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Development of Bemisia tabaci MEAM1 and MED on
tomato (Solanum lycopersicum) alone and in a mixed
population

Hugh A. Smith**, Deepak Shrestha®, Edzard van Santen®, Qadri Masroor?,
and Adam Wong?

Abstract

The invasive whitefly species Bemisia tabaci MED (Gennadius) (Hemiptera: Aleyrodidae) has demonstrated the ability to develop higher levels of
insecticide resistance than B. tabaci MEAM1, leading MED to displace MEAML1 in some regions when insecticide resistance management is not
practiced. Displacement of MEAM1 by MED is influenced also by host plant. MED established recently in the Florida landscape, making it necessary
to evaluate the risk that MED will displace MEAM1 on tomato and other economically important crops. The development of MEAM1 and MED was
observed on tomato (cv. ‘Florida 91’) 30, 45, and 70 d after inoculation separately and in the presence of the other species. MEAM1 were more
abundant than MED on plants where both were combined 30, 45, and 70 d after inoculation. MEAM1 reached higher numbers than MED on plants
where they were established separately 30 and 70 d after inoculation. At 70 d after inoculation, there were significantly more MED on tomato plants
where MEAM1 was not present than on plants infested with both species. Our results indicate that MEAM1 has a competitive advantage over MED
on tomato in the absence of insecticide applications. In addition, we tested 13 populations of MEAM1 from commercial vegetable fields and 2 popu-
lations of MED from residential hibiscus for tolerance to imidacloprid and thiamethoxam. The 2 MED populations did not demonstrate high levels of
tolerance to these insecticides relative to the MEAM1 populations. Our results suggest that the displacement of MEAM1 by MED in Florida tomato
fields is unlikely at the present time.

Key Words: sweetpotato whitefly; invasive species; competition; resistance monitoring

Resumen

La especie invasora de mosca blanca Bemisia tabaci MED (Gennadius) (Hemiptera: Aleyrodidae) ha demostrado la capacidad de desarrollar
niveles mds altos de resistencia a los insecticidas que B. tabaci MEAM1, lo que lleva a MED a desplazar a MEAM1 en algunas regiones cuando
no se practica el manejo de la resistencia a los insecticidas. El desplazamiento de MEAM1 por MED estd influenciado también por la planta
hospedera. MED se establecio recientemente en los campos de la Florida, por lo que es necesario evaluar el riesgo de que MED desplace a
MEAM1 en el tomate y otros cultivos econdmicamente importantes. El desarrollo de MEAM1 y MED se observé en tomate (cv. ‘Florida 91°)
30, 45y 70 dias después de la inoculacion por separado y en presencia de las otras especies. MEAM1 fue mds abundante que MED en plantas
donde ambas se combinaron 30, 45 y 70 dias después de la inoculacién. MEAM1 alcanzé nimeros mas altos que MED en las plantas donde se
establecieron por separado 30 y 70 dias después de la inoculacion. A los 70 dias después de la inoculacidn, hubo significativamente mas MED
en las plantas de tomate donde MEAM1 no estaba presente que en las plantas infestadas con ambas especies. Nuestros resultados indican que
MEAM1 tiene una ventaja competitiva sobre MED en tomate en ausencia de aplicaciones de insecticidas. Ademds, probamos 13 poblaciones
de MEAM1 de campos de hortalizas comerciales y 2 poblaciones de MED de hibisco residencial para determinar la tolerancia al imidacloprid y
al tiametoxam. Las 2 poblaciones MED no demostraron altos niveles de tolerancia a estos insecticidas en relacién con las poblaciones MEAM1.
Nuestros resultados sugieren que el desplazamiento de MEAM1 por MED en los campos de tomate de Florida en las condiciones actuales es
poco probable.

Palabras Clave: mosca blanca del camote; especies invasivas; competencia; monitoreo de resistencia

The Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) spe-
cies complex is presently considered to consist of at least 34 morpho-
logically indistinguishable species (Boykin & De Barro 2014). Bemisia
tabaci Middle East Asia Minor 1 (MEAM1), also referred to as the B
biotype, attacks many agronomic, horticultural, and ornamental plants
of economic importance. This pest causes damage by transmitting >

150 plant viruses by inducing plant disorders and reducing crop quality
through the production of honeydew, which serves as a substrate for
sooty mold (Thompson 2011). Bemisia tabaci MEAM1 became estab-
lished in Florida in the 1980s, and by 1988 was a significant pest of
tomato (Solanum lycopersicum L.; Solanaceae) and many other crops
in the state (Schuster et al. 1996). Bemisia tabaci MEAM1 causes sig-
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nificant losses in tomato each yr by transmitting tomato yellow leaf curl
virus, a begomovirus, and by inducing irregular ripening, a plant disor-
der associated with feeding by B. tabaci nymphs (Schuster et al. 2008).

Bemisia tabaci Mediterranean (MED) has been detected in Flori-
da since 2005, initially on potted plants in the nursery section of box
stores (McKenzie et al. 2009). In 2016, populations of B. tabaci MED
were detected in multiple counties in Florida established on landscape
plants in residential areas (McKenzie & Osborne 2017). MEAM1 and
MED are characterized by the ability to develop high levels of resis-
tance to a broad range of key insecticides (Castle et al. 2010). MED has
demonstrated the ability to develop significantly higher levels of re-
sistance to many modes of action than MEAM1, and expresses higher
levels of detoxification compounds including glutathione s-transferas-
es (Ye et al. 2014; He et al. 2018). The tendency of MED to develop
higher levels of insecticide resistance than MEAM1 has contributed to
the displacement of MEAM1 by MED in China, where mixed popula-
tions of MEAM1 and MED have been subjected to intensive insecticide
selection pressure (Pan et al. 2015; Yao et al. 2017). Over-reliance on
pyriproxyfen led MED to replace MEAM1 in Israeli cotton, a situation
that has been reversed through improved insecticide resistance man-
agement (Horowitz et al. 2005; Kontsedalov et al. 2012). In addition
to the tendency of MED to develop higher levels of resistance than
MEAM1, some populations of MED have demonstrated the ability to
retain resistance for multiple generations in the absence of insecticide
exposure (Nauen et al. 2002).

Whereas MED tends to displace MEAM1 under intensive insecti-
cide application regimes, MEAM1 demonstrates the ability to outcom-
pete MED on certain host plants in the absence of insecticide selection
pressure (Sun et al. 2013). In mixed populations, MEAM1 males are
more adept at finding and mating with females of their own type than
MED males, and so reproduce more efficiently (Crowder et al. 2010).
MEAM1 males interfere with mating by males of other Bemisia species,
contributing to the dominance of MEAM1 in mixed populations (Liu et
al. 2007). In addition to intrinsic differences in reproductive behavior,
life history parameters of MEAM1 and MED can vary according to host
plant (lida et al. 2009; Jiao et al. 2012). For example, MEAM1 exhibits a
higher intrinsic rate of population increase on tomato than MED at 30
°C (Tsueda & Tsuchida 2011), but developmental times on pepper (Cap-
sicum annuum L.; Solanaceae) are shorter for MED than MEAM1 (Mu-
fiiz & Nombela 2001). Thus, the tendency of either MEAM1 or MED to
predominate is determined in part by human activity in the form of
insecticide applications, and in part by intrinsic biological differences
related to reproductive behavior and host plant.

Florida is the foremost producer of fresh market tomatoes in the
USA, harvesting over $260 million in 2017 (USDA NASS 2018). Ongoing
surveys indicate that MED has not established in field-grown tomatoes
in Florida (Smith et al. 2016; McKenzie & Osborne 2017). However,
insecticide use is intensive in this crop and insecticide resistant popula-
tions of MEAM1 have been detected in Florida tomato fields (Schuster
et al. 2010; Smith et al. 2016).

The establishment of MED populations in residential areas on the
fringes of Florida agricultural areas makes it necessary to assess the
risk that these populations pose to field-produced tomato and other
vegetables. MED is not known to cause irregular ripening of tomato;
however, Pan et al. (2012) demonstrated that MED was a more efficient
vector of tomato yellow leaf curl virus than MEAML. lida et al. (2009)
found hatching rates for MEAM1 and MED did not differ on tomato
(cv. ‘House Momotaro’), but egg-to-adult development was faster on
tomato for MEAM1 and nymphal survival was higher. Sun et al. (2013)
determined that MEAM1 was able to displace MED on tomato (cv. ‘He-
Zou 903’) in 7 generations in the absence of insecticide applications.
These reports indicate that MEAM1 has an advantage over MED on
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tomato. MED is grouped by some researchers into distinct subclades,
or cytotypes, and the subclade of MED involved in these studies was
not indicated. Subclades vary according to their mitochondrial cyto-
chrome oxidase | (mtCoi) sequences and endosymbiont fauna (Chu et
al. 2012; Fujiwara et al. 2015; Hadjistylli et al. 2016). The subclade of
MED most commonly recovered in Florida is the Q2 or the Eastern MED
(McKenzie & Osborne 2017).

In early 2017, the vegetable entomology program at the University
of Florida, Gulf Coast Research and Education Center, Wimauma, Flori-
da, USA, began establishing colonies of MED from infested sites in Palm
Beach County to assess the threat that they pose to Florida agriculture.
The objectives of the risk assessment are to determine the likelihood
that MED populations would displace MEAM1 populations on com-
mon vegetables in Florida, either because of higher levels of insecti-
cide resistance or competitive advantage due to host plant. This paper
describes the results of a growth room study in which tomato plants
of a commonly grown commercial field variety, ‘Florida 91’ (Seminis
Vegetable Seeds, St. Louis, Missouri, USA), were inoculated with equal
numbers of MEAM1 and MED, either alone or in combination, then
analyzed over 3 generations to determine how each species developed
on tomato alone and in the presence of the other whitefly species. We
hypothesized that our test population of Eastern MED (Q2), collected
from a residence in Palm Beach County, would demonstrate a com-
petitive disadvantage on tomato in relation to MEAM1 as MED had in
China. However, given that the pest status of MED populations can be
influenced by endosymbiont fauna, host plant, and history of exposure
to insecticides, it is difficult to predict how MED populations in Florida
will behave based on information derived from countries where grow-
ing conditions are in many ways distinct from Florida (Fang et al. 2014;
Mouton et al. 2014; Fujiwara et al. 2015; Su et al. 2016). In addition,
we present the results of probit analysis for imidacloprid and thiameth-
oxam tolerance from 2 MED populations collected from hibiscus (Hibis-
cus rosa-sinensis L.; Malvaceae) in Palm Beach County, and 13 MEAM1
populations collected from commercial vegetable fields in south Flor-
ida between late 2016 and mid-2017. The purpose of the resistance
monitoring tests was to determine if populations of MED establishing
in Florida demonstrated higher levels of tolerance to common neonic-
otinoids than populations of MEAM1 found in vegetable fields. Infor-
mation from other countries, including China and Israel, indicates that
highly resistant populations of MED will increase the likelihood that
MED will displace MEAM1 (Horowitz et al. 2005; Pan et al. 2015).

Materials and Methods

COMPETITION STUDY

Whitefly colonies

The colony of MEAM1 used in this study was established from
whiteflies collected near Bradenton, Florida, USA, in the early 1990s.
It has not been exposed to insecticides since then, and is used as the
susceptible strain for resistance monitoring studies (Smith et al. 2016).
It was maintained on cotton (Gossypium hirsutum L.; Malvaceae) in
a growth room at Gulf Coast Research and Education Center at 27 °C
(£ 2 °C), 50 to 75% RH, and 14:10 (L:D) photoperiod. The cotton was
grown in an insect-free growth room in 13-cm pots with Fafard potting
soil (Fafard No. 2 Sunshine Mix, BWI Inc., Plymouth, Florida, USA) and
fertilized with 15:9:12 Osmocote®Plus, (Everris NA, Inc., Dublin, Ohio,
USA).Whiteflies and cotton plants were maintained in 60 x 60 x 60 cm
PVC frame cages with organdy covers on growth room benches.

The colony of MED, code named MED2-17, was established from
whiteflies collected from hibiscus at a residence in West Palm Beach
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in Jul 2017, and maintained under the same conditions as the MEAM1
colony in a separate growth room. The colony was determined to be
MED using the methods described by Shatters et al. (2009), and the
subclade of the colony was determined using methods described be-
low. Every 2 wk, 2 new cotton plants were added to each cage of white-
flies to provide fresh oviposition substrate for newly emerged females.
Every 30 d, 20 adults from each colony were tested for species to con-
firm the purity of the colony.

Test plants and cages

Tomato ‘Florida 91’ seeds were grown in Fafard No. 2 Sunshine
Mix treated with 15:9:12 Osmocote®Plus in 128-cell seedling trays (4
x 5.5 cm). Plants were grown in an insect-free growth room at Gulf
Coast Research and Education Center under the same conditions used
to maintain whitefly colonies. Three weeks after planting, 36 tomato
plants were transplanted into 25.4-cm-diam plastic pots and main-
tained in organdy-covered cages for 1 wk. One wk after transplanting,
12 tomato plants were placed individually inside either a small (34 x
34 x 61 cm), medium (36 x 36 x 122 cm), or large (46 x 46 x 183 cm)
cage. Small cages (BioQuip no. 1466BV, Rancho Dominguez, California,
USA) were used for plants that were sampled 30 d after inoculation
with whiteflies; plants in medium-sized cages were sampled 45 d after
inoculation; and plants in large cages were sampled 70 d after inocula-
tion. Cages of different sizes were used to accommodate the growth of
tomato plants over time. Sampling or break down of the cage involved
collection of all whitefly adults in the cage and destruction of the plant.

Medium and large cages were custom built from 2 cm PVC pipe and
organdy cloth with 2 vertical Velcro-sealed openings to allow access for
placing whiteflies inside the cage and for tying the tomato stem to a
supporting bamboo rod as the plant grew. Potted plants were placed
on fiberglass trays measuring 51 x 38 x 2 cm that acted as a water res-
ervoir for the plants. Trays were located outside the small cages and
inside the medium and large cages, which in each case allowed for
watering the plants without opening cages. Water was applied directly
into the tray for small cages and into the tray through the cage mesh
for medium and large cages.

Plant inoculation

On the day of inoculation with whiteflies, the tomato plants used
were about 4 wk old and possessed 5 to 7 true leaves. Whitefly adults
were aspirated from colony cages in groups of 6 males or females into
glass eye droppers attached to a Gast vacuum pump (model DOAP704-
AA; Fisher Scientific, Pittsburgh, Pennsylvania, USA). A foam plug (Jae-
ce Identi-plug plastic foam stoppers, Fisher Scientific, Pittsburgh, Penn-
sylvania, USA) positioned at the wide end of the eye dropper allowed
air suction, but prevented whiteflies from being drawn into the pump.
The narrow end of the eye dropper was sealed with parafilm after 6
adult male or female whiteflies were aspirated into the eye dropper.
To confirm that all 6 whiteflies in a given eye dropper were the same
gender, whiteflies were checked under a stereomicroscope. Males
were distinguished from females by their smaller size and pointed ab-
domens (Gill 1990).

After confirming the gender and number of whiteflies in each eye
dropper, whiteflies were released into the cages according to treat-
ment. A circular piece of construction paper had been placed over the
surface of the potting soil to facilitate collection of whitefly adults on
the break-down date (30, 45, or 70 d after inoculation). Eye droppers
containing whiteflies were placed in a small paper cup with the foam
plug end up, and the cup placed on the construction paper at the base
of the plant. Then the foam plugs were removed from the eye drop-
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pers, allowing the whiteflies to enter the cage. Twelve tomato plants
(4 plants from each of the 3 cage sizes) were inoculated with 1 of 3
whitefly treatments: (1) 6 male and 6 female MEAM1, (2) 6 male and
6 female MED, and (3) 6 males and 6 females of both MEAM1 and
MED. Each treatment by break-down date combination was replicated
4 times in a randomized complete block design for a total of 36 cages.
Only 18 cages fit in a growth room; therefore, 2 growth rooms were
used for the experiment.

Whitefly data collection

Thirty d after inoculation, small cages were transferred one at a
time from growth rooms to a walk-in cooler set at 3.3 °C to allow the
low temperature to immobilize whitefly adults prior to removing the
cage covers. A large piece of black plastic was placed underneath the
fiberglass trays supporting each cage to facilitate recovery of adults
falling away from the cage. The cage cover was then removed and all
whitefly adults aspirated from the interior of the cage, plant surface,
construction paper at the base of the plant, and from fiberglass trays
underneath the pot. Whiteflies were aspirated into eye droppers using
the Gast vacuum pump and labeled according to treatment. After aspi-
rating, whiteflies were placed in 95% alcohol and stored at -20 °C. This
process was repeated 45 d after inoculation with the medium sized
cages, and 70 d after inoculation with the large cages. After collection,
whiteflies from each cage were counted and sexed using a stereomi-
croscope. The species of each whitefly (MEAM1 or MED) was then de-
termined using the DNA extraction and PCR methodology as described
by Shatters et al. (2009).

Statistical analysis for competition study

The experimental design was a randomized complete block (r = 4)
within each d after inoculation. Adult count data were analyzed using
a generalized linear mixed model with a negative binomial distribution,
and the default canonical link function was fit to the adult count data
using the procedures implemented in SAS PROC GLIMMIX (SAS 2015)
(SAS/STAT vers. 14.1, SAS Institute, Cary, North Carolina, USA). Fixed
effect factors were D after Inoculation, Treatment (combination of
Species and Competition), Sex, and all possible interactions. Random
effects were Block (d after inoculation) and Treatment x Block (d after
inoculation). Contrast of interest were calculated using the LSMESTI-
MATE statement of the above named PROC using 3-way interaction
estimates.

LC,, bioassays

Thirteen MEAM1 and 2 MED populations collected from the field
Jan to Jul 2017 were tested for tolerance to neonicotinoid insecticides
using the method described in Smith et al. 2016. Whitefly populations
were collected from 13 commercial tomato fields in 6 Florida counties
by aspirating adults with a backpack aspirator (product #2846, BioQuip
Products, Rancho Dominguez, California, USA), and leaving potted to-
mato plants (cv. ‘Lanai’) on the edges of the field for 3 to 5 d to allow
females to oviposit. Aspirated adults and infested tomato plants were
placed in organdy cages containing cotton plants in a growth room at
Gulf Coast Research and Education Center to allow populations to es-
tablish. Populations were collected from hibiscus plants at 2 locations
in West Palm Beach by aspirating adults from the plants and bringing
foliage infested with whitefly eggs, nymphs, and adults back to Gulf
Coast Research and Education Center for establishment on cotton in
growth rooms. Growth room temperature, humidity, and light as well
as colony maintenance procedures were as described above. Popula-
tions were tested using the methods described by Shatters et al. (2009)
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to confirm whether they were MEAM1 or MED. Populations confirmed
to be MED were analyzed using the procedures described below to
determine subclade.

Imidacloprid (Admire Pro, Bayer Crop Science, Raleigh, North Caro-
lina, USA) and thiamethoxam (Platinum 75SG, Syngenta Corporation,
Greensboro, North Carolina, USA) were prepared at concentrations of
0.00, 0.16, 0.80, 4.00, 20.00, 100.00, and 200.00 ppm in 50 mL Erlen-
meyer flasks. Cotton leaves of similar age were placed with the petiole
inserted into the flask and allowed to take up the solution for 72 h. The
petiole was trimmed, and the cotton leaf was placed into a glass 100
x 15 mm Petri dish (KIMAX no. 53062/53064-10015, Fisher Scientific,
Waltham, Massachusetts, USA) with the abaxial side facing up. Twelve
to 14 adult whiteflies were aspirated from colony cages and, after being
briefly cooled in a refrigerator to reduce movement, were placed on the
leaf inside the Petri dish. Treatments consisted of the 7 concentrations of
insecticide, and each treatment was replicated 4 times. Petri dishes were
organized in an Office Depot brand 39 3 x 27 x 14 cm clear plastic storage
box with saturated cotton rolls placed around the bottom to maintain
humidity. After 72 h, whiteflies were recorded as ‘live’ if they appeared
normal, ‘moribund’ if they appeared abnormal and did not respond to
prodding with a fine brush, and ‘dead’ if no movement was observed.
‘Moribund’ responses were included with ‘dead’ for analysis. Dose re-
sponse data were subjected to probit analysis using IBM SPSS (vers. 22)
software (IBM Corporation, Armonk, New York, USA) (SPSS 2013).

Determination of MED subclade

Whitefly genomic DNA was extracted using a precipitation protocol
from Cenis et al. (1993). The DNA samples were used as templates for
PCR to amplify a 820-bp fragment of the mtCOI gene, using the primer
pair C1-J-2195 (5'-TTGATTTTTTGGTCATCCAGAAGT-3') and L2-N-3014
(5'-TCCAATGCACTAATCTGC-CATATTA-3’) (Simon et al. 1994). The PCR
reactions (30 ul) contained 2 pl template DNA, 1 unit Tag polymerase,
3 pl dNTPs (2 mmol per L), 1 pl of 20 umol per L of each primer, and
3 ul 10 x PCR buffer (Apex, Genesee Scientific, Research Triangle Park,
North Carolina, USA). PCR amplifications began with 94 °C denatur-
ation for 3 min, followed by 35 cycles of 94 °C denaturation for 1 min,
52 °C annealing for 1 min, and 72 °C extension for 2 min, and a final
72 °C extension for 10 min. Sanger sequencing of the PCR products
was pursued through Genewiz, Inc. (South Plainfield, New Jersey, USA).
The mtCOI sequence was aligned with the sequences in the GenBank
by BLASTN program (Altschul et al. 1997) to determine the sequence
homology with closely related organisms.

DNA samples also were used as templates to PCR-amplify a 623-
bp fragment of the mtCOI gene for PCR-RFLP by using the primer
pair C1-J-2195 (5'-TTGATTTTTTGGTCATCCAGAAGT-3') and R-BQ-2819
(5'-CTGAATATCGRCGAGGCATTCC-3') (Chu et al. 2012). PCR products
were then digested at 37 °C for 2 h with 2 U of Alul, a restriction en-
donuclease that cleaves DNA at AGCT sites. The Alul-digested PCR
products were electrophoresed on a 1.0% agarose gel and visualized
by ethidium bromide staining. Based on the size of bands produced by
Alul digestion, the subclade (Q1 or Q2) of MED individual was deter-
mined (Chu et al. 2012).

Results

COMPETITION STUDY

Treatment, Sex, D after Inoculation, and the interaction between
Treatment and D after Inoculation had a significant effect on the num-
ber of whiteflies found on tomato plants (Table 1). MEAM1 was more
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Table 1. Effect of treatment (MEAM1 and MED alone or in the presence of other
species), sex and d after inoculation on numbers of Bemisia tabaci adults on
‘Florida 91’ tomato.

Num Den
Effect DF DF F value P value
Treatment 3 30 42.29 <0.0001
Sex 1 3 31.02 <0.01
Treatment*Sex 3 30 0.84 0.482
D after inoculation 2 6 148.71 <0.0001
Treatment*D after inoculation 6 30 4.47 <0.002
Sex*D after inoculation 2 6 1.93 0.226
Treatment*Sex*D after inoculation 6 30 0.79 0.583

abundant than MED on plants where each species was inoculated
separately 30 and 70 d after inoculation and all dates when they were
combined (Table 2). There was no difference in numbers of MED on
plants where MED was inoculated alone or in the presence of MEAM1
at 30 and 45 d after inoculation. However, at 70 d after inoculation,
there were significantly more MED on plants where MEAM1 was not
present than on plants that were inoculated with both species. The
fact that MEAM1 and MED numbers were not significantly different 45
d after inoculation presumably explains the significant interaction of
Treatment and D after Inoculation.

There were significantly more female MEAM1 than female MED
on each d after inoculation, both when the 2 species were inoculated
on separate plants, and when they were combined except for sepa-
rate inoculations 45 d after inoculation (Table 3). At 70 d after inocula-
tion, there were significantly more MED females on plants where MED
was inoculated alone than on plants where MED was established with
MEAML1. There were significantly more MEAM1 males than MED males
on each d after inoculation on plants where both species were present
(Table 4). On plants where species were inoculated separately, there
were significantly more MEAM1 males than MED males at 70 d after
inoculation. At 70 d after inoculation, there were significantly more
MED males on plants where MED was inoculated alone than on plants
where MED was established with MEAM1.

LC,, BIOASSAYS

The LC,s and fiducial limits for imidacloprid and thiamethoxam for
the susceptible laboratory MEAM1 population were 0.32 (0.05-1.01)
and 0.13 (0.01-0.47) (Table 5). The LC,;s and fiducial limits for imidaclo-
prid in the field populations of MEAM1 ranged from 1.56 (0.36—4.48)

Table 2. Mean number of MEAM1 and MED adults £ SE (males + females) from
tomato plants when inoculated alone or together 30, 45, and 70 d after inocu-
lation.

Other species

D after inoculation Species Alone present

30 MEAM1 46.0 + 13.5 a* 443+569a
30 MED 8.8%5.1b 8.8+3.7b
45 MEAM1 53.8+12.3a 144.8+31.7 a
45 MED 21.2+36a 31.0+16.03 b
70 MEAM1 1731.5+563.1a 1227.8+423.2a
70 MED 412.8+151.5b A 90.5+19.9b B

*Lowercase letters are used to compare means within the same column and d after
inoculation group; uppercase letters are used to compare means in the same row. Means
within the same cell (D after Inoculation x Species) followed by different lowercase letters
are significantly different at P = 0.05; means within the same row followed by a different
uppercase letter are significantly different at P = 0.05.
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Table 3. Mean number of MEAM1 and MED females * SE from tomato plants
when inoculated alone or together 30, 45, and 70 d after inoculation.

Other species

D after inoculation Species Alone present

30 MEAM1 32.3+86a* 30.0+13a
30 MED 3.0t1.7b 6.0£2.8b
45 MEAM1 34.5+9.6 aA 102.3+24.6aB
45 MED 145+46a 245+14.2b
70 MEAM1 1332.3+422.4a 857.5+300.5a
70 MED 322.5+118.1bA 71.8+14.8bB

*Lowercase letters are used to compare means within the same column and d after
inoculation group; uppercase letters are used to compare means in the same row. Means
within the same cell (D after Inoculation x Species) followed by different lowercase letters
are significantly different at P = 0.05; means within the same row followed by a different
uppercase letter are significantly different at P = 0.05.

to 57.09 (36.6-97.2). Only 4 field populations of MEAM1 were tested
for tolerance to thiamethoxam. The LC s and fiducial limits ranged
from 3.27 (1.58-6.44) to 23.39 (8.41-77.21). The responses for the 2
MED populations fell within these ranges. Based on non-overlapping
fiducial limits, the LC,, for imidacloprid for MED population MED2-17
was higher than for MED1-17, the other MED population, while the LC,,
for thiamethoxam was lower. MED2-17 was the MED population used
in the competition study. The 2 populations of MED collected from hi-
biscus in West Palm Beach were determined to belong to the subclade
referred to as Q2 or Eastern Q.

Discussion

The average temperature in growth rooms where trials were per-
formed was 26.6 + 1 °C. A new generation of MEAM1 would begin
about every 21 d at 27 °C on tomato, and a new generation of MED
would begin about every 22 d (Yang & Chi 2006; Tsueda & Tsuchida
2011). Whitefly adults collected 30 d after inoculation comprised the
first generation, developing from individuals used to infest the plants
on the d of inoculation. Whiteflies collected 45 d after inoculation
would consist of later first generation individuals and early second
generation individuals. By 70 d after inoculation, individuals collected
would consist primarily of the third generation.

We observed that in cages where species were introduced sepa-
rately, there was a 34-fold increase in numbers of MED 70 d after in-
oculation, and a 144-fold increase in numbers of MEAML1. lida et al.
(2009) reported a higher percentage of MEAM1 nymphs completing

Table 4. Mean number of MEAM1 and MED males *+ SE from tomato plants
when inoculated alone or together 30, 45, and 70 d after inoculation.

Other

d after inoculation Species Alone species present
30 MEAM1 13.8+5.0 a* 143+4.7a
30 MED 58+3.4a 28+09b
45 MEAM1 19.3+3.7a 425+8.1a
45 MED 6.8+2.3a 6.5+£2.1b
70 MEAM1 399.3+170.4a 370.3+137.1a
70 MED 90.3 +34.4 bA 18.8+5.5bB

*Lowercase letters are used to compare means within the same column and d after
inoculation group; uppercase letters are used to compare means in the same row. Means
within the same cell (D after Inoculation x Species) followed by different lowercase letters
are significantly different at P = 0.05; means within the same row followed by a different
uppercase letter are significantly different at P = 0.05.
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development on tomato than MED, and that MEAM1 development
time was shorter than MED. Jiao et al. (2012) found no differences
in life history parameters between MEAM1 and MED on tomato, and
Tsueda and Tsuchida (2011) observed that MED survival was lower on
tomato than MED but that development times did not differ. Our re-
sults are consistent with reports indicating that tomato is a better host
for MEAM1 than MED, but that both species can establish effectively
on the host plant.

We also found that presence of MED did not influence the numbers
of MEAML1 in the mixed cages. By contrast at 70 d after inoculation
there were almost 5x as many MED in cages where they were estab-
lished alone as in cages where MEAM1 also was present. At 70 d after
inoculation, there were 4.7 more MED males and 4.5 more MED fe-
males in cages where they were established alone compared to cages
where MEAM1 was present, indicating that the reduction in overall
MED numbers in the presence of MEAM1 was similar for each gen-
der at that stage. The average number of MED males in cages where
MEAM1 also was present was 18.8 at 70 d after inoculation, only a
3-fold increase from the original 6 males introduced on d 1. This con-
trasts with a 15-fold increase of MED males in cages where MEAM1
was not present.

Observations by Crowder et al. (2010) indicated that MED males
are less efficient than MEAM1 males at finding females of their own
species in mixed populations, and that MED males will waste more
time attempting to mate with MEAM1 females or other males. Liu et al.
(2007) observed that in the presence of other whitefly species, MEAM1
males and females copulated more frequently, and that male MEAM1
interrupted copulation by other whitefly species more frequently than
males of other species interrupted copulation by MEAM1. Asymmet-
ric reproduction behavior between MEAM1 and MED increases the
likelihood that in mixed populations MED females will not mate, and
because of haplodiploidy, will produce only males. Male MED can
produce crop damage, but cannot contribute to future generations if
they are unable to find females of their own species. Since it is unlikely
that MED females will live long enough to mate successfully with their
own male offspring, the reproductive advantage of MEAM1 on tomato
could lead to local extinction of MED populations on tomato. Caged
studies such as ours probably increase the frequency with which MED
males encounter MED females in mixed populations by confining them
to a cage. In the field, MED males dispersing in response to tractor
sprays and other disturbances would presumably encounter greater
difficulty finding increasingly rare MED females in mixed populations
than in a confined arena.

The 2 MED populations we tested for susceptibility to imidaclo-
prid and thiamethoxam did not exhibit exponentially higher levels
of resistance compared with MEAM1 previously recorded in field
populations from other areas (Nauen et al. 2002; Dennehy et al.
2010; Qiong et al. 2012; Pan et al. 2015). This higher resistance
is believed to have driven the displacement of MEAM1 by MED in
other countries, including China and Israel (Horowitz et al. 2005;
Pan et al. 2015). Multiple populations of MED have been identified
in Florida (McKenzie & Osborne 2017), and highly resistant popula-
tions may be encountered in the future. However, the presence of
2 MED populations with tolerances that were considerably lower
than the extremes observed in some MEAM1 populations collected
from commercial vegetable fields during the same time period un-
derscores the need to routinely test MED populations when they
are encountered.

The risk posed by MED is its ability to develop high levels of insec-
ticide resistance. Resistance management guidelines for whiteflies in
Florida vegetables emphasize using the treatment window approach
to reduce application of the same modes of action to successive gen-
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erations of the pest (Smith 2013; Stansly et al. 2015a, b). While MED
repeatedly has demonstrated the ability to develop high levels of resis-
tance to key insecticides, including imidacloprid and pyriproxyfen, sev-
eral newer insecticides have demonstrated considerable effectiveness
against MED, including dinotefuran (Tokumaru & Hayashida 2010; Hi-
guchi et al. 2016), flupyradifurone (Roditakis et al. 2017), spirotetramat
(Chen et al. 2018), cyantraniliprole (Chen et al. 2018), and pyrifluquina-
zon (Tokumaru & Hayashida 2010; Higuchi et al. 2016). The availability
of multiple modes of action to manage MEAM1 and MED reduces the
likelihood that 1 mode of action will be overused, and that resistance
will develop.

MED is primarily associated with ornamental plants in Florida, and
the risk remains that resistant MED populations may develop on orna-
mental and landscape plants, and may have an advantage over MEAM1
if they migrate into agricultural fields. Unlike vegetable crops, which
are harvested 3 to 4 months after planting, perennial plants managed
as part of a residential landscape may receive multiple insecticide ap-
plications per yr over a period of several yr. This increases the likeli-
hood that whitefly populations established on them will develop re-
sistance, and underlines the importance of developing biocontrol and
biopesticide-based programs for managing whiteflies on landscape
and ornamental plants (Buss et al. 2017). The greatest risk that MED
populations will establish in Florida vegetable fields stems from the
possibility that resistant populations of MED will migrate from inten-
sively sprayed landscape plants in residential areas to nearby agricul-
tural fields, where proper resistance management may be lacking. In
Florida, the proximity of high-value, intensively managed residential
landscapes to field agriculture makes it crucial that horticultural and
ornamental entomologists collaborate closely to address the threat
presented by MED.
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