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ABSTRACT

The root-feeding beetle Heikertingerella sp. (Coleoptera: Chrysomelidae) was introduced into
quarantine in South Africa for evaluation as a biological control agent of the invasive tree
Tecoma stans L. (Bignoniaceae). Larval feeding damages the roots, potentially reducing the
weed’s growth and reproduction. Pre-release studies in quarantine included several aspects.
Studies on the beetle’s biology and host specificity were conducted to confirm its safety for
release in South Africa. The impact of varying beetle densities on plant fitness was assessed to
determine its likely impact in the field. The effect of local climate on the beetle’s potential to
establish throughout the weed’s range in South Africa was predicted using climate-modelling
software. The interaction between Heikertingerella sp. and a leaf-feeding agent already
established in South Africa was investigated. Finally, the effect of host-plant age and nutrient
enhancement on mass-rearing activities was studied, to optimize beetle numbers for releases.
The beetle proved host specific resulting in the granting of permission for its release in South
Africa. There were significant reductions in plant growth and biomass accumulation in the
beetle-exposed plants, relative to the controls, indicating that Heikertingerella sp. is
sufficiently damaging. Climate matching revealed that Heikertingerella sp. is likely to perform
best at coastal sites in South Africa, with the colder, more inland, areas within the weed’s range
proving less suitable. The beetle proved compatible with a defoliating agent established in
South Africa, with evidence of positive interactions that are likely to enhance their combined
impact on the weed. Trials involving plants of varying age and nutritional enhancement
revealed that 3-year-old plants, which were supplemented by either medium or high levels of
fertilizer, were best suited for F1 progeny production and therefore for the mass-rearing of
Heikertingerella sp. for releases. The results of this study should also benefit other countries

in Africa and elsewhere in the world, where the plant is invasive.
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CHAPTER 1

General introduction

The impact of invasive plants in South Africa

Invasive alien plant species (hereafter IAPs) are plant species that were brought into an
environment outside of their natural range and have spread uncontrollably, leading to the
invasion of new habitats in their introduced range (Simberloff et al., 2013). 1APs initially
become naturalized, surviving in the new country’s landscape without human facilitation. The
worst of these species are able to survive, reproduce and spread unaided at alarming rates in
their new habitats (Van Wilgen et al., 2001). Globally the number of established alien species,
which include plants, are predicted to increase by 36% between 2005 and 2050 (Seebens et al.,
2021). IAPs have posed serious threats to the local biodiversity, ecosystem services,
environmental quality, food security (IUCN, 2021) and human livelihoods (McLean et al.,
2018; Rai & Singh, 2020; Bitani et al., 2022) in several invaded countries including South

Africa during the past few decades.

IAPs also have considerable impacts on ecosystem composition and functioning, including
potential extinctions of threatened and endangered species. This is because they have a
competitive advantage over native flora and are able to alter disturbed regimes, hydrologic
cycles, plant productivity and nutrient dynamics, and cause soil erosion (Vitousek & Walker,
1989; Yelenik & D’Antonio, 2013). Alien plant species are the most invasive and damaging
group of invasive taxa in South Africa and are reported to cover approximately 7% of the
country (Bitani et al., 2022). They reduce available water resources, with significant impact on
stream flows and an associated increase in siltation and degradation of water quality. They also
increase the impact of fires, floods and soil erosion in several province, notably the Western

Cape, KwaZulu-Natal and Eastern Cape (van Wilgen et al., 2022a; Bitani et al., 2022). The



impact of IAPs on ecosystem services, and on biodiversity, are significant and the estimates of
their negative effects vary between biomes, regions and countries, but the total costs can
amount to tens of billions of US$ each year (McNeely, 2001; Pimentel, 2002; Pimentel et al.,

2005; van Wilgen et al., 2008).

In South Africa, substantial amounts are spent annually on the control of IAPs (van Wilgen
et al., 2008). According to van Wilgen et al. (2022b), the South African government has spent
more than R7.1 billion on the control of 1APs between 1998 and 2020. Many countries
worldwide, including South Africa, are committed to global biodiversity goals to prevent or
minimise the introduction of high priority invasive species (Moshobane et al., 2019; Bitani et
al., 2022). IAP impacts are aggravated by climate change, which facilitates the establishment
and spread of both new and existing alien species, and creates new opportunities for naturalized

plants to become invasive (IUCN, 2021).

Drivers of invasion

Plant invasions are not linked to one particular driver or mechanism, but various mechanisms,
acting either alone or in concert, drive exotic invasions. Theories behind plant invasion include
the Empty Niche Hypothesis (ENH), Evolution of Increased Competitive Ability (EICA),
Enemy Release Hypothesis (ERH), and Novel Weapons Hypothesis (NWH) (Blossey &
Notzold, 1995; Keane & Crawley, 2002; Alpert, 2006; MacDougall et al., 2009; Rai & Singh,

2020).

The ENH was coined by Elton (1958) and refers to the establishment success of exotic
populations, which involves either the exploitation of unused resources (empty niches) or
enhanced competitive abilities to access a shared resource. The transfer of exotic plant species

to a new environment by human activities, changes in temperatures or precipitation, or the



arrival of new possible prey, predators, parasitoids, or vectors (Schmitt, 2020) could create a

conducive environment for the ENH.

The EICA was coined by Blossey & Notzold (1995) and predicts that when growing
conditions are identical, exotic plants, through increased competitive ability, will produce more
biomass than plants from the native range and that herbivores will demonstrate improved
performance on native plant species. The NWH was coined by Hierro & Callaway (2003) and
argues that allelopathy determines the competitive success of exotic plants in the new
environment. Allelochemicals produced by exotic plants comprise novel weapons, which
suppress the native plant species while paving the way for colonisation and dominance by 1APs

in the new habitat (Batish et al., 2013; Rai & Singh, 2020).

The ERH is a comprehensive and well-known hypothesis in invasion biology, which
explains why species are able to establish and spread outside of their native range (Enders et
al., 2018; Gozzi et al. 2020). Keane & Crawley (2002) initially formulated this hypothesis for
invasive alien plants, which states that plant species, on introduction to an exotic region,
experience a decrease in regulation by herbivores and other natural enemies, resulting in a rapid
increase in their distribution and abundance. In addition, native natural enemies in the new
range are typically unable to regulate the invasive species due to a lack of adaptation to the
new species (Jeschke & Heger, 2018). Therefore, the success of classical biological

control (see below) is often used as support for the ERH (Keane & Crawley, 2002).

Besides these considerations, other factors such as climate change, increasing global trade
and tourism, expansion of human populations, increasing environmental disturbance and
biodiversity loss, also facilitate the invasion success of exotic species (Levine & D’Antonio,

2003; Hulme, 2021).
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Classical biological control of invasive alien plant species

Classical biological control (hereafter biocontrol) is a sustainable method for the management
of invasive alien plants, whereby host-specific, co-evolved natural enemies from the invader’s
native range are reunited with the invasive plant in the introduced range (Schwarzlénder et al.,
2018). The aim of classical biocontrol is for the introduced agents to establish in their new
environment and increase in abundance to levels capable of inflicting sufficient damage to their
target 1APs, in order to reduce their competitiveness, reproductive output and population
growth (Fowler et al., 2000; Schwarzlander et al., 2018). Biocontrol is thus a sustainable and
cost effective method of controlling the invasiveness of alien plants, once the agents are well
established (Fowler et al., 2000; Sheppard et al., 2006). Non-target effects of the potential
biocontrol agents are avoided by thoroughly screening these agents and investigating their host-
specificity and impact on the target weed before release (Louda et al., 2003; Park et al., 2018;
Paynter et al., 2020). In particular, host-specificity testing is an essential part of the pre-release
evaluation of the candidate biocontrol agent that minimizes the risks to non-target species
(Andres et al., 1976; Wapshere et al., 1989; McFadyen, 1998; Hinz et al., 2019; Paynter et al.,

2020).

Pre-release evaluation of candidate agents for the biological control of weeds tended to
focus mainly on their safety, to minimise any impact on non-target plants (McClay &
Balciunas, 2005). However, pre-release studies have recently included additional aspects, such
as the potential impact of the candidate agent on the target weed, its compatibility with the

climate of the new range and techniques to optimize mass-rearing and releases of the agent.

The safety of a potential agent is determined by using host-specificity tests to evaluate its
host range and hence suitability for release. These studies are sometimes conducted under

open-field or laboratory conditions in the native range, but more often in quarantine in the
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introduced range (McClay & Balciunas, 2005; Schaffner et al., 2018; Alred et al., 2022; Bowers
et al., 2022). Host-range testing includes an assessment of the agent’s fundamental host range,
which is usually determined by testing all closely related test-plant species under no-choice
conditions. However, no-choice tests often reveal a fundamental host range that is broader than
the true (realized) host range that is expressed in the field in the native range (Hinz et al., 2014;
Schaffner et al., 2018). Choice tests, in which agents are exposed to non-target plants in the

presence of their natural host, provide a more realistic assessment of the agent’s true host range.

However, testing conducted under laboratory conditions does not include the
environmental variability present in the field in the new range and does not test all ecological
relationships pertinent to field releases. In particular, insect behaviour in a cage or greenhouse
does not reflect the full range of potential field behaviours (Louda et al., 2005; Bowers et al.,
2022). Consequently, laboratory host-range testing typically overestimates the risk of non-
target attack, which may lead to the rejection of safe and effective agents (Hinz et al., 2014;
Bowers et al., 2022). Ultimately, field surveys and open-field testing in the agent’s native range

provide the most accurate host-range assessments (Schaffner et al., 2018).

Agent impact studies also form part of the pre-release assessment, and assist in predicting
the densities that the agent would need to reach in the field to achieve a significant impact on
the target weed (McClay & Balciunas, 2005; Gerber et al., 2008; Morin et al., 2009; Alred et
al., 2022). Efficacy is an important aspect of pre-release evaluation, although it is affected by
many complex, interacting and unforeseen factors in the field. Consequently, not all established
agents contribute to the successful control of the target weed (Julien & Griffiths, 1998). Some
agents become abundant in the introduced region but do not facilitate effective control of the
target weed (McClay & Balciunas, 2005). It is thus important to assess the potential impact of

candidate agents prior to release, to maximize agent efficacy in controlling the target weed.
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Predictions on the candidate agent’s ability to establish and proliferate in the new range
have also become important in recent years. These include studies on the agent’s thermal
tolerances and comparisons of the climate between the native and new countries, using climate-
matching tools (Sutherst & Maywald, 1985; Ramanand et al., 2017). Other pre-release studies
include interactions between a candidate agent and already established agents, to preclude
competitive interactions that could lessen the overall outcomes of the biocontrol programme
(Harley & Forno, 1992; Sheppard & Woodburn, 1996). Finally, aspects that promote the mass-
rearing of agents (e.g. optimal age and nutritional status of host-plants) are studied prior to
release to maximize agent establishment and proliferation in the field (Moran et al., 2014; Hill
et al., 2021). The above considerations were all addressed in this study, which targeted the

invasive alien plant, Tecoma stans L.

Tecoma stans — the target weed

Tecoma stans L. (Bignoniaceae), commonly known as yellow bells, is an evergreen shrub or a
small tree that has a wide natural distribution in the tropical and subtropical parts of the Western
Hemisphere (Pelton, 1964). This plant is native to Mexico and the southern states of the USA,
notably South Florida, and occurs throughout Central America, including the Caribbean and
Northern Argentina. Tecoma stans is commonly planted in warmer climates throughout the
world as an ornamental plant because of its attractive yellow flowers and pinnate foliage
(Pelton, 1964; Madire et al., 2011; Madire, 2013; Madire et al., 2021; Madire & Netshiluvhi,
2021; Madire et al., 2023). However, T. stans has become invasive in many countries around
the world, including Brazil, Australia, and several African countries (Bhat, 2019) that include
South Africa (Hussey et al., 1997; Henderson, 2001, 2021). Tecoma stans often becomes
dominant, forming monospecific stands, thereby altering the invaded habitat’s structure,
integrity and functioning. Deforestation has also enabled T. stans to proliferate and invade
many deep soils (Pelton, 1964).

13



Tecoma stans (Fig. 1) was initially introduced into South Africa as an ornamental plant
and was first recorded in 1858 (McGibbon, 1858; Henderson, 2006), but later escaped
cultivation and now invades roadsides, urban open spaces, watercourses, and rocky sites in
subtropical and tropical savanna (Henderson, 2001, 2021). There has been a rapid increase in
populations of the weed in South Africa during the past 25 years. Initially concentrated in
Mpumalanga and Limpopo provinces in 1995, the weed has rapidly spread, and has now
invaded seven of the nine provinces of South Africa (Fig. 2). It is widely distributed in Gauteng,
Mpumalanga, Limpopo, KwaZulu-Natal and the Eastern Cape, as well as in neighbouring
countries like Eswatini, Mozambique and Namibia (Henderson, 2001, 2021). The weed
continues to extend its range because of seed dispersal by wind and floods. The potential for
further spread of T. stans is high because some homeowners are not aware of its weed status,
and it is still grown (albeit illegally) as an ornamental in some gardens in South Africa,
especially in the Western Cape. Despite this, are no possible conflicts of interest in South Africa
concerning the control of this invasive weed, although more public awareness on its negative
impact is required. Tecoma stans is a Category 1b plant species and requires mandatory control
according to the Alien Invasive Species Regulations (AIS, 2020 as amended) and National

Environmental Management Biodiversity Act (Act No 10, 2004) of South Africa.

Control methods for T. stans

Mechanical control of large infestations of T. stans has proven to be both ineffective and
expensive (Tu et al., 2001). Stem girdling, as a method of killing individual shrubs, is highly
labour intensive and largely impractical as T. stans plants are multi-stemmed and coppice
vigorously when cut back (Tu et al., 2001). The use of fire to destroy T. stans infestations is
not desirable as the practice is not environmentally friendly, resulting in non-target effects on
indigenous plants, and in most cases, induces the germination of other invaders (Tu et al.,

2001). Furthermore, the roots of T. stans are deep and are difficult to remove via digging or
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using a tree-popper. Chemical control options are similarly difficult because costly herbicide
applications are only effective with continual follow-up treatments. Besides, no herbicide is
currently registered for use against 7. stans in South Africa (Xact Information, 2005; The
Registrar, 2007) and chemical control on a national scale is not possible due to the weed’s high
density and wide distribution in the country. In light of the above constraints, biological control
1s considered the most sustainable (Zimmermann et al., 2004; McEvoy, 2018), inexpensive and
environmentally friendly method of controlling 7. stans in South Africa (Madire et al., 2011;

Madire, 2013; Madire et al., 2021).

<F (c) (d)

Fig. 1. Images of Tecoma stans indicating (a) pod-bearing trees, (b) conspicuous yellow

flowers and (c, d) invaded habitats.
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Biological control of T. stans

Tecoma stans was one of five emerging weed species targeted for biological control since 2003
(Olckers, 2004) by the Agricultural Research Council’s then Plant Protection Research institute
(now Plant Health and Protection (ARC-PHP). The project was funded by the then Department
of Water Affairs and Forestry (now Department of Forestry, Fisheries and the Environment),
via the Natural Resource Management Program (NRMP), formerly the Working for Water
Programme (WfW). Tecoma stans is no longer an emerging weed and is now well distributed
across many South African provinces (Fig. 2). Attempts to find suitable biocontrol agents were
successful, with three agents sourced from Argentina and Mexico in 2002, 2005 and 2007,
respectively. These included a gall-forming rust fungus, Prospodium transformans Cummins
(Pucciniales: Uropyxidaceae), a leaf-mining fly, Pseudonapomyza sp. (Diptera: Agromyzidae),

and a defoliating lady beetle, Mada polluta Mulsant (Coleoptera: Coccinellidae).

Despite several attempts at inoculation from 2010 onwards, the rust fungus P.
transformans failed to establish in the field (Wood, 2014). Mada polluta was initially released
in November 2013, followed by Pseudonapomyza sp. in November 2014. Although both insect
agents became established, several of the release sites were destroyed by fire or mechanical
control, thereby constraining assessments of their establishment and impact in the field.
However, M. polluta is well established at sites around East London (Eastern Cape Province)
with significant damage recorded on T. stans populations. Sites where the beetles became
established on the KwaZulu-Natal South Coast were recently destroyed by fire and more
releases were conducted. These releases are showing signs of initial establishment, with follow-

up assessments planned for the future.

Pseudonapomyza sp. has become established in four provinces (Limpopo, Mpumalanga,

KwaZulu-Natal and Eastern Cape), but in marginal numbers and with minimal impact. Since
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T. stans populations continue to increase and spread in the country, a root-feeding flea beetle,
Heikertingerella sp. Csiki 1940 (Coleoptera: Galerucinae: Alticini) was imported in 2013
(Import permit: P066301) for screening as an additional agent. Heikertingerella sp. targets a
different niche compared to the two biocontrol agents already released, and is more resistant to

the destruction of trees at release sites due to the underground habitat of its immature stages.

Fig. 2. Distribution of Tecoma stans L. in South Africa (drawn by Guy Sutton: SAPIA
database, ARC-Plant Health and Protection, Pretoria) (Madire & Netshiluvhi 2021). South
African provinces comprise the Eastern Cape (EC), Free State (FS), Gauteng (GP), KwaZulu-
Natal (KZN), Limpopo (LP), Mpumalanga (MP), Northern Cape (NC), North West (NW), and

Western Cape (WC), while neighbouring countries comprise Lesotho (LS) and Eswatini (SW).
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Rationale for the study

Two leaf-feeding biological control agents (M. polluta and Pseudonapomyza sp.) are
established in the field in South Africa, but with limited impact. Because of the severity of T.
stans invasions in the country, a suite of agents that attack different niches, including the root
system and reproductive tissues, is required. Consequently, a root-feeding flea beetle,
Heikertingerella sp. (Fig. 3) was introduced from Mexico into quarantine in South Africa for
assessment as an additional biological control agent. The biocontrol programme against T.
stans is unique to South Africa and none of the candidate agents have been studied elsewhere
in the world. However, since T. stans has become invasive in many countries, biological control
agents developed in South Africa could also be deployed elsewhere. The current pre-release
studies on Heikertingerella sp. were intended to demonstrate that the beetle is not only safe for
release, but will be able to thrive under differential environmental conditions in South Africa,

while inflicting sufficient damage on the target weed that will contribute to its management.

Fig. 3. Heikertingerella sp. adult.
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Thesis outline

The aim of the study was to determine the safety of the root-feeding flea beetle,

Heikertingerella sp. (Coleoptera: Galerucinae: Alticini), for release as a biocontrol agent of T.

stans and to examine various aspects that could potentially influence its establishment,

proliferation and effectiveness in South Africa. The structure of the thesis is as follows:

Chapter 1 provides an introduction to invasive plants, biological control, the target

weed and the rationale for the study.

Chapter 2 evaluates the biology and host range of Heikertingerella sp. and

determines its potential for release against T. stans in South Africa.

Chapter 3 determines the interactions between Heikertingerella sp. and M. polluta
by examining their survival and reproductive success when confined alone and in
combination on potted T. stans plants. The individual and combined impact of both

beetles on leaf damage, leaf density and plant height was quantified.

Chapter 4 quantifies the effect of different flea beetle densities on the vegetative
growth and biomass accumulation of T. stans under quarantine glasshouse
conditions. In addition, MaxEnt modelling, together with the beetle’s critical thermal

limits, were used to predict its potential distribution in South Africa.

Chapter 5 considered the effect of host-plant age on the performance of
Heikertingerella sp., since age-based differences can influence the agent’s impact
on T. stans populations of variable age structure. In addition, an optimal host-plant
age for mass-rearing of the beetle was determined to boost the numbers available for

release.
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e Chapter 6 determined the effect of increasing soil nutrient levels (fertilizer
treatments) on the growth and biomass of T. stans plants and on the subsequent
performance of Heikertingerella sp. Optimal host-plant nutrient levels were
determined to boost the production of healthy beetles in mass-rearing facilities and

enhance establishment in the field.

e Chapter 7 summarises the outcomes of the study, with recommendations for the way

forward with the biocontrol programme against T. stans.
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CHAPTER 2

Pre-release evaluation of Heikertingerella sp. as a potential biocontrol agent for Tecoma

stans in South Africa
Abstract

Native to Central America, Tecoma stans (L.) Juss ex Kunth var. stans, (Bignoniaceae) is a
small tree that is invasive in South Africa, neighbouring countries, and in many countries
around the world. The plant was targeted for biological control in South Africa in 2003, with
two insect agents released and established so far. The root-feeding flea beetle, Heikertingerella
sp. (Coleoptera: Galerucinae: Alticini), was imported from Mexico as an additional biocontrol
agent and its biology and host-specificity was assessed under quarantine conditions. The beetle
displayed a generation time (i.e., from adult to adult) of 49 to 67 days, ensuring four annual
generations under laboratory conditions. The beetle’s larval and adult stages inflicted high
levels of damage on the root system and the leaves of T. stans, respectively. No-choice tests
with 40 test plant species revealed adult feeding on only two non-target species, Tecoma x
alata and T. capensis (Thunb.) Spach, with feeding four times higher on T. stans. Larvae
developed to adulthood on T. stans only. Multi-choice tests involving the three Tecoma species
confirmed these trends, demonstrating that Heikertingerella sp. is host specific. Since, T. X
alata is a hybrid of T. stans with invasive tendencies, any unlikely attacks by Heikertingerella
sp. would be inconsequential in South Africa. The native T. capensis, which suffered little leaf
damage and produced no Fi adults, is also at minimal risk of attack. We conclude that
Heikertingerella sp. is a suitable biocontrol agent for T. stans and that permission for its release

in South Africa be sought.

Keywords: Biology studies, host-specificity testing, invasive trees, root-attacking agents,

yellow bells, weed biocontrol
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Introduction

Tecoma stans (L.) Juss ex Kunth var. stans (Bignoniaceae), commonly known as yellow bells,
is native throughout Central America, including Mexico, the Caribbean Islands and the
southern USA (southern Florida) (Pelton, 1964; Madire et al., 2011a). Following its
introduction as an ornamental, the plant has invaded roadsides, urban open spaces,
watercourses and rocky sites in the sub-tropical regions of South Africa (Madire et al., 2011a).
According to the Alien Invasive Species Regulations (AIS) and National Environmental
Management Biodiversity Act (NEMBA) (Act No 10. 2004) of South Africa, the plant
constitutes a Category 1b species that necessitates compulsory control. Tecoma stans has
extended its range to seven South African provinces and several neighbouring countries,
including Mozambique, Zimbabwe, Namibia and Eswatini (previously known as Swaziland)
(Henderson, 2001; Cunningham, 2008; Madire, 2013). The weed is also invasive in many
countries around the world, including Argentina, Australia, Brazil and other African countries
(Orwa, et al., 2009). It spreads through papery, winged, lightweight seeds, which are easily
dispersed by wind and floods. Tecoma stans has transformed the vegetation of natural and
disturbed habitats and along watercourses where it forms monocultures (Madire et al., 2011a).
Due to the inefficiency of mechanical and chemical control, the weed was targeted for

biological control in South Africa in 2003 (Madire et al., 2011a),

Two insect agents, the leaf-feeding Mada polluta Mulsant (Coleoptera: Coccinellidae) and
leaf-mining Pseudonapomyza sp. (Diptera: Agromyzidae), were released in South Africa, in
2013 and 2014, respectively. Both defoliating agents have established at various release sites,
particularly in the Eastern Cape Province. Because of the severity of T. stans invasions in South
Africa, a suite of agents is required to attack various parts of the plant, including the root system
and the reproductive tissues. The seed-attacking moth Clydonopteron sacculana Bosc
(Lepidoptera: Pyralidae) was considered but found to be insufficiently host specific for release
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(Madire et al., 2011a). During field surveys conducted from 2013 to 2015 in Mexico, the root-
feeding flea beetle Heikertingerella sp. (Coleoptera : Galerucinae: Alticini) was collected at
sites in Chiapas, Guanajuto, Oaxaca and Veracruz provinces and introduced into quarantine in

South Africa for assessment as an additional biocontrol agent for T. stans.

The genus Heikertingerella Csiki includes 125 species and three subspecies, with 106
species recorded from South America and 19 species from Central America (Furth & Savini,
1996; Savini, 1999). Heikertingerella is a very diverse genus and has the potential to increase
its diversity and distribution in the New World, as more species are discovered and described,
(Savini & Furth, 2001). Heikertingerella, formerly under the sub-family Alticinae, is now
placed under the tribe Alticini of the Galerucinae, since these two subfamilies were combined
into Galerucinae (Mohamedsaid & Furth, 2011; Furth et al., 2015). A high proportion of the
more effective chrysomelid biological control agents belong to the subfamilies Chrysomelinae
and Galerucinae (Syrett et al., 1996). Galerucinae include highly specialized phytophagous
insects because of restricted host ranges due to close host-plant associations (Savini & Furth,
2001; Gok et al., 2004). Currently, no species of Heikertingerella have been deployed as weed
biocontrol agents anywhere in the world (Winston et al., 2014) and the undescribed species
involved in this project is the first to be considered as a candidate agent. The identity of this
species was confirmed by Dr D.G. Furth from tthe National Museum of Natural History
Smithsonian Institution in Washington. The specimens were examined by comparing them
with four known Heikertingerella species known from Mexico and were further compared to
more species from South America and 19 species from Central America (Furth & Savini, 1996)
and none matched. Therefore, it was concluded as another undescribed species of

Heikertingerella. More specimens have been sent to taxonomists to proceed with description.

The study was conducted to evaluate the biology and host range of Heikertingerella sp.
and determine its potential for release as a biological control agent for T. stans in South Africa.
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Materials and methods

Glasshouse conditions

The flea beetle cultures were maintained in a glasshouse at the Roodeplaat East quarantine
facility of the Agricultural Research Council- Plant Health and Protection (ARC-PHP) in
Pretoria, South Africa. The temperature was maintained from 22-29°C at night and 27-29°C
during the day, while the relative humidity varied from 47% to 88% throughout the year. The
biology studies and host-specificity tests were conducted under natural light conditions during
summer and under a 16h L: 8h D photoperiod during winter. The winter photoperiod was

maintained using 50W / LED 4000K/ 230 V LED floodlights (Spazio lighting).

Test plants and insect cultures

Tecoma stans host plants and some test plants were grown from seeds that were collected in
the field, while other test plants were procured from nurseries. Seeds were germinated on sand
media and, once they had grown to 15 cm, were transplanted into 10 litre pots and kept in a
nursery shadehouse. A standard soil mixture comprising one part river sand, one part
Styrofoam™, one part compost and one part top soil was used to transplant seedlings. Plants
were watered regularly with automated overhead sprinklers and were treated with NPK

fertilizer (2:3:2 (14%)) once every two weeks prior to their use in the experiments.

The flea beetles were reared in cages (0.55 x 0.55 x 0.95 m) containing potted T. stans
plants, in which 30-50 adults were confined in a cage to allow oviposition in the soil. After 30
days, the adults were removed and transferred onto fresh plants in another cage. The pots
containing the soil-dwelling larvae were monitored until the emergence of the adults (F1),
which normally took around 40 days. The newly emerged adults were used in the biology and

host-range studies.

33



Madire et al., 2021 Journal of Applied Entomology, 145, 65-72.

Biology of Heikertingerella sp.

Biological aspects investigated included pre-oviposition period, developmental period from
egg to adult, adult longevity, number of annual generations, and adult body size. Pre-
oviposition period was determined by confining a newly-eclosed pair of adults in a perforated
container (19 x 14 x 8 cm) with cut leaves placed on moist soil. The containers were inspected
daily for the presence of eggs and the period from adult emergence until the commencement

of oviposition was recorded as the pre-oviposition period. This trial was replicated six times.

Adult longevity was determined by placing a mating pair of newly emerged beetles in a
cage (0.55 x 0.55 x 0.95 m) with a potted T. stans plant. The beetles were confined for 20 days
and then transferred into another cage containing a fresh plant. This procedure was repeated
until both male and female beetles had died. The caged plants exposed to each mating pair were
monitored until the new generation of adults emerged. The duration of development of the
immature stages from egg to adult was recorded by subtracting the 14-day pre-oviposition
period (see below) from the time between the exposures of the Pi1 adults to the time of

emergence of the F1 adults. These trials were replicated 20 times.

Body size measurements of the adults of Heikertingerella sp. were determined according
to the methods of Linzmeier & Ribeiro-Costa (2011). Female and male body size was measured

from head to elytral apex, using Vernier callipers under a dissecting microscope.

Host-specificity tests

Adult no-choice and multi-choice tests were conducted under quarantine glasshouse conditions
as previously described. Test-plant species were selected according to the centrifugal
phylogenetic testing method (Wapshere, 1974), which ensured that a wide range of plant
families were represented in the tests. The trials commenced with the taxonomically closest

related plants to T. stans within the family Bignoniaceae in South Africa and progressed to
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more distantly related plants within the order Lamiales (Olmstead et al., 2001). Selected species
from plant families that were recorded as hosts of other Heikertingerella species in Mexico
(Flowers & Janzen, 1997; Konstantinov et al., 2018) were also included in the tests. Several
crop species of economic importance in South Africa that belong to unrelated plant orders were
also tested. The genus Tecoma was represented by the three species found in South Africa
(Gentry, 1980, 1992; Wood, 2008; Madire, et al. 2011a), including T. stans, a native species
(Tecoma capensis (Thunb.) Spach) and a hybrid ornamental species (Tecoma x alata)
originally from Peru (Glen, 2002). Tecoma x alata (orange bells) is regarded as a hybrid
between T. stans and T. alata and is variously referred to as Tecoma x ‘Burnt Out’, T. alata

‘Orange Jubilee’, T. stans ‘Orange Jubilee’ or Tecoma x ‘Orange Jubilee’.

Adult no-choice trials

Some 40 test-plant species were tested in no-choice situations to determine their suitability for
feeding and larval development of Heikertingerella sp. Test plants were confined individually
in gauze-covered cages (0.55 x 0.55 x 0.95 m) in the quarantine glasshouse. The target weed,
T. stans, was included as a control. In each cage, five mating pairs of Heikertingerella sp. were
exposed to the test plant for 30 days to allow feeding and oviposition. The adults were then
removed from the cages and the leaves were assessed for adult feeding damage, which was
scored on the percentage of leaves damaged per plant. The feeding damage levels included: no
leaves damaged; minor damage (1-29% leaves damaged); moderate damage (30-50%) and
severe damage (51-100%). After the removal of the adults, the plants were kept in the same
cages for a further 30 days, with any emerging F1 adults recorded daily. Each test-plant species

was tested four times, with different plants and beetles used between replicates.
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Adult multi-choice trial

An adult multi-choice test was carried out using the three Tecoma species found in South Africa
(Glen, 2002), since these were the only test-plant species that supported feeding during the
adult no-choice trials (see below). Test plants of similar stem height and canopy were selected
and sprayed with water, to remove any contaminants prior to testing. Four plants of each of the
three Tecoma species were arranged in a randomised block design in a large walk-in cage (4 x
4 x 2 m). Forty Heikertingerella sp. adults were confined with the plants for 30 days and then
removed. After removal of the adults, feeding damage was scored as previously described and
individual plants were placed into smaller cages (0.55 x 0.55 x 0.95 m) for a further 30 days to
record the emergence of adult F1 progeny. The trial was terminated after 60 days, by which

time it was assumed that all adult progeny had emerged.
Statistical analysis

Analyses were carried out in SPSS 26. Since the data did not conform to normality, we used
generalized linear modelling to determine the effect of host plant on the percentage of available
leaves that were damaged by adult Heikertingerella sp. during the no-choice and multi-choice
trials. The models, all corrected for over-dispersion, included a binomial distribution and logit
link function, with significance (P < 0.05) assessed using Wald chi-square statistics. Where
there were significant overall differences between test plant species, post-hoc comparisons

(Fisher’s Least Significant Difference) were used to separate the means.

Results
Biology of Heikertingerella sp.

Heikertingerella sp. adults are golden brown in colour with black compound eyes and the

enlarged hind femora typical of flea beetles. The adult body is oval in shape and ranges in
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length from 2.3 to 3.2 mm (mean = SE = 2.6 = 0.1 mm; n = 20) as measured from head to
elytral apex. There is considerable overlap in body length between the sexes, ranging from 2.3
to 3 mm (mean + SE = 2.5 £ 0.1; n = 10) in the males and from 2.3 to 3.2 mm (mean + SE =
2.7£0.1; n=10) in the females. Adults feed on the leaves of T. stans and create small irregular
round holes by scraping the leaf epidermis through to the mesophyll and eventually, causing

extensive damage.

Feeding by Heikertingerella sp. adults commenced shortly after their emergence from the
soil and oviposition commenced after a pre-oviposition period of 12 to 15 days (mean + SE =
13.5 £ 0.5; n = 6). Females confined with potted plants deposited small yellow eggs onto the
soil surface. After egg hatch, the first-instar larvae burrowed down into the soil to feed on the
secondary roots of T. stans. Larvae fed externally on the cortex of the secondary roots and
developed on the core of the primary roots, eventually pupating in the soil. Severely damaged
plants displayed slow growth after exposure to larval feeding. Some plants suffered mortality
after adult emergence. Development from egg to adult emergence ranged from 35 to 53 days

(mean + SE = 47.0 £ 1.10; n = 20).

Due to their subterranean nature, the number of larval instars and the duration of the
immature stages were not determined. The adult-to-adult generation time ranged from 51 to 73
days (mean + SE =58.9 + 1.2; n = 25), allowing the beetles to complete four annual generations
under the quarantine glasshouse conditions. The male and female adults survived from 41 to

100 days (mean + SE = 75.7 + 4.73; n = 20) in the quarantine glasshouse.

Host specificity of Heikertingerella sp.

Adult no-choice trials

Of the 40 plant species tested, adults of Heikertingerella sp. fed only on the three Tecoma

species and were unable to feed on any other species in either the Bignoniaceae or any of the
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more distantly related families (Table 1). There were significant differences in the percentage
of available leaves that were damaged by the adults (x* = 38.741, df = 2, P < 0.0005) between
the three test plant species that supported feeding. Feeding was significantly (more than four
times) higher on T. stans than on T. x alata and T. capensis, while the difference between the
latter two species was not significant. Larval development to adult emergence was recorded

only on T. stans, with an average of 20 beetles reared per trial (Table 1).
Adult multi-choice trials

Adult feeding was recorded on the exotic T. stans and T. x alata, but not on the native T.
capensis (Table 2). As before, there were significant differences in the percentage of available
leaves that were damaged by the adults (y> = 122.008, df = 2, P < 0.0005) with feeding 3.7
times higher on T. stans than on T. x alata. Adult F1 progeny were recorded only on T. stans,

with an average of 16 beetles reared per plant (Table 2).
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Table 1. Feeding and development to adulthood of Heikertingerella sp. during adult no-

choice trials on species from several related and unrelated plant families.

Order: Family Plant species! % Leaves damaged Fi adult emergence
(Mean * SE)? (Mean + SE)
Lamiales: Bignoniaceae Catophractes alexandri * 0 0
Dolichandra unguis-cati ** 0 0
Fernandoa magnifica * 0 0
Jacaranda mimosifolia ** 0 0
Kigelia africana * 0 0
Markhamia acuminata * 0 0
Markhamia zanzibarica * 0 0
Markhamia obtusifolia * 0 0
Pyrostegia venusta ** 0 0
Podranea ricasoliana * 0 0
Tabebuia impetiginosa ** 0 0
Tecoma x alata** 22.8+2.3° 0
Tecoma capensis * 20.0+7.8° 0
Tecoma stans (L) ** 97.0+ 1.3 20.8+1.6
Rhigozum obovatum * 0 0
Spathodea campanulata ** 0 0
Acanthaceae Barleria obtusa * 0 0
Ruttyruspolia hybrid * 0 0
Thunbergia natalensis * 0 0
Scrophulariaceae Halleria lucida * 0 0
Myoporum laetum ** 0 0
Verbenaceae Lantana camara ** 0 0
Lippia wilmsii * 0 0
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Cucurbitaceae
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Lippia rehmannii *

Mentha spicata **
Jasminum multipartitum*
Jasminum officinale **
Capsicum annuum ***
Solanum melongena ***
Solanum tuberosum ***
Beta vulgaris ***
Phaseolus vulgaris ***
Saccharum officinarum ***
Zea mays ***

Calendula officinalis ***
Chrysanthemum maximum ***
Tagetes erecta ***

Lactuca sativa ***

Daucus carota ***

Cucumis sativus ***

L'Where * = Native:; ** = Exotic; *** = Cultivated.

2 Means followed by the same letter are not significantly different (p > 0.05).

40



Madire et al., 2021 Journal of Applied Entomology, 145, 65-72.

Table 2. Feeding and development to adulthood of Heikertingerella sp. during an adult

multi-choice trial involving Tecoma species.

% Leaves damaged per F1 adult emergence per
Test plants! plant (mean + SE)? plant (mean + SE)
Tecoma stans** 58.5+2.22 16.8+ 1.6
Tecoma x alata** 15.5+2.8> 0
Tecoma capensis* 0 0

L Where * = Native; ** = Exotic

2 Means followed by different letters are significantly different (p < 0.05)

Discussion

Our study showed that both adults and larvae of Heikertingerella sp. caus