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Abstract

Host plant relationships of Australian native and invasive whitefly species in the Bemisia tabaci species complex, namely
AUSI and AUSII and Bemisia argentifolii (also called B. tabaci Middle East-Asia Minor 1 (MEAM1), were investigated with
three approaches: ecologically in the field with surveys, experimentally in the laboratory, and using population genetics to
assess any host-associated differentiation within whitefly species. AUSII and B. argentifolii were collected from various host
plant species to test for gene flow using microsatellite genotyping. Neither species showed evidence of population structuring
associated with host plant species. Host plant testing in the laboratory showed that only some host plants are reproductive
hosts for these three whitefly species. Most individuals of all three species settled on tomato over the other host plant species
in a cage with several host species presented simultaneously. Nevertheless, tomato was not a reproductive host for AUSI,
and cassava did not support adult survival or nymphal production in any species. AUSI reproduced successfully on cotton,
chia, and golden crownbeard. AUSII reproduced best on chia, followed by golden crownbeard, cotton, and tomato. Bemisia
argentifolii reproduced well on tomato, followed by cotton, chia, and golden crownbeard. In summary, host plant testing
supported the hypothesis that AUSI, AUSII, and B. argentifolii have different host plant relationships from one another and
confirmed that the invasive B. argentifolii can use more host plant species for reproduction than the indigenous Australian
species. Discrete host associations across cryptic species complexes are likely to be common amongst herbivorous insects.

Keywords Bemisia tabaci MEAM1 - Bemisia argentifolii - Cryptic species complex - Insect-host plant relationships -
Reproductive host - Competitive exclusion

Introduction usually written about as an extreme host plant general-

ist but it may be only some of the known species in this

The name Bemisia tabaci represents a cryptic species com-
plex, with at least 44 distinct genetic groups (Kanakala and
Ghanim 2019), although the number of species remains
unclear because only some of the designated genotypes
have been tested appropriately for their species status
(Wongnikong et al. 2020). Bemisia tabaci sensu lato is
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complex that have a broad host range (Oliveira et al.
2001; Simmons et al. 2008; Abd-Rabou and Simmons
2010; Malka et al. 2018). Amongst the latter, in particu-
lar, is Bemisia argentifolii, whose species status has been
demonstrated using crossing experiments, assessments of
intra- and interspecific mating behaviour, and population
genetic studies (Perring et al. 1993; Bellows et al. 1994,
Delatte et al. 2006; Simoén et al. 2007; Elbaz et al. 2010;
Sun et al. 2011; McKenzie et al. 2012; Tahiri et al. 2013),
but which is still commonly referred to as B. tabaci B
biotype or B. tabaci Middle East-Asia Minor 1 (MEAM1).
The host range of some populations (or genotypes) of B.
tabaci sensu lato is known to be narrow, for example that
of the monophagous Jatropha population in Puerto Rico
(Bird 1957). Nevertheless, few studies have quantified
the relative host plant use of most species (or designated
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genotypes) within the complex, either in field studies or
in laboratory tests (Sseruwagi et al. 2006; Xu et al. 2011;
Malka et al. 2018; Vyskocilové et al. 2019).

Those species and genotypes in the B. tabaci complex
that have been investigated with respect to their host species
range have generally shown they differ from one another
in their performance across different host plant species in
terms of adult lifespan, oviposition rate, and development
time from egg to adult. Most studies have focussed on the
two highly invasive cryptic species B. argentifolii and B.
tabaci Mediterranean (MED), either alone (Nava-Camberos
et al. 2001; Simmons et al. 2008; Han et al. 2013) or in direct
comparison with one another (Muiiiz 2000; Kakimoto et al.
2007; Iida et al. 2009; Tsueda and Tsuchida 2011; Jiao et al.
2012, 2013, 2014). For example, low rates of oviposition,
nymphal survival, and adult emergence (or none at all) have
been reported for B. argentifolii on Capsicum annuum (Sola-
naceae, sweet pepper), relative to B. tabaci MED (lida et al.
2009; Tsueda and Tsuchida 2011; Jiao et al. 2014; Watanabe
et al. 2019). By contrast, B. argentifolii and B. tabaci MED
did not differ significantly from one another in development
time, emergence rate, and life span on Solanum lycopersi-
cum (Solanaceae, tomato), and Cucumis sativus (Cucurbita-
ceae, cucumber) (Tsueda and Tsuchida 2011). Furthermore,
B. argentifolii and Asia Il 1 (indigenous to South Asia and a
pest of cotton) were both shown to develop to the adult stage
on tomato, cucumber, Brassica oleracea (Brassicaceae, cab-
bage) and Gossypium hirsutum (Malvaceae, cotton), but at
different rates from one another, and Asia II 1 developed
more slowly on vegetables than on cotton (Ahmed et al.
2014). Moreover, in terms of survival, adult lifespan and
fecundity, B. argentifolii performed best on tomato, whereas
Asia II 1 performed best on cotton (Ahmed et al. 2014).

In Australia, at least three cryptic species in the B. tabaci
complex are present. The two species AUSI and AUSII are
considered to be native to Australia (De Barro and Hart
2000; Wongnikong et al. 2020), whereas B. argentifolii is
invasive and is the major whitefly pest in agricultural crops
(Sequeira and Reid 2019; Hopkinson et al. 2020). AUSI
and AUSII have been recorded on several host plant species
including agricultural crops and weeds. Specifically, AUSI
has been recorded on cotton, Helianthus annuus (Aster-
aceae, sunflower), Glycine max (Fabaceae, soybean), Son-
chus oleraceus (Asteraceae, common sowthistle), Euphorbia
cyathophora (Euphorbiaceae, painted spurge), and Verbes-
ina encelioides (Asteraceae, golden crownbeard) across
Queensland and New South Wales, whereas AUSII has
been found on tomato, Cucumis melo (rockmelon), Salvia
hispanica (Lamiaceae, chia), and Emilia sonchifolia (Aster-
aceae, lilac tasselflower) (van Brunschot, unpublished data,
and see results). These two whitefly species, however, have
never been reported to impact agriculture and consequently
remain little-known ecologically.
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We postulated that the host plant species used in the field
will differ across the three whitefly species (AUSI, AUSII,
and B. argentifolii), even where they occur in sympatry.
To test this, whiteflies were hand-collected in the field and
evaluated with mtCOI sequencing to associate each of the
species definitively with particular host plant species in
nature. We then used microsatellite markers to test for evi-
dence of genetic differentiation associated with host plant
species within AUSII and B. argentifolii (with too few sam-
ples of AUSI available for population genetics analysis). In
laboratory experiments, we tested our expectation that each
whitefly species would respond differentially to the same
set of host plant species. This was done through behavioural
tests on their landing and settling rates across the plant spe-
cies, and with tests on various measures of nymphal and
adult performance on those host species. We also predicted
that preimaginal development of each whitefly species on a
host plant shown to be relatively poor for that whitefly spe-
cies would have negative consequences for the adults that
emerge subsequently, with negative effects on reproductive
parameters (even if they are transferred to a relatively good
host plant species). We interpret the results in the context
of assessing the host plant relationships of each whitefly
species in the B. tabaci species complex, which allows a
reconsideration of interpretations of competitive exclusion
amongst these whiteflies.

Materials and methods
Field surveys

Field surveys were carried out in Australia, between July
2017 and February 2018, in Darwin (Northern Territory),
Kununurra (Western Australia), Brisbane and Emerald
(Queensland), and Coleambally, Darlington Point and Nar-
rabri (New South Wales). Sampling sites included agricul-
tural fields, research stations, and community gardens. As
many species of host plants and weeds as possible were sam-
pled at each locality because B. tabaci sensu lato whiteflies
have been recorded on such a wide range of plant species.
Multiple adult whiteflies per host plant were collected and
multiple host plants of each species were sampled at each
site. Sampling was conducted by two individuals for a maxi-
mum of two hours per location. Samples were stored in 95%
ethanol before sequencing the mtCOI gene.

DNA extraction, mitochondrial DNA sequencing
and analysis

DNA was extracted from B. tabaci specimens using a modi-
fied Chelex extraction, adapted from White et al. (2009).
Single whiteflies were homogenized using zirconium beads
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in 1.5 ml tubes containing 6 pl of 10 mg/ml Proteinase K
and 50 pl of Chelex solution (10% Chelex in 10 mM Tris
HCI and 1 mM EDTA pH 8.0), then incubated at 37 °C for
1 h, followed by incubation at 96 °C to inactivate the Pro-
teinase K.

PCR amplification of an 819 bp region of the mtCOI gene
was achieved using the primers C1-J-2195 (§'-TTGATTTTT
TGGTCATCCAGAAGT-3") and L2-N-3014 (5'-TCCAAT
GCACTAATCTGCCATATTA-3') (Simon et al. 1994). The
3" COI region has been used in almost all previous Bemisia
studies (and not the 5" end used in The Barcode of Life Data
System), so screening this 3’ region meant that these new
sequences could be compared with most Bemisia sequences
available on GenBank.

Each 30 pl reaction contained 2 pul DNA template, 1U
MyTaq Polymerase (Bioline, Australia), 0.2 uM of each
PCR primer, and 1 X buffer. PCR reaction conditions con-
sisted of an initial denaturation at 95 °C for 3 min, followed
by 10 cycles of 30 s at 95 °C, annealing at 45 °C for 30 s,
and 1 min extension at 72 °C, then 30 cycles of 30 s at
95 °C, annealing at 50 °C for 30 s, and 1 min extension
at 72 °C, and the final extension was at 72 °C for 10 min.
PCR products were verified by agarose gel electrophoresis
and cleaned using 1U of Exonuclease I and Antarctic Phos-
phatase (New England Biolabs, Ipswich, Mass., USA) by
incubating at 37 °C for 20 min followed by 10 min enzyme
denaturation at 80 °C. The clean products were sequenced
using the same forward and reverse primers used for PCR
by Macrogen Inc. (Seoul, Republic of Korea). Sequences
were aligned with known samples of the B. tabaci species
complex mtCOI haplotypes (available from GenBank plus
some new sequences (van Brunschot, unpublished)), using
MAFFT method alignment, and also checking for internal
stop codons (an indicator of pseudogenes). The alignment
was trimmed to 654 bp and a neighbour-joining phylogenetic
tree was constructed using a bootstrap analysis of 10,000
replications in Geneious version 9.1.8 (http://www.geneious.
com) (Kearse et al. 2012). Those whiteflies whose DNA
did not amplify with the primers C1-J-2195 and L2-N-3014
were presumed to represent other whitefly species, such as
Trialeurodes vaporariorum. For these latter individuals, the
LCO1490 and HCO2198 primers (Folmer et al. 1994) were
used, and their identity confirmed by searching GenBank.

Tests for host plant-associated differentiation
across AUSII and B. argentifolii samples

Microsatellite loci were used to investigate whether any
genetic differentiation is associated with host plant species
within AUSII and B. argentifolii in Australia. AUSI could
not be included because too few samples were collected in
surveys. The microsatellite loci used for AUS II were those
developed by Wongnikong et al. (2020). Those used for B.

argentifolii had been developed for assessing gene flow in B.
argentifolii (Wongnikong et al. 2021). The PCR and geno-
typing protocols are the same as those of Wongnikong et al.
(2020).

The peaks were analysed using the microsatellite plugin
in Geneious version 9.1.8 (http://www.geneious.com)
(Kearse et al. 2012). The basic population genetics statistics,
including Hardy—Weinberg probability tests, were calculated
in Genepop version 4.6 (Rousset 2008) with 100 batches
(10,000 iterations per batch). Null allele frequencies were
estimated with the EM algorithm (Dempster et al. 1977)
implemented in FreeNA with 5000 replications (Chapuis and
Estoup 2007). The locus-specific statistics across samples on
each host plant species were calculated using GenAlIEx 6.5
(Peakall and Smouse 2006, 2012), and included the num-
ber of different alleles (Na), Shannon’s Information Index
(D), observed heterozygosity (HO), expected heterozygosity
(HE), and fixation index (F). The population assignment of
AUSII and B. argentifolii was analysed using Structure ver-
sion 2.3.4 (Pritchard et al. 2000; Falush et al. 2003, 2007,
Hubisz et al. 2009). Structure runs were performed using
the admixture model with a burn-in of 50,000 iterations fol-
lowed by 500,000 iterations. K values were set from one
to four with the same parameters as above. Then 10 runs
were conducted, and these were permuted and plotted using
CLUMPAK server (http://clumpak.tau.ac.il/). To estimate
the most likely K value in the data set, Structure Harvester
(http://taylorQO.biology.ucla.edu/structureHarvester/) (Earl
and vonHoldt 2012) and the method of Evanno et al. (2005)
was used. A Principal Component Analysis (PCA) was per-
formed using the adegenet package (Jombart 2008; Jombart
and Ahmed 2011) in R version 3.6.1 (R Core Team 2019).

Whitefly colonies and experimental insects

Each laboratory colony of whiteflies was established from
field collections as follows: (i) AUSI from painted spurge
at Bundaberg (coastal Queensland), (ii)) AUSII from lilac
tasselflower at Kununurra (northern inland region of West
Australia), and (iii) B. argentifolii from Hibiscus trionum
(Malvaceae, bladder ketmia) at Emerald (Central Highlands
Region, Queensland), with all sites being in Australia. Each
species was maintained independently on Solanum melon-
gena (Solanaceae, eggplant Black Beauty variety) in sepa-
rate cages with fine mesh nylon netting (150 150/160 um
aperture), to avoid cross contamination. All colonies had
been maintained for multiple generations. Environmental
conditions were 26 + 1 °C, 14 h:10 h L:D photoperiod, and
60+4% RH. The purity of each culture was monitored regu-
larly every 8 weeks, and was checked again before conduct-
ing each experiment, by taking four female adult whiteflies
randomly from each colony and checking their identity by
mtCOI sequencing.

@ Springer


http://www.geneious.com
http://www.geneious.com
http://www.geneious.com
http://clumpak.tau.ac.il/
http://taylor0.biology.ucla.edu/structureHarvester/

848

W. Wongnikong et al.

Host plant tests

To test the responses of the three whitefly species to different
host plants, five plant species were selected. The ‘best” host
plant species was selected for each species of whitefly, based
on the survey results (see results).

Golden crownbeard was selected for AUSI, chia for
AUSII, and tomato (Money Maker variety) was selected for
B. argentifolii. In addition, Manihot esculenta (Euphorbi-
aceae, cassava) was included because it is a well-defended
plant that produces compounds involved in direct defence
against herbivory and is a good host for cassava-adapted
cryptic species of B. tabaci (Malka et al. 2018). Lastly, cot-
ton was included given it is an economically important crop
that is attacked by whiteflies in Australia.

Test plants were grown from seed, except for cassava
which was vegetatively propagated from stem cuttings. All
host plants were maintained in a glasshouse in cages with
fine mesh nylon netting to prevent insect infestation.

Initial attraction of whiteflies and their subsequent settling

This experiment tested which of the five host plant species
attracts and retains most whiteflies of each cryptic spe-
cies. One plant of each of the five host plant species, each
with at least four or five true leaves, was placed in the same
cage in a randomized position and 5 cm from one another
(whitefly-proof screen cages (32.5x32.5%32.5 cm), Meg-
aView Science, Taichung, Taiwan). Fifty adult whiteflies of
a particular cryptic species, with about 1:1 sex ratio (one to
two days post-emergence), were released in the centre of the
cage above the plant canopy. The pattern of whitefly settling
across the different plant species was counted at intervals
on each leaf, with the counts being at 0.25 h, 1 h, 6 h, 12 h,
24 h, 48 h, 72 h, and 96 h after the whiteflies had been
released. The adult whiteflies on each leaf were counted by
flipping the leaf gently under dim light so as not to disturb
the whiteflies. Four replicate cages of each whitefly spe-
cies (treatments) were conducted each of the three times the
experiment was run, to control for any time-related variables
that might influence the results, until a sample size of 12
replicate cages had been run for each whitefly species. For B.
argentifolii only 11 replicate cages were used in the analysis
because one replicate contained more than 50 individuals
and was removed from the analysis.

Adult lifespan and survival rate

To test the duration for which recently emerged AUSI,
AUSII, and B. argentifolii adults survive on each host plant
species, 10 adult whiteflies (about 1:1 sex ratio, and one to
two days post-emergence) were introduced into a clip cage
(Muiiiz and Nombela 2001) on each host plant species (12
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replicates/plant species/whitefly species). Adult survival
was recorded daily after introduction until all whiteflies
had died. Replicates of all three species of whiteflies were
conducted on each day of the experiment. However, some
tomato (n=7) and golden crownbeard (n=6) plants died
during the experiment, so replicates on these host plants
were performed at a different time from the remaining tests.

Oviposition rate across host plant species in no-choice tests

The number of eggs laid by AUSI, AUSII, and B. argentifolii
females on each of the five host plant species was quanti-
fied as follows. One newly emerged pair of whiteflies (all
of which had developed on eggplant) was introduced into
a clip cage (12 replicates/plant species/whitefly species).
Females were allowed to lay eggs for 96 h, then the leaf was
removed, and the number of eggs counted using a stereomi-
croscope. This exposure period was used to even out vari-
ance across days, but without the arena becoming crowded
with eggs, and without them hatching before being counted.
After counting, the leaf was placed in a Petri dish with a
moistened cotton ball to keep the leaf fresh and then, after
10 days, the numbers of eggs that hatched were counted and
converted to a hatching rate. Replicates of all three species
of whiteflies were conducted on each day of the experiment.

Nymphal viability and development time in no-choice tests

This experiment tested the impact of each host plant species
on nymphal viability and the nymphal development time
of each of the three whitefly species. Ten adult whiteflies
(about 1:1 sex ratio, and 1 to 2 days post-emergence), which
had been reared on eggplant, were introduced into a clip
cage on a particular host plant of each of the five host plant
species, with 12 replicates per host plant species per whitefly
species. All adult whiteflies were removed 48 h after intro-
duction to ensure enough eggs had been deposited for this
test. The eggs and hatched offspring were monitored daily
until all had emerged as adults, and development time from
egg to adult was recorded. This was determined as the time
when the first individual became an adult in each replicate.
The adults were also counted, as were the numbers of third
instar nymphs before that, because they are big enough to
count accurately in situ using a hand lens (with smaller ones
too easily miscounted without damaging the plant). Repli-
cates of all three species of whiteflies were conducted on
each day of the experiment.

Effect of developmental host species on subsequent
oviposition and hatch rates

This experiment was designed to test whether the host spe-
cies on which adults develop have a long-term impact on
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their subsequent oviposition and hatch rates. Individuals of
each of the three whitefly species were reared to the adult
stage on each of the test plant species used in the experi-
ments above (the ‘Developmental’ host plant). However, cas-
sava was not used in any test because none of the whiteflies
reproduced on this host in earlier tests. Likewise, tomato was
not used for AUSI because nymphs of this species did not
survive on this plant in an earlier test. Thus, the Develop-
mental host plants of AUSI included three species: golden
crownbeard, chia, and cotton, whereas the Developmental
host plants for AUSII and B. argentifolii included four plant
species, those used for AUSI plus tomato. The nymphal pro-
duction experiment had shown that the host plant on which
most nymphs were produced by AUSI was cotton.

Some of the adults produced were then transferred, on
eclosion (n=12 pairs per host plant species), to the same
(Developmental) host species and others (n =12 pairs) were
transferred to the host plant that had been determined in the
previous experiment to support the highest nymphal pro-
duction for that whitefly species, and which is referred to
as the ‘Best’ host species (see results). For those insects
for which the Developmental host species was also the Best
host species, 12 pairs were simply placed on the same plant
species to assess egg production. That plant species, for
each whitefly species, constituted the control plants. These
females were allowed to lay eggs for 96 h (n =12 replicates/
treatment/whitefly species), which were then counted. The
exposure time was the same as that for the test of oviposition
rate across host plant species in single-host tests.

Statistical analysis
Initial attraction of whiteflies and their subsequent settling

The numbers of adult whiteflies that settled on the differ-
ent host plant species were statistically evaluated using two
models. First, differences in whitefly numbers on each host
plant species across observation periods (time) were tested
using a generalized linear mixed model (GLMM). Next, dif-
ferences in whitefly numbers within each period were tested
using a generalized linear model (GLM) with the baseline
for comparison being the numbers of adult whiteflies on
each host species with the numbers on cassava (which had
the lowest response) at 0.25 h after release of the insects into
the cage. Subsequently, the pairwise multiple comparisons
were made with Tukey’s Honestly Significant Difference
test (Hothorn et al. 2008). All analyses and visualizations
(including those in the following sections) were performed
in R version 3.6.1 (R Core Team 2019).

The evaluation of whitefly numbers across observa-
tion periods included the fixed effects of host species
and observation period, as well as the interaction across
host species and observation period. The specific cage in

which whiteflies were counted across repeated periods
was included as a random effect. The analysis was run
using the ‘nlme’ package in R version 3.6.1 (Pinheiro et al.
2020).

Adult lifespan and survival rate

The duration (in days) for which AUSI, AUSII, and B.
argentifolii adults survived on each host species was
evaluated using a GLM. The host species and observa-
tion period, as well as the interaction between host spe-
cies and observation period, were included as explanatory
variables. Differences across host species and observation
periods were compared statistically by excluding the inter-
cept. When statistical significance was detected, pairwise
multiple comparisons were made across host species using
Tukey’s Honestly Significant Difference test at P=0.05.

The adult survival for the three whitefly species on each
host plant species was evaluated every 7 days across a
63 day period. The percentage of survival for each whitefly
species was evaluated separately in relation to host species
using GLMMs followed by post hoc pairwise compari-
sons using Tukey’s Honestly Significant Difference tests.
GLMMs were run using the glmmTMB package in the
R statistical software (Brooks et al. 2017). Whitefly spe-
cies were included as a fixed effect, observation period
as a random effect, and a negative binomial error distri-
bution (“nbinom2”) for overdispersion. GLMMs for the
host plants chia, tomato, and cotton also included a log
link function. Fitting the model for the golden crownbeard
host plant evaluation required including a zero-inflation
term, and a logit link function. All whiteflies on cassava
died within 7 days and were not included in statistical
evaluations.

Oviposition rate across host plant species in no-choice tests

The oviposition rate (the number of eggs laid in the 96-h
exposure period) across all five host plant species for each
of the three whitefly species was statistically analysed using
a GLM with a quasipoisson error distributions (to account
for overdispersion). Host plant species was included as an
explanatory variable. Oviposition rates across host plant
species were compared, for each whitefly species, against
the plant species that supported the fewest eggs for that par-
ticular whitefly species. When statistical significance was
detected in comparisons across the plant species with the
lowest oviposition rate and those with relatively higher rates,
pairwise multiple comparisons across host plant species
were conducted using Tukey’s Honestly Significant Differ-
ence test at P=0.05.
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Nymphal viability and development time in no-choice tests

The number of nymphs produced in this no-choice test, and
their development time (from egg to adult), were evaluated
with independent GLMs as described for the oviposition rate
analysis (see above). Those host plant species on which no
whiteflies developed were excluded (for AUSI, this involved
cassava and tomato, and cassava was excluded for AUSII
and B. argentifolii).

Effect of developmental host species on subsequent
oviposition and hatch rates

The percentage egg hatch (proportional data) was analysed.
Each whitefly species was evaluated separately in relation to
host species, using a GLM with quasibinomial error distri-
butions with a logit link function. This analysis investigated
the interaction between percentage egg hatch and ~ host.
Statistical differences were evaluated across all five host
plant species. When statistical significance was detected,
pairwise multiple comparisons were conducted using Tuk-
ey’s Honestly Significant Difference test at P =0.05. For

the experiment on the effect of developmental host spe-
cies (number of eggs and hatch rate), the statistical signifi-
cance was determined by comparison with the ‘best’ host.
The comparisons across all ‘best’” host plants and across all
“developmental” hosts for each whitefly species were evalu-
ated. Analyses and visualizations were performed using the
ggplot package (Wickham 2009).

Results
Field survey and whitefly identities in Australia

Only few whitefly nymphs were found during the field sur-
veys, and densities of adults were low. In Darwin most adult
whiteflies were found on Abelmoschus esculentus (Malva-
ceae, okra) and in Kununurra they were relatively numerous
on various cultivated hosts in different families. All were
identified as AUSII and B. tabaci Asia II (unclassified as to
subgroup), with both usually collected from the same host
species (Table 1). The latter was, however, always in low

Table 1 Numbers of Bemisia tabaci sensu lato whiteflies collected on various host plants in Darwin (Northern Territory) and Kununurra (West-

ern Australia) in July 2017 and classified by mtCOI genotype

Place of collection Host plant

Whitefly identity No. sequenced

Family name

Scientific name

Darwin, Northern Territory Cucurbitaceae Cucumis sativus (cucumber) Asia II (unclassified)
Cucurbita sp. (pumpkin) AUSIT 2
Asia II (unclassified)
Malvaceae Abelmoschus esculentus (okra) AUSII 53
Asia II (unclassified) 1
Solanaceae Solanum lycopersicum (tomato) Asia II (unclassified) 1
Solanum melongena (eggplant) AUSI 2
Kununurra, Western Australia Cucurbitaceae Citrullus lanatus (watermelon) AUSII 12
Cucurbita maxima (Jap pumpkin) AUSIT 59
Asia II (unclassified) 3
Cucurbita maxima (Grey pumpkin) AUSIT 38
Asia II (unclassified)
Cucumis melo (rock melon) AUSII 3
Cucurbita moschata (butternut pumpkin) AUSIT 34
Cucurbita sp. AUSIT 13
Euphorbiaceae Euphorbia heterophylla (wild poinsettia) AUSIT 6
Lamiaceae Salvia hispanica (chia) AUSII 70
Asia II (unclassified) 9
Solanaceae Capsicum annuum (capsicum) AUSIT
Solanum lycopersicum AUSIT 58
Asia II (unclassified)
Solanum melongena AUSII 9

All individuals collected were genotyped. ‘Unclassified’ means that those specimens could not be assigned to one or other of the subgroups rec-
ognized for that particular B. tabaci genotype
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numbers. No specimens of AUSI or B. argentifolii were col-
lected in either locality.

In Queensland and New South Wales, the whiteflies were
mostly B. argentifolii and were found on various host plants
in several families (Table 2). Populations of AUSI, AUSII,
and Asia II (unclassified as to subgroup) were also found in
Emerald, but in low numbers. Most individuals of the native
species AUSI were found on only one host, golden crown-
beard. Few hosts harboured mixed populations of whiteflies,
but common sowthistle and Ipomoea plebeian (Convolvu-
laceae, bellvine) did so in Emerald (Table 2). In the other
localities, only B. argentifolii was collected (Table 2).

Tests for host plant-associated differentiation
across AUSII and B. argentifolii samples

In total, 96 AUSII individuals were genotyped across 11
loci from the four host plant species that had sufficient sam-
ples for analysis, including okra, tomato, Cucurbita maxima
(Cucurbitaceae, pumpkin, Jap variety), and chia. Only seven
loci were used in the analysis (four microsatellite loci were
excluded, for high null allele frequencies). In general, the

mean number of alleles per locus ranged from 7.1 to 8.3. The
observed heterozygosity (H) ranged from 0.551 to 0.604,
whereas the expected heterozygosity (Hg) ranged from 0.648
to 0.682 (Supplementary Table 1). For B. argentifolii, 115
individuals from three host plant species (cotton, common
sowthistle and Abutilon sp.) were genotyped at 11 loci. The
mean number of alleles per locus ranged from 4.1 to 5. The
observed heterozygosity (Hg) ranged from 0.488 to 0.554,
whereas the expected heterozygosity (Hg) ranged from 0.512
to 0.548 (Supplementary Table 2).

The PCA across seven microsatellite loci for AUSII (96
individuals) collected at Darwin and Kununurra indicated
no genetic variation across host plant species, with all sam-
ples grouped in one genetic cluster (Fig. 1). Similarly, B.
argentifolii collected in Queensland and New South Wales
showed no evidence of population structuring associated
with host plant species in the PCA or the structure analysis
(Fig. 2). These results suggest there is high gene flow across
populations of each of these species, even across distances
as great as 400 kms (the direct distance between Darwin and
Kununurra) for the former species, and no genetic differen-
tiation was associated with host plant species.

Table 2 Numbers of Bemisia tabaci sensu lato whiteflies collected on various host plants in Queensland and New South Wales between January

and April 2018 and classified by mtCOI genotype

Place of collection Host plant Whitefly identity No. sequenced
Family name Scientific name
Emerald, Queensland Asteraceae Lactuca serriola (prickly lettuce) B. argentifolii 1
Sonchus oleraceus (common sowthistle) B. argentifolii 45
Verbesina encelioides (golden crownbeard) AUSI 22
B. argentifolii 4
Convolvulaceae Ipomoea plebeian (bellvine) AUSIT 1
Asia II (unclassi- 1
fied)
B. argentifolii 14
Cucurbitaceae Cucurbita pepo (zucchini) B. argentifolii 8
Fabaceae Macroptilium lathyroides B. argentifolii 10
(phasey bean)
Malvaceae Abutilon theophrasti (velvetleaf) B. argentifolii 17
Gossypium hirsutum (cotton) B. argentifolii 24
Hibiscus trionum (bladder ketmia) AUSI
Solanaceae Solanum melongena (eggplant) B. argentifolii 8
Brisbane, Queensland Malvaceae Abutilon sp. (Indian mallow) B. argentifolii 20
Coleambally, New South Wales Asteraceae Sonchus oleraceus B. argentifolii 32
Darlington Point, New South Wales Asteraceae Sonchus oleraceus B. argentifolii 32
Narrabri, New South Wales Asteraceae Sonchus oleraceus B. argentifolii 32

All individuals collected were genotyped, except when sample size was large, and a subset was sequenced. These latter included the whiteflies
from cotton (n=315) in Emerald and those in the three collections from common sowthistle in New South Wales (n=299, 64, and 163, in
sequence below). Bemisia sp. (Emerald, n=12; Darlington Point, n=4) and Trialeurodes vaporariorum (Emerald, n=4; Darlington Point, n=1)
were also collected, mainly on common sowthistle. ‘Unclassified’ means that those specimens could not be assigned to one or other of the sub-

groups recognized for that particular B. tabaci genotype
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Fig. 1 Microsatellite testing of patterns of genetic variation across
host plant-associated populations of Bemisia tabaci AUSII (96 indi-
viduals) collected in Darwin (Northern Territory), and Kununurra
(Western Australia) in 2017 across four host plant species, namely
Abelmoschus esculentus (okra), Solanum lycopersicum (tomato),
Cucurbita maxima (Jap pumpkin), and Salvia hispanica (chia).
(Top) Bayesian clustering analysis performed in Structure, based on
data from seven microsatellite loci. The results are shown for K=2.
Each vertical line represents a single individual. The results suggest
no pattern of genetic differentiation across host plant species and
showed high gene flow across the two sampling areas: Darwin and
Kununurra. (Bottom) A Principal Coordinates Analysis of data from
seven microsatellite loci from 96 individuals. The first and second
axes accounted for 5 and 4.12% of the variance, respectively, indicat-
ing that AUSII collected across four host plants all belong to the same
genetic grouping

Host plant tests
Initial attraction of whiteflies and their subsequent settling

The settling patterns of AUSI, AUSII, and B. argentifolii,
after their simultaneous exposure to the same five host plant
species, were different from one another in their initial set-
tling pattern, and also subsequent to that across the time-
related counts (Fig. 3). Significant differences in numbers, of
each whitefly species and at each time interval, with respect
to their distribution across the different host plant species,
were first detected at 6 h, and then again at each remain-
ing time interval. Nevertheless, all three whitefly species
showed the strongest association with tomato, and very few
of any of the species settled on cassava. These associations
were generally statistically significant, and the species-by-
species statistical comparisons across the host plants, for
each whitefly species and each time interval, are given in
Supplementary Tables 3—10.

AUSI associated with all host plants throughout the
test, but mostly (and significantly so) settled on tomato.
AUSII was most strongly, and statistically so, associated
with tomato and golden crownbeard, with relatively few on
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Fig.2 Microsatellite testing of patterns of genetic variation amongst
host plant-associated populations of Bemisia argentifolii (155 indi-
viduals) collected in 2018 across three host plant species, namely
Gossypium sp. (cotton) (collected in Emerald, Queensland), Sonchus
oleraceus (common sowthistle) (collected in Emerald and New South
Wales (Coleambally, Darlington Point and Narrabri), and Abutilon sp.
(Indian mallow) (collected in Brisbane, Queensland)). (Top) Bayes-
ian clustering analysis performed in Structure, based on data from
11 microsatellite loci. The results are shown for K=2. Each vertical
line represents a single individual. The results indicate no pattern of
genetic differentiation across host plant species and showed high gene
flow across Queensland and New South Wales samples. (Bottom) A
Principal Coordinates Analysis of data from 11 microsatellite loci
from 155 individuals. The first and second axes accounted for 5.66
and 5.27% of the variance, respectively, indicating that B. argentifolii
collected across the three host plant species all belong to the same
genetic grouping

chia. Bemisia argentifolii was very strongly associated with
tomato, more so than the other two whitefly species, with
relatively few on other host plant species, and this was con-
sistent (and mostly statistically significant) through time.

Adult lifespan and survival rate

Host plant species had an effect on the adult life span of all
three whitefly species (Table 3). As expected, the life span
of adult AUSI, AUSII, and B. argentifolii whiteflies on cas-
sava was extremely short relative to that on the other host
plants, and mostly significantly so. That of AUSI on tomato
was also short, at about three days, and statistically was no
different from that on cassava. All three whitefly species
lived significantly longer on cotton than on any other host
plant species, at 12.3, 17.3, and 30.8 days for AUSI, AUSII,
and B. argentifolii, respectively, with the latter being sig-
nificantly different from the other two (Table 3). Also, B.
argentifolii and AUSII lived significantly longer on tomato
than did AUSI (Table 3).

For all three whitefly species, there were statistically
significant differences in whitefly survival rates across host
plant species (Fig. 4, Supplementary Table 11). During the
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Fig.3 The numbers (x+1SE) of adult whiteflies of three species in
the Bemisia tabaci complex that settled on five host plant species pre-
sented simultaneously (namely, Manihot esculenta (cassava), Salvia
hispanica (chia), Gossypium hirsutum (cotton), Verbesina encelioides
(golden crownbeard), and Solanum lycopersicum (tomato)), at inter-
vals after their release into the cage: a AUSIL, b AUSIL, and ¢ Bemi-
sia argentifolii. Adult whitefly numbers were statistically evaluated
(within species and within time intervals) with a generalized linear
mixed model (GLMM) (AUSI and AUSII, n=12, and B. argentifo-
lii, n=11 (50 whitefly individuals per replicate)). Whitefly numbers
on each species were compared against those on cassava because this
species hosted the fewest insects of each whitefly species at 0.25 h
after their introduction into cages (the earliest period in which insects
were counted). The asterisks associated with each set of bars indicate
statistical significance within that time interval and for that particular
species of whitefly (*P <0.05, **P<0.01, ***P <0.001)

63-day experiment, the survival rate on cotton was signifi-
cantly higher than on the other host plant species for all three
whitefly species through time. The relative survival across
whitefly species differed for each host species, except for

Table3 Adult life span (x+1SE) and (range) in days of AUSI,
AUSIL, and Bemisia argentifolii on each of five species of host plants

Host plants Adult life span (days)
AUSI AUSIT B. argentifolii
Cotton 123+0.83%®  173+1.144%  30.8+1.43%¢
(1-35) (1-54) (1-64)
Cassava 1.4+0.0652 1.6+0.07%2 1.7+0.0752
(1-4) (1-5) (1-5)
Tomato 3.0+0.128¢2  123+0.63%%  157+0.825°
(1-8) (1-35) (1-36)
Chia 7.1+£0.54%%  39+0.16%% 7340592
(1-24) (1-11) (1-23)
Golden crown-  6.5+0.67°>2 5940325  443+0418>
beard (1-30) (1-16) (1-22)

Adult life span was analysed by GLM (n=12 per whitefly species for
each host plant species). Statistically different means within a col-
umn are followed by different uppercase superscript, and differences
across rows are indicated by different lowercase superscript (P <0.05)

AUSI and AUSII on cotton. For example, AUSI survival on
chia was higher than that of AUSII individuals, but on cot-
ton AUSI had lower survival. All whiteflies on cassava died
within seven days, and were not included in the statistical
analyses.

Oviposition rate across host plant species in no-choice tests

All three whitefly species laid eggs on each of the five host
plant species. The oviposition and hatch rates of AUSI were
not statistically significant across host species (Table 4).
Nevertheless, the mean hatch rate was low on cotton (36.9%)
relative to that on the other species (59.1-76.0%) (Table 4).

The oviposition rate of AUSII was not significantly dif-
ferent across host species (Table 4). The highest rate was on
chia at 16.3 eggs/female, followed by tomato at 15.1 eggs/
female. A significantly greater hatch rate was observed on
tomato at 84.5%, followed by cassava (66.3%), than on
golden crownbeard (23.8%) (Table 4).

For B. argentifolii, significant differences were detected
across host species in both oviposition and hatch rate. Sig-
nificantly more eggs were laid on tomato at 25.6 eggs/female
and cotton at 19.6 eggs/female than on cassava (at 5.3 eggs/
female) (Table 4). A significantly greater hatch rate was
recorded on tomato at 84.3% than on golden crownbeard
(43.7%) and cassava (45.9%) (Table 4).

The main differences across the whitefly species were
as follows. With respect to tomato AUSI laid significantly
fewer eggs than the other two species. On chia plants, the
number was significantly highest for AUSII, and on cotton
plants B. argentifolii 1aid more eggs than AUSI, and had a
significantly higher hatch rate than the other two species.
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Fig.4 Adult survival (x+1SE) through time of three species in the
Bemisia tabaci complex: a AUSI, b AUSIL, and ¢ Bemisia argen-
tifolii on each of five host plant species (Manihot esculenta (cas-
sava), Salvia hispanica (chia), Gossypium hirsutum (cotton), Ver-
besina encelioides (golden crownbeard), and Solanum lycopersicum
(tomato)). See text for statistical comparisons

Nymphal viability and development time in no-choice tests

For all three whitefly species, no nymphs developed on
cassava and no AUSI nymphs developed on tomato. Sig-
nificantly more AUSI nymphs were produced on cot-
ton (10.7 individuals) and chia (9.1 individuals) than on
golden crownbeard at 2.7 individuals (Table 5). AUSI took
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significantly more time to develop from egg to adult on cot-
ton, at 33.2 days, than on golden crownbeard (24.4 days) or
chia (27 days), with these last two each being significantly
different from cotton in this respect (Table 5).

AUSII produced more nymphs on chia (14.9 individu-
als), followed by golden crownbeard (12.3 individuals), then
tomato (5.2 individuals), but the differences were not statisti-
cally significant (Table 5). The development time of AUSII
was similar across the host species (except for cassava), but
development time was longest on cotton at 32.1 days and
shortest on golden crownbeard (25.7 days) (Table 5).

The highest number of B. argentifolii nymphs, on aver-
age, was found on tomato (36.6 individuals) and cotton (31.5
individuals) and these were not significantly different from
one another, but chia (17.1 individuals) and golden crown-
beard (5.6 individuals) were so (Table 5). Bemisia argentifo-
lii took significantly longer to develop on golden crownbeard
(30.8 days) than on the other host plant species, although the
others were not much lower.

Effect of developmental host species on subsequent
oviposition and hatch rates

The females of all three whitefly species generally (with a
few exceptions) laid more eggs and had a better hatch rate on
the Best host plant for that species, regardless of which host
plant species on which they had developed (Table 6). AUSI
females laid more eggs on golden crownbeard (7.3 eggs/
female) than chia (1.4 eggs/female), but these results were
not significantly different from those on the Best host (cot-
ton) (Table 6). However, AUSII did show some inconsisten-
cies with the females laying more eggs and having a better
hatch rate on the Developmental host plant (tomato) than on
what had been deemed to be the Best host (Table 6). Bemisia
argentifolii 1laid more eggs and had a higher hatch rate on
its Best host plant than was achieved by the other whitefly
species on their respective Best host plant species (Table 6).

Discussion

We found at least four species belonging to the B. tabaci spe-
cies complex in Australia, namely AUSI, AUSII, B. argen-
tifolii, and B. tabaci Asia Il (unclassified as to subgroup)
(Tables 1 and 2). The genetic divergence of AUSII and B.
argentifolii is such that the microsatellite markers did not
cross-amplify well across these two species, and we had to
use a different suite of microsatellite markers for each spe-
cies. The microsatellite data revealed no evidence of genetic
structuring associated with host plant species in either B.
argentifolii or AUSII (Figs. 1 and 2). High levels of gene
flow evidently occurs across populations within each of
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Table 4 Oviposition (eggs/female) and % hatch rates (x+1SE per female) of AUSI, AUSII, and Bemisia argentifolii whiteflies confined on each
of five species of host plants after 96 h exposure

Host plants Number of eggs/female Hatch rate (%)

AUSI AUSIT B. argentifolii AUSI AUSIT B. argentifolii
Cotton 6.6+1.5144 11.4 427454 19.6+2.43ABP 36.9+9.8242 51.94+7.93ABP 71.6+2.494B0
Cassava 3.240.6744 7+0.784A¢ 5.341.430% 59.1+12.0342 66.3 +8.73B2 45.9410.914B2
Tomato 4.2+1.0942 15.1 +3.004° 25.6+4.545P 76+9.26%2 84.5+4.1382 84.3+4.6882
Chia 3.841.1844 16.3+4.174° 5.3+2.6652 64.4+9.8822 61.24+9.69AB4 56+12.61484
Golden crownbeard 4.6+1.0842 8.3+2.2542 8.2+ 1.974C 62.44+9.84%2 23.8+7.0142 437 +11.774%

Numbers of eggs were analysed by GLM with a quasipoisson error distribution (n=12 per whitefly species for each host). Hatch rate was ana-
lysed by GLM with a quasibinomial error distribution. See text for statistical model details. Statistically different means within a column are fol-
lowed by different uppercase superscript (P <0.05). Statistically significant differences across rows (evaluated separately for the Number of eggs/
female and Hatch rate) are indicated by different lowercase superscript (P <0.05)

Table 5 The number of 3rd instar nymphs (x+1SE) produced by AUSI, AUSII, and Bemisia argentifolii whiteflies, and their developmental time
from egg to adult (x+1SE days)

Host plants No. 3rd instar nymphs/replicate Development time to adult (days)
AUSI AUSIT B. argentifolii AUSI AUSIT B. argentifolii
Cotton 10.7 +3.8344 7.7 +1.6354 31.5+3.204° 33.2+0.6842 32.1+0.76%* 24.5+0.194
(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)
Cassava 0 0 0 0 0 0
Tomato 0 52424972 36.6 +6.694° 0 27.3+0.48482 24.7+0.3844
n=12) (n=12) (n=4) (n=12)
Chia 9.1+1.564B2 14.9 +3.4244 17.1+2.3980 27+0.6782 26.7+0.47482 24.8+0.46%2
(n=12) (n=12) (n=12) (n=12) (n=11) (n=12)
Golden crownbeard 2.7 +1.0854 12.3+2.914° 5.6+1.37%2 24.4+0.38B2 25.7+0.2652 30.8+0.385°
(n=12) (n=12) (n=12) (n=38) (n=10) (n=11)

Zeros indicate that nymphs did not develop on these hosts, and these treatments were excluded from the analyses. Numbers of nymphs were
analysed by GLM with a quasipoisson distribution (n=12 per whitefly species for each host plant species). Development time was analysed
by GLM with a poisson distribution (n=adult individuals). Statistically different means within a column are followed by different uppercase
superscript, and differences across rows (but independently for No. nymphs and Development time) are indicated by different lowercase super-
script (P <0.05). Comparisons across whitefly species were tested against AUSI for all host species, except for the tomato host, which was tested

against AUSII

these two species and no genetic differentiation associated
with their host plants is evident in either.

Host plant relationships across whitefly species

The results demonstrate comprehensively that the three
cryptic species of whiteflies (AUSI, AUSII, and B. argenti-
folii) differ significantly from one another in their host plant
relationships. Also, each of the three whitefly species inter-
acted in its own way with each of the five host plant species
in the laboratory, and no single measure of their interaction
really gives complete insight into their host relationships.
Nevertheless, several general conclusions can be drawn
(before we consider each species independently).

The extent to which the different host plant species
support reproduction of each whitefly species in the field
cannot yet be fully assessed, as our knowledge is not yet

sufficient. The primary host plant species of each therefore
cannot be specified with any confidence. But it is clear
that the two species believed to be indigenous to Aus-
tralia (AUSI and AUSII) are limited in the range of host
species they use, relative to B. argentifolii, and possibly
also in their geographic distribution within Australia, so
structured field sampling needs to be designed for further
quantification of these aspects (Rafter & Walter 2020).
Most published host records do not specifically mention
the presence (or otherwise) of nymphs, and our field sam-
pling returned few nymphs. The host lists that are available
may thus be inflated by the inclusion of non-reproductive
or incidental host plant species, with the latter being plants
on which the insects are found only sporadically and in
relatively low numbers. Nevertheless, incidental hosts
may well play a significant role in the survival of adults
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Table 6 Results from a test for any long-term influence of developmental host plant species on the numbers of eggs laid (x+1SE) and their %
hatch rate (x+1SE) for AUSI, AUSII, and Bemisia argentifolii whiteflies

Whitefly species Initial host No. of eggs % Hatched
Developmental host Best host Developmental host Best host
AUSI Cotton (best host) - 9.9+1.584 - 69.3 +6.548
Chia 1.4+0.34%49 5.7+1.4340 15.3+9.054 36.9+9.3042
Golden crownbeard 7.3+1.7582 9.3+1.5144 24.6+5.45%2 46.2+8.63ABP
AUSII Chia (best host) - 15.3+0.964B - 72.5+2.62A8
Cotton 11.6+1.3942 17+2.0350 42.4+6.18442 69.5+7.16A8
Tomato 16.8 £2.48A° 8.8+1.6144 79.3+5.380 57+7.8444
Golden crownbeard 10.6+2.1142 17.3+3.83B2 45.4+9.08M° 84.2+3.51BP
Bemisia argentifolii Tomato (best host) - 40.4+5.888 - 93.27 +2.80
Cotton 15.5+1.6352 27.1 +4.667B° 81.8+3.88 A 97.4+1.73A0
Chia 4407872 23.3+2.53ABb 54.3+11.66° 95.3+1.33A0
Golden crownbeard 5.942.5944 21.3+4.4040 61.9+11.76*2 86.2+8.14AP

Adult whiteflies were allowed to develop, from the egg stage, on each host species listed for the given whitefly species (the Developmental host).
A subset of adults from each of these host species was then exposed (for 96 h) to a second host plant of the same host species (i.e. the Develop-
mental host) and a second subset was simultaneously exposed to a second host plant, in this case to the best host plant for that whitefly species
(called the Best host). When the Best host was also the Developmental host, only one subset of whiteflies was exposed (to the Best host again).
Means that do not differ from one another significantly (P> 0.05) within a column (and across whiteflies species) are followed by the same
uppercase superscript, and within rows (and independently for No. of eggs and % hatched) by the same lowercase superscript (see text for statis-

tical methods) and Supplementary Table 12 for specific statistical results

when their primary host species are not available (Rafter
& Walter 2020).

We recommend that all future field host records be asso-
ciated with mtCOI sequence data of the insects recorded,
so it is possible to relate material (including nymphs) to
species in the B. tabaci complex and thus determine the
relative significance of different plant species to the ecology
of each whitefly species (e.g. Rafter et al. 2013; Silva et al.
2018). Molecular techniques also allow analysis of the gut
contents of existing collections in ethanol (Hereward and
Walter 2012). Combined with mtCOI barcode information,
this technique should help provide a more complete picture
of the host plant relationships of each species.

None of the three whitefly species we tested could use
cassava as a reproductive host (Table 5), and adult life span
on this plant was extremely short relative to that on the other
host plants (Table 3). Indeed, few individuals of any of the
three whitefly species even settled on cassava when other
hosts were available (Fig. 3). However, in single-host assays,
oviposition on cassava was not significantly different from
that on the other host plants (except for B. argentifolii), and
hatch rate on this plant was not the lowest (Table 4). Perhaps
the nymphs cannot deal with the secondary metabolites of
cassava, which include cyanogenic glucosides and flavo-
noids (Alves 2002; Douglas 2003; Prawat et al. 1995). By
contrast, the cassava-adapted cryptic species of B. tabaci
(e.g. SSA1-SG3) have a broad reproductive host range (Sse-
ruwagi et al. 2006), and their settling and reproductive rates
are higher on cassava than on other host species (Omondi
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et al., 2005; Malka et al. 2018). This contrast clearly reveals,
even further, the extent of the differential adaptations to host
plants by members of the B. tabaci species complex.

Many reports mention that B. argentifolii can use a wide
range of host plant species, but quantified data are few. Of
particular relevance from our results is that B. argentifolii
settled predominantly on tomato (Fig. 3), which is consist-
ent with the results of Jiao et al. (2012). Watanabe et al.
(2019) showed, also, that this species does well on tomato,
so it may have a strong association with this crop species.
If so, we predict this will hold across its broad geographi-
cal distribution. Also, it performs better on cabbage (var.
Jingfengl) than on poinsettia and cotton (Jiao et al. 2013).
A full understanding of the host plant relationships of this
species clearly demands a lot more work. Nevertheless, our
results and other reports of broad host plant use by B. argen-
tifolii (Oliveira et al. 2001; Simmons et al. 2008; Abd-Rabou
and Simmons 2010) help explain why this species has been
able to establish widely across different continents, and thus
become an invasive pest on many commercial crops, includ-
ing tomato, cotton, and cabbage (Oliveira et al. 2001; Wata-
nabe et al. 2019).

For AUSI, no host species really stood out, but it is
noticeable that these insects settled readily on tomato (on
which they cannot develop). Further, AUSI was found only
on golden crownbeard and only in Emerald in our surveys
(Table 2), despite it not reproducing well on this species
in the laboratory (Table 5), and despite past records from
cotton, sunflower, Euphorbia heterophylla (Euphorbiaceae,
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wild poinsettia), soybean, and common sowthistle (van
Brunschot, unpublished data). Even though AUSI performed
well on cotton as a reproductive host (Table 5) we did not
find it on cotton in the field survey (Table 2). Indeed, this
species has never been considered a pest of cotton in Aus-
tralia (unlike B. argentifolii) (De Barro et al. 2000). Our
results therefore suggest there must be one or more native
host plant species to which AUSI is adapted, and which we
did not encounter.

AUSII settled most frequently on tomato and golden
crownbeard (Fig. 3) and seems able to use multiple host spe-
cies, although these insects did not do as well as B. argen-
tifolii across the five host species tested, and especially not
on the economic crops tomato and cotton (Tables 4 and 5).
These results do, however, support field-based observations
in the early 1990s that indigenous B. tabaci populations in
northern Australia (likely AUSII) used tomato primarily as a
feeding host, and did not reproduce on it (Stonor et al. 2003).

Further field sampling and laboratory tests are clearly
needed to pinpoint the primary host species of these
whiteflies.

Competitive exclusion by invading whiteflies

The invasive B. argentifolii is said to displace native popula-
tions in the B. fabaci complex. For example, Liu et al. (2007)
reported that B. argentifolii was widespread and displaced
native species in Zhejiang (China; B. tabaci Asia Il 3) and
Queensland (Australia; AUSI). Mating interactions between
invasive and native species were suggested as the means
by which the change in species composition occurred (Liu
et al. 2007).

The results of the field surveys presented in our study
suggest that these conclusions need to be tested more rigor-
ously. Our data indicate that the focus on cotton (in China)
and common sowthistle (in Australia) is unlikely to reveal
the real cause(s) of the temporal pattern documented on one
plant species in each of these countries. It is clear that other
variables could have been influential in the changing pat-
terns recorded, mainly the host plant species that were sam-
pled for whiteflies and the number of whiteflies sequenced
for their mtCOI identity. Moreover, B. argentifolii is known
to have greater insecticide resistance than indigenous spe-
cies (Costa et al. 1993; Horowitz et al. 2005, 2020; Wang
et al. 2010), so pesticide applications could have eliminated
whiteflies other than B. argentifolii. Therefore, an interpreta-
tion based on sampling focussed on an agricultural crop (and
its associated weeds), and which does not consider insecti-
cide resistance, could lead to misinterpretation of changing
patterns of distribution across host species.

In Emerald, we found the indigenous AUSI and the inva-
sive B. argentifolii alongside one another, but on different
host plant species (Table 2), and it may well be common for

them to have different host plant relationships even when
found at the same location. The results are similar to those
of Delatte et al. (2006), who found that B. argentifolii (an
invasive species) and B. tabaci Indian Ocean (a native popu-
lation referred to as the Ms biotype) occurred together in
the same localities on the island of La Réunion, but had dif-
ferent patterns of host use. Bemisia argentifolii was found
on crops such as eggplant and cabbage, whereas B. tabaci
Indian Ocean was predominant on weeds, including painted
spurge and Lantana camara (Verbenaceae, lantana) (Delatte
et al. 2006). Recently, B. tabaci Indian Ocean was found on
La Réunion only in low numbers, mainly on weeds in non-
cultivated areas and was found to be sensitive to insecticides
(acetamiprid and pymetrozine) (Taquet et al., 2020). This
is a pattern that may well be common across the various
B. tabaci sensu lato populations globally, and this implies
that competitive interactions are unlikely to be influenc-
ing the spatio-temporal dynamics of these cryptic species
significantly.

Conclusion

Surprisingly little is known about the host plant relationships
of species within the B. fabaci species complex. This should
improve now we have reliable behavioural (Wongnikong
et al. 2020) and population genetics (see above) methods to
resolve species accurately, and to ascertain their host asso-
ciations more realistically. It is clear, though, that different
species within the complex have different host associations
from one another, and evolutionary shifts in diet breadth
have taken place within this complex of species. This is
likely to be a common phenomenon in cryptic species com-
plexes of herbivorous insects and highlights the importance
of determining species limits accurately and investigating
the host relationships of each of the species involved (Rafter
& Walter 2020). Only then will we be able to understand
the spatio-temporal dynamics of each species and interpret
how they diversified. This demands structured field sam-
pling associated with hypothesis testing in the laboratory
on each of them (Rafter & Walter 2020). In summary, each
species in such a complex presents us with its own ecologi-
cal problems.
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