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Abstract
Two cryptic species of the Bemisia tabaci species complex, MEAM1 (Middle East-Asia Minor 1) and MED
(Mediterranean), are highly destructive herbivores. Attack by herbivorous insects often induces defense
responses in plants, including the accumulation of toxic secondary metabolites, the synthesis of
herbivore-induced plant volatiles (HIPVs) and defensive proteins, and the release of volatile organic
compounds that attract natural enemies. These defense responses, which often differ depending on the
herbivore, may affect the preference and performance of later-arriving con- and heterospeci�c white�ies
that attack the same plant. In the present study, we found that MEAM1 white�ies preferred settling and
ovipositing on non-infested and MED-infested cabbage over MEAM1-infested cabbage plants, but that
MED white�ies showed no signi�cant difference in settling or oviposition preference among non-infested,
MEAM1-infested, and MED-infested plants. MEAM1 infestation increased the contents of total phenols
and �avonoids in cabbage, which coincided with the increased expression of the following genes in the
phenylpropanoid biosynthesis pathway: PAL2, C4H, and 4CL1. Soluble protein contents were also
markedly higher in the MEAM1-infested cabbage plants than in the non-infested and MED-infested
cabbage plants. Overall, these results demonstrate that previous infestation by MEAM1 and MED
white�ies induced defense responses in cabbage plants that had different effects on the host preference
and performance of later-arriving con- and heterospeci�c white�ies. Phenolic compounds may be the key
factors in�uencing host choice by MEAM1 and MED white�ies on cabbage plants. 

Key Messages
MEAM1 (Middle East-Asia Minor 1) and MED (Mediterranean) of Bemisia tabaci species complex are
two most invasive pests around the world.

Cabbage defense responses induced by MEAM1 and MED are species-speci�c and such speci�city
shape the asymmetric effects on later-arriving conspeci�cs and heterospeci�cs.

MED previous infestation facilitated later-arriving heterospeci�c MEAM1.

Cabbages previously infested by MEAM1 accumulated phenol and were more resistant to
subsequent conspeci�cs.

Phenolic compounds may be the key factor mediating asymmetric effects of pre-infestation on
subsequent host choice between MEAM1 and MED.

1. Introduction
Plants in natural environments are frequently attacked by a wide range of herbivores (Karban and
Baldwin 1997). In response, plants have developed sophisticated defense mechanisms, some of which
are expressed constitutively whereas others are induced by herbivore infestation (Walling 2000; Kessler
and Baldwin 2002; Chen 2008). The induced defenses of plants include the accumulation of secondary
metabolites that directly affect insect behavior and performance, and the emission of volatiles that
indirectly recruit natural enemies to the infested plants (Howe and Jander 2008). The combined effects of
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direct and indirect defenses provide durable resistance to a broad spectrum of arthropod herbivores in
natural ecosystems (Ferry et al. 2004). The induced responses of host plants generally depend on precise
perception of various stimulants from attackers, followed by a set of signal transduction cascades that
transcriptionally reprogram the plant to activate e�cient defense pathways (Stahl et al. 2018). Salicylic
acid (SA) and jasmonic acid (JA), two phytohormones that modulate inducible defenses, commonly
interact both synergistically and antagonistically (Beckers and Spoel 2006). The crosstalk between SA
and JA is considered an important factor that in�uences the interaction between host plants and
herbivore insects (Koornneef and Pieterse 2008). It is well established that leaf-chewing insects mainly
activated JA-dependent defenses, whereas piercing-sucking insects and biotrophic pathogens activate
SA-dependent defenses (Erb et al. 2012; Pieterse et al. 2012).

Research with many plant species has revealed a great variety of small molecules with toxic or anti-
nutritive effects on arthropod herbivores. Phenolics, for example, are well known for their toxic effects on
herbivorous insects (Close and Mcarthur 2002). They encompass a large and diverse group of aromatic
compounds, including simple phenols, phenolic acids, �avonoids, and others (Dixon et al. 2002).
Glucosinolates (GS), another main group of insect-resistant secondary metabolites in the Brassicaceae,
have been shown to confer resistance to a wide range of generalist herbivores (Hopkins et al. 2009).
Many terpenoids, the most metabolically diverse class of plant volatile organic compounds (VOCs), may
also provide a direct defense against herbivorous insects or an indirect defense by recruiting the
parasitoids and predators of herbivorous insects (Dudareva et al. 2013). In addition, well-studied classes
of plant secondary metabolites with defensive properties include alkaloids (e.g., nicotine, caffeine, and
cocaine) and defensive proteins (e.g., proteinase inhibitors, superoxide dismutase, and peroxidases)
(Mauch-Mani et al. 2017).

Adaptive strategies of plants induced by herbivorous insects also include changes in plant nutrients
(Awmack and Leather 2002; Gripenberg et al. 2010). Studies on host nutrition have mainly focused on
nitrogen (N) and phosphorus (P), which have signi�cant effects on the performance of herbivorous
insects (Lu et al. 2007; Visanuvimol and Bertram 2010). Some nitrogenous compounds, including total
amino acids, are also considered to be required for the growth and development of herbivorous insects
(Aqueel et al. 2014).

It seems likely that most plants accumulate toxic secondary metabolites as part of their induced
defenses against herbivores (Schuman and Baldwin 2016). As a result, the nutritional value of herbivore-
damaged plants may be inferior to that of non-damaged plants such that the herbivore-damaged plants
have a reduced probability of being attacked by herbivores (Kessler and Halitschke 2007). These e�cient
induced plant defenses likely impose a selection pressure on herbivorous insects, which in turn may
develop sophisticated ways to cope with plant resistance (Karban and Agrawal 2002). Increasing
evidence has revealed that some herbivores manipulate plant defenses to improve the quality of host
plants for their own bene�t (Walling 2008). For instance, some sap-sucking insects, including white�ies,
manipulate host plant metabolism by inducing SA-dependent defenses to suppress the antagonistic JA-
mediated defense pathways (Zarate et al. 2007; Zhang et al. 2013). In general, JA-dependent defenses
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play a major role in regulating the synthesis of secondary metabolites and the emission of VOCs (De
Geyter et al. 2012). As a consequence of the manipulation, plants previously infested by herbivorous
insects may become more susceptible than non-infested plants (Poelman and Dicke 2014). When two
herbivores share a host, the plant defense responses induced by the early-arriving herbivore may have
signi�cant effects on the preference and performance of the later-arriving herbivore (Stam et al. 2014).

MEAM1 (Middle East-Asia Minor 1, “B” biotype) and MED (Mediterranean, “Q” biotype), two sibling
species in the Bemisia tabaci species complex (Gennadius) (Homoptera:Aleyrodidae), are important
invasive white�ies of agriculture and horticulture crops worldwide (Oliveira et al. 2001; Dinsdale et al.
2010; Esterhuizen et al. 2013). These white�ies damage plants not only by directly sucking phloem sap
and excreting honeydew, but also by transmitting plant viruses (Inbar and Gerling 2008). Previous studies
have demonstrated that B. tabaci suppresses the most effective JA-mediated plant defenses by inducing
SA-dependent defenses in Arabidopsis, lima been, and tomato (Kempema et al. 2007; Zhang et al. 2009;
Zhang et al. 2013). Although MEAM1 and MED have developed sophisticated strategies to modulate
plant-induced resistance, there is some evidence that they differ greatly in their preference for and
performance on different host plants (Jiao et al. 2012; 2013). MEAM1, for example, has a greater
preference for cabbage plants (Brassica oleracea) than MED and performs better on cabbage plants than
MED, but the underlying mechanism is largely unexplored (Iida et al. 2009; Jiao et al. 2014).

The changes in herbivore-induced plant defenses may be qualitatively and quantitatively affected by
many factors, such as the species of attacking arthropod and its feeding guilds, or the sequence of
insects that colonize a plant (Poelman et al. 2008; Erb et al. 2011; Viswanathan et al. 2007). Considering
that MEAM1 and MED are two distinct herbivore species, we suspect that the defenses induced by
MEAM1 or MED are species-speci�c, i.e., the defenses induced by MEAM1 or by MED will have different
effects on the preference and performance of later-arriving conspeci�c vs. heterospeci�c white�ies.

In the present study, we (1) compared the settling and ovipositing choice of MED and MEAM1 on non-
infested cabbage plants (Brassica oleracea var. Jingfeng 1), MEAM1-infested cabbage plants, and MED-
infested cabbage plants; (2) determined the content of total phenolics and �avonoids and the relative
expression of genes involved in the phenolic biosynthesis pathway of cabbage leaves infested by MED or
MEAM1; and (3) assessed the main biochemical properties in MED-infested and MEAM1-infested
cabbage. We found that cabbage previously infested by MED promoted subsequent infestation by
MEAM1. Prior MEAM1 infestation, in contrast, had negative effects on later-arriving MEAM1 and MED. We
also found that the contents of total phenols and �avonoid induced by MEAM1 and MED differ
signi�cantly, which may mediate the preference and performance of later-arriving conspeci�cs and
heterospeci�cs. These results reveal that MEAM1 and MED, even though they have similar feeding
modes, tend to induce different defensive responses in cabbage plants and therefore can be expected to
have asymmetric effects on each other’s performance. This new information should assist in the
development of pest management strategies.

2. Materials And Methods
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2.1 Insects and host plants
The MEAM1 cryptic species of B. tabaci was originally collected from cabbage (Jingfeng 1) in 2004, and
the MED cryptic species of B. tabaci was originally obtained from poinsettia (Euphorbia pulcherrima) in
2008 in Beijing. The two species were maintained on tomato (Lycopersicon esculentum var. Zhongza 9)
in separate greenhouses. For use in experiments and assays, stock cultures of MEAM1 and MED were
maintained on tomato in separate insect-proof screened cages (60 × 60 × 60 cm) in the laboratory at 23 
± 2°C, 60 ± 10 % RH, and a 14L:10D photoperiod. The identity and purity of the cultures were monitored
every 2–3 generations using the random ampli�ed polymorphic DNA-polymerase chain reaction (RAPD-
PCR) technique (Chu et al. 2007). Cabbage (Jingfeng 1) was grown from seed in a greenhouse at 23 ± 
2°C and with natural lighting. Two weeks after seeds were sown, seedlings were transplanted into 5-cm-
diameter plastic pots (one seedling per pot). All the plants were fertilized once each week, and all plants
were free from pests and pathogens. When they had six main leaves, plants of similar size were selected
for the experiments. The experiments included three treatments with cabbage plants: MEAM1-infested
plants, MED-infested plants, and non-infested plants. Infested plants were obtained by attaching two clip-
cages per plant with 50 MEAM1 or MED white�ies per clip-cage. The non-infested cabbage plants were
treated in the same manner, but white�ies were not added to the clip-cages. After the cabbage plants were
infested (or not infested) by MEAM1 and MED white�ies for 72 h, they were selected for the settling and
oviposition preference experiment (Sect. 2.2), for chemical analysis (Sect. 2.3), and for gene expression
analysis (Sect. 2.4).

2.2 Settling and oviposition preference of MEAM1 and MED white�ies on non-infested, MEAM1-infested,
and MED-infested cabbage plants

An experiment concerning white�y settling and oviposition preference was conducted as described by
Jiao et al. (2012, 2014). In brief, three cabbage plants (one plant from each treatment) were placed in a
screen cage (60 × 60 × 60 cm). The three cabbage plants (MEAM1-infested, MED-infested, and non-
infested) were arranged in the form of an even-sided triangle with 20-cm sides so that their leaves did not
touch. About 200 MEAM1 or MED white�ies were collected between 07:00–08:00 h and released from an
aspirator into the center of the screen cage above the plant canopy. The aspirator sampling bottle
containing white�ies was held inside a clear plastic tumbler that hung at the center of the cage about 30
cm above the plant canopy. The white�ies moved to the open top of the sampling bottle and �ew away to
approach the plants from above. The number of white�ies on each plant was determined after 12, 24, 36,
48, 60, 72, 84, 96, 108, and 120 h. To prevent white�ies from moving between leaves and different plants
during counting, the white�ies were counted under dim light just before 07:00 and just after 19:00. At the
end of the settling assay, all leaves from each cabbage plant were removed and a dissecting microscope
was used to determine the number of eggs laid (an indicator of oviposition preference) on each replicate
plant. For each white�y species, the settling and oviposition preference experiment was replicated six
times.
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2.3 Chemical analysis of non-infested, MEAM1-infested,
and MED-infested cabbage plants
Cabbage plants were infested with MEAM1 and MED white�ies or were not infested as described in
Sect. 2.1. After the cabbage plants were infested or not infested for 72 h, leaves adjacent to the clip cages
were selected for chemical analysis. A 15-g sample (fresh weight) of leaves was collected from each of
three replicate plants of each treatment. About one-third of each sample was dried at 80oC for 72 h in a
drying oven and was used for determination of total phenol and �avonoid contents. Another one-third of
each sample was not dried and was used for determination of free protein and total amino acid contents.
Total phenol, �avonoids, free protein, and total amino acids were assayed according to the reagent label
directions (Nanjing jiancheng Ltd. Co., Nanjing, Jiangsu Province, China). The �nal one-third of each
sample was dried at 80oC for 72 h and was used for determination of total nitrogen (N) and phosphorus
(P) with a CNH analyzer (Model ANCA-nt; Europa Elemental Instruments, Okehampton, UK). The measure
of each biochemical component was repeated �ve times for each treatment.

2.4 Gene expression analysis of non-infested, MEAM1-
infested, and MED-infested cabbage plants
Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) was used to determine the
effects of the three treatments on the relative expression levels of the following marker genes in the
phenylpropanoid biosynthesis pathway: PAL2 (Phenylalanine ammonia lyase 2), C4H (Cinnamate
hydroxylase), 4CL1 (4-coumarate CoA ligase 1), and CHI (Chalcone isomerase). Infested and non-infested
cabbage plants were obtained as described in the previous sections. Leaves were obtained as described
in Sect. 2.3, and total RNA was extracted from the leaves using TRIzol Reagent (Invitrogen) following the
manufacturer’s instructions. A 2-µg quantity of total RNA was used for cDNA synthesis, and 1 µl of 20-
times-diluted cDNA served as a template for a 20-µl qRT-PCR that used the Hieff UNICON® Power qPCR
SYBR Green Master Mix (Yeasen Biotech) and the Applied Biosystems 7300 real-time PCR system. The
sequences of speci�c primers used for each gene are indicated in Table 1. Actin was used as a reference
gene. There were four technical replicates for each reaction, and the data were analyzed by the 2−ΔΔCt

method (Schmittgen and Livak 2008). Relative expression levels were log-transformed, and the effects of
the treatments were separately tested for each gene using one-way ANOVAs; when ANOVAs were
signi�cant (P < 0.01), treatment means were compared with a post-hoc test.
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Table 1
The sequences of speci�c primers used for qPCR.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

PAL2 AGTTCACCGATCATCTAACG CTAGCTTCATGTACGAGCTT

C4H GCCGTTCCTTAGAGGCTACTTG CCTCGTTGATCTCTCCCTTCTGTT

4CL1 GAGGTGTAAAGTGACGGTTGCTC AGCACCAGATTTCACAACCCTAA

CHI CGGAGAACTGTGTGGCGATA AGAGCGAAGAGGATGGATGC

Actin CTATTGAGCATGGTGTTGTGAGC TAGCTGGAGAGTTGAAGGTTTCG

2.5 Statistical analyses
SPSS (version 13.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Homogeneity of
variance and normality were checked using the Levene test and the Shapiro–Wilk test, respectively. For
each white�y species, the effects of the three treatments on settling preference among were tested by a
repeated-measures ANOVA (RMANOVA). For each white�y species, the effects of the three treatments on
female oviposition preference were tested with a one-way ANOVA. The effects of the treatments on the
biochemical components (total phenol, �avonoids, total amino acid, soluble protein, total N, and total P)
and on the relative expression of genes in the phenylpropanoid biosynthesis pathway were determined
with one-way ANOVAs. Tukey’s test was used to separate means when the effect of treatment was
signi�cant.

3. Results
3.1 Settling and oviposition preference of MEAM1 and MED white�ies as affected by prior infestation by
conspeci�c or heterospeci�c white�ies

MEAM1 white�ies preferred settling (RMANOVA, F2,15=4.677, P = 0.026, Fig. 1A) and ovipositing (one-way
ANOVA, F2,15=3.784, P = 0.047, Fig. 2A) on the non-infested and the MED-infested cabbage plants over the
MEAM1-infested cabbage plants. However, there were no signi�cant differences in the settling preference
(RMANOVA, F2,15=0.755, P = 0.487, Fig. 1B) or oviposition preference (one-way ANOVA, F2,15=0.585, P = 
0.569, Fig. 2B) of MED white�ies among the three treatments.

3.2 Biochemical properties of non-infested, MEAM1-
infested, and MED-infested cabbage plants
The total phenol content (one-way ANOVA, F2,12=96.406, P < 0.001; Fig. 3A), �avonoid content
(F2,12=12.599, P < 0.001; Fig. 3B), and soluble protein content (F2,12=8.169, P = 0.006; Fig. 4A) were
markedly higher in the MEAM1-infested than in the non-infested and MED-infested cabbage plants.
However, there were no signi�cant differences in the contents of total amino acids (F2,12=2.36, P = 0.137;
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Fig. 4B), total N (F2,12=0.340, P = 0.718; Fig. 4C), or total P (F2,12=0.415, P = 0.670; Fig. 4D) in the cabbage
plants among the three treatments.

3.3 Relative expression level of marker genes in the phenylpropanoid biosynthesis pathway in non-
infested, MEAM1-infested, and MED-infested cabbage plants

After 72 h of infestation, the transcript levels of PAL2 (F2,6=231.510, P < 0.001; Fig. 5A), C4H
(F2,6=106.204, P < 0.001; Fig. 5B), and 4CL1 (F2,6=92.201, P < 0.001; Fig. 5C) were signi�cantly higher in
MEAM1-infested cabbage plants than in the non-infested and MED-infested cabbage plants. However,
there were no differences in the expression levels of CHI (F2,6=1.390, P = 0.319; Fig. 5D) among the three
treatments.

4. Discussion
Herbivore-induced defenses are important aspects of plant-insect interactions. By using a combination of
behavioral assays, molecular analysis, and chemical analysis in the current study, we determined the
effects of cabbage plant defensive responses on the preference and performance of MEAM1 and MED
white�y species that commonly coexist in the �eld. The behavioral assays showed that MEAM1 avoided
settling and ovipositing on MEAM1-infested cabbage plants and preferred to settle and oviposition on
cabbage plants that were non-infested or previously infested by MED. MED females showed no settling or
oviposition preference among non-infested, MED-infested, and MEAM1-infested cabbage plants. In
addition, the high levels of total phenols and �avonoids induced by MEAM1 were consistent with the
increased expression of PAL2, C4H, and 4CL1 genes, which are markers of the phenylpropanoid
biosynthesis pathway. It seems likely that phenolic compounds may mediate the asymmetric effects of
preinfestation on subsequent host choice between MEAM1 and MED. Our results suggest that the
herbivore-induced defenses in cabbage differ between MEAM1 and MED and that infestation by early-
arriving species could facilitate or hamper the later-arriving con- and heterospeci�cs.

Previous studies have con�rmed that plants previously exposed to MEAM1 become less suitable for later-
arriving herbivores, which experience lower survival rates and reduced population growth. For example,
survival of the aphid Myzus persicae was lower on tobacco plants previously infested by MEAM1
nymphs than on non-infested tobacco plants (Xue et al. 2010). Similarly, the survival of nymphs of the
white�y Trialeurodes vaporariorum was lower on tomato plants previously infested with MEAM1 than on
non-infested tomato plants (Zhang et al. 2014). In the present study, MEAM1 preferred to settle on
cabbage plants previously infested by MED over MEAM1-infested plants. Our results indicate that
cabbage plants infested with MEAM1 had detrimental effects on subsequent conspeci�cs. This reduced
settling of MEAM1 on MEAM1-infested plants may result from the accumulation of toxic secondary
metabolites induced by MEAM1. Infestation by MEAM1, for instance, signi�cantly increased the activity
of host defensive enzymes and reduced M. persicae survival and fecundity on tobacco (Zhao et al. 2015).
Attack by MEAM1 caused collards to accumulate high levels of pathogenesis-related proteins that are
considered to provide defense against larvae of the cabbage looper (Inbar et al. 1999).
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Glucosinolates (GS), the main insect-resistant secondary metabolites in the Brassicaceae, have been
shown to confer resistance to a wide range of generalist herbivorous insects. However, accumulating
evidence indicated that GS in general has limited effect on the performance of piercing-sucking insects,
including white�y and aphid (Li et al. 2021; Yang et al. 2020; De Vos and Jander 2009). Our previous
results have shown that phenolics, insect-resistant secondary metabolites produced by different plants,
are the key factor that mediate the host choice of MEAM1 and MED on cabbage (Yang et al. 2020). In the
current study, biochemical assays indicated that the contents of total phenols, including �avonoids, were
signi�cantly higher in MEAM1-infested cabbage plants than in MED-infested or non-infested cabbage
plants. The high level of total phenols and �avonoids is consistent with the increased expression of PAL2,
C4H, and 4CL1 genes, which are markers of the phenylpropanoid biosynthesis pathway. These �ndings
are consistent with the studies of Cui et al. (2012), who reported that previous infestation by MEAM1
decreased the nutrient contents and increased the total phenolics in tomato plants and thereby reduced
the �tness of later-arriving white�ies. Similarly, 20 days of infestation by MEAM1 nymphs induced
signi�cant increases in the phenolic contents in wild tobacco plants (Zhang et al. 2017).

In addition to using visual cues, white�ies use speci�c herbivore-induced plant volatiles (HIPVs) as cues
for host selection (Darshanee et al. 2017). It is well established that HIPVs may repel herbivorous insects
(Rodriguez-Saona et al. 2003). When attacked by Heliothis virescens, for instance, tobacco plants release
several volatile compounds that are highly repellent to conspeci�c female moths; the compounds are
released only at night, which is when the female moths are active (De Moraes et al. 2001). Hatano et al.
(2015) found that DMNT, a key plant volatile induced by Spodoptera littoralis larvae, suppressed the
sexual behaviors of both males and females of S. littoralis. Our current results indicate that MEAM1
showed a strong avoidance of cabbage plants that were previously colonized by conspeci�cs, which is
likely to be mediated by the effects of HIPVs on later-arriving herbivores. Contrary to our results, Silva et
al. (2021) reported that tomato plants infested by MEAM1 release a blend of HIPVs that might facilitate
subsequent infestation by conspeci�cs. In another study, infestation by MEAM1 white�ies caused the
host tomato plants to release an inducible blend of volatiles that primed SA-dependent defenses and that
suppressed JA-dependent defenses, thus rendering neighboring tomato plants more susceptible to late-
arriving conspeci�c white�ies (Zhang et al. 2019). This unexpected result could be explained by plant
species-speci�c volatiles functioning as key early components leading to expression of defense
responses (Holopainen 2004). Additional research is needed to determine whether HIPVs differ
qualitatively and quantitatively when cabbage plants are infested by MEAM1 and MED, and whether such
differences affect host choice and performance of later-arriving herbivores.

Besides the phenolics and HIPVs, the defensive proteins in herbivore-infested plants also have direct
effects on later-arriving herbivores. Proteinase inhibitors (PIs), which impair digestive proteases in the
insect midgut, have been well studied for their role in plant defense responses (Koiwa et al. 1997). In
comparison with the native spider mite Tetranychus urticae, for instance, the invasive spider mite T.
evansi can suppress the induction of PIs in tomato plants, and consequently, both spider mites performed
much better on plants previously infested by the invasive spider mite than on plants previously infested
by the native spider mite or on previously non-infested plants (Sarmento et al. 2011). Cabbage infested
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by MEAM1 could induce the elevated activity of defensive enzymes, such as superoxide dismutase (SOD)
and peroxidases (POD), which subsequently deter the cabbage butter�y Pieris rapae (Zhang et al. 2013).
Our results showed that the content of free proteins was markedly higher in the MEAM1-infested cabbage
plants than in the other two treatments. It seems likely that the free proteins may function as defensive
proteins. This possibility might partly explain why MEAM1-infested cabbage plants reduce the settling
and performance of later-arriving conspeci�c white�ies.

Invasive white�y species are thought to have various strategies to suppress plant defenses. For example,
laccase 1 (LAC1) in the saliva of MED could help the white�y overcome the host defenses (Yang et al.
2017). Infestation by white�ies suppressed the JA-regulated volatile emissions induced by spider mites in
lima bean and thereby reduced the attraction of predatory mites (Zhang et al. 2009). Among the species
complex of B. tabaci, MED increases plant susceptibility to attack by later-arriving herbivorous insects. A
recent study found that Bt56, a newly discovered salivary effector in MED, can manipulate plant defenses
by activating the SA signaling pathway in order to suppress the JA defense pathway (Xu et al. 2019). Su
et al. (2018) reported that infestation by MED reduces tomato terpenoid and �avonoid pro�les and that
MED white�ies tended to aggregate on conspeci�c-infested plants. Our present results indicate that
cabbage plants previously infested by MED facilitate subsequent attack by MEAM1. These results are in
line with the results of Kong et al. (2016), who reported that a signi�cantly higher proportion of MEAM1
settled and oviposited on MED-infested than on non-infested cabbage plants. The observed effects on
the preference and performance of white�ies are consistent with the changes in plant secondary
metabolites that play key roles in plant defense against herbivores. In our assays, infestation by MED
failed to induce the accumulation of total phenols and �avonoids in cabbage plants. In addition, there
were no signi�cant differences in expression levels of PAL2, C4H, and 4CL1 genes between the MED-
infested plants and the non-infested plants, indicating that MED did not trigger such a defensive response
in cabbage plants. Unlike infestation by MEAM1, infestation by MED did not increase the contents of total
phenols and �avonoids in cabbage plants, which may contribute to the enhanced performance of
MEAM1 on plants previously infested by MED.

Host suitability for herbivores is also affected by nutritional quality (Schwachtje and Baldwin 2008). Our
biochemical analysis showed that there were no signi�cant differences in the contents of total amino
acids, total N, and total P in non-infested, MEAN1-infested, and MED-infested cabbage plants, indicating
that those host nutrients cannot explain why prior infestation by MEAM1 or MED had different effects on
the host preference and performance of later-arriving con- and heterospeci�c white�ies. Contrary to our
results, infestation by MEAM1 resulted in decreased levels of free amino acids in tomato plants, which
reduced the �tness of later-arriving white�ies (Cui et al. 2012). These con�icting results might be
explained by difference in the plant species used in the two studies. Another possible explanation for the
lack of apparent effects of infestations on host nutrients in the current study is that cabbage plants may
have developed more sophisticated mechanisms to balance the trade-offs between growth and defense
(Huot et al. 2014).
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In the current study, although more MED settled on non-infested than on infested cabbage plants, MED
did not show any preference for settling or ovipositing on MED-infested vs. MEAM1-infested cabbage
plants. This result could have at least two explanations. First, the lack of preference may be due to
differences in the degree of host specialization. According to the neural constraints hypothesis, generalist
herbivores differ from specialists in being de�cient in decision-making and in choosing high-quality food
(Bernays 1999; Bernays and Minkenberg 1997; Gripenberg et al. 2010). Although both MEAM1 and MED
are generalist herbivores, MEAM1 may be more “specialized” than MED (Jiao et al. 2018). Consistent with
the reports of Jiao et al. (2012; 2013; 2014), it seems likely that the ability to distinguish between low-
quality and high-quality plants may be weaker in MED than in MEAM1. We speculate that MEAM1
white�ies may be more sensitive to host plant quality than MED white�ies. Second, cabbage may be a
more suitable host for MEAM1 than MED. A number of studies have documented that MEAM1
outperforms MED on cabbage (Iida et al. 2009; Sun et al. 2013; Pan et al. 2015; Cui et al. 2017). EPG data
also indicates that cabbage is a better host for MEAM1 than MED (Liu et al. 2012; Hu et al. 2019). In
addition, it should be noted that the greater variation in cabbage choice by MED than by MEAM1 may to
some extent indicate that cabbage is more suitable for MEAM1 than for MED.

In summary, our results provide new insights into the species-speci�c changes in host-plant metabolism
elicited by different herbivores. From an ecological perspective, we found that MED infestation early in
the season may facilitate later colonization of cabbage plants by heterospeci�c MEAM1. In addition,
previous infestation by MEAM1 may render the cabbage more resistant to later-arriving conspeci�cs.
Phenolic compounds may be the key factor that mediates the asymmetric effects of pre-infestation on
subsequent host choice between MEAM1 and MED. The latter inference is supported by the changes in
the expression levels of several marker genes that affect the contents of phenolic compounds in
cabbage. From a practical perspective, it is promising for us to employ molecular breeding programs to
increase the accumulation of phenolic compounds in the plants, which reduce the infestation of herbivore
insects. The results also allow us to infer the sequence of attacks of cabbage when both MEAM1 and
MED are present, which could assist in the development of pest-management strategies.
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Figure 1

Host choices (as indicated by settling) of MEAM1 (A) and MED (B) cryptic species of Bemisia tabaci on
non-infested (CK), MEAM1-infested, and MED-infested cabbage plants. Values are means + SE.
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Figure 2

Egg-laying choices of MEAM1 (A) and MED (B) cryptic species of Bemisia tabaci on non-infested (CK),
MEAM1-infested, and MED-infested cabbage plants. Values are means + SE. Means with different letters
are signi�cantly different (P< 0.01).
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Figure 3

Contents of total phenols (A) and �avonnoids (B) in non-infested (CK), MEAM1-infested, and MED-
infested cabbage plants. Values are means + SE. Means with different letters are signi�cantly different (P
< 0.01).
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Figure 4

Contents of free proteins (A), total amino acids (B), total nitrogen (C), and total phosphorus (D) in non-
infested (CK), MEAM1-infested, and MED-infested cabbage plants. Values are means + SE. Means with
different letters are signi�cantly different (P < 0.01).
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Figure 5

Relative expressions of the genes PAL2 (A), C4H (B), 4CL1 (C), and CHI (D) in non-infested (CK), MEAM1-
infested, and MED-infested cabbage plants. Values are means + SE. Means with different letters are
signi�cantly different (P < 0.01).


