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ABSTRACT

Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) is a serious pest of poinsettia
Euphorbia pulcherrima Willd. ex Koltzsch (Malpighiales: Euphorbiaceae). It causes
damage that reduces aesthetic value and saleability of the plant. Low tolerance for
infestations leads to management strategies that rely on repeated applications of chemical
insecticides. This has contributed to the development of resistance. New control methods
are needed that are effective and safe for the health of humans and the environment.

Biological control with Eretmocerus spp. (Hymenoptera: Aphelinidae) parasitoids
can successfully manage B. tabaci on poinsettias. Their use is more expensive than
chemical insecticides limiting use by growers. Plant-mediated IPM systems use plants in
combination with other suppression tactics to manage pests. These systems improve early
pest detection, attract pests and provide habitat, food and shelter for biological control
agents. These tactics may improve efficacy and cost of sustainably managing B. tabaci on
poinsettias.

Eggplant, Solanum melongena L. (Solanales: Solanaceae) is a host plant for B.
tabaci. It can also sustain Eretmocerus spp. when infested with this pest. Eggplant was
evaluated as a component in a plant-mediated IPM system with Eretmocerus spp. to
manage B. tabaci in poinsettias. The objectives were to (1) determine if B. tabaci adults
were attracted to and reproduced on eggplant, (2) assess the ability of Eretmocerus spp.
to reproduce on eggplant, and (3) evaluate the distribution of B. tabaci and Eretmocerus
spp. on poinsettias surrounding the eggplant.

Eggplants harbored significantly more B. tabaci and Eretmocerus spp. adults and
live and parasitized B. tabaci nymphs than poinsettias. Higher numbers of B. tabaci
adults and live nymphs were found on poinsettias 2 meters away from the eggplants than
on poinsettia adjacent to the eggplants. Greater numbers of Eretmocerus spp. were
detected on poinsettias adjacent to eggplants. Eggplant served several functions; (1) an
indicator plant for the early detection of B. tabaci adults and monitoring of nymphs over
time, (2) a trap plant for B. tabaci by attracting and detaining adults, and (3) a habitat
plant for Eretmocerus spp. by providing a site for their reproduction.
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CHAPTER 1: LITERATURE REVIEW
1. Introduction

Whiteflies (Homoptera: Aleyrodidae) are one of the most serious crop pests
worldwide (Naranjo and Ellsworth 2001; De Barro et al. 2011). There are over 1200
species but only a few are major pests (van Lenteren and Martin 1999). Bemisia tabaci
Gennadius is found on every continent except Antarctica. They colonize over 600 plant
species, resulting in substantial amounts of economic loss. They cause aesthetic damage,
vector viruses, promote physiological plant disorders and reduce the quality of crops
(Naranjo and Ellsworth 2001; Oliveira et al. 2001; De Barro et al. 2011).

Management of B. tabaci is particularly challenging due to its polyphagous nature
and movement around the world on ornamental crops (Brown et al. 1995a; Naranjo and
Ellsworth 2001; Perring 2001). Control is usually attempted with multiple chemical
insecticide applications (Oliveira et al. 2001) which lead to resistance, non-effectiveness,
resurgence of primary pests, risks to human and environmental health and increased
production costs (Javaid and Joshi 1995; Denholm et al. 1998; Kogan 1998). As a result,
growers and pest specialists have focused on devising integrated pest management (IPM)
approaches because they are often economically viable and generally safe for humans and
the environment (Kogan 1998; van Lenteren 2000; Gerling et al. 2001; Pilkington et al.
2010). Furthermore, consumer demand for pesticide-free products gives many growers
the incentive to seek alternative management strategies (Stansly and Natwick 2010).

Greenhouses provide an environment where plants can be produced year round,

but these conditions promote B. tabaci infestations (Stansly and Natwick 2010).



Greenhouse ornamentals are grown for their aesthetic value and grower and consumer
tolerance for B. tabaci-infested or damaged plants is low. As a result, growers are
challenged to maintain pest populations below their economic injury level (Parrella and
Jones 1987; Oetting and Buntin 1996). Insecticides are applied prophylactically and
many growers lack confidence in alternative management techniques and thus continue to
rely on conventional pesticide-based approaches (Dittrich et al. 1990; Liu et al. 1993b;
Parrella and Jones 1987).

The poinsettia, Euphorbia pulcherrima Willd. ex Klotzsch (Malpighiales:
Euphorbiaceae) is one of the most popular potted flowering plants in the U.S. In 2010 the
national wholesale revenues were over $146 million in the 15 states where most of them
are produced (NASS 2011). Poinsettias are a tropical plant indigenous to Mexico where
the Aztecs made dye from its flowers and medicines from its sap (Ecke et al 1990). It was
first introduced into the U.S. in 1825 by Joel Robert Poinsett, the first U.S. Ambassador
to Mexico. He cultivated it and distributed it to nurserymen (Ecke et al. 1990). Poinsettias
are grown in greenhouses in all 50 states but 70% of the cuttings originate from one
propagator in California (Dalton 2006; Wolford 2011). Poinsettias are propagated
vegetatively with cuttings from stock plants. The cuttings are then distributed around the
U.S. and the rest of the world to secondary producers during the summer for finishing in
time for the Thanksgiving/Christmas holiday season (Fransen 1994; Sanderson 2004).

Greenhouse ornamentals are commonly plagued by a wide array of arthropod
pests. Poinsettias are unique among ornamentals in this respect because whiteflies are

their only major insect pest (Van Driesche and Heinz 2004b). Poinsettias are susceptible



to whitefly infestations at all production stages. First, propagation materials generally
originate from areas where whiteflies occur year round in both greenhouse and field
settings. Second, they are grown over an extended period beginning in mid-summer
allowing for the carryover of infestations from other crops (Fransen 1994). Propagators
who distribute their cuttings worldwide are expected to provide plant material with little
to no whiteflies. They commonly apply a wide range of chemical insecticides to achieve
pest-free stock to avoid future infestations which may be transported around the world
(Parrella et al. 1991; Sanderson 2004). Economic thresholds for poinsettias in the
finishing stages are also low, leading growers to apply chemical insecticides (Stevens et
al. 2000). However, because the bracts, after color formation, are sensitive to
phytotoxicity, conventional insecticide management can be challenging (Barr and Drees
1992). Growers have found it difficult to implement biological control because of the low
tolerance for whitefly infestations on cuttings or finished plants. In addition, chemical
insecticide residues on cuttings can reduce the effectiveness of some biological control
agents.

Eretmocerus eremicus Rose and Zolnerowich and Eretmocerus mundus Mercet
(Hymenoptera: Aphelinidae) are two commercially available parasitoids recommended
for use against B. tabaci on poinsettias (Hoddle and Van Driesche 1999ab; Hudak et al.
2003; Murphy et al. 2008). Their cost (including shipping) often exceeds that of
insecticidal management which limits their use (Stevens et al. 2000; VVan Driesche et al.

1999; 2002).



Strategies to enhance biological control efficacy and reduce costs would
encourage their use by growers. Biological control can be enhanced by providing or
modifying habitats that are more attractive than the primary crop to both B. tabaci and
their biological control agents (Gerling et al. 2001; Hilje et al. 2001; Naranjo 2001). One
approach is to provide attractive alternate habitats to lure B. tabaci from the crop where
they can be targeted for management using biological control agents, chemical
insecticides or disposal. These types of plant-mediated IPM systems have been used to
(1) improve the early detection of pests (indicator/sentinel plants), (2) attract and kill
pests (trap plant) or (3) provide habitat, food, and shelter for biological controls agents
(habitat/insectary/banker plants). All of these attributes can be combined into one
multifaceted system for crop protection called a guardian plant (Quarles 2010).

2. Research objectives

If growers are to be expected to adopt a new IPM strategy they must be convinced
that it is effective and not too expensive. Plant-mediated IPM systems for B. tabaci show
promise but in greenhouse ornamentals research is limited and past results in poinsettias
have been mixed (Glenister et al. 2008; Murphy et al. 2008; Lee et al. 2009).

Eggplant, Solanum melongena L. (Solanales: Solanaceae), is a potential candidate
as a plant-mediated IPM system for B. tabaci. It is a suitable host for B. tabaci (Sharaf
and Batta 1985; Tsai and Wang 1996; Kakimoto et al. 2007; Simmons et al. 2008) and
when infested, can provide a site for Eretmocerus spp. to reproduce (Goolsby and
Ciomperlik 1999; Pickett et al. 2004; Simmons et al. 2008). Biological control of

poinsettias with Eretmocerus spp. is expensive because multiple inundative releases are



required over the season (Van Driesche et al. 1999; 2002). Therefore, a plant-mediated
system using eggplant could provide a cost-effective way to provide an ongoing source of
the parasitoid, eliminating the need for multiple releases.

Few studies have assessed eggplants as trap, banker and guardian plants for B.
tabaci in greenhouse poinsettias (Glenister et al. 2008; Murphy et al. 2008; Lee et al.
2009). Observations of effectiveness were mixed. A better understanding of plant-
mediated IPM systems would help to advance their development for B. tabaci in
poinsettia production.

The goal of this study was to assess the effectiveness of combining eggplants and
Eretmocerus spp. parasitoids as a plant-mediated IPM system to manage B. tabaci in
poinsettias. The specific objectives were to 1) determine if B. tabaci adults were
attracted to and reproduced on eggplant; 2) assess the ability of Eretmocerus spp. to
reproduce on eggplant; 3) evaluate the distribution of B. tabaci and Eretmocerus spp. on
poinsettias surrounding the eggplant.

3. Bemisia tabaci
3.1. Species complex

There are 37 species in the genus Bemisia (Mound and Hasley 1978). Species
within this genus are difficult to differentiate due to pupal size and shape differences
within species depending on host plant species colonized, more successful reproduction
of some populations on the same host plant than others, and their vast global distribution

(Mound 1963; Bellows et al.1994; Rosell et al. 1997).



Bemisia tabaci was first described from specimens infesting tobacco in 1889 in
Greece and was named Aleyrodes tabaci. In 1897 it was found in the U.S. on sweet
potato but was believed to be a different species and named B. inconspicua, the
sweetpotato whitefly (Brown et al. 1995a). Bemisia tabaci was first reported damaging
greenhouse poinsettias in the U.S. by Price et al. (1987) and by 1991 it was detected
across much of North Amercia (Parrella and Bethke 1990; Baringa 1993).

Bemisia tabaci has been re-described several times since its discovery (Perring et
al. 1993). It had numerous synonyms which in 1957 all were encompassed under B.
tabaci (Russell 1957; Brown et al. 1995a). In the U.S., the most common populations of
B. tabaci are biotypes, strains, or races of biotype A (the cotton, tobacco, or sweetpotato
whitefly) or biotypes B or Q (the poinsettia or silverleaf whitefly) (Brown et al. 1996;
Perring 1996; Dennehey et al. 2010). Biotypes differ in fecundity, allozymic patterns,
ability to transmit viruses and disorders, host plant preferences, ranges and pesticide
susceptibility (Bellows et al. 1994; Brown et al. 1995a; Perring 2001). They have a
distinct genetic difference from the rest of the species but are indistinguishable by
morphological characteristics (Baringa 1993; Bethke et al. 2006). These attributes make
B. tabaci highly variable within its species (Brown et al. 1996). They are identified only
by phenotype and electrophoretic banding patterns of general esterases (Brown et al.
1995b). As a result of the controversial taxonomy of B. tabaci, many scientists believe
that populations of this taxon are encompassed in a species complex (Bellows et al. 1994;
Brown et al. 1995a; Perring 2001) comprising “at least 24 morphologically

indistinguishable species” (De Barro et al. 2011).



Bemisia tabaci biotypes B and Q are currently the most common biotypes
infesting greenhouse ornamentals (Bethke et al. 2006; 2009). Biotype A was the most
prevalent until the late-1980s when it was displaced by outbreaks of biotype B (Perring et
al. 1993; Brown et al. 1996). Biotype B was found to be superior to biotype A in terms of
its reproductive rate, pesticide resistance, ability to cause physiological disorders and
range of host plants across the world (Baringa 1993; Brown et al. 1995a; Perring 1996).
Slight morphological differences between biotype A and B have been detected. Biotype
A has a single fourth seta on the pupal case that is absent in biotype B (Gill and Brown
2010). Some consider biotype B (the poinsettia strain) to be a distinct species and
renamed it as B. argentifolii Bellows and Perring n. species (Bellows et al. 1994).

In the mid-1990s the Q biotype emerged (Martinez-Carrillo and Brown 2007)
which is distinguished from other biotypes by its resistance to several insect growth
regulators incuding pyriproxyfen and buprofezin, and the neonicotinoids (imidacloprid,
acetamiprid and thiaxethoxam) (Horowitz et al. 2003; Bethke et al. 2006; Dennehey et al.
2010). The Q biotype was first observed in the Mediterranean region but spread rapidly.
It appeared on poinsettias in the U.S. in 2004 (Guirao et al. 1997; Bethke et al. 2006;
Dennehy et al. 2010), on ornamentals in China in 2006 (Chu et al. 2006) and on
poinsettias in Mexico in 2007 (Martinez-Carrillo and Brown 2007). By 2006 it had
spread to 21 states in the U.S. and was found primarily infesting poinsettias (Bethke et al.
2006).

Bemisia tabaci biotypes are generally unable to breed and produce viable

offspring with different biotypes though courtship behaviors have been observed (Costa



et al. 1993; Elbaz et al. 2010; Wang et al. 2010). Biotype B can displace both biotypes A
and Q, perhaps because it has a higher reproductive rate and is more competitive than A
and Q, especially when insecticides are not in use (Pascual and Callejas 2004; Horowitz
et al. 2005; Crowder et al. 2010).

Accurate identification of B. tabaci biotypes is important because they differ in
their ability to transmit viruses and other disorders (Brown et al. 2000). In addition,
because biotypes B and Q differ in their resistance to chemical insecticides, growers
should select their insecticides based on the biotype that is infesting their crop. Biotypes
are differentiated using mitochondrial cytochrome oxidase | (mtCOI) DNA gene coding
sequences (molecular markers), isoelectric focusing (IEF) electrophoresis that examines
allozyme variation, native polyacrylamide gel electrophoresis (PAGE) identifying
esterase banding patterns and random amplification of polymorphic DNA ‘RAPDs’ and
RAPD-PCRs or randomly amplified DNA-polymerse chain reaction (Brown et al. 1996;
2000; Perring 2001; Chu et al. 2006).

Because of the confusion that remains relative to the systematics of the B. tabaci
complex, here after, it is referenced as silverleaf whitefly (SLWF) and includes the
species and/or biotype complexes of B. tabaci, including B. argentifolii.

3.2. ldentification and biology

SLWEF is polyphagous colonizing hundreds of host plant species (Price et al.
1987; Byrne and Bellows 1991). The primary families affected are Asteraceae,
Convolvulaceae and Curcurbitaceae, Euphorbiaceae, Fabaceae, Malvaceae and

Solanaceae (Price et al. 1987). SLWF adults choose host plants that are suitable for both



feeding and oviposition. Selection is based on color, cultivar and leaf characteristics
(cuticle features and hair density), the presence of predators and their prior feeding
experiences (Mound 1962; van Lenteren and Noldus 1990; Nomikou et al. 2003b).

Color is considered the most important factor in host selection by SLWF (van
Lenteren and Noldus 1990). They are attracted to blue/ultra-violet that promotes
migration behaviors and yellow wavelengths that promote feeding behaviors (Mound
1962). Generally, SLWF favor plants that reflect a yellow-green color (van Lenteren and
Noldus 1990). Odor is not considered important for host selection (Mound 1962; van
Lenteren and Noldus 1990). After landing on a plant, adults probe the apoplast below the
leaf epidermis to determine if the plant is a suitable host (van Lenteren and Noldus 1990).

Poinsettias are a favored host plant for SLWF. Two other whitefly species may be
encountered on poinsettia along with SLWF: Trialeurodes vaporariorum Westwood (the
greenhouse whitefly) and T. abutilonea Haldeman (the bandedwinged whitefly)
(Sanderson 2004). Until the SLWF invasion in the mid-1980’s, T. vaporariorum was the
primary pest of poinsettia (McDonough 2008). Occurring on occasion is T. abutilonea,
but damage is rarely observed and it is not considered a pest of poinsettia. It is important
to differentiate between whitefly species on a crop because of species-specific differences
in the efficacy of certain chemical insecticides and biological control agents. They are
identified most easily based on morphological features of the 4™ instars because adult
characteristics are so similar (Mound 1963; Gill 1990; Rosell et al. 1997). Fourth instar
Trialeurodes spp. are white and have a box-like shape with a distinct band of long wax

filaments lining the outer edge (Hoddle 2004). In contrast, 4™ instar SLWF nymphs are



dorsoventrally compressed like a suction cup, have distinct red eye spots and vary in
shades of yellow (Byrne and Bellows 1991; Hoddle 2004). Figure 1 shows the

differences between nymphs of these species.

Trialeurodes spp. B. tabaci

Figure 1. Fourth instar nymphs of Trialeurodes spp. and B. tabaci

When at rest, adults of T. vaporariorum tend to hold their wings flat across the leaf
surface (Hoddle 2004). Adults of T. abutilonea are distinctly different. They have a
brownish zigzag pattern along their wings (Flint 2002). SLWF hold their wings tent-like
over their body with their wing margins angled towards the leaf surface (Hoddle 2004).

Figure 2 shows the differences between adults of these species.

T. vaporariorum T. abutilonea B. tabaci

Figure 2. Adults of Trialeurodes spp. and B. tabaci.
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Eggs of both species of Trialeurodes are usually laid in a semi-circle on the undersides of
leaves (Hoddle et al. 2002). In contrast, eggs of SLWF are laid haphazardly (Byrne and
Bellows 1991).

Reproduction in SLWF is arrhenotokous exhibiting haplo-diploidy meaning
haploid males are produced parthenogenically from unfertilized eggs and diploid females
arise from fertilized eggs (Byrne and Bellows 1991; Blackman and Cahill 1998). SLWF
have 6 life stages: egg, 1% instar (crawler nymph), 2" and 3" instars (sessile nymphs), 4%
instar (nymph/pupa) and adult (Gill 1990; Naranjo et al. 2010). Their development time
from egg to adult depends on numerous factors such as biotype, host plant, nutrition,
temperature, host stress and cultural factors (van Lenteren and Noldus 1990; lida et al.
2009; Muiiiz and Nombela 2001; Naranjo et al. 2010). The development time from egg to
adult for SLWF on poinsettias at 22°C is 49.9 days and at 28°C, 29.9 days (Hoddle et al.
2002).

Adult SLWF are 1.1-1.2 mm long with white wings and a yellow thorax and
abdomen (Butler et al. 1986). They produce an opaque white wax which gives them a
white/silverish appearance (Gill 1990; Byrne and Bellows 1991). SLWF females usually
live longer than males (Avidov 1956). On poinsettias female SLWF can live 22.4 days at
22°C and 15.5 days at 28°C (Hoddle et al. 2002). They oviposit and feed on the same
plant (van Lenteren and Noldus 1990). After eclosion and 10-20 minutes of drying time,
they pierce the leaves with their stylets and begin to feed on the plant from which they

pupated unless disturbed (Pollard 1955; Avidov 1956). Phloem lacks amino acids and
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SLWEF harbor endosymbiont bacteriomes that enable them to survive despite the
deficiency (Brown 2010).

SLWEF adults lay a few eggs where it emerges and the rest where it settles if
dispersal occurs (Butler et al. 1986; Byrne and Bellows 1991; Liu et al. 1993a). On
poinsettias females may lay 90.9 eggs at 22°C which hatch in 16.9 days at 28°C and 96.3
eggs in 10.4 days (Hoddle et al. 2002). Eggs are oval and attached to the leaf surface by a
pedicel extending from the egg chorion which is inserted into the epidermal cell (Gill
1990; Walker et al. 2010).

The 1% instar crawlers hatch from the egg within minutes. They are mobile but
settle in one place to feed within a few hours after hatching (Avidov 1956, Gill 1990; van
Lenteren and Noldus 1990). The 2"-4™" instar nymphs are sessile but actively feed.
Though commonly referred to as the pupal stage, the 4™ instar is not a true pupa because
both feeding and adult transformation occurs within the same stage without molting (Gill
1990; Byrne and Bellows 1991). Development on poinsettias at 26.7°C for 1%-4™ instars
is 4.9, 2.5, 3.3 and 4.4 days, respectively (Bethke et al. 1991). The 4" instars produce two
types of waxes, one is an opaque white and the other is colorless clear (Gill 1990). They
have a vasiform orifice which is a depression where honeydew, excreted from the anus,
collects. A lingual then flips the collected honeydew away from feeding areas (Gill 1990;
Byrne and Bellows 1991; Walker et al. 2010).

3.3. Damage
SLWF damage plants in many ways. They feed on sap from the plant, removing

nutrients such as chlorophyll and starches. This weakens the plant causing premature leaf
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drop, stunting and discoloration of foliage (Oetting and Buntin 1996; Schuster et al.
1996). SLWF feeding can cause numerous systemic physiological plant disorders
including foliage chlorosis of several ornamentals, white stem and vein clearing of
poinsettia and abnormalities in plant morphology and growth (Brown et al. 1995a;
Schuster et al. 1996; Shapiro 1996). These disorders are caused by biochemical reactions
within the plant from feeding, causing silvering or yellowing of leaves, chlorotic spots
and distortions (Shapiro 1996). Many disorders, such as white stem, are associated with
biotype B rather than A (Costa and Brown 1991; Brown et al. 1995a).

Diseases caused by SLWF result in severe economic losses worldwide (Duffus
1996; Jones 2003). Over 111 recognized viruses are vectored by SLWF (Jones 2003).
Geminivirusus are one of the most economically significant viruses they transmit (Duffus
1996; Oliveira et al. 2001). Geminiviruses are small (20x30 nm) single stranded DNA
viruses that make up icosahedral (geminate shaped) nucleoprotein particles with a single
protein coat (Duffus 1996; Hiebert et al. 1996; Markham et al. 1996). They have narrow
host ranges and can be acquired by SLWF from feeding from the host plant in < 5-30
minutes (Markham et al. 1996; Jones 2003). Begomoviruses are a type of geminivirus,
and are vectored solely by SLWF (Brown et al. 1996; Jones 2003; Ma et al. 2004). They
are highly infectious and cause substantial yield losses. Poinsettias have generally been
unaffected by geminiviruses in the U.S. but discoveries of virus symptoms similar to leaf
curl disease on tobacco was noticed in Taiwan in the late 1990s (Tsai et al. 1997) and
more recently in China (Ma et al. 2004; Xu and Zhou 2007). These begomoviruses,

named poinsettia leaf curl or Euphorbia leaf curl virus ‘ELCV’ (Tsai et al. 1997; Ma et
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al. 2004) and Euphorbia leaf curl Guangxi virus ‘ELCGXV’, have been observed to
cause symptoms such as stunting, leaf curling, and vein thickening (Xu and Zhou 2007).

Other damage from SLWF results from honeydew excretions and the sooty mold
growth that’s on it, which can reduce photosynthesis and cause additional plant stress.
Phytotoxicity from insecticide applications can also occur. In addition, the mere presence
of adults on the crop can reduce its value (van Lenteren and Noldus 1990; Oetting and
Buntin 1996; Schuster et al. 1996). Other pests have been reported to be vectored by
SLWEF, such as Polyphagotarsonemus latus Banks (broad mites), which attach to adult
whiteflies to aid in their dispersal (Fan and Petitt 1998).
3.4. Resistance

Excessive reliance on insecticides by poinsettia propagators and growers has
resulted in remarkable historical and ongoing accounts of resistance in SLWF
populations (Dittrich et al. 1990; Horowitz and Ishaaya 1996; Nauen and Konanz 2005).
Resistance is “the added ability to withstand an insecticide and is acquired by breeding
from those individuals which survive exposures to that particular toxicant insufficient to
wipe out the whole colony” (Hoskins and Gordon 1956). Resistance in SLWF
populations was first reported in the early 1980s in Sudan as a result of widespread
organochlorine (DDT) and organophosphate (dimethoate) use (Dittrich et al. 1985; 1990).
Resistance to carbamates and pyrethroids soon followed (Cahill et al. 1994). By the mid-
1980s SLWF was documented to be resistant to a wide array of chemicals (Sharaf 1986).

Protected greenhouse environments favor the development of resistance

(Sanderson and Roush 1995; Denholm et al. 1998). Limited immigration of new genes,
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rapid population growth and the heavy reliance on neonicotinoids (especially
imidacloprid) and insect growth regulators have led to the selection of SLWF resistance
genes in these settings (Sanderson and Roush 1995; Horowitz and Ishaaya 1994;
Denholm et al. 1998). Biotype Q is the most recent strain that has exhibited a high level
of neonicotinoid resistance in horticultural production (Nauen and Denholm 2005;
Prabhaker et al. 2005) and especially in poinsettias (Dennehey et al. 2010). Resistance to
organochlorines is from a genetic trait change or “a modification to GABA-gated
chloride ion channels in post-synaptic nerve membranes” (Denholm et al. 1996).
Resistance to organophosphates and pyrethroids and imidacloprids has been attributed to
the target site modifications by desensitization of acetylcholinesterase variants and
esterase activities that hydrolyze the chemicals detoxifying them (Ishaaya et al. 1987;
Cahill et al. 1995; Karunker et al. 2008).

4. Integrated pest management (IPM)

IPM is ““ a decision support system for the selection and use of pest control tactics,
singly or harmoniously coordinated into a management strategy, based on cost/benefit
analyses that take into account the interest of and impact on producers, society and the
environment” (Kogan 1998). Defined in the 1970s, its foundation is built on the
integrated control concept from the late 1950s that combines the use of biological and
chemical insecticidal controls (Stern et al. 1959; Dent 2000). The goal of IPM is not
specifically to eradicate pests but to keep them below a level that reduces profits.
Economic injury/damage/action thresholds are used to determine the suitable time to

apply chemical insecticides (Stern et al. 1959; Smith and Reynolds 1966). Damage and
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action thresholds are defined as “the maximum level of disease or pest attack below
which yield losses do not occur” and “the level of disease or pest attack at which control
action should be taken to prevent the epidemic or pest to reach the damage threshold”
(Dik and Albajes 1999). Use of IPM for SLWF began in the 1990s (Stansly and Natwick
2010).

There are five primary components of IPM: (1) prevention and avoidance of pest
problems, (2) identification and understanding the biology of the pest and their biological
controls, (3) scouting for the pest, it’s damage and the presence of their biological
controls, (4) population control thresholds/guidelines and (5) integration of biological,
cultural, and physical control methods with compatible and non-disruptive chemical
insecticides (Flint and Dreistadt 1998; Naranjo 2001; Naranjo and Ellsworth 2009).

4.1. Avoidance of pest problems

Cultural and physical control strategies to avoid pest problems form the
foundation of IPM. These strategies directly manipulate pest behaviors by making
growing environments less favorable or attractive, prevent invasion or promote the
establishment of biological control agents (Berlinger and Lebiush-Mordechi 1996; Hilje
et al. 2001; Naranjo 2001). Examples include screening of greenhouse vents, keeping
doors closed, fallow periods, weed control, removal of infested leaves, soil and water
testing, avoidance of overwatering crops, proper fertilizing and irrigation, sanitation of
floors and benches, covering of floors with weed cloth or concrete, disposal of infested
plants, photoperiod manipulation or using traps to attract and kill the pest like sticky

traps, pheromone traps, suction devices or UV attraction (Parrella and Jones 1987;
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Berlinger and Lebiush-Mordechi 1996; Greer and Diver 1999; Stack et al. 2010; Stansly
and Natwick 2010).
4.2. Scouting and action thresholds

Scouting for pests is important when using IPM. It serves as an early warning tool
enabling growers to locate pest problems before they arise and make treatments before
populations spread (Ohnesorge and Rapp 1986; Dreistadt 2001). Biological control
agents must also be monitored to determine if their populations are managing the pest and
to identify if other control measures are needed (Franz 1973; Van Driesche and Heinz
2004b). Scouting involves the collection of data about the different life stages of pests
and biological controls from which economic and action thresholds and economic injury
levels can be determined (Ekbom and Rumei 1990; Yano 2004).

Monitoring for SLWF is usually conducted by looking for adults and red eyed
nymphs (4" instars) because eggs and early instars are small and difficult to detect
(Ohnesorge and Rapp 1986). Leaf location on the plant is important when assessing the
different life stages. Eggs and adults are usually on younger leaves towards the top of the
plant whereas older nymphs are at the bottom and middle on older leaves (Butler et al.
1986; Ohnesorge and Rapp 1986). Quantifying the immature stages provides insight into
the overall population density though it is more time consuming than counting the adults
(Butler et al. 1986; Ohnesorge and Rapp 1986; Ekbom and Rumei 1990). Scouting for
immatures is done by direct counting, estimating population densities based on their
presence or absence or by counting honeydew droplets (Melamed-Madjar et al. 1985;

Ohnesorge and Rapp 1986). Adults are scouted by visually inspecting the undersides of
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leaves, usually in the early morning when they are less active (Gerling and Horowitz
1984; Butler et al. 1986). Yellow sticky traps are commonly used for adults. They are
thought to attract SLWF because they prefer to lay eggs on younger, yellower leaves
(Mound 1962; Berlinger 1980; Ekbom and Rumei 1990). Yellow traps (3x5 in) should be
placed directly above the top of poinsettia foliage (Butler et al. 1986; Parrella and Bethke
1990). These are commonly placed in greenhouses at a rate of 1 per 1,000 sq. ft.
Biological controls are monitored by quantifying ratios of parasitized to unparasitized
hosts, trapping, direct counts, examinations of feeding activity, or inspection of
emergence rates and incoming shipments for viability (Hoddle et al. 2002; Flint and
Dreistadt 1998).

Action thresholds and sampling plans for poinsettias vary depending on each
grower’s tolerance level for SLWF, type of crop and stage of crop growth. Industry
standards for inspecting incoming poinsettia cuttings are checking approximately 30-65
cuttings per shipment of 500-2000. If an average of 2 insects is detected on the cuttings,
chemical control is recommended (Sanderson 2004). Another method for sampling is
based on percentage infestation (counting presence/absence of all life stages) on 100
poinsettia plants per 10,000-20,000 ft2 of crop (G. Murphy, OMAFRA, pers. comm.). If
an average of < 20% are infested, they are considered ‘clean’ and if > 40% are infested,
an outbreak is likely to occur in the future and a chemical insecticide treatment is
advised. If ‘clean’, biological controls may be used to achieve control instead of chemical
insecticides. Sequential sampling schemes for nymphs on poinsettia plants have also been

developed, which classifies infestations into three thresholds: low (0.1 nymphs),
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moderate (0.6 nymphs) and high (3.0 nymphs). Greenhouses are divided into
management units and plants are randomly selected in each unit. Six leaves per plant are
inspected. The number of plants inspected depends on the threshold level selected by the
grower: 14 plants (low), 10 (moderate) and 6 (high). If the average number of nymphs
counted is at the high end of the selected threshold, control measures are recommended
for that unit (Sanderson et al. 1994).

4.3. Biological control

Biological control for whiteflies has been attempted since early in the 20™
century. Whiteflies are good candidates for this type of management because much of
their time is spent in a sessile state on the plants making them vulnerable to predation and
parasitization (Gerling 1992; Breene et al. 1994, Pilkington et al. 2010). Greenhouses
provide environments favorable for biological control because of the controlled climate
and confined space (van Lenteren and Woets 1988). Periodic releases of biological
controls through seasonal inoculative or inundative releases and conservation methods
are commonly used in these environments (van Lenteren and Martin 1999; Van Driesche
and Heinz 2004a).

Biological control offers several advantages over chemical insecticides. These
include no exposure to toxic residues, no delayed entry periods in to greenhouses after
application, little to no phytotoxicity and resistance is rarely a problem (van Lenteren et
al. 1997; van Lenteren and Woets 1988; van Lenteren 2000). Biological controls used in
greenhouses should be effective at controlling the pest. They should have a high

searching ability, not interfere with other biological control agents, be applied early in the
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production period and be cost effective (van Lenteren and Woets 1988; Parrella et al.
1992; Van Driesche and Heinz 2004b). Biological control has some limitations
associated with their use. In addition to their high costs, crop management techniques
may not promote biological control agents (i.e. use of incompatible pesticides) and
biological control agent quality from producers may be poor (van Lenteren and Woets
1988; van Lenteren and Martin 1999). In addition, biological controls take time to
regulate pest populations and their use does not give the fast control often achieved with
chemical insecticide applications. Several types of biological control agents are
commercially available for SLWF including fungi, predators and parasitoids and are
discussed below (Gerling 1992; Parrella et al. 1992).

4.3.1. Entomopathogenic fungi

Entomopathogenic fungi are microbial agents that infect insects by penetrating
their cuticles (Faria and Wraight 2001; Van Driesche and Heinz 2004a). The fungus
grows within the host killing it by obstructing blood flow and respiration or disrupting
organ functions (Malais and Ravensberg 1992). Fungi infect SLWF through direct
contact, indirect contact on infected substrates or via secondary infections from other
SLWEF (Faria and Wraight 2001).

Hemiptera accounts for 59.6% of the target pests for which commercial
mycopesticide formulations have been developed (Faria and Wraight 2007). Of that,
species in the family Aleyrodidae account for 24.6% of the use. Most of the research on
entomopathogenic fungi for SLWF has focused on Deuteromycetes, in particular,

Paecilomyces fumosoroseus Brown and Smith (=Isaria fumosorosea Wize), Verticillium
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lecanii Zimmerman Viegas (reclassified as Lecanicillium muscarium Petch Zare and
Gams), Beauveria bassiana (Balsamo) Vuillemin and Aschersonia aleyrodis Webber
(Faria and Wraight 2001; Lacey et al. 2008; Zimmerman 2008). Metarhizium anisopliae
has also been reported to be effective against SLWF, but little research has been done to
assess its potential (Lacey et al. 2008). Currently, a few effective commercial fungal
products are registered for use against whiteflies in Europe and the U.S., specifically L.
muscarium, B. bassiana and P. fumosoroseus (Hoddle 2004; Faria and Wraight 2007)
and can be used on poinsettias (Sanderson 2004).

4.3.2. Predators

SLWEF predators are identified from 9 orders and 32 families (Gerling et al. 2001).
The most effective are beetles (Coccinelidae), true bugs (Miridae and Anthocoridae),
lacewings (Chrysopidae) and mites (Phytoseiidae). Appendix 1 summarizes some of
these species. Predators for the biological control of SLWF are specialists or generalists
that consume various life stages of SLWF (Nordlund and Legaspi 1996). Many species
prey upon whitefly eggs and nymphs (Gerling 1990; Breene et al. 1994) but also
contribute to mortality by the dislodging nymphs from the leaves (Naranjo and Ellsworth
2005).

Delphastus catalinae Horn and Serangium parcesetosum Sicard (Coleoptera:
Coccinellidae) and Chrysoperla carnea Stephens and C. rufilabris Burmeister
(Neurpotera: Chrysopidae) have been shown to adequately control SLWF on poinsettias
(Heinz and Parrella 1994ab; Hoelmer et al. 1994; Ellis et al. 2001). The phytoseiid mite

Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae) also predates upon SLWF and
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has the ability to persist in a crop even when SLWF populations are absent, feeding on
pollen and honeydew (Nomikou et al. 2002; 2003a). Some host plant characteristics can
have a negative effect on these predators. For example, dense leaf trichomes can hinder
the searching ability of D. catalinae (Heinz and Parrella 1994b). Poinsettia has been
shown to be a poor host plant for Chrysoplera species. The SLWF nymphs feeding on
poinsettia have a low nutritional value to this predator (Legaspi et al. 1996). All of the
above predators are commercially available, except S. parcesetosum.

4.3.3. Parasitoids

Hymenopteran parasitoids, belonging to the Aphelinidae, Platygasteridae and
Eulophidae families, are the most successful biological control agents for whiteflies.
They have been used in greenhouses since the 1920’s (van Lenteren et al. 1997). The
parasitoid larva completes development within a host, killing it by hindering its growth
and development (Waage and Hassell 1982; Gelman et al. 2005a). Some parasitoid
species also cause mortality as predators by feeding on the pest’s haemolymph (van
Lenteren et al. 1997; Ardeh et al. 2005b).

Parasitoids use visual, acoustic and olfactory cues to locate their hosts (Heinz and
Parrella 1998). In the presence of SLWF, parasitoid behaviors include searching for and
determining if hosts should be used as food or ovipositing by ovipositor probing and
touching with their antennae, grooming and resting (Headrick et al. 1995; 1996). Plants
affect the behavior and success of parasitoids. Factors such as leaf morphology (hairy vs.

smooth) or internal plant chemicals may impede successful SLWF control by hindering
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searching ability or development within the host (Headrick et al.1996; 1999; Gruenhagen
and Perring 2001; Qiu et al. 2005).

The most effective parasitoids for SLWF management belong to the genera
Encarsia and Eretmocerus (Aphelinidae) and Amitus (Platygasteridae). In the family
Aphelinidae, there are 46 Encarsia and 21 Eretmocerus species that attack SLWF
(Gerling et al. 2001; Arno’et al. 2010). In the Platygasteridae family, the wasp Amitus
bennetti attacks SLWF (Drost et al. 1999; 2000; Joyce et al. 1999).

Encarsia formosa Gahan manages T. vaporariorum and SLWF and has been
intensively studied for use on poinsettias (Enkegaard 1994; Hoddle and Van Driesche
1996; Hoddle et al. 1997ab). They were first found in the U.S. in an Idaho greenhouse in
1924 and have been commercially available since 1972 and used since 1987 on
poinsettias (Parrella et al. 1992; Hoddle et al. 2002). Encarsia formosa are <1 mm long
with a dark brown-black head and thorax and a yellow abdomen (Malais and Ravensberg
1992). They reproduce by thelytokous parthenogenesis, producing females from
unfertilized eggs. They emerge with mostly undeveloped eggs and require host feeding
for them to develop (Hoddle et al. 1998a; Qiu et al. 2004). Their ability to feed on SLWF
enhances their effectiveness as a biological control agent (Hoddle et al. 1996). They are
endoparasitoids, laying eggs inside SLWF nymphs. Feeding occurs on all immature
stages of SLWF and parasitization in 3"-4™ instar nymphs (Enkegaard 1993; Hoddle et
al. 1998a; Qiu et al. 2004). Parasitized SLWF nymphs turn golden brown (Malais and
Ravensberg 1992). Development time is influenced by whitefly species and age, host

plant, temperature and humidity (Malais and Ravensberg 1992; Hoddle et al. 1998a). At
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28°C, they develop inside SLWF on poinsettias in 14 days. The adults live 9.2 days and
can parasitize an average of 10.4 nymphs per day (Enkegaard 1993; 1994). At 21°C, E.
formosa adults can kill approximately 69 SLWF nymphs during their life. They develop
from egg to adult in 30 days (Hoddle et al. 2002).

Performance of E. formosa is believed by some to be poor on SLWF in
poinsettias (Hoddle et al. 1997b; Hoddle et al. 2002; Hoddle and Van Driesche 1999a). It
has been observed to develop slowly, compared to other species such as Eretmocerus,
within the small nymphs of SLWF. In addition, their host finding abilities are slow and
they have high instances of mutual interference and superparasitism (parasitism of
nymphs that they have already parasitized) (Parrella et al. 1991; Malais and Ravensberg
1992; Hoddle et al. 1998b; Hoddle 2004). This species is usually not recommended for
use on poinsettias that are only infested with SLWF. However, when combined with
other parasitoids that have different modes of reproduction, such as Eretmocerus spp.
(Qiu et al. 2004; Asplen et al. 2009) or when the poinsettia crop is also infested with T.
vaporariorum, they are the most effective. For example, in mixed whitefly settings, E.
formosa selects T. vaporariorum for parasitizing but prefers to feed on SLWF nymphs
(Malais and Ravensberg 1992; Gerling et al. 2001).

Eretmocerus spp. were first recognized as a genus in 1850 (Rose and Zolnerowich
1997). There are currently 65 species, of which 16 were isolated from SLWF
(Zolnerowich and Rose 2008). They are widely used for management of SLWF on
poinsettias (Hoddle et al.1998bc; 1999; Hoddle and VVan Driesche 1999b; Van Driesche

et al. 1999). Many have also been shown to outperform E. formosa (Van Driesche et al.
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2001a; Hoddle and Van Driesche 1998c; 1999ab; De Barro et al. 2000). Eretmocerus spp.
are favored over E. formosa as biological control agents due to their ability to parasitize
SLWEF at an earlier stage and higher rate, shorter lifespan and tolerance to high
temperatures and chemical insecticides (Malais and Ravensberg 1992; Jones et al. 1995;
Qiu et al. 2004). The two most important species are E. eremicus Rose and Zolnerowich
and E. mundus Mercet (Rose and Zolnerowich 1997; Hoddle and Van Driesche 1999a;
Van Driesche and Heinz 2004a; Qui et al. 2004). Arrhenotokous forms of both have been
commercially available since 1995 (Ardeh et al. 2004; van Lenteren 2003).

Eretmocerus spp. are <1 mm long, varying shades of yellow, and have green eyes
and red ocelli (Malais and Ravensberg 1992; Hoddle 2004). The majority of the species
are arrhenotokus, producing females from fertilized eggs, but a few are thelytokous
(Powell and Bellows 1992; DeBarro et al. 2000; Ardeh et al. 2005ab). Unlike E. formosa,
they have mature eggs in their ovaries after emergence and host feeding is not essential
for egg development (Headrick et al. 1999; Qiu et al. 2004; Zang and Liu 2008).

Eretmocerus spp. are ecto-endoparasitoids developing outside, then within SLWF
nymphs. Eggs are oviposited under SLWF nymphs on the plant surface (Gerling 1990;
van Lenteren et al. 1997). Females tend to oviposit under 2" or 3¢ SLWF nymphal
instars (Qui et al. 2004; Ardeh et al. 2005b). The SLWF nymph forms a capsule around
the parasitoid larva prior to parasitoid penetration of the nymph. This is the only
parasitoid species that has been observed to induce this sort of phenomena (Gerling et al.
1990; 1991; Gelman et al. 2005ab). It is believed that the capsule is formed so the

parasitoid can monitor the internal development or to avoid immune responses of its host
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(Gerling et al. 1991; Gelman et al. 2005ab). The parasitoid larva weakens the SLWF
nymphs as it develops underneath. As soon as the nymphs reach its 4" instar stage, the
parasitoid crawls inside to complete development within (Devine et al. 2000; Gelman et
al. 2005ab). This ultimately kills the SLWF nymph. Parasitized SLWF nymphs turn
golden brown (Malais and Ravensberg 1992). Parasitoid pupation occurs inside the
SLWF nymph after three larval instars (Headrick et al. 1999; Zolnerowich and Rose
2008). Adults emerge through a round hole they chew in the dorsum of the deceased
nymph (Zolnerowich and Rose 2008). Development takes approximately 2-3 weeks. It is
influenced by temperature, sex ratio, fecundity, food availability, ratios of parasitoid to
host, host plant type and host age and species (Sharaf and Batta 1985; Powell and
Bellows 1992; Greenberg et al. 2000; Qiu et al. 2004, 2005; Urbaneja et al. 2007).
Females will usually not oviposit in parasitized hosts of their own species
(superparasitism). However, this behavior has been observed with some species like E.
mundus (Foltyn and Gerling 1985; van Lenteren et al. 1997; Urbaneja et al. 2007).
Eretmocerus mundus is indigenous to the Mediterranean region and was first
discovered in 1931 in Spain (Compere 1936). This parasitoid exclusively parasitizes
SLWEF and will also feed on them (Malais and Ravensberg 1992). This species is
arrhenotokous in many areas of the world but can also be thelytokous as a result of
Wolbachia bacteria (DeBarro et al. 2000; De Barro and Hart 2001; Arno et al. 2010).
This species can be used for SLWF on poinsettias (Arno et al. 2008; Murphy et al. 2008;

Murphy 2010). On poinsettias, E. mundus can lay approximately 49.4 eggs with a
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generation time of 16.6 days. Their development time is 17.1 days and adult longevity is
12.4 days at 25°C (Ardeh et al. 2004; Qiu et al. 2004).

Eretmocerus eremicus was first identified in 1997 in the southwestern U.S.
(Rose and Zolnerowich 1997; Zolnerowich and Rose 2008) but was referred to initially
as E. nr. californicus or E. haldemani (Malais and Ravensberg 1992). This species
parasitizes both SLWF and T. vaporariorum (Malais and Ravenberg 1992). They are
arrhenotokous (Gerling et al. 2001; Hoddle 2004). Using SLWF as a host on poinsettias,
at 24°C, E. eremicus has a mean development time from egg to adult of 16 days. In
addition, adults can lay three eggs per day over its 10-day lifespan (Malais and
Ravenberg 1992; Hoddle et al. 2002). This species has been suggested to provide better
SLWF management acting as a predator, consuming nymphs, rather than through
parasitization (Hoddle et al. 1999).

The genus Amitus (Platygasterae) was first described by Haldeman (1850) as

being parasitic on Aleyrodidae. Three species of Amitus attack SLWF (Arno’et al. 2010),
and the most promising is A. bennetti (Viggiani and Evans 1992; Drost et al. 1999; 2000;
Joyce et al. 1999). It is thelytokous, emerges containing mature eggs and lays the
majority of them immediately after emergence (Viggiani and Evans 1992; Drost et al.
1999). Amitus bennetti is an endoparasitoid, laying eggs into the gut of the SLWF
(Gerling 1990). This parasitoid prefers to parasitize 1%t and 2" instar SLWF but will
parasitize all stages (Viggiani and Evans 1992; Drost et al. 1999; 2000). This parasitoid

differs from Encarsia and Eretmocerus by having a short life span and higher population
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growth rate. In addition, it has a fast walking speed that allows it to efficiently find and
reduce SLWF populations (Drost et al. 1999; 2000).
4.4, Chemical insecticidal control

Using chemical insecticides against crop pests has been described since A.D. 70
with Odysseus burning sulfur and the Chinese using arsenic in the 16" century (Pimentel
and Lehman 1993). In the 20™" century, since DDT in 1945, chemical insecticides have
dominated the control of insect pests (Pimentel and Lehman 1993; Dent 2000).
Insecticides have a wide array of detrimental effects on the health of humans and the
environment. They contaminate water and soil, bio-accumulate in fish and wildlife and
have carcinogenic effects in humans (Pimentel and Lehman 1993).

Chemical insecticides are widely relied upon to manage SLWF (Denholm et al.
1996; Horowitz and Ishaaya 1996; Palumbo et al. 2001; Prabhaker et al. 2007). They are
usually cheap and can achieve quick pest control, making them highly appealing to
growers. Because of this, they have been over utilized resulting in resistance (Dittrich et
al. 1990; Dent 2000). The effectiveness of insecticides against SLWF depends on several
factors including the chemical compound applied, type of application (spray vs. drench),
application timing, crop, pest life stage, weather conditions and spray contact with plant
surfaces and the pest (Sharaf 1986; Dittrich et al. 1990; Palumbo et al. 2001). The
location of SLWF adults and nymphs on the undersides of leaves makes contact with
insecticides difficult (Dittrich et al. 1990; Horowitz and Ishaaya 1996).

The judicious use of chemical insecticides can be a component of an IPM

program, as long as efforts are taken to prevent resistance and reduce harmful effects on
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biological control agents (Greer and Diver 1999; Parrella et al. 1999; Hassan and Van de
Veire 2004). Insecticides are broadly categorized into two main groups, conventional and
non-conventional (novel chemistries and biorationals). Conventional insecticides
(organochlorines, organophosphates, carbamates and pyrethroids) are broad-spectrum,
tend to have a long environmental persistence and are generally highly toxic to living
organisms (Pimentel and Lehman 1993). Biorational insecticides were developed in the
mid-1970s and most are relatively non-toxic to the majority of non-target organisms and
have few ecological side effects (Djerassi et al. 1974). Selective biorational pesticides are
usually classified as microbials, botanicals, some insect growth regulators, surfactants
(insecticidal soaps/potassium salts of fatty acid) and oils (Stansly et al. 1996; Hassan and
Van de Veire 2004). Some novel chemical compounds like systemic chloronicotinyls or
nitromethelene analogs (i.e. imidacloprid) that are selective may fit under the term
biorational (Stansly et al. 1996). However, they may have higher incidences of non-target
effects to other organisms.

There are four options for chemical insecticide applications to poinsettias. These
include treating the soil surface as a drench with a systemic that is absorbed through the
roots, treatment of the crop foliage with either a systemic or non-systemic, or the use of a
fumigant (Van Driesche et al. 2002). Growers use different combinations of these
options over the season. The systemic insecticides applied as a drench instead of a foliar
spray are preferred due to their long persistence within the plant and minimal effects on
biological controls (Greer and Diver 1999; Hoddle et al. 2002). They also eliminate

difficulties associated with foliar coverage in dense canopies, phytotoxicity and other
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damage to colored bracts (Byrne et al. 2010). Insecticides with the same modes of action
should not be applied in a consecutive manner to the crop. They should be alternated or
mixed with chemicals with differing modes of action to prevent the development of
resistance and cross resistance (Horowitz and Ishaaya 1994; Sanderson and Roush 1995).
Appendix 2 summarizes the insecticides used against SLWF on poinsettias.

4.5. Plant-mediated IPM systems

Plant-mediated IPM systems combine one or more management tactics within a
non-crop plant. These systems build upon the push-pull strategy concept that modifies the
behaviors of the pest and/or beneficial insect, altering their distributions and abundances
in space and time. For example, they may be pushed away from the crop and pulled
towards a highly attractive plant where they can be targeted for management. This
concept could be particularly useful in the confined environment of greenhouses (Pyke et
al. 1987; Cook et al. 2007).

Several types of plant-mediated IPM systems have been devised. Indicator (also
referred to as sentinel) plants are used for early detection of pests, plant diseases or
biological controls (Berlinger et al. 1996; Quarles 2010). They are a useful tool to
measure pest/biological control ratios (O’Connell 2007) and serve as an efficient scouting
tool by providing a ‘check first’ opportunity. For example, early detection of sweet potato
leaf curl virus can be achieved by using the Brazilian morning glory or sweet potato
(Simmons et al. 2009). In addition, plants such as cotton, melon and hibiscus have been
successfully utilized to monitor SLWF parasitoids in field crops (Goolsby and

Ciomperlik 2008, Gould et al. 2008, Roltsch et al. 2008b).
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Trap crops are plants grown to attract pests out of a crop where they can be killed
with chemical insecticides, biological controls or other methods. This allows the grower
to target chemical insecticide applications on few non-crop plants (Hokkanen 1991;
Javaid and Joshi 1995; Shelton and Badenes-Perez 2006). Trap plants for SLWF have
been tested extensively for field crops and results have been mixed. For example,
cucumbers and squash have been used effectively to trap SLWF in tomatoes (Schuster
2004) and soybeans in peanuts (McAuslane et al. 1995). The use of squash in snap beans
(Smith et al. 2000) and cantaloupe in cotton crops (Castle 2006) were less effective. Few
studies have tested trap plants in greenhouses. Eggplants for attracting SLWF have been
investigated in poinsettias with mixed results. Eggplants were shown to be more
attractive to T. vaporariorum when compared with SLWF in poinsettias. Although
eggplant may attract SLWF, it is believed that SLWF has difficulty switching to another
host plant, such as eggplant, after it has been reared on another host plant, like poinsettias
(Murphy et al. 2007; Lee et al. 2009).

Banker and/or insectary plant systems are mini rearing areas for biological
controls that promote their establishment and dispersal. These usually consist of a plant
with an associated non-pest organism that serves as a host for biological controls. Some
bankers use the same pest species the system’s biological controls are protecting the crop
against (Osborne et al. 2005; Frank 2010). An asset to these systems is that they may be
used to offset the high costs associated with biological control use by providing a
sustained source of biological controls reducing the need for frequent reapplications

(Quarles 2010; Huang et al. 2011). Banker and insectary plants like cantaloupe have been
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used successfully to sustain Eretmocerus spp. parasitoids in the field (Goolsby and
Ciomperlik 1999; Pickett et al. 2004; Roltsch et al. 2008ab). In greenhouses, few banker
plant systems have been developed for SLWF. Papaya infested with the whitefly
Trialeurodes variabilis Quaintance (Homoptera: Aleyrodidae) has been successfully used
as a banker plant for Encrasia sophia Girault and Dodd (Hymenoptera: Aphelinidae) and
is the only one to date that is successful for SLWF. It is used for greenhouse vegetables
(Xiao et al. 2011). In poinsettias, eggplants have been investigated as a banker plant for
E. mundus and E. formosa. Limited colonization and reproduction on the eggplants was
observed (Murphy et al. 2008). The setback in developing a banker plant for SLWF in
greenhouses is attributed to the lack of an alternative host pest (Frank 2010).

Other plant-mediated IPM systems include habitat and guardian plants. Habitat
plants supply non-host pest food (pollen or nectar) and resting or oviposition sites for
biological controls, thus encouraging their establishment and dispersal (O’Connell 2007;
Glenister et al. 2008). Guardian plant systems can serve all the multiple plant-mediated
IPM system functions at once (trap, banker and habitat plants) and act as a ‘guardian’
over a crop. Their use in poinsettias is limited and is in need of further investigation.

There is a need for the increased use of IPM and the development of alternative
management strategies for SLWF in poinsettias. The reduction of grower reliance on
chemical insecticides would help combat resistance and make SLWF a more manageable
pest. Incorporating plant-mediated IPM systems will provide a more sustainable method
for SLWF management. The following research to develop a plant-mediated IPM system

for SLWF in poinsettias will contribute towards the advancement of these novel methods.
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Abstract

Eggplant, Solanum melongena L. (Solanales: Solanaceae) and Eretmocerus spp.
(Hymenoptera: Aphelinidae) parasitoids were evaluated as components of a plant-
mediated IPM system to manage Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae), an
economically important pest of poinsettias, Euphorbia pulcherrima Willd. ex Klotzsch
(Malpighiales: Euphorbiaceae). Significantly more B. tabaci and Eretmocerus spp. adults
and live and parasitized B. tabaci nymphs were found on the eggplants than poinsettias.
Greater numbers of B. tabaci adults and live nymphs were found on poinsettias 2 meters
away from the eggplants than on poinsettias adjacent to the eggplants. Eggplant served
several functions as a plant-mediated IPM system, including an indicator, trap and habitat
plant for B. tabaci and Eretmocerus spp.
Key words
Bemisia argentifolii, Eretmocerus eremicus, Eretmocerus mundus, Solanum melongena,
trap plant, indicator plant, banker plant, habitat plant, guardian plant, biological control,
integrated pest management
Introduction

Poinsettia, Euphorbia pulcherrima Willd. ex Klotzsch (Malpighiales:
Euphorbiaceae), is a traditional ornamental plant commonly sold in November and
December, with a wholesale value in the U.S. of over $146 million (NASS 2011).
Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae), the silverleaf whitefly (=B.
argentifolii Bellows and Perring) and its biotypes, significantly impede commercial

poinsettia production (Stevens et al. 2000; Van Driesche and Lyon 2003). Stunting, leaf
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discoloration, sooty mold growth on honeydew excretions and the presence of adults and
immatures reduces their aesthetic value and saleability (Oetting and Buntin 1996).

Low thresholds for damage or infestation commonly lead to management
strategies that rely on repeated chemical insecticide applications (Oetting and Buntin
1996; Stevens et al. 2000). This has contributed to the development of insecticide
resistant B. tabaci biotype-Q (Bethke et al. 2006; Dennehey et al. 2010). When late
season infestations are high, use of chemical insecticides is generally not recommended
due to potential bract injury from phytotoxicity and unsightly spray residues after bract
color formation (Barr and Drees 1992; Denholm et al. 1998; Van Driesche et al. 2002).
As a result, growers have become more receptive to biological control and other IPM
strategies against B. tabaci.

The parasitoids Eretmocerus eremicus Rose and Zolnerowich and Eretmocerus
mundus Mercet (Hymenoptera: Aphelinidae) are used on poinsettias to manage B. tabaci
(Arno’et al. 2008; Hoddle and Van Driesche 1999ab; Hudak et al. 2003). However, their
costs often exceed that of chemical insecticides, limiting wider adoption (Van Driesche et
al. 1999; 2002; Hoddle and Van Driesche 1999b).

Incorporating biological control into an IPM program by providing non-crop
hosts, habitat modifications and other cultural controls to alter pest and/or natural enemy
behavior may enhance management effectiveness (Gerling et al. 2001; Hilje et al. 2001;
Naranjo 2001). Plant-mediated IPM systems use plants in combination with other
suppression tactics to manage arthropod pests. These systems are developed to (1)

improve early pest detection (indicator or sentinel plants); 2) attract pests away from the
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crop where they’re targeted for management with biological control or chemical
insecticides or removal and disposal (trap crop) or 3) provide habitat, food and shelter for
biological control agents (habitat, insectary or banker plants). When a plant-mediated
IPM system is used for multiple purposes simultaneously, it is called a guardian plant
(Javaid and Joshi 1995; Berlinger et al. 1996; Glenister et al. 2008; Huang et al. 2011).

Limited research has been conducted on the potential of plant-mediated IPM
systems for B. tabaci management in poinsettias (Murphy et al. 2008; Glenister et al.
2008; Lee et al. 2009). Eggplants, Solanum melongena L. (Solanales: Solanaceae), have
shown limited promise as a trap plant for B. tabaci or banker plant for their parasitoids
(Murphy et al. 2008; 2010; Lee et al. 2009), but may serve other plant-mediated IPM
system functions such as a guardian or habitat plant (Glenister et al. 2008). It is a suitable
host plant for B. tabaci (Sharaf and Batta 1985; Tsai and Wang 1996; Kakimoto et al.
2007) and can be used as a banker or insectary plant to rear Eretmocerus spp. when
infested with whiteflies (Goolsby and Ciomperlik 1999; Pickett et al. 2004). Eggplants,
when used as a banker plant for Eretmocerus spp., could reduce the cost of biological
control by providing a site for sustaining reproduction (Quarles 2010; Huang et al. 2011).
This could encourage growers to use biological control to manage B. tabaci.

The goal of this study was to assess the effectiveness of combining eggplants and
Eretmocerus spp. as a plant-mediated IPM system to manage B. tabaci in poinsettias.
The specific objectives were to 1) determine if B. tabaci adults were attracted to and

reproduced on eggplant; 2) assess the ability of Eretmocerus spp. to reproduce on
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eggplant; and 3) evaluate the distribution of B. tabaci and Eretmocerus spp. on
poinsettias surrounding the eggplant.
Materials and Methods
Experimental site conditions and poinsettia production

Experiments were carried out at a commercial greenhouse operation (anonymous
owner) in Vermont during the 2007 finishing phase of poinsettia production (September-
November). This location was selected because approximately 40,000 pots of poinsettias
are produced there for retail and wholesale distribution, infestations of pesticide-resistant
B. tabaci (Q biotype) were suspected to have occurred in 2006 and B. tabaci were
detected during the summer of 2007 on poinsettias that were used for propagation. Trials
were conducted in two, north-south oriented, free-standing, single gable, wood frame
greenhouses covered in two layers of polyethylene plastic and air inflated. Greenhouse A
(5.49W x 30.48L m) contained the poinsettia cultivar (Freedom Red). Greenhouse B
(9.14W x 39.62L m) contained the mixture of poinsettia cultivars (Freedom Red, Prestige
Red and Peterstar Marble). These greenhouses were selected by the owner because they
contained poinsettias that were to be sold in their retail store in late November-December.
This ensured the poinsettias would be in the greenhouses for the duration of the
experiment. The poinsettias were produced with cuttings taken in late July from stock
plants. Stock plants were grown from patented cuttings originating from a primary
propagator (anonymous business) in April. Cuttings were grown in Oasis® foam root

cubes in a separate gutter-connected greenhouse. Rooted cuttings were moved into
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greenhouses A and B in September after they were transplanted into round, 15 cm-
diameter plastic pots.

Tolerance for whiteflies on poinsettias at this site was low (< 20 total whitefly
‘nymphs and adults’ per 304.8 m?) and the grower relied heavily on routine applications
of chemical insecticides for control. The grower permitted the experiments to be
conducted in these greenhouses with the understanding that if B. tabaci populations
reached levels that might jeopardize the crop, regardless of the impact it would have on
the experiment, insecticides could be applied. The grower also agreed to delay the
planned prophylactic treatments until early November. This is the latest time it is possible
to apply insecticides to avoid phytotoxic effects on the colored bracts and to achieve
satisfactory control of B. tabaci before sale. On week 6 of the experiment, two chemical
insecticides were used in the test greenhouses. Safari® 20SG ‘Dinotefuran’ (Valent USA
Corporation), a neonicotinoid, was applied as a drench to the poinsettias (not the
eggplants) targeting adults and nymphs. A Fulex Nicotine Fumigator (Fuller Systems,
Inc.), a botanical, was also applied within the entire greenhouse (including eggplants)
targeting adults. These interfere with acetylcholine receptors, disrupting insect nerve
transmission.

Eggplant production

Eggplants (var. Fairy Tale Hybrid) were grown from seed at the University of
Vermont Entomology Research Laboratory (Burlington, VT) in a glass greenhouse from
June to August 2007 under quarantine conditions to prevent pest infestation. They were

grown in Metro Mix® 360, SUNGRO potting mix in round, 20 cm-diameter plastic pots.
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When they reached a height of 30 cm, they were placed in the trial greenhouses on
inverted pots to raise them to 12 cm above the bench. This ensured that the eggplant
foliage was above the poinsettia canopy.

Release of Eretmocerus spp.

Eretmocerus spp. parasitoids (E. eremicus and/or E. mundus) for this experiment
were produced by Biobest Biological Systems (Leamington, ON) and Syngenta Bioline
(Oxnard, CA) and supplied by IPM Laboratories, Inc. (Locke, NY). They were received
as either pupae glued to release cards or loose pupae in blister packs. Prior to the start of
the experiment, E. mundus was released for 2 weeks in the gutter-connected production
greenhouse by hanging release cards on randomly selected poinsettias. After poinsettias
were moved into the trial greenhouses, E. mundus was released for the first 3 weeks.
Through routine quality control assessments conducted by the supplier, the emergence
rates of E. mundus were observed to be low (< 15%) (C. Glenister, IPM Laboratories
Inc., pers. com.). It was recommended that E. eremicus should be released to replace E.
mundus. Because it is difficult to distinguish these two species visually, they are referred
to as Eretmocerus spp. here after. Parasitoids were released into both greenhouses at a
seasonal average rate of approximately 1.4 per plant assuming dispersal from the release
sites occurred. Each week, 2 cards/packs were hung on each eggplant in both
greenhouses. The rest of the cards/packs were hung one by one throughout the
greenhouse on randomly selected poinsettias, 4-8 in greenhouse A and 8-12 in
greenhouse B. Releases were stopped at week 9 in greenhouse A and week 8 in

greenhouse B.
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Experimental setup and sampling

The two experimental greenhouses were divided into 304.8 m2 sections, each
containing an eggplant in the center (two in greenhouse A; four in greenhouse B).
Poinsettias adjacent to and at 1 and 2 meters away from each eggplant in the four cardinal
directions were selected for sampling. Each section containing one eggplant and the 12

selected poinsettias was treated as one replicate (Figure 3).

North middle bench
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West bench South middle bench FEastbench

Figure 3: Experimental setup showing the position of each plant type sampled
(eggplant or poinsettias at the 3 distances) within a replicate.

Each week during the experiment, the eggplants and selected poinsettias were
inspected to determine the number of the following insect life stages: B. tabaci adults,

Eretmocerus spp. adults and 3"-4™ instar live and parasitized B. tabaci nymphs. Each

40



sample plant was gently turned sideways and carefully inspected, starting at the base.
Adults were counted first because they were likely to fly away. The plant was inspected a
second time for the sessile nymphal stages. In October, five B. tabaci adults were
randomly collected from the poinsettias or eggplants in both greenhouses using a
paintbrush moistened with water. They were sent to Dr. Frank J. Byrne, University of
California, Riverside, to determine their biotype, using polyacrylamide gel
electrophoresis of non-specific esterases as described in Bethke et al. (2009).

Statistical analyses

Analyses were conducted separately for greenhouse A and B because they
differed in size and the poinsettia cultivar(s) they contained. Data on each insect life stage
(B. tabaci adults, Eretmocerus spp. adults and 3™-4" instar live and parasitized B. tabaci
nymphs) from eggplants and adjacent poinsettias were analyzed with repeated measures
analysis of variance using PROC MIXED (SAS 2009). Transformations of the data to
correct for non-normality were performed and because results were similar, the
untransformed results are reported herein.

The number of each insect life stage (B. tabaci adults, Eretmocerus spp. adults
and 3'-4" instar live and parasitized B. tabaci nymphs) on the eggplants and the mean
number of the 12 surrounding poinsettias were analyzed over time to detect differences
between plant types. Fixed effects in the model were time (week) and plant type
(eggplant or poinsettia). Tests comparing least squares means were used to determine
differences in abundance between the eggplants and the poinsettias each week for each

insect life stage.
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A similar repeated measures model was used to detect differences in insect life
stages on the poinsettias sampled adjacent to and at 1 and 2 m away from the eggplant.
The number of each insect life stage on the four poinsettias at the three distances was
analyzed over time. Fixed effects in the model were time (week) and distance (adjacent to
and at 1 and 2 m from the eggplant). Tests comparing least squares means were used to
determine differences in abundance of each insect life stage on poinsettias adjacent to and
at 1 and 2 m from the eggplants each week. Tukey’s HSD post hoc tests were used to
determine differences overall in the abundance of each insect life stage between the
poinsettias at the three distances from the eggplant.

A linear mixed model was used for both analyses. It was assumed weekly counts
were correlated with an autoregressive correlation structure. For all analyses, insect
counts were treated as the dependent variable. A significance level of < 0.05 (o) was used
for all analyses and means + SE are reported.

Results
Bemisia tabaci attraction to and reproduction on eggplant

Approximately equal proportions of B. tabaci biotype B (54%) and Q (46%) were
observed from the small sample sent for molecular analysis. Adult B. tabaci were
detected on the eggplants and poinsettias at week 1 in both greenhouses, 1 week after
eggplants were put into place. Live B. tabaci nymphs were first observed on the
eggplants at week 4 and on poinsettias at week 1 in both greenhouses. Significant week
by plant type interactions for B. tabaci adults and live nymphs were observed in both

greenhouses (Table 1; Figures 4a-4d).
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Table 1. Results of analysis of variance for the effects of plant type (eggplant vs. poinsettia),
week (1-10, greenhouse A; 1-9 greenhouse B) and their interactions on numbers of B. tabaci
and Eretmocerus spp. life stages (P < 0.05)

Insect Life Stage Statistic Plant Type Week  Week x Plant Type
Greenhouse A

B. tabaci Adults F 35.50 4.14 2.82
P 0.0270 0.0050 0.0294

Live B. tabaci Nymphs i 029 2.13 3.90
P 0.6441 0.0333 0.0067

Eretmocerus spp. F 98.77 5.43 5.11
Adults P 0.0100 0.0011 0.0016

Parasitized B. tabaci F 19.92 4.11 6.01
Nymphs P 0.0467 0.0052 0.0006

df 1,2 9,18 9,18

Greenhouse B

8. tabaci Adults F 37.38 8.56 8.05
P 0.0009 <0.0001 <0.0001

Live B. tabaci Nymphs F 29.00 11.86 12.08
P 0.0017 <0.0001 <0.0001

Eretmocerus spp. F 33.06 3.76 3.93
Adults P 0.0012 0.0017 0.0012

Parasitized B. tabaci F 33.58 10.58 10.70
Nymphs P 0.0012 <0.0001 <0.0001

df 1,6 8,48 8,48
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Figure 4. Mean number of B. tabaci adults and live nymphs per plant over time on

eggplants and poinsettias in greenhouse A (a,b) and greenhouse B (c,d). The timing of
the Safari® and Fulex insecticide treatments is indicated with a “T” and arrow. Weeks
marked with an * indicate significant differences between the eggplants and poinsettias
(P <0.05).
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Numbers of B. tabaci adults and live nymphs were increasingly more abundant on the
eggplant than on the poinsettias and over the experiment duration. There were
significantly more B. tabaci adults on eggplants than on poinsettias during weeks 6, 7 and
10 in greenhouse A (Figure 4a) and weeks 5-7 in greenhouse B (Figure 4c). There were
significantly more live B. tabaci nymphs on eggplants than poinsettias on week 10 in
greenhouse A (Figure 4b) and on weeks 8 and 9 in greenhouse B (Figure 4d).
Significantly more B. tabaci adults were observed on the eggplants than on poinsettias
when their numbers were averaged over the experimental period in both greenhouses

(Table 1; Figures 5a and 5b).
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Figure 5. Mean number (+ SE) of B. tabaci adults and live nymphs per eggplant and
poinsettia in greenhouses A (a) and B (b) averaged over the experimental period Means
within each insect life stage marked with the same lower case letter are not significantly
different (P < 0.05).

When the numbers of live nymphs were averaged over the experimental period, no

significant differences were observed between the eggplants and poinsettias in
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greenhouse A (Table 1; Figure 5a). However, significantly more live nymphs were
observed on eggplant than poinsettia in greenhouse B (Table 1; Figure 5b). There were
significant week effects on B. tabaci adults and live nymphs in both greenhouses
indicating their numbers on the plants changed over the experiment duration (Table 1;
Figures 4a-4d).

At 6 weeks, after sampling for the experiment, the grower applied a Safari®
drench and Fulex fumigation in both greenhouses. This decision was made to reduce B.
tabaci populations on the poinsettias before the bracts produced color in order for them to
be acceptable for sale. The Safari® drench was not applied to the eggplants, though they
were exposed to the Fulex fumigator. Significant declines in B. tabaci adults on eggplants
were observed after the application from weeks 6 to 7 and 7 to 8. Adult numbers began to
increase within 3 weeks on eggplants in both greenhouses. This was due to the nymphs
that remained on the eggplants which were not affected by the Fulex fumigation (Figures
4b and 4d). Eggplants were removed after sampling at 10 weeks in greenhouse A and at 9
weeks in greenhouse B. This was done because the number of B. tabaci adults was
increasing and threatened to disperse into the poinsettia crop.
Eretmocerus spp. reproduction on eggplant

Significant week by plant type interactions for Eretmocerus spp. adults and
parasitized B. tabaci nymphs were observed in both greenhouses. In general, the numbers
of both increased on eggplant over the experiment duration. In contrast, on poinsettia

their populations did not increase as the experiment progressed (Table 1; Figures 6a-6d).
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Figure 6. Mean number of Eretmocerus spp. adults and parasitized B. tabaci nymphs
per plant over time on eggplants and poinsettias in greenhouse A (a,b) and greenhouse
B (c,d). The timing of the Safari® and Fulex insecticide treatments is indicated with a
“T” and arrow. Weeks marked with an * indicate significant differences between the
eggplants and poinsettias (P < 0.05).
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There were significantly more Eretmocerus spp. adults on eggplants than on the
poinsettias on weeks 2 and 4-9 in greenhouse A (Figure 6a) and on weeks 4 and 7-9 in
greenhouse B (Figure 6¢). Eretmocerus spp. adults were detected on the eggplants each
week in both greenhouses and populations remained constant after the insecticide
application (Figures 6a and 6c). In general, adult Eretmocerus spp. were difficult to
detect on poinsettias due to their small size and rapid flight response when disturbed. As
a result, few were observed on poinsettias. Parasitized B. tabaci nymphs were first
observed on eggplants at week 6 in greenhouse A and week 5 in greenhouse B. In
contrast, on poinsettias they were first observed at week 2 in greenhouse A and on 1
week in greenhouse B. There were significantly more parasitized B. tabaci nymphs on
eggplants than poinsettias on weeks 8-10 in greenhouse A (Figure 6b) and on weeks 7-9
in greenhouse B (Figure 6d). Significantly more Eretmocerus spp. adults and parasitized
B. tabaci nymphs were observed on the eggplants than on poinsettias in both greenhouses
when averaged over the experimental period (Table 1; Figures 7a and 7b). There were
significant week effects on Eretmocerus spp. adults and parasitized B. tabaci nymphs in
both greenhouses indicating their numbers changed over the experimental period (Table
2; Figures 6a-6d). Desiccated nymphs were frequently observed on the eggplant
suggesting that Eretmocerus spp. adults were feeding on their hosts. Although recognized
as an important behavior impacting pest populations, host feeding was not quantified in

this study.
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Figure 7. Mean number (x SE) of Eretmocerus spp. adults and parasitized B. tabaci
nymphs per eggplant and poinsettia in greenhouses A (a) and B (b) averaged over the
experimental period. Means within each insect life stage marked with the same lower
case letter are not significantly different (P < 0.05).
Distribution on poinsettias surrounding eggplants
B. tabaci adults and live nymphs
The mean number of B. tabaci adults and live nymphs averaged over the
experimental period was < 1 on poinsettias adjacent to and at 1 and 2 meters away from
the eggplant in greenhouse B. Populations in this greenhouse were too low to obtain
meaningful conclusions. Therefore, analyses on insect life stages between the three
distances were conducted only for greenhouse A.

Significant week by distance interactions were observed for B. tabaci adults and

live nymphs in greenhouse A (Table 2; Figures 8a and 8b).
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Table 2. Analysis of variance results of the effects of distance (adjacent, 1 meter and 2
meters from the eggplant), week (1-10) and their interactions on numbers of B. tabaci and
Eretmocerus spp. life stages in greenhouse A (P < 0.05)

Insect Life Stage  Statistic Distance Week Week x Distance
Greenhouse A
] F 9.38 15.33 3.47
B. tabaci Adults
P 0.0012 <0.0001 <0.0001
Nymphs P 0.0075 <0.0001 0.0009
Eretmocerus spp. F 36.25 3.14 1.43
Adults P <0.0001 0.0015 0.1203
Parasitized B. tabaci F 2.09 2.66 0.78
Nymphs P 0.1486 0.0063 0.7192
Df 2,21 9,189 18,189
a B. tabaci Adults b Live B. tabaci Nymphs
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Figure 8. Mean number of B. tabaci adults (a) and live B. tabaci nymphs (b) on poinsettias
at distances adjacent to and 1 meter and 2 meters from eggplants over time in greenhouse A.
The timing of the Safari® and Fulex insecticide treatments is indicated with a “T” and
arrow. Weeks marked with an * indicate significant differences in distance (P < 0.05).
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Interactions can be explained by the increase in numbers of B. tabaci adults and live
nymphs on the poinsettias at the three distances away from the eggplant as the season
progressed prior to the insecticide application, and their reductions afterwards.
Significant differences between the three distances were observed on weeks 5 and 6 for

the abundance of B. tabaci adults and weeks 4-6 for nymphs (Table 3).

Table 3. Significant differences between distances (adjacent, 1 and 2 meters away from the
eggplant) at significant weeks on the number of B. tabaci adults and nymphs in greenhouse
A (P <0.05)

Week
Insect Life Stage (ggfr?stggggg) 4 5 6
Adj. vs Im 0.0637 0.0433
B. tabaci Adults Adj. vs 2m 0.0026 <.0001
imvs. 2m 0.2368 <.0001
Adj. vs 1m 0.1733 <.0001 0.0015
Live B. tabaci Nymphs Adj. vs 2m 0.0021 <.0001 <.0002
Imvs. 2m 0.0782 0.0340 0.1945

Significant differences in the mean numbers of B. tabaci adults and live nymphs averaged
over the experimental period between the three distances from the eggplants were
observed (Table 2; Figure 7). Tukey HSD post hoc means comparisons revealed both B.
tabaci life stages followed the same trends. There were significantly more on poinsettias
at 2 meters away from the eggplant than on poinsettias adjacent (Figure 7). There were no
differences in B. tabaci life stages on poinsettias adjacent to or at 1 meter from the
eggplants. Differences in B. tabaci life stages were also not significant between

poinsettias at 1 meter and 2 meters from the eggplants (Figure 9). There were significant
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week effects on B. tabaci adults and live B. tabaci nymphs in both greenhouses indicating

their numbers on the poinsettias changed over the experiment duration (Table 2; Figures

8a-8d).
Greenhouse A
10 -
m Adjacent
o1 Meter b

8 | 02 Meters
oot
k> ab I
£ 6
o
[a
&
o
g
= b a

9 ab T

a
0 : : |
B. tabaci Adults Live B. tabaci Nymphs
Insect Life Stage

Figure 9. Mean number (+ SE) of B. tabaci adults and live nymphs on poinsettias
adjacent to and at 1 and 2 meters away from eggplants in greenhouse A averaged
over the experimental period. Bars with the same lowercase letter within an insect
life stage type are not significantly different (P < 0.05).

Eretmocerus spp. adults and parasitized B. tabaci nymphs

Low numbers of Eretmocerus spp. adults and parasitized B. tabaci nymphs were
observed in greenhouse A (< 2). No significant interaction effects between the poinsettias
at the three distances from the eggplants and time for Eretmocerus spp. adults and
parasitized B. tabaci nymphs were detected (Table 2). Significant differences in the mean
number of Eretmocerus spp. adults at the three distances away from the eggplant when

averaged over the experimental period were observed (Table 2). Tukey HSD post hoc
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means comparisons showed there were significantly more Eretmocerus spp. adults on
poinsettias adjacent to the eggplant than on poinsettias at 1 and 2 meters away from the
eggplant (Figure 10). No significant differences were observed between 1 and 2 meters
away from the eggplant. No differences were observed for parasitized B. tabaci nymphs
between poinsettias at the three distances away from the eggplant (Table 2). There were
significant week effects on Eretmocerus spp. adults and parasitized B. tabaci nymphs
indicating their numbers on the poinsettias changed over the experiment duration (Table

2).

Greenhouse A

m Adjacent
@1 Meter
4 4 02 Meters

Mean per Poinsettia

bc

Eretmocerus spp. Adults

Figure 10. Mean number (x SE) of Eretmocerus spp. adults on poinsettias adjacent to
and at 1 and 2 meters away from eggplants in greenhouse A averaged over the
experimental period. Bars with the same lowercase letter within an insect life stage
type are not significantly different (P < 0.05).
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Discussion

Eggplants have been proposed as a component within a plant-mediated IPM
system for B. tabaci in combination with Eretmocerus spp. parasitoids. Our results
demonstrated eggplant served several functions within the system. Eggplant was an
effective indicator plant for B. tabaci. Adults were attracted to the eggplant within the
first week of being placed in the infested greenhouses and were found there throughout
the experimental period. Yellow sticky cards are commonly used to monitor for B. tabaci
(Kim and Lim 2011). Their value is limited because they only detect adult populations. A
measurement of immatures is critical to effectively monitor pest populations but they are
time consuming to quantify (Butler et al. 1986; Ohnesorge and Rapp 1986). Nymphs
were observed on eggplants 4 weeks after B. tabaci adults were detected there. Over
time, both B. tabaci life stages increased on the eggplants. Eggplant may provide a
reliable and time saving tool for growers to monitor both life stages of B. tabaci. This
would help make management decisions.

The effectiveness of a trap crop depends on the strength of its attraction for the
pest and ability to detain them. Trap crops can be a target site for managing a pest with
biological controls, chemical insecticides or its removal and disposal (Hokkanen 1991;
Shelton and Badenes-Perez 2006). Eggplant was an effective trap plant for B. tabaci in
poinsettias. It attracted and sustained more B. tabaci adults and nymphs than the
poinsettias in both greenhouses. This reflects eggplant’s superior ability as a host plant
for B. tabaci. The eggplants did not lure all of the B. tabaci from the poinsettias. The

grower applied insecticides to the poinsettias and the eggplants which reduced their
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numbers. Untreated nymphs remained on the eggplant and adult numbers increased as a
result. There was concern that B. tabaci would disperse back into the poinsettias. In
response, the eggplants with the remaining B. tabaci that survived the insecticide
treatment were removed and destroyed.

It is unclear how the eggplant affected B. tabaci distribution on the poinsettias.
More adults and nymphs were detected on poinsettias located 2 meters from the
eggplants than on those adjacent to them. This suggests eggplant may have lured B.
tabaci adults from nearby poinsettias, but that its attractiveness was insufficient to affect
their behavior 2 meters away. The fewer numbers of B. tabaci adults and nymphs on
poinsettias adjacent to the eggplant may be explained by adults leaving the poinsettias
closest to the eggplant and thus oviposited less there. Research has shown that B. tabaci,
once reared on a particular plant is less apt to leave that particular plant for another
(Costa et al. 1991). Lee et al. (2009) reported eggplants may not be a useful to attract B.
tabaci in poinsettias, especially after adults settle on and accept poinsettia as a host plant.
This may explain why eggplant was not able to attract all the B. tabaci from the
surrounding poinsettias.

In greenhouse B, B. tabaci populations on poinsettias were much lower than in
greenhouse A. Eggplants in greenhouse B attracted and detained greater numbers of B.
tabaci adults and live B. tabaci nymphs than in greenhouse A. This suggests that B.
tabaci preferred eggplant more as a host plant in greenhouse B. Host plants are selected
by B. tabaci based on many factors, such as visual and olfactory cues, color, cultivar and

leaf characteristics and their prior feeding experiences (Mound 1962; van Lenteren and

55



Noldus 1990). Bernays et al. (1999) found that B. tabaci, when given a mixture of plant
varieties rather than one single variety had difficulty finding a suitable host and thus
moved around more. Greenhouse B contained a mixture of poinsettia cultivars whereas
greenhouse A had one cultivar. It is possible that B. tabaci adults in greenhouse B were
forced to move around more in search of a suitable host and thus came in contact with
and selected the eggplants instead of the poinsettias. Eggplants may have been a preferred
host plant for B. tabaci due to their leaf characteristics which have more hairs than
poinsettias. In other studies, hairy plant species have been observed to be preferred by B.
tabaci for oviposition on over smooth plant species (Butler and Wilson 1984; Mansaray
and Sundufu 2009). Attraction to eggplant may also be attributed to B. tabaci biotype. A
portion of the B. tabaci population in this experiment was the Q-biotype. Research has
suggested that the Q-biotype can adapt to a wider variety of host plant cultivars than B-
biotype (lida et al. 2009). During this study, the Q-biotype may have rapidly adapted to
the eggplant and thus preferred it to the poinsettias as a host. Finally, whiteflies are
reported to be weak fliers, relying on air currents for dispersal (Byrne and Bellows 1991;
Naranjo et al. 2010). The eggplants in this study were situated above the poinsettia
foliage which may have increased their attractiveness or accessibility. This may have
provided a visual cue to the dispersing B. tabaci adults.

Conservation biological control uses modifications of the environment to enhance
the performance of natural enemies (Eilenberg et al. 2001). These results demonstrated
that eggplants with the reproducing B. tabaci can act as a habitat plant for Eretmocerus

spp. The eggplant provided the parasitoids with a constant supply of hosts for
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parasitization. Host feeding is also an important biological aspect of E. mundus and E.
eremicus (Hudak 2003; Ardeh 2005). The desiccated nymphs observed on the eggplant
suggested the parasitoids also used this as a feeding site.

The use of eggplant as a banker plant to provide a continuous supply of host
material (B. tabaci) to sustain Eretmocerus spp. parasitoids would reduce the need for
weekly parasitoid releases. This would lower their usage costs. Eggplants did not fully
serve the function as a banker plant system for Eretmocerus spp. There were high
numbers of B. tabaci hosts available for parasitization on the eggplant and it was also a
primary release point for the parasitoids. Although Eretmocerus spp. numbers were high
on eggplants, the portion of B. tabaci nymphs that were parasitized was fairly low and
unable to prevent B. tabaci populations from increasing on the eggplant. Considering the
high numbers of live B. tabaci hosts and Eretmocerus spp. adults that were observed on
the eggplants, a higher level of parasitization would have been expected.

The dispersal of Eretmocerus spp. from the eggplants to poinsettias was not
clearly demonstrated. The very low numbers of adults and parasitized nymphs on
poinsettias suggests limited dispersal and parasitization away from the eggplants
occurred. Most of the adults and parasitization were observed on the eggplants where
there were substantial numbers of B. tabaci nymphs. The majority of Eretmocerus spp.
adults on poinsettias were found adjacent to the eggplant, suggesting they may have
dispersed only a short distance.

Complex interactions occur between whiteflies, their natural enemies and their

associated plant hosts and are not fully understood (Inbar and Gerling 2008). Low
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parasitization rates may have been a result of inter- or intra-specific competition. Several
studies have reported aspects in Eretmocerus spp. behavioral biology such as functional
response and interference mechanisms and host discrimination through super- or multi-
parasitism though results are contradictory (Hoddle et al. 1998; Jones et al. 1999; Collier
and Hunter 2001; Ardeh et al. 2005). For example, superparasitism (parasitization of a
host more than one time by the same species) by E. eremicus was observed by Gerling
(1966) but not by Headrick et al. (1995). In another study, E. mundus was observed to
parasitize hosts already parasitized by E. eremicus (multiparasitism). In contrast, E.
eremicus did not multiparasitize hosts parasitized by E. mundus (Ardeh et al. 2005). This
demonstrates that many factors influence the effectiveness of Eretmocerus spp. and more
research is needed to maximize on their potential. Low parasitism may have also resulted
from Eretmocerus spp. causing mortality through predation and not parasitism. Reports
indicate that E. eremicus may be more successful as a predator than a parasitoid (Hoddle
et al. 1998; 1999; Van Driesche et al. 1999). Suitable Eretmocerus spp. release rates are
critical to successful management of B. tabaci on poinsettias (Hoddle et al. 1998; 1999;
Van Driesche et al. 1999). In this study, the release rate used for Eretmocerus spp. on the
eggplants may have been too high. Finally, plant features such as color, morphology or
chemicals can have an effect on parasitoid behavior (Price et al. 1980; Headrick et al.
1999; De Barro et al. 2000; Inbar and Gerling 2008). There are mixed results regarding
the effects of host plant on the parasitism and host searching ability of Eretmocerus spp.
(Headrick et al. 1995; 1996; 1999; Stansly et al. 1997; Gruenhagen and Perring 2001; Qiu

et al. 2005). For example, hairy leaved plants have been observed to have higher levels of
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parasitism because the hairs elevate nymphs making it easier for the parasitoids to
oviposit underneath (Headrick et al. 1999). However, walking rates can be slower
(Gruenhagen and Perring 2001). The hairy leaves of the eggplant may have hindered the
searching ability of Eretmocerus spp. thus contributing to low levels of parasitization.

Guardian plants combine the multiple attributes of (1) indicator plants for early
pest detection, (2) trap plants to attract the pest for management, and (3) habitat and
banker plants to provide an ongoing source of natural enemies, into one system to
provide a cost effective IPM approach (Glenister et al. 2008). This study demonstrated
the eggplant served as a successful trap and indicator plant for B. tabaci and a habitat
plant for Eretmocerus spp. Eggplant did not sustain Eretmocerus spp. and they did not
maintain B. tabaci below acceptable levels, which resulted in the need for chemical
insecticide applications. Therefore, eggplant did not serve the function of a guardian
plant. However, chemical insecticide applications were 50% less in the greenhouses with
the eggplants than in the other greenhouses without them. This demonstrates that
chemical insecticide applications can be reduced, though perhaps not completely
prevented, when plant-mediated IPM systems are used.

This system could be improved by identifying a natural enemy that can manage B.
tabaci when populations are high on the eggplant system or by combining predators with
parasitoids that attack different B. tabaci life stages. For example, adults and larvae of
the predator Delpastus pusillus LeConte (Coleoptera: Coccinellidae) will consume all life
stages of B. tabaci, requiring 100 to 150 eggs per day to reproduce (Hoelmer et al. 1993).

This predator may also be combined with Eretmocerus spp. parasitoids because they
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avoid consuming parasitized B. tabaci nymphs (Hoelmer et al. 1994). Further research is
needed to determine how to create a plant-mediated IPM system that will sustain natural
enemy populations while providing acceptable B. tabaci management in poinsettias
without the need for insecticide applications and cost-prohibitive inundative releases.
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APPENDICES

Appendix 1. Effective predators of B. tabaci

Species

Hemiptera

Dicyphus tamaninii Wagner
Macrolophus caliginosus Wagner
Nesidiocoris tenuis Reuter

Lygus hesperus Knight

Orius tristicolor Say or White
Orius insidiosus Say

Orius majusculus Reuter

Orius laevigatus Fieber

Coleoptera

Delphastus catainae Horn =D. pusillus LeConte
Hippodamia convergens Guetin-Meheville
Serangium parcesetosum Sicard

Chrysopidae

Chrysoperla carnea Stephens
Chrysoplera rufilabris Burmeister

Phytoseidae

Amblyseius =Typhlodromips swirskii Athias-Henriot
Neoseiulus = Amblyseius cucumeris Oudemans

(Nawar and El-Sherif 1993; Ellis et al. 2001; Gerling et al. 2001,
Nomikou et al. 2002; Arno’et al. 2010)
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APPENDICES

Appendix 2. Effective chemical insecticides used against B. tabaci

Common Name Trade Name Class MIEED @l BT
Group

Abamectin Avid Glycoside 6

Acephate 2 Orthene Organophosphate 1B

Acetamiprid 3 Tristar Neonicotinoid 4A

Azadirachtin 3 Azatin IGR' (Biopesticide) Unknown

Bendiocarb Dycarb, Carbamate 1A

Turcam

Bifenazate+Abamectin Sirocco Carbazgtes+ Unknown+6
Glycosides

Bifenthrin Talstar, Attain | Pyrethroid 3

Buprofezin Talus IGR 16

Chlorpyrifos Duraguard Organophosphate 1B

. . Organophosphate+

Chlorpyrifos+Cyfluthrin Duraplex pyrethroid 1B+3

Cyfluthrin Decathalon Pyrethroid 3

Dichlorvos DDVP Organophosphate 1B

Diflubenzuron 2 Adept IGR (Benzoyl 15
Urea)

Dinotefuran 3 Safari Neonicotinoid 4A

Endosulfan Thiodan Organochlorine 2

Fenopropathrin 2 Tame Pyrethroid 3

Fenoxycarb Precision, Carbamate 7B

Preclude

Flonicamid 3 Aria Pyridine . 9B
carboxamide

Fluvalinate Mavrik Pyrethroid 3

. i Sunspray, .
2

Horticultural oil Ultra, Triact Oil M

Imidacloprid Marathon Neonicotinoid 4a

Imidacloprid+Cyfluthrin Discus Pyrethrm_d " 4a+3
Neonicotinoid

Insecticidal soap M-pede, Safer | Soaps M

Kinoprene 2 Enstar |1 IGR TA

Lambda-cyhalothrin Topcide Pyrethroid 3

Novaluron Pedestal IGR 15

(Benzoyl Urea)
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Appendix 2. Continued

Common Name Trade Name Class MOngf AL
roup
Permethrin Astro Pyrethroid 3
. Pyradine
3

Pymetrozine Endeavor Azomethines 9A
Pyreth-It,

Pyrethrin and PBO Pyrethrum, .

(piperonyl butoxide) 2 Pyronyl Crop Botanicals 3
Spray

Pyrethroid (lambda-cyhalothrin) | Scimitar Pyrethroid 3

Pyridaben Sanmite Pyridazinones 21A

Pyriproxyfen 23 Distance IGR (Pyridine) 7C

Spiromesifen 3 Judo Tetronic Acid 23

Spirotetramat 3 Kontos Tetramic Acid 23

Thiamethoxam 3 Flagship Neonicotinoid 4A

Tolfenpyrad 2 Hachi-Hachi METI Insecticide 21A

L IGR = Insect growth regulator.

2 May show phytotoxicity and/or should not be applied to bracts.
3 Currently recommended for use on poinsettias (2011).

(Hoddle et al. 2002; McDonough et al. 2008; OHP 2011; Stack et al. 2011; Yates 2011)
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