures (°C)

Crops inspected

Northern Cape Province

Vaalharts (27°95°761°°S ; 300- 450 16 -32 1-18 groundnut, lucerne

24°83°991”’E)

North West Province

Brits (25°59°135”’S ; 27°76°875°E) ~ 300-700 22 -34 15-20 groundnut, soya
bean, lucerne

Potchefstroom (26 °73°607°°S ; 27° 360- 507 18 -34 2-18 groundnut, soya bean

07°553”’E)

KwaZulu-Natal Province

Manguzi (26° 95°532”’S ; 600-700 23-35 17-27 groundnut

32°82°356"’E)

*Bhekabantu (27°01°12.38” S; - - - groundnut

32°19’18.29” E)

Mpumalanga Province

Nelspruit (25°45°452°°S; 500- 780 24 -30 17-24 groundnut, lucerne

30°97°154’E)

*Climatic data were not available because there is no weather station near the site.
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2.2.2 Infestation recognition and specimen collection

The survey included visual inspection of old and young leaves of groundnut, soya bean,
lucerne (Medicago sativa L.) and any other known hosts of A. modicella for infestation by the
pest, and the collection of GLM larvae and pupae for DNA analyses. During the survey, the
presence of the pest and the damage symptoms on the crop were searched for. In the first
survey visit, in addition to visual inspection of the groundnut plants and other host plants at
each site, five specimens each of larvae and pupae were removed from infested groundnut
(all survey sites) or soya bean (Potchefstroom) plants and immediately placed in 10-ml
polycarbonate vials containing absolute ethanol and closed with press-on plastic lids. The
vials were taken to a laboratory and stored at -80°C in a cryogenic freezer until DNA
sequencing. In addition, about 20 pupae per site were placed in a clear 250-ml plastic bottle
that was perforated by a dissecting needle in many places to allow free air movement into and
out of the bottle. The holes were small (< 2 mm in diameter) and not large enough to allow
the GLM moths out of the bottles, which were closed with screw-on polycarbonate lids. The
bottles containing the pupae were stored in a laboratory at room temperature at the University
of Zululand until moths emerged. After visual inspection of the emerged moths, five of the
moths from each site were placed in 10-ml polycarbonate vials containing absolute ethanol
and the vials were closed with press-on lids. As with vials containing larval and pupal

specimens, the vials containing moths were stored at -80°C until DNA sequencing.

2.2.3 DNA analyses

2.2.3.1 DNA extraction

From the specimens collected at the six survey sites, a total of 60 specimens (9 to 12
specimens per site) comprising pupae, larvae and adults (Table 2.2) were used for DNA
analyses. All specimens processed for DNA analyses were from groundnut, except for three
larvae and three pupae that were collected from soya bean at Potchefstroom. The specimens
were identified in relation to the area from which they were collected, as shown in Table 2.2.
The DNA was extracted from the specimens following the method of McPherson et al.
(1991). The specimens were added individually to 500 pl Buffer PL1 of the NucleoSpin
Plantll kit (Macherey-Nagel) and 2 pl of 10 mg/ml proteinase K (Sigma-Aldrich),
homogenised using the TissueLyser (Qiagen) and incubated overnight at 60°C. The samples
were then centrifuged at 6.0 relative centrifugal force for 20 min. The rest of the protocol was

performed on a robotic platform Genesis RMP200 (Tecan). A total of 400 pl supernatant was

24



mixed with 450 ul binding buffer PC and transferred to a silica membrane plate. The mixture
was pulled through the membrane by a vacuum system. The bound DNA was washed to
remove proteins and salts with 400 pl buffer PW1 and twice with 700 pl buffer PW2. The
bound DNA was eluted twice with 100 pl volumes of elution buffer preheated to 70°C.

Table 2.2. Labelling system used in the assigning of specimen identity.

Area Specimen identity Specimen description
Manguzi Man 1 A-Adult

Bhekabantu Man 2 L- Larva

Vaalharts Vaal, VD P- Pupa

Potchefstroom Pot

Brits Brits

Nelspruit Nel

2.2.3.2 DNA amplification and sequencing

DNA amplification by PCR was performed with the primers Ron and Nancy. The PCR
conditions were as follows: 1x KAPA Robust Ready Mix (KAPA Biotech), 1x Enhancer A,
0.4 uM of each primer and 20ng DNA. The PCR was performed in a verity PCR-cycler
(Applied Biosystems) with the following conditions: 95°C for 5 min followed by 40 cycles of
95°C at 30s, 55°C at 60s and 72°C for 90s and a final extension of 72°C for 10 min. Post-
PCR purification was done using the NucleoFast Purification System (Separations).
Sequencing was performed with each primer and BigDye Terminator V1.3 (Applied
Biosystems) followed by electrophoresis on the 3730x] DNA Analyser (Applied Biosystems).
Sequences were analysed using the Sequencing Analysis Version 5.3.1 software (Applied

Biosystems).

2.2.3.3 Editing of DNA sequences

DNA sequences were manually edited (for base calling errors), pruned and aligned by
ClustalW using the BioEdit Sequence Alignment Editor (Hall 1999) to create consensus
sequences which were saved in the fasta format in MEGAS (Hall 1999).

2.2.3.4 Determining evolutionary relationships

The evolutionary history was inferred using the Neighbour-joining method (Saitou & Nei
1987) with bootstrap analysis based on 1000 replicates (Felsenstein 1985). A phylogenetic
tree was constructed based on the Neighbour-joining method. The evolutionary distances
were computed using the Kimura 2- parameter method (Kimura 1980) and are in the units of

the number of base substitutions per site. The rate variation among sites was modelled with a
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gamma distribution (shape parameter =1). The analysis involved 60 nucleotide sequences.
Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and
missing data were eliminated. There were a total of 363 positions in the final dataset.
Evolutionary analyses were conducted in MEGAS (Tamura et al. 2011). Additionally, all
consensus sequences were entered in the Barcode of Life Data System (BOLD) to positively
identify the species. All specimens were identified as from the same species, except one
sample, which was identified as a different species, and was therefore used as an out group in
the analysis. Additionally, the sequences were also exposed to Multiple Sequence Alignment
by ClustalW (http://www.genome.jp/tools/clustalw/) to verify the level of similarity between

samples.

2.3 Results

2.3.1 Host plants

All of the groundnut crops inspected at the six survey sites were infested by GLM, and so
were the soya bean crops inspected at Vaalharts, Potchefstroom and Brits. In contrast, GLM
infestation was absent from all lucerne crops inspected at Nelspruit, Brits and Vaalharts. At
Vaalharts, this was despite volunteer lucerne plants growing on the edges of groundnut fields
that were infested by GLM. At Bhekabantu, only two GLM larvae were observed on an
Indigofera L. species, even though there were a number of these plants within 5Sm of a

groundnut crop that was heavily infested with GLM.

2.3.2 Crop damage symptoms

The symptoms of damage found on the groundnut leaves mirrored those described for GLM
in Mozambique and elsewhere (Kenis & Cugala 2006; Lavanya 2009). The symptoms varied
with season and growth stage of the crop (Figure 2.1). Early in the growth season, the mines
are relatively small and the larvae produce small necrotic areas, mostly in the middle of the
leaflets (Figure 2.1A and B), or a slight folding at the end of a leaflet. Leaf folding and
webbing (Figure 2.1B) may be less visible compared to the mid and late season symptoms. In
late growth stages of the groundnut crop, the affected leaves are severely necrotic and
distorted (Figure 2.1C). In severely affected plants, almost all leaflets are affected/infested
(Figure 2.1D) or there is complete defoliation (Figure 2.1E).
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Figure 2.1. Pictogram showing (i) symptoms of groundnut leaf miner infestation in groundnut; early season leaf
symptoms (A, B), late season symptoms (C), whole plant symptoms (D), crop defoliation (E), and (ii) the adult
groundnut leaf miner moth (F). Note the necrotic bubble/blotches in the middle of leaflets in (A), the folding

and webbing of leaflets in (B) and the extensive necrosis of leaflets in C.
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2.3.3 Pest description and morphology

The moths, when newly emerged from the pupae, have light-grey coloured wings. As they
age, they turn dark grey or brownish and mottled; with dark brown forewings and pale brown
hind wings covered with scales and whitish towards the lower part (Figure 2.1F). The moth is
about 4 to 5 mm long. Eggs are oval in shape, small shiny and white. Larvae are pale green
when small and became dark-green when larger in size, with a shiny black head capsule.
Larvae became cream coloured towards pupation. The pupa is enclosed in a thin silken
cocoon inside the folded leaflets. Pupae were light brown when they were newly emerged,
but later became dark brown. The moths lived for about 6 to 9 days inside the perforated

plastic bottles with screw-on lids at room temperature.

2.3.4 Species identification by mtDNA (COI)

Based on comparisons with published sequences from the BOLD gene bank, one sample was
identified as possibly Helicoverpa armigera (Hiibner) (Lepidoptera: Noctuidae) (99.3%
match), but the remaining samples (59) were identified as Aproaerema simplexella PS1
(Walker) (100% match). In addition, the topmost 15 matches after A. simplexella PS1 among
the sequences available in the BOLD gene bank (Table 2.3) included 11 4. simplexella (93.53
to 98.08% match), one Aproaerema lerauti (Vives) (Lepidoptera: Gelechiidae) (93.53%
match), two Aproaerema isoscelixantha (Lower) (Lepidoptera: Gelechiidae) (92.81 to
93.05% match) and one Aproaerema captivella (Herrich-Schéffer) (Lepidoptera:
Gelechiidae) (92.33% match). There was very little genetic diversity within and between the

specimens from the six surveyed sites (Figure 2.2).
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Table 2.3. The 16 topmost matches of mtDNA of groundnut leaf miner specimens with sequences from the

BOLD GeneBank.

Phylum Class Order Family Genus Species Specimen
similarity (%)

Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella PS1 100
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 98.08
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.84
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.79
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.73
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 97.36
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema simplexella 93.53
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema lerauti 93.53
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema isoscelixantha 93.05
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema isoscelixantha 92.81
Arthropoda Insecta Lepidoptera Gelechiidae Aproaerema captivella 92.33
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Figure 2.2.The phylogenetic relationships based on mtDNA COI regions of groundnut leaf miner identified as

Aproaerema simplexella PSI from specimens collected from six survey sites in South Africa. The names on taxa
positions reflect the sampling areas (Vaal and VD denote Vaaharts; Brits, Pot, Nel, Man 1 and Man 2 denote
Brits, Potchefstroom, Nelspruit, Manguzi and Bhekabantu respectively) and whether the specimen was a larva
(L), pupa (P) or adult (A). Numbers at the nodes represent bootstrap proportions (50% or more; 1000 replicates).

Numbers after species names preceded with HM or GQ indicate GeneBank accession numbers.

2.4 Discussion

It has generally been assumed that GLM occurring on groundnut in Africa had its origins in
Asia, with all reports from the African continent assuming the name A.modicella (Deventer)

for the pest (Kenis & Cugala 2006; Du Plessis 2002, 2003). Contrary to this assumption,
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irrespective of the place or crop (groundnut or soya bean) from which the specimens in this
study were taken, the mtDNA COI sequences of the GLM specimens examined matched
100% with those of 4. simplexella PS1 (previously Stomopteryx subsecivella (Ziller)) (Bailey
2007). This particular species, A. simplexella, is native to Australia where it is reported to be
a pest of soya bean (Common 1990; Bailey 2007). The evidence obtained from the mtDNA
COI analysis in the present study suggests that the GLM in South Africa is this Australian
species. This is supported by the finding that all GLM specimens taken from the six widely
separated sites in South Africa were identified as 4. simplexella PS1, with A. modicella not
listed in the most closely related species (Table 2.3). This infers that all infestations of GLM
in Africa may be caused by the former, and not the latter species. Based on morphological
characteristics, Shanower et al. (1993) suggested that the species found in Africa may be
different from that found in India or Indonesia, describing the GLM in India as Anacampsis
nerteria (Meyr.) (Meyrick 1906), the one in Africa as Stomopteryx subsecivella and another
in India-Indonesia as A. modicella (Deventer). It is thus clear that a large degree of
uncertainty has always existed as to the correct classification of GLM in Africa. No attempt

has, however, been made to discriminate between the species genetically.

Previous to the present DNA analysis, 4. simplexella PS1 was known to be present only in
Australia (Common 1990; Bailey 2007). Now, given the presence of A. simplexella in Africa,
it 1s at present difficult to conclude which of Africa and Australia is the native continent of
the pest. However, the sudden visibility of the pest in Africa points to the possibility that it is
a recent invasion to Africa, and this appears to be confirmed by the lack of intra- and inter-
population diversity in the mtDNA COI gene amongst the specimens collected in the present
study (Figure 2.2). The distribution range of 4. simplexella PS1 in Australia covers almost all
of the country (Common 1990; Bailey 2007). However, even though groundnut is a major
crop in Australia, 4. simplexella PS1 has not been reported to attack this crop in that country.
In Australia, A. simplexella PS1 is generally regarded as a minor pest of soya bean, and is
commonly known there as the soya bean moth (Common 1990; Bailey 2007). This suggests
that the pest has a stronger preference for soya bean than for groundnut in Australia. In
contrast, although it has been noted to infest soya bean (in this study), the pest has so far not
been reported to be problematic on this crop in South Africa, or elsewhere on the African
continent. In South Africa, this is despite the fact that soya bean production (515,000 ha) far
exceeds that of groundnut (47,000 ha) (The Crop Site 2013). It is therefore surprising that,

unlike in Australia, the pest has caused severe problems with groundnut rather than soya bean
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in South Africa and in the rest of Africa. Also, whilst lucerne was expected to be one of the
moth’s alternative hosts (Du Plessis 2003), the present study suggests that it may not be a
preferred host as it was not recorded on that crop at Vaalharts, Brits and Nelspruit, despite its
presence on groundnut crops nearby. Nonetheless, lucerne and other host plants may play an
important role in maintaining small moth populations, between seasons when the groundnut

crop is not present.

2.5 Conclusion

Mitochondrial DNA COI analysis identified GLM in South Africa as A. simplexella PS1
(100% match on the BOLD system), native to Australia, which suggested that Australia may
be the origin of the pest. It is most likely that GLM being reported on groundnut in other
parts of Africa is also A. simplexella PS1. The phylogenetic tree based on specimens of
A.simplexella PS1 obtained from the six widely separated sites in South Africa indicated that
there was very little genetic diversity between and within the populations, suggesting that the
pest might be from the same origin and could be a recent introduction to South Africa. Given
that the sequences of GLM in South Africa matched those of A. simplexella PS1 and that the
damage symptoms of the pest on groundnut are similar to those of A. modicella found in
Asia, there is a need to determine if the two species are indeed genetically different. This has
a bearing on the development and use of groundnut lines that are resistant to GLM, in
countries where it is a problem. For the purpose of formulating strategies for managing the
pest, there is also a need to determine its correct identity, its host range as well as its in-

between season survival tactics in Africa.
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Chapter Three

Molecular and behavioural evidence suggest a re-examination of the
taxonomy of Aproaerema simplexella (Walker) and Aproaerema modicella

(Deventer) (Lepidoptera: Gelechiidae)

Abstract

Since 2000, the groundnut leaf miner has increasingly become a pest of groundnut and soya
bean on the African continent. The origin of the pest in Africa is uncertain. Early reports in
South Africa assumed it to be an invasion of A. modicella from the Asian continent, but
subsequent mitochondrial DNA COI gene (mtDNA COI) fingerprinting matched it to
Aproaerema simplexella (Walker) from Australia. Prior to this, reports in the 1950s recorded
the pest in Africa under the name Stomopteryx subsecivella (Zeller 1852). Furthermore, it
was found that A. simplexella responded to the species specific lure developed from the sex
pheromone of A. modicella. As a result of these apparent anomalies, we examined the genetic
relatedness of the above species from Africa, India and Australia. Mitochondrial DNA COI
analyses were performed on 44 specimens collected from South Africa, four from
Mozambique, and three each from single locations in India and Australia. In the BOLD gene
bank, 70% of the specimens analyzed matched the A. simplexella sequences from Australia
(99%-100%), including all three specimens from both India and Australia, and two from
Mozambique. The match for the remaining specimens was 98-99%. Two specimens, later
linked with parasitoid sequences, did not match with any of the sequences in the BOLD gene
bank. In the NCBI gene bank, 81% of the sequences matched 99-100%, and a further 15%
matched 92-98% with A. simplexella sequences. Based on these mtDNA COI analyses, and
the similarities of the behavioural responses originally noted between the species, I believe
that I am dealing with a single species and suggest tentative synonymisation of the names of

the three taxa from the three continents, under the name of Bilobata subsecivella (Zeller).

Key words: Africa, Australia, India, mitochondrial DNA, pheromone response.
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3.1 Introduction

Groundnut (Arachis hypogaea L.) and soya bean (Glycine max (L.) Merr.) production on the
African continent is threatened by what is commonly known as the groundnut leaf miner
(GLM) a name originally associated with Aproaerema modicella (Deventer) (Lepidoptera:
Gelechiidae), occurring on the Indo-Asian continent as a pest of groundnut and soya bean. In
Africa, the GLM became a major pest of both crops around 2000 (Du Plessis 2002; Kenis &
Cugala 2006). The pest is a small moth whose larva mine between the upper and lower
epidermis of the leaf, thereby reducing the photosynthetically active leaf area, which
adversely affects the growth and yield of the crop. A single larva destroys from 34.8 to 179.3
cm-2 of leaf area (Islam et al. 1983; Shanower 1989). The damaged leaves eventually
become brownish, rolled and desiccated, which results in early defoliation (Kenis & Cugala
2006), and this further negatively impacts on the growth and yield of the groundnut plants. In
groundnut, GLM can cause up to a 90% loss in total yield (Reddy et al.1978; Sumithramma
1998), and where there are no natural enemies, an epidemic can result in total crop loss

(Wightman & Ranga Rao 1993).

The GLM in Africa is thought to be a recent invasion of A. modicella from the Asian
continent (Du Plessis 2002; Kenis & Cugala 2006). However, there are reports dating back to
the 1950s that describe a moth similar to 4. modicella, which was referred to as Stomopteryx
subsecivella (Zeller) [= Gelechia (Brachmia) subsecivella Zeller 1852] and was recorded as
being of non-economic importance in Africa (Janse 1954; Mohammad 1981). In Australia,
there is a soya bean pest (Adproaerema simplexella (Walker) [= Gelechia simplexella Walker
1864]), which is morphologically similar to 4. modicella in Asia (Bailey 2007) and the GLM
found in Africa (Buthelezi et al. 2012). The complexity of names, and thus apparently
confused taxonomy, for GLM worldwide is reflected by Shanower et al (1993), who
described the GLM in India as Anacampsis nerteria (Meyrick 1906), the one in Africa as
Stomopteryx subsecivella (Zeller 1852) and another in India-Indonesia as Aproaerema
modicella (Van Deventer 1904). Further literature searches revealed several synonyms
applied to the GLM. These include Aproaerema nerteria (Meyrick) (Fletcher 1914; 1917,
1920), Stomopteryx nerteria (Meyrick) (Anon 1941; Cherian & Basheer 1942), Stomopteryx
subsecivella (Zeller) (Abdul Kareem et al. 1972-73; Litsinger et al. 1978) and Biloba
subsecivella (Zeller) (Anon 1977; Dean 1978).
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To add to this complexity, Buthelezi et al. (2012), using mtDNA COI analysis on GLM
specimens collected from six widely separated sites in South Africa, showed that all of the
specimens matched 100% with A. simplexella (the Australian species) on the Barcode of
Life Data System (BOLD). This caused more confusion, as there is no record of A.
simplexella having been previously recorded from Africa, and it is not known to be a
groundnut pest anywhere in the world. In an attempt to resolve this taxonomic complexity,
specimens of GLM were hand collected from groundnut crops in India and Mozambique, and
through pheromone traps in Australia. These were added to those collected from South Africa
by Buthelezi ef al. (2012). The mitochondrial DNA COI (mtDNA COI) gene regions of these
specimens were sequenced and analysed to determine their genetic relatedness to each other,
and to the named specimens in the BOLD and NCBI gene banks. This chapter presents these
results, and relates them to the previous published literature on the cosmopolitan species
making up the complex known as the GLM, and proposes that this taxonomic group should

be revisited and revised.

3.1.1 History of the species previously described under different names on three

continents.
3.1.1.1 The Australian connection

Gelechia simplexella (Walker 1864) (Lepidoptera: Gelechiidae) = Aproaerema simplexella
(Walker 1864)

Aproaerema simplexella was described in Australia in 1864 (Walker 1864) and is thought to
be native to that country (Bailey 2007). In 1904, Meyrick made an unjustified emendation of
G. simplexella Walker to Anacampsis simplicella (Lepidoptera: Gelechiidae) (Meyrick 1906).
The distribution range of A. simplexella in Australia covers almost all of the country
(Common 1990; Bailey 2007), where it is generally regarded as a minor pest of soya bean,
and is commonly known as the soya bean moth (Common 1990; Bailey 2007). Even though
groundnut is a major crop in Australia, A. simplexella has not been reported from it,
suggesting that A. simplexella has a stronger preference for soya bean than for groundnut in
Australia. However, during recent pheromone trapping in a garden in the Brisbane area of
Australia, using lures baited with 4. modicella sex pheromones, adults of 4. simplexella were

caught for the subsequent mtDNA analyses.
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3.1.1.2 The Indian connection
Anacampsis nerteria Meyrick 1906 (Lepidoptera: Gelechiidae)

Meyrick (1906) first described the GLM in India as Anacampsis nerteria. This name was also
used by Maxwell-Lefroy and Howlett (1909) and by Maxwell-Lefroy (1923). Anacampsis
nerteria was subsequently synonymized with Gelechia (Brachmia) subsecivella (Meyrick
1925). The moth is a serious pest of groundnut in the Indian States of Andhra Pradesh
(Channabasavanna 1957; Krishnamurthy Rao et al 1962), Karnataka (Channabasavanna
1951; 1954; 1957; Krishnamurthi & Appanna 1951; Usman & Puttarudraiah 1955),
Maharashtra and Tamil Nadu (Anon 1941; 1950; 1963; Cherian & Basheer 1942; Fletcher
1914; 1917) and Gujarat (Mohammad 1981). It is also a major pest of soya bean in Madhya
Pradesh and Karnataka (Rai et al. 1973; Kapoor et al. 1975; Rawat & Singh 1979) and a pest
of lucerne in Punjab (Sandhu 1978).

Aproaerema modicella Deventer 1904 (Lepidoptera: Gelechiidae)

Aproaerema modicella was originally described as Xystophora modicella in 1904 by Van
Deventer from Java (Indonesia) (Van Deventer 1904). In 1980, A. modicella (Deventer) was
proposed as the scientific name for the Indian-Indonesian groundnut leaf miner, with the
synonyms Xystophora modicella, Anacampsis nerteria and Stomopteryx subsecivella
(Mohammad 1981). As A. nerteria is now synonymised with A. modicella (Mohammed
1981), it was thought that the two species of Gelechiidae attacking groundnut and soya bean

in India, may comprise a single species.

3.1.1.3 The link with African species
Gelechia (Brachmia) subsecivella Zeller 1852 (Lepidoptera: Gelechiidae)
= Stomopteryx subsecivella Zeller 1852 = Bilobata subsecivella (Zeller 1852)

Stomopteryx subsecivella (Zeller) was originally described by Zeller in 1852 (Zeller 1852).
Meyrick and Fletcher (1932) ascribed the Indian Xystophora modicella (Deventer) and
Stomopteryx nerteria (Meyrick) as synonyms of the South African S. subsecivella

(Mohammad 1981). Janse (1954) was the first to revise S. subsecivella and his conception
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was that it was very different and could be congeneric with A. modicella. He also proposed a
new genus, Biloba Janse, for S. subsecivella. However, the name Biloba was unavailable as it
was preoccupied (Mohammad 1981). In 1986, Bilobata (Vari) (Lepidoptera: Gelechiidae)

was established as an objective replacement name for Biloba, a junior homonym (Vari 1986).

However, it seems that the species name for GLM in South Africa and Mozambique was
accepted as 4. modicella (Du Plessis 2002; Kenis & Cugala 2006), until the recent study of
Buthelezi et al. (2012) which on the basis of mtDNA analyses, found that all the analysed
South African specimens aligned 100% with the Australian 4. simplexella. This has caused
confusion as to where the GLM occurring in South Africa originated, and whether it was

named correctly in the first place.

The information gathered from the literature divulges that even though GLM is known by
different names on three continents, there are some anomalies with these species. For
example, A. simplexella in Australia is known as the soya bean moth (Bailey 2007) whereas
in South Africa it has been regarded as a pest of groundnut and soya bean, with soya bean
being more infested than groundnut (Buthelezi et al. 2013). In Asia, A. modicella is regarded
as the most important pest of groundnut and soya bean (Shanower ef al. 1993).To add to this
confusion, in a recent study, mtDNA COI analysis of the GLM collected from South Africa
matched it with A. simplexella sampled from Australia (Buthelezi et al. 2012). Molecular
techniques such as DNA fingerprinting offer complementary, faster and more precise options
for species identification (Scheffer 2000), and are especially useful in discriminating between

related species that share morphologically similar features (Scheffer 2000).

3.1.2 DNA fingerprinting as a research tool in entomology

Mitochondrial DNA analysis is the most commonly used technique for determining genetic
relationships amongst animal and plant populations (King et al. 2002; Simmons & Scheffer
2004). It has also proven capable of highlighting cryptic lineages representing distinct species
within geographically widespread and apparently morphologically homogeneous organisms
(Scheffer 2000). In the current study, this technique was used to examine the genetic
relatedness of GLM species in Africa, India and Australia, in an attempt to resolve the

complex taxonomic status of the GLM grouping.
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3.2 Material and methods

3.2.1 Specimen collection

Specimens were collected from four widely separated sites in South Africa namely; Brits
(25°59°1.35” S 27°76°8.75” E), Nelspruit (25°45°4.52” S 30°97°1.54” E), Manguzi
(26°95°5.32” S 32°82°3.56” E ) and Vaalharts (27°95°7.61” S 24°83°9.91” E); two sites in
Mozambique; namely Pambara EP1 (21°94°33” S 35°10°06” E) and Pambara Produtor
(21°99°84” S 35°15°13” E); and one site each in India, Hyderabad- ICRISAT (17°21°57” N
78°28°33” E) and Australia, Brisbane (27°32°08” S 152°51°35” E). In South Africa, the
specimens comprised larvae that were collected from groundnut, soya bean, pigeon pea
(Cajanus cajan L.) and lucerne (Medicago sativa L.). In India and Mozambique, the
specimens comprised larvae that were collected from groundnut. Specimens from Australia
comprised moths which were captured using pheromone traps installed (see installation
procedures in Chapter 6, Section 6.2.4) in natural vegetation containing wild soya bean. All
specimens were placed in 10-ml polycarbonate vials containing absolute ethanol and closed
with press-on plastic lids. The vials were taken to a laboratory at the University of Zululand,
Empangeni, KwaZulu-Natal and stored at minus 80°C in a cryogenic freezer until DNA

sequencing commenced.

3.2.2 DNA extraction and polymerase chain reaction amplification

The DNA sequencing was performed using the mtDNA COI gene of 44 specimens from
South Africa, four from Mozambique, and three each from Australia and India. The DNA
was extracted from the specimens using the Tissue mini Prep kit from Zymo Research
following the manufacturer’s protocol. Polymerase Chain Reaction (PCR) was conducted
with Lara C1 Seq primers in DreamTagq, 25 pl reactions with 10pmol primer and around 30
ng of gDNA. The cycling protocols used were as follows: 95 °C for Smin, 95 °C for 30sec,
50 °C for 30sec, 45 cycles, 72 °C for 1min, 72 °C for 10min, 4 °C hold. Successful amplicons
were then purified using ExoSap following the manufacturer’s protocol. The purified
templates were sequenced using the ABI Big Dye kit V3.1. Sequenced products were cleaned
with the Zymo sequencing clean-up kit before injection into ABI 3500 X1 genetic analysers

with a 50 cm array and POP7.
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3.2.3 Editing of DNA sequences and species identification by mtDNA COI in BOLD and
NCBI gene banks

DNA sequences were manually edited (for base calling errors), pruned and aligned by
ClustalW using the BioEdit Sequence Alignment Editor (Hall 1999) to create consensus
sequences which were saved in the fasta format in MEGAS (Hall 1999). All consensus
sequences were entered into the BOLD and NCBI gene banks to identify positively the

species that comprised the various specimens.

3.3 Results

3.3.1 Species identification by mtDNA COI in BOLD and NCBI gene banks

In the BOLD system, the majority (70%) of the specimens analyzed matched 99-100% with
the A. simplexella sequences from Australia. These included all three specimens from both
India and Australia and two from Mozambique. A further 26% of the specimens analyzed
matched 98-99% with the A. simplexella sequences in the BOLD gene bank. However, in
two specimens from South Africa (4%), the sequences did not match with any sequences on
the BOLD gene bank (Table 3.1). In the NCBI gene bank, 81% of the specimens analyzed
matched 99-100% with the A. simplexella sequences and 15% matched 92-98% with these
sequences. The two specimens (4%) which did not match with any sequences from the
BOLD gene bank, displayed a distant but inaccurate match (87%) with Euplectrus sp.
(Hymenoptera: Eulophidae) (Table 3.1) on the NCBI gene bank, presumably as a result of

parasitism of the larval specimens.
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Table 3.1. Percentage match of the mitochondrial DNA COI sequences from specimens of groundnut leaf

miner collected during the present study from South Africa, Mozambique, India and A. simplexella from

Australia, with sequences of A. simplexella already published in the BOLD and NCBI gene banks.

BOLD gene bank NCBI gene bank
Location Number of 99.1-100% 98-99% No 99-100% 92-98% 87% match
specimens  match with match with A.  match match with match with  with
analysed A. simplexella A. A. Euplectrus
simplexella simplexella simplexella  sp.
South Africa 44 30 12 2 12 30 2
India 3 3 3
Australia 3 3 3
Mozambique 4 2 2 1 3
Percebrage of matched 70% 26% 4% 15% 81% 4%
specimens

3.3.2 Aligned nucleotide sequences for mtDNA COI
Nucleotide sequences for mtDNA COI, which were aligned by ClustalW using the BioEdit

Sequence Alignment Editor (Hall 1999), are presented in Table 3.2. For the specimens

collected from South Africa, India and Australia, a 100% match with 4. simplexella was

obtained from the BOLD gene bank; while for the Mozambique specimens, a 100% match

with A. simplexella was obtained from the NCBI gene bank. In addition, one aligned

nucleotide sequence of A. simplexella from the BOLD and one from the NCBI gene banks are

included in Table 3.2.

Table 3.2. Selected mtDNA COI sequences of GLM collected from South Africa, Mozambique and India

and mtDNA COI sequences of A. simplexella collected from Australia that matched 100% with those of A.

simplexella sequences from Australia in the BOLD gene bank (South Africa, India and Australia) or in

the NCBI gene bank (Mozambique and South Africa).

Country

DNA Sequences

South Africa

CATTCCCCCGTATAAATAATATAAGATTTTGACTTTTACCTCCATCTTTAACCTTACTAATTTC
AAGAAGAATTGTAGAAAATGGAGCAGGAACTGGATGAACAGTGTACCCCCCACTATCATCTA
ATATTGCCCATGGAGGAAGTTCAGTAGATTTAGCTATTTTTTCATTACATTTAGCAGGTATTTC
TTCAATTCTTGGAGCAATTAATTTTATTACTACTATTATCAATATGCGAATTAATGGTATAATA
TTTGATCAAATACCTTTATTTGTATGAGCTGTAGGAATTACAGCTTTATTATTATTATTATCAT
TACCTGTATTAGCAGGAGCTATTACAATATTATTAACAGATCGAAACCTTAATACATCATTTT
TTGACCC

India

TCCGTGGGCCGAMTAGCATTCCCCCGWATAAATAATATAAGATTTTGACTTTTACCTCCATCT
TTAACCTTACTAATTTCAAGAAGAATTGTAGAAAATGGAGCAGGAACTGGATGAACAGTGTA
CCCCCCACTATCATCTAATATTGCCCATGGAGGAAGTTCAGTARATTTAGCTATTTTTTCATTA
CATTTAGCAGGTATTTCTTCAATTCTKGGAGCAATTAATTTTATTACTACTATTATCAATATGC
GAATTAAKGGTATAATATTTGATCAAATACCTTTATTTGTATGAGCTGTAGGAATTACAGYTT
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TATTATTATTATTATCATTACCTGTATTAGCAGGAGCTATTACAATATTATTAACAGATCGAA
ACCTTAATACATCATTTTTTGACCA

Australia

ACCASCCTGAMAGCATTCCCCCGTATAAATAATATAAGATTTTGACTTTTACCTCCATCTTTA
ACCTTATTAATTTCAAGAAGAATTGTAGAAAATGGAGCAGGAACTGGATGAACAGTGTACCC
CCCACTATCATCTAATATTGCCCATGGAGGAAGTTCAGTARATTTAGCTATTTTTTCATTACAT
TTAGCAGGTATTTCTTCAATTCTTGGAGCAATTAATTTTATTACTACTATTATCAATATACRAA
TTAAKGGTATAATATTTGATCAAATACYTTTWTTTGTATGAGCTGTAGGAATTACAGCTTTAT
TATTATTATTATCATTGCCCGTATTAGCTGGAGCTATCACAATATTACTAACAGATCGAAACC
TTAATACATCWTTTTTTGACC

Mozambique

CCCSGGTAATAAATAATATAAGATTTTGACTTTTACCTCCATCTTTAACCTTACTAATTTCAAG
AAGAATTGTAGAAAATGGAGCAGGAACTGGATGAACAGTGTACCCCCCACTATCATCTAATA
TTGCCCATGGAGGAAGTTCAGTAGATTTAGCTATTTTTTCATTACATTTAGCAGGTATTTCTTC
AATTCTTGGAGCAATTAATTTTATTACTACTATTATCAATATGCGAATTAATGGTATAATATTT
GATCAAATACCTTTATTTGTATGAGCTGTAGGAATTACAGCTTTATTATTATTATTATCATTAC
CTGTATTAGCAGGAGCTATTACAATATTATTAACAGATCGAAACCTTAATACATCATTTTTTG
ACCC

A. simplexella
sequences
from BOLD
gene bank

AACATTATATTTTATTTTTGGTATTTGAGCAGGTATAGTGGGAACATCATTAAGTTTACTAATT
CGAGCTGAATT
AGGAAATCCGGGTCAATTAATTGGAGATGACCAAATTTATAATACTATTGTAACCGCTCATG
CTTTTATTATAAT
TTTTTTTATAGTAATGCCAATTATAATTGGAGGATTTGGTAATTGATTAGTACCATTAATATTA
GGAGCCCCTGA
TATAGCATTTCCTCGAATAAATAACATAAGATTTTGACTTTTACCTCCATCTTTAACCTTATTA
ATTTCAAGAA

A. simplexella
sequences
from NCBI
gene bank

AACATTATATTTTATTTTTGGTATTTGAGCAGGAATAGTAGGAACATCTCTTAGTTTATTAATT
CGAGCAGAATTAGGAA
ATCCAGGACAATTAATTGGAGACGATCAAATTTATAATACTATTGTTACAGCTCATGCCTTCA
TTATAATTTTTTTTATA
GTAATGCCAATTATAATTGGGGGATTTGGTAATTGATTAGTGCCTTTAATACTAGGAGCCCCC
GATATAGCATTCCCCCG
TATAAATAATATAAGATTTTGACTTTTACCTCCATCTTTAACCTTACTAATTTCAAGAAGAATT
GTAGAAAATGGAGCAG
GAACTGGATGAACAGTGTACCCCCCACTATCATCTAATATTGCCCATGGAGGAAGTTCAGTA
GATTTAGCTATTTTTTCA
TTACATTTAGCAGGTATTTCTTCAATTCTTGGAGCAATTAATTTTATTACTACTATTATCAATA
TGCGAATTAATGGTAT
AATATTTGATCAAATACCTTTATTTGTATGAGCTGTAGGAATTACAGCTTTATTATTATTATTA
TCATTACCTGTATTAG
CAGGAGCTATTACAATATTATTAACAGATCGAAACCTTAATACATCATTTTTTGACCCAGCTG
GAGGAGGTGACCCAATTTTATACCAACATTTATTC

3.4 Discussion

A literature review completed for the present study revealed the current taxonomic

conundrum for GLM. The correct scientific name of GLM was first questioned by

Mohammad (1981) and consultations were made with the Commonwealth Institute of

Entomology and the British Museum (Natural History), London (UK) on the issue. From the

discussions, it was highlighted that uncertainties on the correct scientific name of GLM

emanated from the fact that there were two separate species known as GLM. Unfortunately

these species were not mentioned by Mohammad (1981). During these discussions, a
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consultation was made with Dr. Klaus Sattler, a British Museum (Natural History) specialist
of Lepidoptera. A resolution was reached between them that the synonyms of the GLM A.
modicella (Deventer) are X. modicella (Van Deventer 1904), A. nerteria (Meyrick 1906), and
S. subsecivella (Zeller 1852) (Mohammad 1981). Janse (1954) revised S. subsecivella and
considered it to be a species that was different from A. modicella, but likely to be congeneric
with 4. modicella. Janse’s argument was based on the fact that the specimen from Barberton
in South Africa (which he studied) and the specimen originally described from Rondebosch
in South Africa, and previously identified by Meyrick, were not white at the end of the
second joint of the palpi, as described for 4. modicella (Janse 1954). However, Janse (1954)
also mentioned that there was only one specimen each in the collections of the Transvaal
Museum (Pretoria) and South African Museum (Cape Town) which he studied, and that the
specimen was inconspicuous in general appearance; therefore, a mistake could easily have
been made when describing the specimen. Bailey (2007), furthermore, reported that there was
a species similar to A. simplexella occurring in Asia. However, it was never concluded
whether they were the same species. The mtDNA COI analyses completed for the present
study revealed that all specimens analysed, irrespective of their geographic origin or host
plants are almost identical to each other (52 specimens out of 54 matched between 98.41%
and 100 % and between 92-100% with A. simplexella in the BOLD and in the NCBI gene
banks respectively). The very close relatedness of these specimens in terms of mtDNA COI
are thus evident, indicating that even though the species are from very distinct geographic
areas, they are (those matching 99-100% with A. simplexella) either the same species, or very
closely related (98-99% match). This relatedness is further indicated by the similar

behaviours of the populations from the different geographic regions.

In a seasonal monitoring study of the GLM in South Africa (see Chapter 6), pheromone
trapping of the pest was successfully carried out using traps baited with polyethylene vials
containing the female sex pheromone blend of A. modicella [(Z)-7,9-decadienyl acetate, (E)-
7-decenyl acetate and (Z)-7-decenyl acetate in the ratio10:2:1.4] as described by Hall et al.
(1994) and supplied by the Natural Resources Institute (NRI) of the University of Greenwich,
United Kingdom. In India, the same sex pheromone blend was used by Das (1999) to monitor
the seasonal activity of 4. modicella in groundnut fields in the west Nimer Valley. Also, the
same blend was used to trap A. simplexella adult specimens in Australia, (i.e those used for
the mtDNA COI analyses in this study). In all cases, the GLM species in the different

continents (Africa — 4. modicella/A. simplexella, India — A. modicella and Australia — A.
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simplexella) responded positively to the same lures. Pheromone lures are species specific
(Megido et al. 2013) so it is unlikely that two different species would have been trapped
using the same A. modicella pheromone blend supplied by the NRI. These observations thus
support the motivation supplied by the mtDNA study for a re-investigation into the uncertain

taxonomic status of the GLM complex.

3.5 Conclusion

Mitochondrial DNA COI results presented in this study have suggested that 4. simplexella
found in Australia and A. modicella and A. modicella/A. simplexella found in India and
Africa, respectively, are the same species. Further evidence for this conclusion was provided
by these ‘species’ responding positively to the A. modicella pheromone blend that is used in
commercially available lures, which are generally species specific. We thus tentatively
synonymize these ‘species’ based on the results of the mtDNA COI gene analyses. However,
further studies including both molecular and morphological analysis of the genitalia of the
different ‘species’ will be conducted to reinforce this proposed synonymy. The
synonymization should be under the Genus Bilobata (Gelechiidae: Lepidoptera) and the
species name should be formalized as subsecivella as it is the original name which was first
described by Zeller in 1852. This will reduce the current taxonomic confusion related to
GLM, and possibly allow the identification of the area of origin of the species. More
importantly, it will allow more effective control measures to be developed for this pest, as
correct identification of a pest species is the foundation on which good integrated pest
management techniques are built. If the three taxa from Africa, India and Australia should

indeed be referable to a single species, the resulting classification should be as follows:

Bilobata Vari, 1986

Biloba Janse, 1954, nom. praeocc.
Bilobata subsecivella (Zeller, 1852)

Gelechia (Brachmia) subsecivella Zeller, 1852

Gelechia simplexella Walker, 1864, syn. nov.

Xystophora modicella Deventer, 1904, syn. rev. (Synonymized with G. (B.)
subsecivella by Meyrick, 1925: 111, but subsequently recalled from synonymy).
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Anacampsis simplicella Meyrick, 1904 (An unjustified emendation of G. simplexella
Walker).

Anacampsis nerteria Meyrick, 1906 (Synonymized with G. (B.) subsecivella by
Meyrick, 1925: 111).
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