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ABSTRACT Diaphorina citri Kuwayama (Hemiptera: Psyllidae), a vector of huanglongbing (citrus
greening disease), exhibits three more or less distinct abdominal colors in the adult stage: gray/brown,
blue/green, and orange/yellow. A previous report showed that, relative to blue/green individuals,
gray/brown individuals of both sexes have lower body mass, and gray/brown females may have lower
reproductive output. In the present investigation, we directly examined the relationships between
female and male abdominal color and reproductive output. We also assessed how psyllid body mass
was influenced by transfer to fresh plant material and how female and male abdominal color affected
behavioral responses of males to crushed females in a petri dish assay. Relative to blue/green females,
gray/brown females exhibited lower fecundity over the first 2-5 d after mating, but fecundity did not
differ over the remainder of a 21-d observation period. Regardless of abdominal color, females mated
with gray/brown males showed an earlier, sharper peak in fecundity, whereas females mated with
blue/green males showed a later, more gradual peak in fecundity. Gray/brown males elicited lower
egg fertility in their mates, but egg fertility did not vary according to female abdominal color.
Males—irrespective of abdominal color— exhibited stronger evidence of attraction to crushed blue/
green females than to crushed gray/brown females. Gray/brown individuals of both sexes showed an
increase in body mass 5-6 d after transfer to a new citrus seedling, suggesting that abdominal color

(which is closely related to body mass) may be influenced at least in part by plant quality.
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The psyllid Diaphorina citri Kuwayama (Hemiptera:
Psyllidae) is a pest of worldwide importance that vec-
tors phloem-limited bacteria (Candidatus Liberib-
acter spp.) responsible for huanglongbing (citrus
greening disease) (Halbert and Manjunath 2004,
Hung et al. 2004, Bové 2006). D. citri was first found in
Florida in June 1998 (Tsai et al. 2000) and is now
established throughout the state’s citrus-growing re-
gions (Michaud 2004). Although feeding and/or ovi-
position may result in direct damage to plant tissue
(Michaud 2004), the primary economic importance of
the psyllid is transmission of huanglongbing, one of the
world’s most serious diseases of citrus (Bové 2006).
Infected citrus trees produce unmarketable fruit and
may ultimately die from the disease (Halbert and
Manjunath 2004, Bové 2006). Huanglongbing was first
detected in southern Florida in August 2005 (Halbert
2005) and has been confirmed in 32 counties as of
August 2008 (UF/IFAS 2008). In Florida, Candidatus
Liberibacter asiaticus is the only bacterial agent of the
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disease and D. citri the only competent vector known
to occur. Trioza erytreac (Del Guercio) is an Old
World vector of huanglongbing that is not found in the
United States (Bové 2006). Detailed investigations
into the biology, behavior, and ecology of D. citri may
ultimately lead to improved monitoring and manage-
ment strategies for this pest of worldwide economic
importance.

Variation in body color has been described in nu-
merous species within the superfamily Psylloidea, in-
cluding Cacopsylla midoriae (Miyatake) (Inoue 2004);
Cacopsylla elegans Inoue (Inoue 2004) ; Cacopsylla chi-
nensis (Yang & Li) (Yang et al. 2004); Agonoscena
pistaciae Burckhardt & Lauterer (Mehrnejad and
Copland 2005); and the pear psylla, Cacopsylla pyri-
cola (Forster) (Wong and Madsen 1967, Krysan and
Higbee 1990), as well as in many species in the family
Aphididae (Araya et al. 1996; Watt and Hales 1996;
Stoetzel and Miller 1998, 2001; Nevo and Coll 2001;
Toros et al. 2003). This variation is may be associated
with different seasonal forms, endosymbionts (Weis-
graber et al. 1971, Jenkins et al. 1999), or (in some
aphids) genetically distinct morphs (Araya et al. 1996,
Langley et al. 2006). Body color for some species may
vary over time within individuals (Jenkins et al. 1999,
Nevo and Coll 2001 ). Based on previous work (Husain
and Nath 1927, Skelley and Hoy 2004, Wenninger and
Hall 2008a), we recognize three more or less discrete
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color classifications in the abdominal color of adult D.
citri: gray/brown, blue/ green, and orange/ yellow. Ab-
dominal color in D. citri may change over the life of an
individual (Wenninger and Hall 2008a) and thus
seems not to represent morphotypes that are exclu-
sively determined genetically or seasonal morpho-
types as are found in many sternorrhyncan species in
more temperate climates.

Many hemipteran and lepidopteran insects exhibit
agreen or blue/green color due to a mixture of yellow
pigment (including carotenoids) and blue bile pig-
ment, which may be present in the epidermal cells
and/or the hemolymph of insects (Cromartie 1959,
Barbier 1981, Law and Wells 1989, Saito et al. 1998).
Although the early presumptions that blue/green col-
oration in insects derived from accumulation of chlo-
rophyll have not been supported (Wall 1933, Barbier
1981), the biosynthetic pathways of bile pigments
have yet to be fully clarified. The biological signifi-
cance of variation in body pigmentation also is not
fully understood. In aphids that show genetically
based color variation, body color has been found to be
associated with differences in developmental and re-
productive rates (Araya et al. 1996), resistance to
parasitism (Ankersmit et al. 1981, 1986), and attack
rates by natural enemies (Losey et al. 1997, Libbrecht
et al. 2007).

Previously, Wenninger and Hall (2008a) showed
that gray/brown individuals of both sexes in D. citri
have lower body mass relative to blue/green individ-
uals and found suggestive evidence of lower repro-
ductive output in gray/brown females. In the present
investigation, we directly examine whether female
fecundity and egg fertility are related to female and
male abdominal color. We also explore whether psyl-
lid body mass changes after psyllids held individually
on a seedling are transferred to fresh plant material.
Finally, we investigate whether behavioral responses
of males to crushed females in a petri dish assay vary
according to male and female abdominal color, which
may inform efforts to identify the putative female sex
pheromone (Wenninger et al. 2008). The goal of these
studies was to clarify further the reproductive biology
and ecology of D. citri in relation to abdominal color.

Materials and Methods
Rearing and Housing Psyllids. All adult psyllids used

in mating experiments and body mass experiments
(see below) were collected as fifth-instar nymphs
from a laboratory colony reared on Murraya panicu-
lata (L.) Jack at the United States Horticultural Re-
search Laboratory (USHRL), as described by Hall et
al. (2007). We transferred nymphs individually to
‘Duncan’ grapefruit (Citrus paradisi Macfayden)
seedlings (two- to three-leaf stage) caged in plastic
vial containers, described in Wenninger and Hall
(2007). Briefly, each cage consisted of a 52-mm-tall
vial, modified as an open-ended cylinder with a foam
plug used to stopper the top opening and two venti-
lation holes on the sides; individual cages were slipped
over a seedling grown in a cone-shaped planting con-
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tainer. Psyllids were held in an environmental cham-
ber at 26°C, 60% RH, and photoperiod of 14:10 (L:D)
h, which resulted in 70-80% RH inside the vials. Light
intensity (from fluorescent lights) just above the plas-
tic vial containers was ~3,200 lux.

Psyllids used in behavioral assays (see below) were
obtained from a laboratory colony at the University of
Florida Citrus Research and Education Center
(CREC) maintained on sour orange (Citrus aurantium
L.) and ‘Hamlin” orange (C. sinensis [L.] Osbeck), as
described by Wenninger et al. (2008). Fifth-instar
nymphs were collected from this culture and placed in
groups of 40-50 on seedlings uninfested previously by
psyllids. These plants were isolated from the parental
culture within individual plastic cylinders with fine-
mesh screen lids. The nymphs were checked daily to
determine the day of adult eclosion, and emerging
adult psyllids were segregated by sex and transferred
individually to flushing Hamlin seedlings. These plants
were isolated as described above. To obtain mated
psyllids, pairs of sexually mature adult (3-5 d old)
males and females were established and maintained on
plants for 24-48 h before initiation of behavioral as-
says (Wenninger et al. 2008).

Mating Experiment. Adult psyllids were examined
daily over the 2-3 d preceding the establishment of
female/male pairs and assigned to one of two color
categories—gray/brown or blue/green—based on
the color of the ventral side of the abdomen (see
Wenninger and Hall 2008a). Orange/yellow abdom-
inal color, which is associated with the production of
eggs and (in older males) the visibility of internal
reproductive organs (Wenninger and Hall 2008a), is
not considered in the current investigation. Changes
in abdominal color of females over the course of the
experiment were not examined because females typ-
ically take on an orange/yellow coloration after mat-
ing (Wenninger and Hall 2008a), which obscures any
underlying blue/green or gray/brown coloration. To
initiate mating treatments, males were gently coaxed
onto the bristles of a small paintbrush and transferred
to a vial that housed a female. Mating pairs were
established just before the onset of photophase, and
males were removed after 48 h. All psyllids used in
experiments were 4 -8 d posteclosion at the establish-
ment of treatments; by 4 d of age, male and female D.
citri are reproductively mature, and females typically
begin laying eggs on the same day they are mated
(Wenninger and Hall 2007). On the day mating treat-
ments were initiated, mean = SEM female age was
6.7 = 0.2 and 6.3 = 0.3 d for blue/green and gray/
brown females, respectively. Female age at mating did
not differ as a function of abdominal color (¢ = 1.01,
df = 30, P = 0.320).

Over a period of 21 d at 2- to 3-d intervals after
initiation of treatments, each mated female was trans-
ferred to a new grapefruit seedling. Seedlings were at
approximately the same growth stage and had flush
growth (immature leaves as described by Hall and
Albrigo 2007) available for oviposition. Seedlings at
the three-leaf stage were pruned to one leaf ~4-6 d
before use in experiments, which typically yielded
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flush at the ideal stage for oviposition. For each female,
nine transfers to new seedlings were made, resulting
in nine egg “batches” collected. Any females that died
before the sixth batch were excluded from analyses.
We collected eight replicates of each of the four pair-
wise combinations of females and males of gray/
brown or blue/green abdominal color (n = 32 total
sample size).

After transferring females to new seedlings, the
number of eggs found on each seedling was counted.
Every 2-3 d thereafter for 1 wk, any nymphs that
hatched were counted and removed. Seedlings with
eggs were held in an environmental chamber as de-
scribed above under Rearing and Housing of Psyllids,
but the vial enclosure was removed and a ring of
petrolatum was added to the base of the seedling stem
to isolate nymphs on the plant. Egg fertility was cal-
culated as the proportion of eggs laid in a given batch
that hatched (i.e., the number of nymphs collected
divided by the total number of eggs laid).

Body Mass Experiment. To assess whether psyllid
body mass (which is related to abdominal color; Wen-
ninger and Hall 2008a) was affected by transfer to
fresh plant material, we performed the following ex-
periments. Virgin adults age 5-7 d of either gray/
brown or blue/green abdominal color were obtained
from the USHRL colony as described above, and the
mass of each psyllid was measured to the nearest 0.01
mg. Before handling, psyllids were anesthetized by
exposure to carbon dioxide for 8-10 s. Psyllids were
then transferred to a new grapefruit seedling and re-
turned to the environmental chamber (as described
above). After 5-6 d, the mass of each psyllid was
recorded again in the same manner. We collected 15
replicates for each sex and abdominal color combina-
tion, except for gray/brown males in which we were
only able to obtain nine individuals. Changes in ab-
dominal color from gray/brown to blue/green after
transfer to new plants could not be readily assessed
because most females took on an orange/yellow color
due to the production of ova (E.JJW., unpublished
data; Wenninger and Hall 2008a).

Crushed Female Behavioral Assay. The objective of
this study was to determine the effect of psyllid ab-
dominal color on male response to a putative female-
produced sex attractant pheromone. Behavioral evi-
dence for a sex attractant in D. citri has been
established (Wenninger et al. 2008). Separate exper-
iments were conducted to evaluate the response of
blue/green males to gray/brown or blue/green fe-
males (n = 30 males tested to each female morpho-
type) or gray/brown males (n = 20) to each type of
female. Mated adult psyllids were obtained from the
CREC colony described above 5-10 d after adult
emergence, because previous experiments showed
that mated females are more attractive to males of
either mating status compared with virgin females
(Wenninger et al. 2008). All experiments were con-
ducted in closed petri dishes (100 by 15 mm, diame-
ter X height) containing one piece of Whatman no. 1
filter paper (90 mm in diameter) on the lower surface.
The assay was initiated by crushing four females of the
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same morphotype near the edge of the filter paper
with a glass rod. Female psyllids were crushed so as to
fit within a premarked 5-mm-diameter circle. Imme-
diately thereafter, one male psyllid was introduced
into the petri dish onto a premarked area 70 mm away
from where the females were crushed on the opposite
edge of the filter paper, and the petri dish was covered
with a translucent lid to begin observations. The assays
were conducted under 1,000-1,500 lux in a room at
26°C and 60% RH. Each male psyllid within the petri
dish was observed under a stereomicroscope for 15
min or until contacting and subsequently leaving the
5-mm-diameter area of crushed females. The data re-
corded were 1) percentage of males that moved from
the point of insertion, 2) the latency time to first
movement by those males leaving the insertion point,
3) percentage of males that contacted crushed fe-
males, 4) closest distance of approach of those males
that did not contact the crushed females, and 5) time
spent contacting crushed females for those males mak-
ing contact. For those males not contacting females,
the closest position in relation to the crushed females
was marked on the lid of the petri dish with a felt-
tipped pen and measured with a ruler at the end of the
15-min observation period.

Data Analysis. To examine the effects of female
and male abdominal color on the number of eggs
laid per female per day over each of the nine times
that eggs were collected, we used repeated mea-
sures analysis of variance (ANOVA) with first order
autoregressive covariance structure. The model in-
cluded the interaction between the two main effects
as well as between each main effect and the time
factor. The number of eggs laid per day was square-
root transformed to achieve normality and equal
variance. The effects of treatment and time on egg
fertility (arcsine transformed) were analyzed sim-
ilarly with repeated measures ANOVA. Where
ANOVA showed significant differences, Tukey’s
pairwise comparisons tests were conducted to dis-
criminate among means.

For each sex and abdominal color combination in
the body mass experiment, we compared the initial
and final mass measurements using paired t-tests. We
also used t-tests to compare the gain in mass between
psyllids of different abdominal color, separately for
males and females.

We used chi-square tests to compare the percentage
of males of a given morphotype moving from the
insertion point in response to gray/brown versus
blue/green females as well as contacting the area of
gray/brown versus blue/green crushed females. To
compare the latency time to first movement (of those
males responding) and the closest distance of ap-
proach (of those not making source contact), in re-
sponse to gray/brown versus blue/green females,
means were compared using -tests. The significance
level for all analyses was set at @ = 0.05. Results are
presented as mean + SEM. All statistical analyses were
performed using SAS (SAS Institute 2002).
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Table 1. Repeated measures ANOVAs comparing number of & 60 ] | | |
eggs that female D. citri laid per day (square-root transformed) or g
egg fertility (arcsine transformed) as a function of female and male =50 - > Graylbrown_|
abdominal color over nine successive batches of eggs collected f_é 0 @ Blue/green
540 i
Source of variation dfe F P 230l _
b=l
No. of eggs laid per female per day 0L _
Female abdominal color 1,432 15 0.231 §
Male abdominal color 1,432 0.9 0.339 w5 10 - =
Successive egg batch collected” 8,184 163  <0.0001 LN | A A A
Female abdominal color X male 1, 46 0.07 0.796 0 5 10 15 20 25
abdominal color Days after establishing treatments
Female abdominal color X egg batch 8, 184 4.2 0.0001 . .
Male abdominal color X egg batch 8, 184 3.8 0.0003 Fig. 2. Mean number of eggs laid per female per day over
Egg fertility the nine successive egg batches collected, separated by male
Female abdominal color 1,407 058 0.452 abdominal color. Additional notes as in Fig. 1.
Male abdominal color 1, 40.4 71 0.011
Successive egg batch collected” 8, 183 11.8 <0.0001
Fe:k‘)"‘dls I:}’n‘i‘l"::l‘o‘l color X male 1,426 003 0.857 fecundity in the sixth batch of eggs collected; the
Female abdominal color X egg batch 8,183 044 0896 number of eggs that females laid did not differ signif-
Male abdominal color X egg batch 8,182 11 0.371 icantly between females mated to gray/brown versus

“ PROC MIXED in SAS may use an approximation of the denom-
inator df, which may result in df given with decimal places.
b Eggs were collected at nine 2- to 3-d intervals after mating,

Results

Mating Experiment. The number of eggs that fe-
males laid per day did not differ as a function of either
male or female abdominal color alone nor by the
interaction between the main effects; however, fe-
cundity varied significantly as a function of the suc-
cessive egg batch collected (the time factor in the
repeated measures analysis) and the interaction be-
tween each main effect and the time factor (Table 1).
Specifically, blue/green females laid significantly
more eggs per day than did gray/brown females over
the first two batches of eggs collected, but thereafter
the differences were not significant (Fig. 1). Gray/
brown males yielded significantly higher fecundity in
their mates in the second batch of eggs collected,
whereas blue/green males yielded significantly higher
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Fig. 1. Mean number of eggs laid per female per day over
the nine successive egg batches collected, separated by fe-
male abdominal color. Females at 4-8 d of age were paired
with a male for 48 h, and eggs were collected at 2- to 3-d
intervals after mating. Data were square-root transformed for
analysis, but untransformed values are shown here. Error
bars represent standard error. For a given batch of eggs
collected, an asterisk indicates a significant difference in
mean eggs laid per female per day between individuals of
gray/brown and blue/green abdominal color. See Table 1 for
full analysis.

blue/green males for any of the other batches (Fig. 2).
Overall, gray/brown males yielded an earlier, sharp
peakin fecundity in their mates with a decline thereafter,
whereas females mated to blue/green males showed a
more gradual rise and fall in fecundity (Fig. 2).

Egg fertility did not differ according to female ab-
dominal color (Fig. 3), nor were any of the interaction
terms significant (Table 1). Instead, egg fertility varied
significantly over time and was also significantly af-
fected by male abdominal color (Table 1; Fig. 4). Total
egg fertility over the 21-d observation period was sig-
nificantly higher for females that mated with blue/
green males (65.1 = 3.4%) relative to females that
mated with gray/brown males (47.8 = 3.6%; Table 1).
Regardless of psyllid abdominal color, egg fertility
remained around 80% through the third or fourth
batches of eggs collected (=~7-10 d after establishing
treatments) and then declined Figs. 3-4). However,
egg fertility declined more gradually in females mated
to blue/green males (Fig. 4).

Body Mass Experiment. Both gray/brown and blue/
green females showed a significant increase in body
mass after transfer to new seedlings (Table 2); how-
ever, the difference between final and initial mass
measurements was significantly (t = 3.32, df = 28, P =
0.003) greater for gray/brown females (0.172 = 0.03
mg; mean 37.2% increase) than for blue/green females
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Fig. 3. Mean egg fertility per female over the nine suc-
cessive egg batches collected, separated by female abdominal
color. Data were arcsine transformed for analysis, but un-
transformed values are shown here. Additional notes as in
Fig. 1.
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Fig. 4. Mean egg fertility per female over the nine suc-
cessive egg batches collected, separated by male abdominal
color. Additional notes as in Figs. 1 and 3.

(0.057 = 0.02 mg; mean 11.1% increase). Gray/brown
males also showed a significant increase in body mass
after transfer to new seedlings, but blue/green males
did not (Table 2). For males, the difference between
final and initial mass measurements was not significant
(t=1.71,df = 22, P = 0.102) for gray/brown (0.053 =
0.01 mg; mean 12.4% increase) versus blue/green
(0.021 = 0.01 mg; mean 4.6% increase) individuals.

Crushed Female Behavioral Assay. Overall, re-
sponses were similar for gray/brown and blue/green
males, with males showing evidence of greater attrac-
tion to blue/green females than gray/brown females.
Every male that we observed in the blue/green female
assays moved from the point of insertion, whereas a
smaller percentage of males moved when assayed with
gray/brown females; however, the difference was sig-
nificant only for gray/brown males (Table 3). For
both gray/brown and blue/green males, individuals
took significantly longer to begin moving (of those
that did move during the observation period) when
assayed with gray/brown females (Table 3). For both
male color categories, a significantly higher percent-
age of males contacted the crushed females when
assayed with blue/green females; none of the males
observed made contact with crushed gray/brown fe-
males (Table 3). Gray/brown males spent 7.4 + 2.6 s
in contact with crushed blue/green females, and blue/
green males spent 8.4 = 2.1 s in contact with crushed
blue/green females. Of the males that did not make
contact with crushed females, males moved signifi-
cantly closer to females when assayed with blue/green
females compared with males assayed with gray/
brown females (Table 3).

Table 2.

ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA

Vol. 102, no. 3

Discussion

Here, we show that individual variation in abdom-
inal color in D. citri is related to reproductive output
in both males and females as well as to the apparent
attractiveness of females to males. For both sexes,
gray/brown individuals exhibited lower reproductive
output relative to blue/green individuals. However,
the specific relationships between abdominal color
and reproductive output differed markedly between
the sexes.

Gray/brown females laid fewer eggs in the first days
after mating, but ~1 wk after being paired with a male,
the number of eggs that females laid did not differ
between gray/brown and blue/green females. Overall
fecundity did not differ according to female abdom-
inal color over the course of the experiment, and all
females were laying few eggs per day by the end of our
21-d observation period, suggesting that continued
observations would not yield further differences in
fecundity. Egg fertility did not differ as a function of
female abdominal color, but it did decline over the
observation period. The declines in fecundity and egg
fertility after a brief pairing with one male are con-
sistent with previous data showing that female D. citri
require multiple matings to maintain high reproduc-
tive output (Wenninger and Hall 2008b). The body
mass experiment was conducted to test whether the
sharp increase in fecundity of gray/brown females ~1
wk after pairing was related to being transferred to a
new plant every 2-3 d, which was necessary given the
high number of eggs that most females laid. Both
gray/brown and blue/green females showed an in-
crease in body mass, which was almost certainly due
at least in part to the production of ova. However,
gray/brown females gained more mass than blue/
green females, suggesting that they may have been
adding body mass from feeding on new plant material
and/or were producing more ova than blue/green
females—presumably having started with fewer ova.

In the aphid Sitobion avenae (F.), which apparently
exhibits hereditarily stable, genetically based color
variation, developmental and population growth rates
varied between different color morphs (Araya et al.
1996). Hougardy and Mills (2008) reported slight dif-
ferences in reproductive output in different color
morphs in the walnut aphid, Chromaphis juglandicola
(Kaltenbach), but the underlying causes a color vari-
ation in this species remain to be investigated. Data on

Comparisons of initial and final (after 5-6 d) mass of individual female or male D. citri of either gray/brown or blue/green

abdominal color when transferred to a new grapefruit seedling after the initial mass measurement

Abdominal

Mean * SEM (mg)

Sex . n t” P
color* Initial mass Final mass
Female Gray/brown 15 0.487 = 0.02 0.659 + 0.02 6.69 <0.0001
Female Blue/green 15 0.550 = 0.02 0.607 = 0.03 2.49 0.026
Male Gray/brown 9 0.437 = 0.02 0.490 = 0.02 3.72 0.006
Male Blue/green 15 0.478 = 0.01 0.499 = 0.01 1.72 0.108

“ Represents initial abdominal color, which may have changed before final mass measurement was recorded.
b Initial and final mass measurements were compared using paired i-tests.
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Table 3.

females of either gray/brown or blue/green abdominal color
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Comparisons of mean responses in petri dish assays of individual male D. citri (separated by abdominal color) to crushed

Mean = SEM
Variable Gray/brown Blue/green Test statistic P
females females
Gray/brown males
% of males that moved from insertion point 40.0 100.0 X =51 0.02
Time (s) to first movement (of males that moved) 625.9 + 146.5 321.7+97.3 t=40 0.09
% of males that contacted females 0.0 40.0 X =90 0.003
Closest distance (mm) of males that did not contact females 72+ 45 152 = 3.8 t=26.4 0.001
Blue/green males
% of males that moved from insertion point 67.7 100.0 X =20 0.157
Time (s) to first movement (of males that moved) 606.1 = 71.6 246.3 = 51.6 t=185 <0.0001
% of males that contacted females 0.0 53.3 X’ =160 <0.0001
Closest distance (mm) of males that did not contact females 394 *+5.0 19.6 £ 4.5 t=82 0.007

n = 20 for gray/brown males and n = 30 for blue/green males.

individual variation in body color in insects are scarce,
but body color in Aphis gossypii Glover was shown to
be correlated with nitrogen fertilization regimes of
host plants (Nevo and Coll 2001). All seedlings used
in our experiments were under the same fertilization
regime and were matched as far as possible for size,
degree of flush, and overall visually observable quality,
so—although it is clear that gray/brown females ben-
efited from being transferred to a new plant—it re-
mains uncertain whether variation in plant quality
plays a role in influencing abdominal color and body
mass in D. citri. Complementary experiments in which
the mass was recorded in gray/brown females that
were maintained on their initial seedling rather than
being transferred to new seedlings were unsuccessful
because most females died before the second mass
measurement could be recorded (E.J.W., unpublished
data). These data suggest that psyllids may be nega-
tively affected by continuous feeding on the same
seedling, though whether gray/brown abdominal
color is the result of continuous feeding on a seedling
or gray/brown individuals are more negatively af-
fected by continuous feeding on a seedling remains to
be clarified. It is noteworthy that gray/brown adult
females generated from our rearing system (described
under Rearing and Housing Psyllids) were relatively
rare (=~5%), but as many as 50% of adults collected
from the field or directly from our laboratory colony
may be gray/brown (Wenninger and Hall 2008a;
E.JW., unpublished data). We speculate that high
densities of immature psyllids on a plant may reduce
plant quality—at least locally on a given shoot—re-
sulting in a higher proportion of individuals that ex-
hibit gray/brown abdominal color as adults. Feeding
damage caused by immature and adult D. citri results
in malformation or complete abscission of shoots and
leaves (Michaud 2004), presumably related to the
injection of salivary toxins, as has been suggested for
other hemipteran species (e.g., Backus et al. 2005, Liu
et al. 2006, Nissinen et al. 2007). Other factors, includ-
ing endosymbionts, genetic predisposition, or plant
micronutrient levels might contribute as well.

The differences in reproductive output between
gray/brown and blue/green males were more com-
plex than for females. Females mated with gray/

brown males showed an earlier, sharper peak in fe-
cundity as well as lower total egg fertility relative to
females mated with blue/green males. These patterns
are reminiscent of different sperm precedence strat-
egies in which amale (in this case, a gray/brown male)
might transfer more ovulation stimulants, oviposition
stimulants, and/or other accessory gland products in
his ejaculate that enhance his relative fertilization
success at the expense of the female’s overall fitness
(Chapman et al. 1995, Simmons 2001, Gillot 2003).
Given that females require multiple matings to
achieve high reproductive output (Wenninger and
Hall 2008b), it may be advantageous for a male to
stimulate a high oviposition rate in his mate before she
mates with additional males. How these different pro-
posed reproductive strategies might be related to male
abdominal color is unknown. Gray/brown males
gained mass after being transferred to a new seedling,
suggesting that gray/brown males may have lower
nutrient reserves and, therefore, also benefit from
feeding on fresh plant material, as is the case with
gray/brown females.

Trrespective of male abdominal color, males re-
sponded differently to gray/brown versus blue/green
females. When assayed with blue/green females,
males were generally more likely to move from their
point of insertion in the petri dish and showed a
shorter latency to first movement. Males also moved
closer to females and were more likely to make contact
with females when assayed with blue/green females.
Wenninger et al. (2008) found behavioral evidence
for a female-produced sex attractant, and the data
presented here suggest that the putative sex phero-
mone may be produced in greater quantities by blue/
green relative to gray/brown females. Given the lower
initial fecundity of gray/brown females observed
here, it may not be surprising that males would show
greater evidence of attraction to blue/green females.
Future work aimed at identifying the putative sex
pheromone of D. citri should focus on mated females
(see Wenninger et al. 2008) and/or females of blue/
green abdominal color.

The data presented here show that the color vari-
ants observed in D. citri by Husain and Nath (1927),
Skelley and Hoy (2004), and Wenninger and Hall
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(2008a) represent nontrivial morphological variation.
Variance in abdominal color is associated with repro-
ductive output in both sexes and with attractiveness of
females to males. Husain and Nath (1927) speculated
that differences in abdominal color in D. citri reflected
the contents of the abdomen, and Wenninger and Hall
(2008a) further speculated that abdominal color
might be associated with the quantity or quality of
food ingested. That gray/brown individuals of both
sexes gained mass when transferred to new seedlings
suggests that psyllids derived some benefit from the
transfer. Future work should be aimed at clarifying
the underlying mechanisms of the development and
maintenance of gray/brown abdominal color, in-
cluding the possible role of salivary secretions
and/or effects of high local intraspecific competi-
tion on host plant quality.

Acknowledgments

For technical assistance, we thank Kathy Moulton, Carrie
Kahr (USDA-ARS, U.S. Horticultural Research Laboratory,
Fort Pierce, FL), Ian Jackson, Angel Hoyte, and Wendy
Meyer (Citrus Research and Education Center, Lake Alfred,
FL). We are grateful to Jorge Pefia and Ebenezer Onagbola
for helpful suggestions on the manuscript.

References Cited

Ankersmit, G. W., T. M. Acreman, and H. Dijkman. 1981.
Parasitism of colour forms in Sitobion avenae. Entomol.
Exp. Appl. 29: 362-363.

Ankersmit, G. W., C. Bell, H. Dijkman, N. Mace, S. Rietstra,
J. Schroeder, and C. De Visser. 1986. Incidence of par-
asitism by Aphidius rhopalosiphi in colour forms of the
aphid Sitobion avenae. Entomol Exp. Appl. 40: 223-230.

Araya, J. E., S. E. Cambron, and R. H. Ratcliffe. 1996. De-
velopment and reproduction of two color forms of
English grain aphid (Homoptera: Aphididae). Environ.
Entomol. 25: 366-369.

Backus, E. A., M. S. Serrano, and C. M. Ranger. 2005. Mech-
anisms of hopperburn: an overview of insect taxonomy,
behavior, and physiology. Annu. Rev. Entomol. 50: 125-
151.

Barbier, M. 1981. The status of blue-green bile pigments of
butterflies, and their phototransformations. Experientia
37: 1060-1062.

Bové, J. M. 2006. Huanglongbing: a destructive, newly-
emerging, century-old disease of citrus. J. Plant Pathol. 88:
7-37.

Chapman, T., L. F. Liddle, J. M. Kalb, M. F. Wolfner, and L.
Partridge. 1995. Cost of mating in Drosophila melano-
gaster females is mediated by male accessory gland prod-
ucts. Nature (Lond.) 373: 241-244.

Cromartie, R.LT. 1959. Insect pigments. Annu. Rev. Ento-
mol. 4: 59-76.

Gillot, C. 2003. Male accessory gland secretions: modulators
of female reproductive physiology and behavior. Annu.
Rev. Entomol. 48: 163-184.

Halbert, S. 2005. The discovery of huanglongbing in Flor-
ida, p. 50. In Proceedings of the 2nd International Citrus
Canker and Huanglongbing Research Workshop, 7-11
November 2005, Florida Citrus Mutual, Orlando, FL.

Halbert, S. E., and K. L. Manjunath. 2004. Asian citrus psyl-
lids (Sternorrhyncha: Psyllidae) and greening disease of

ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA

Vol. 102, no. 3

citrus: a literature review and assessment of risk in Flor-
ida. Fla. Entomol. 87: 330-353.

Hall, D. G., and L. G. Albrigo. 2007. Estimating the relative
abundance of flush shoots in citrus, with implications on
monitoring insects associated with flush. HortScience 42:
364 -368.

Hall, D. G, S. L. Lapointe, and E. J. Wenninger. 2007.
Effects of a particle film on biology and behavior of
Diaphorina citri (Hemiptera: Psyllidae) and its infesta-
tions in citrus. J. Econ. Entomol. 100: 847-854.

Hougardy, E., and N. J. Mills. 2008. Comparative life history
and parasitism of a new colour morph of the walnut aphid
in California. Agric. For. Entomol. 10: 137-146.

Hung, T.-H., S.-C. Hung, C.-N. Chen, M.-H. Hsu, and H.-J. Su.
2004. Detection by PCR of Candidatus Liberibacter asi-
aticus, the bacterium causing citrus huanglongbing in
vector psyllids: application to the study of vector-patho-
gen relationships. Plant Pathol. (Oxford) 53: 96-102.

Husain, M. A., and D. Nath. 1927. The citrus psylla (Dia-
phorina citri, Kuw.) [Psyllidae: Homoptera|. Memoirs of
the Department of Agriculture in India, Entomological
Series 10: 1-27.

Inoue, H. 2004. Descriptions of two new and one little
known species of the genus Cacopsylla (Hemiptera: Psyl-
lidae) on Sorbus japonica (Rosaceae) and an observation
of their biology. Entomol. Sci. 7: 399-413.

Jenkins, R. L., H. D. Loxdale, C. P. Brookes, and A.F.G.
Dixon. 1999. The major carotenoid pigments of the
grain aphid, Sitobion avenae (F.) (Hemiptera: Aphidi-
dae). Physiol. Entomol. 24: 171-178.

Krysan, J. L., and B. S. Higbee. 1990. Seasonality of mating
and ovarian development in overwintering Cacopsylla
pyricola (Homoptera: Psyllidae). Environ. Entomol. 19:
544 -550.

Langley, S. A., K. J. Tilmon, B. J. Cardinale, and A. R. Ives.
2006. Learning by the parasitoid wasp, Aphidius ervi
(Hymenoptera: Braconidae), alters individual fixed pref-
erences for pea aphid color morphs. Oecologia (Berl.)
150: 172-179.

Law, J. H., and M. A. Wells. 1989. Insects as biochemical
models. J. Biol. Chem. 264: 16335-16338.

Libbrecht, R., D. M. Gwynn, and M.D.E. Fellowes. 2007.
Aphidius ervi preferentially attacks the green morph of
the pea aphid, Acyrthosiphon pisum. J. Insect Behav. 20:
25-32.

Liu, D., L. Johnson, and J. T. Trumble. 2006. Differential
response to feeding by the tomato/potato psyllid be-
tween two tomato cultivars and their implications in es-
tablishment of injury levels and potential of damaged
plant recovery. Insect Sci. 13: 195-204.

Losey, J. E., A. R. Ives, ]. Harmon, F. Ballantyne, and C.
Brown. 1997. A polymorphism maintained by opposite
patterns of parasitism and predation. Nature (Lond.) 388:
269 -272.

Mehrnejad, M. R., and M.J.W. Copland. 2005. The seasonal
forms and reproductive potential of the common pista-
chio psylla, Agonoscena pistaciae (Hem., Psylloidea).
J. Appl. Entomol. 129: 342-346.

Michaud, J. P. 2004. Natural mortality of Asian citrus psyllid
(Homoptera: Psyllidae) in central Florida. Biol. Control
29: 260-269.

Nevo, E., and M. Coll. 2001. Effect of nitrogen fertilization
on Aphis gossypii (Homoptera: Aphididae): variation in
size, color, and reproduction. J. Econ. Entomol. 94: 27-32.

Nissinen, A., P. Vanhala, J. K. Holopainen, and K. Tilikkala.
2007. Short feeding period of carrot psyllid (Trioza api-
calis) females at early growth stages of carrot reduces



May 2009

yield and causes leaf discoloration. Entomol. Exp. Appl.
125: 277-283.

Saito, H., H. Yamada, and Y. Kato. 1998. Isolation and partial
characterization of chromoprotein from the larval hemo-
lymph of the Japanese oak silkworm (Antheraea yama-
mai). Com. Biochem. Physiol. B 119: 625-630.

SAS Institute. 2002. SAS procedure’s guide, version 9. SAS
Institute, Cary, NC.

Simmons, L. W. 2001. Sperm competition and its evolution-
ary consequences in the insects. Princeton University
Press, Princeton, NJ.

Skelley, L. H.,, and M. A. Hoy. 2004. A synchronous rearing
method for the Asian citrus psyllid and its parasitoids in
quarantine. Biol. Control 29: 14-23.

Stoetzel, M. B., and G. L. Miller. 1998. Aphids (Homoptera:
Aphididae) colonizing peach in the United States or with
potential for introduction. Fla. Entomol. 81: 325-345.

Stoetzel, M. B., and G. L. Miller. 2001. Aerial feeding aphids
of corn in the United States with reference to the root-
feeding Aphis maidiradicis (Homoptera: Aphididae). Fla.
Entomol. 84: 83-98.

Toros, S., I. Ozdemir, and H. Canakcioglu. 2003. The Betula
aphids of Turkey. Anz. Schaedlkd. 76: 173-175.

Tsai, J. H, J. J. Wang, and Y. H. Liu. 2000. Sampling of
Diaphorina citri (Homoptera: Psyllidae) on orange jes-
samine in southern Florida. Fla. Entomol. 83: 446 -459.

[UF/IFAS] University of Florida / Institute of Food and
Agricultural Sciences. 2008. Citrus Greening (Huan-
glongbing). (http://greening.ifas.ufl.edu).

Wall, R. E. 1933. A study of color and color-variation in
Aphis gossypii Glover. Ann. Entomol. Soc. Am. 26: 425
463.

WENNINGER ET AL.: ABDOMINAL COLOR AND REPRODUCTION IN D. citri

483

Watt, M., and D. F. Hales. 1996. Dwarf phenotype of the
cotton aphid, Aphis gossypii Glover (Hemiptera: Aphidi-
dae). Aust. J. Entomol. 35: 153-159.

Weisgraber, K. H., R. J. Lousberg, and U. Weiss. 1971. The
chemical basis of the color dimorphisms of an aphid,
Macrosiphum liriodendri (Monell), and a locust, Ambly-
corypha sp. novel carotenoids. Experientia 27: 1017-1018.

Wenninger, E. J., and D. G. Hall. 2007. Daily timing of
mating and age at reproductive maturity in Diaphorina
citri (Hemiptera: Psyllidae). Fla. Entomol. 90: 715-722.

Wenninger, E. J., and D. G. Hall. 2008a. Daily and seasonal
patterns in abdominal color in Diaphorina citri
(Hemiptera: Psyllidae). Ann. Entomol. Soc. Am. 101: 585-
592.

Wenninger, E. J., and D. G. Hall. 2008b. Importance of
multiple mating to female reproductive output in Dia-
phorina citri (Hemiptera: Psyllidae). Physiol. Entomol.
33: 316-321.

Wenninger, E. J., L. L. Stelinski, and D. G. Hall. 2008. Be-
havioral evidence for a female-produced sex attractant in
Diaphorina citri Kuwayama (Hemiptera: Psyllidae). En-
tomol. Exp. Appl. 128: 450-459.

Wong, T.T.Y., and H. F. Madsen. 1967. Laboratory and field
studies on the seasonal forms of pear psylla in northern
California. J. Econ. Entomol. 60: 163-168.

Yang, M.-M., J.-H. Huang, and F. Li. 2004. A new record of
Cacopsylla species (Hemiptera: Psyllidae) from pear or-
chards in Taiwan. Formosan Entomol. 24: 213-220.

Received 16 June 2008; accepted 28 October 2008.




