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Abstract

The psyllid Aphalara itadori Shinji (Hemiptera: Psyllidae) is a biocontrol agent against in-
vasive knotweed species (Polygonaceae) in Europe and North America. Despite an exten-
sive release program, successful establishment of the agent has never been confirmed.
The slow establishment of A. itadori in its introduced range appears to be predominantly
the result of nymphal mortality, either through desiccation, predation, or the adaptation
of captive populations to low-stress environments. In 2016, CABI UK collected a new line
of psyllids from Murakami, Niigata Prefecture, in Japan, where it was observed causing
severe leaf-roll galling on one of the many varieties of native knotweeds. The induction of
leaf-roll galls by Murakami psyllids on invasive Bohemian knotweed, Reynoutria x bohem-
ica, has the potential to alleviate some or all of the observed nymphal mortality factors.
We conducted a series of growth chamber experiments to explore the psyllid behaviors
that initiate leaf-roll galls, and the ways in which the galls might benefit the psyllids and in-
hibit invasive knotweed. Reynoutria x bohemica exposed to A. itadori for 4 weeks suffered
reduced stem elongation and leaf area compared to control plants. Artificial leaf-roll galls
were consistently utilized by developing A. itadori nymphs, and contributed to their sur-
vival. Leaf-roll galling in R. X bohemica was predominantly initiated by early instar nymphs
of A. itadori, and only occurred when leaves were attacked at a very early stage in their de-
velopment. Our results can inform the knotweed biocontrol program in several key ways.
Releases of A. itadori should be timed so that developing nymphs have access to newly
emerging leaves. Monitoring efforts at release sites should focus on the growing tips of
R. x bohemica, where the highly mobile nymphs appear to migrate. Finally, our results
provide motivation to seek additional lines of A. itadori that may affect other invasive
knotweed species in similar ways.
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psyllids was collected by CABI UK from the Murakami pre-
fecture in Japan, where it was observed causing severe

The psyllid Aphalara itadori Shinji (Hemiptera: Psyllidae)
is a biocontrol agent against invasive knotweed species
(Polygonaceae) in Europe and North America. Releases of
the insect date back to 2010; however, neither confirmed
population establishment or significant impacts on the
weed have ever been achieved. In 2019, a new line of the

leaf-roll galling on a hybrid knotweed species. This charac-
teristic leaf damage has since been consistently observed
in laboratory-reared colonies on Reynoutria x bohemica (D
Kurose & STE Lommen, unpubl. data). We conducted a se-
ries of growth chamber experiments to explore the psyllid
behaviors that initiate leaf-roll galls and the ways in which
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LEAF-ROLL GALLING IN INVASIVE KNOTWEED

the galls might benefit the psyllids and inhibit invasive
knotweed.

The invasive knotweed complex consists of Japanese
knotweed, Reynoutria japonica (Houtt.) Ronse Decraene,
giant knotweed, Reynoutria sachalinensis (F. Schmidt) Ronse
Decraene, and hybrid forms known as Bohemian knotweed,
R. x bohemica. The genus Reynoutria is more commonly
known as Fallopia in North America. In their invasive range
(North America, Europe, New Zealand, and Australia) knot-
weed species negatively affect native plant diversity through
intense light competition (Maurel et al., 2010), leaf litter ac-
cumulation (Aguilera et al., 2010), and through the produc-
tion of allelopathic chemicals (Dommanget et al., 2014).
Reduced plant diversity in the presence of invasive knot-
weeds (Siemens & Blossey, 2007; Urgenson et al., 2009;
Murrell et al., 2011) leads to changes in arthropod assem-
blages (Beerling & Dawah, 1993; Kappes et al., 2007; Gerber
etal., 2008; Mclver & Grevstad, 2010), soil properties, and nu-
trient cycling (Dassonville et al., 2007; Aguilera et al., 2010).
In addition to their ecological impacts, invasive knotweed
species cause significant damage to infrastructure, as their
vigorous root systems can grow through compromised
concrete and asphalt (Shaw & Seiger, 2002). The economic
impacts of invasive knotweed are difficult to estimate; how-
ever, in the UK it is thought that annual management costs
exceed £165m (Williams et al., 2010). Management of inva-
sive knotweed through conventional means has seen little
success (Kabat et al., 2006). The use of chemical herbicides
is prohibitively expensive at the scale of the invasion, and
is complicated by the propensity of the weed to invade ri-
parian sites where herbicide application is often restricted.
Manual removal of knotweed species is extremely labor
intensive and largely ineffective as the plants readily com-
pensate for partial mowing, and recover quickly unless the
robust root systems are removed (Martin et al., 2020). Classi-
cal biological control represents the best hope for long-term
sustainable management of these highly invasive weeds.

Aphalara itadori is a psyllid native to Japan, Korea, and
the Kurile and Sakhalin islands (Burckhardt & Lauterer, 1997).
Female A. itadori lay up to 700 eggs under laboratory con-
ditions, and the resulting nymphs pass through five instars,
developing from eggs to adults in around 33 days at 23 °C
(Shaw et al., 2009). The psyllids overwinter as adults and
appear not to have highly specific winter habitat require-
ments. Successful overwintering has been observed in
both Europe and North America (Clewley & Wright, 2014; RS
Bourchier, unpubl. data). Two biotypes of the psyllid were
initially collected from the native range, one from Kyushu
in southern Japan (southern biotype) in 2004, and the other
from the northern Japanese island of Hokkaido (northern
biotype) in 2007 (Shaw et al., 2009; Grevstad et al., 2013). Ex-
tensive host range testing was carried out for A. itadori, and
both biotypes were found to be specific to the knotweed
complex (Grevstad et al., 2013). The Kyushu biotype was
released in the UK in 2010, becoming the first classical bio-
control agent to be released for an invasive plant in Europe
(Djeddour & Shaw, 2011; Shaw et al., 2011). Releases began in

Canadain 2014, and in the USA in 2020. In Canada, for exam-
ple, more than 230000 A. itadori adults have been released
across 26 sites in British Colombia, Alberta, and Ontario as
of 2021 (Jones & Bourchier, 2023). Despite this extensive re-
lease program, successful establishment of the agent over
multiple growth seasons has not been observed.

The slow establishment of A. itadori in its introduced
range appears to be predominantly the result of nymphal
mortality, either through desiccation (Hodkinson, 2009;
Fung et al., 2020), predation, or the adaptation of captive
populations to low stress environments (Jones et al., 2020).
In addition to nymphal mortality, climatic mismatches may
also have hindered the establishment of A. jitadori in its in-
troduced range (Grevstad et al., 2022). The Kyushu biotype,
in particular, is a less-than-ideal climate match for the in-
troduced range, with MaxEnt species distribution model-
ling showing no climate similarities between Kyushu and
A. itadori release sites in Eastern North America (Andersen
& Elkinton, 2022). CABI researchers returned to the native
range in 2019 to collect a new line of psyllids that might be
a better climatic match for the introduced range based on
CLIMEX modeling (CABI reports, unpubl. data). The psyllids
that were collected from central Japan (Murakami prefec-
ture) have been found to consistently produce leaf-roll galls
in R. x bohemica (Camargo et al., 2022). These galls have the
potential to alleviate all of the mortality factors that have
hampered the success of previous lines on A. itadori.

Many psyllid species induce galls on the leaves of their
hosts (Hodkinson, 1984; Burckhardt, 2005), and these galls
vary in their complexity from simple leaf rolls, to complex
two-tier galls, such as those produced by Phacopteron len-
tiginosum Buckton on the leaves of Garuga pinnata Roxb.
(Raman, 1987). In Japan, the native range of A. itadori,
around 45 species of psyllids representing 19 genera and
three families are known to produce leaf galls (Yukawa &
Masuda, 1996; Yang & Raman, 2007), but relatively little is
known about the process by which these galls develop, or
their ecology. What little is known about psyllid-induced
galls, globally, suggests significant variation in both the
mechanisms of their development, and the subsequent
ways in which galls are used by the insects. Psyllids in the
family Triozidae, for example, elicit galling through the feed-
ing of a single first instar which settles on a stomatal aper-
ture on the abaxial surface of the leaf. The resulting galls
tend to house only a single individual (Raman, 1991; Raman
et al. 1996). Conversely, the psyllid Diaphorina truncata Cra-
ford induces galls on the leaves of Strychnos nux-vomica
L., through feeding by gravid females. Although the adult
initiates gall formation, feeding by her progeny is required
for mature galls to develop (Balakrishna & Raman 1992). The
behavior of D. truncata is similar to that of most leaf-roll gall
inducing Phlaeothripidae, in which feeding by at least 8-15
nymphs is required to complete the development of galls
initiated by the mother (Raman et al., 1978, 1991).

The relationship between oviposition behavior and
gall formation also varies among psyllids. In gall-inducing
Triozidae, females tend to lay their eggs on the potential
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gall site, with only the egg stalks buried in the leaf tissue
(Valterova et al., 1997; Raman, 2012). Conversely, insects
in the family Aphalaridae have been found to create galls
away from oviposition sites. For example, Apsylla cistel-
lata Buckton lays its eggs partly buried on the leaves of
mango, Mangifera indica L., and the emergent nymphs
initiate galls on the axillary vegetative buds, at least 10cm
away (Singh, 2003). Even the long-term fate of the galls
themselves appears to vary widely among psyllid species.
In the case of D. truncata, leaf-roll galls form progressively
over 25-30days, at which point the heavily distorted and
desiccated leaves abscise, coinciding with the molting of
fifth instars into adults (Balakrishna & Raman, 1992). This
is in contrast to the galls formed by A. itadori on R. x bohe-
mica, which remain on the plant throughout the growth
season, potentially sheltering multiple generations of
the insects (D Kurose, pers. obs.). Understanding the de-
velopment of leaf-roll galls in R. x bohemica may allow
biocontrol practitioners to optimize the timing of A. ita-
dori releases to maximize gall formation, and inform the
program as to how best to integrate agent releases with
manual control practices. Additionally, understanding
the ecology of leaf-roll galls in R. X bohemica can improve
the efficiency with which field populations of A. itadori
can be monitored and tracked across the landscape.

To understand the development of leaf-roll galls by A.
itadori, we conducted four growth chamber experiments
to address the following questions: (1) to what extent
does nymphal feeding cause leaf-roll galling and stunted
growth in R. X bohemica? (2) Do leaf roll-galls aid the sur-
vival and development of A. itadori nymphs? (3) At what
stage of leaf development must feeding occur in order for
leaf-roll galls to develop in R. X bohemica? (4) What inten-
sity of feeding is required for leaf-roll gall development in
R. x bohemica? And (5) what life-stage of A. itadori is re-
sponsible for leaf-roll gall development in R. X bohemica?

MATERIALS AND METHODS

Experiment 1: Effect of Aphalara itadori on
roll gall formation and growth of Reynoutria
X bohemica

We grew R. x bohemica plants from rhizome cuttings in a
greenhouse at CABI, Egham, Surrey, UK. After 4-6 weeks,
we transferred plants into a growth chamber on the same
site. The growth chamber was set at 25 °C, L16:D8 photo-
period, and 30-60% r.h. We monitored the temperature in
the chamber using a LogTag sensor (LogTag USA, Union,
NJ, USA). On each study plant we isolated the apical mer-
istem along with the newest fully expanded leaf by en-
closing it in a fine mesh jewelry bag (16.5x22.5cm) with
a drawstring (HRX Package, UK). The stem below the mesh
bag was then coated with a layer of petroleum jelly (Vase-
line) using a paintbrush to prevent insects from escaping.
The height and stem diameter of each plant was measured

at the beginning of the experiment, immediately prior to
the introduction of psyllids. Stem diameter was measured
at the center of the first internode above the soil surface.

We divided experimental plants into two treatments,
treatment plants (25 plants) in which adult A. itadori were
introduced to the mesh bags, and control plants (25 plants)
in which mesh bags were placed on plants but no psyllids
were introduced. For the psyllid plants, we introduced
four adult Murakami psyllids reared on R. X bohemica (two
males and two females) into each experimental bag. We
aspirated two mating pairs into 15-mL plastic vials and ex-
amined them with an eyeglass to confirm their sexes. We
placed lids on the vials, and held them in crushed ice for
2min to reduce psyllid activity. We tapped the immobile
psyllids into the mesh bags, which we then resealed before
the psyllids regained motility. After 5 days on the plants, we
removed adult psyllids using an aspirator, and recorded the
number of eggs. We removed excess eggs by puncturing
them with a pin, so that approximately 100 eggs remained
on each plant. For the control treatments, no adult psyllids
were introduced to the experimental unit.

During the course of the experiment, the size of the
mesh bag around the psyllid infested portion of the treat-
ment plants was increased to prevent the bags from inhib-
iting plant growth. The largest bags used were 30x50cm
(HRX Package). Four weeks after the initial inoculation, we
removed the mesh bags and examined each experimen-
tal plant. We recorded the number of new leaves and their
average length, as well as the number of galled leaves.
We also recorded the total height of the stem. We then
removed each experimental stem at the location of the
Vaseline ring, and placed them in a drying oven at 55 °C
for 72 h. Dry biomass of each experimental stem was then
recorded. We replicated the experiment in time, ensuring
that an equal number of treatment and control replicates
was conducted simultaneously. We conducted a total of 25
replicates of each treatment.

Experiment 2: Effect of false leaf galls on
survival and development of Aphalara
itadori nymphs

We grew R. x bohemica plants in the greenhouse and
transferred them into the growth chamber as above. We
enclosed individual mature leaves, two or four per plant, in
mesh jewelry bags (12 x 18 cm) with a drawstring (jijAcraft,
UK). We then divided enclosed leaves on each plant into
two treatments, false galls and controls. In the ‘false galls’
treatment, we folded a 2-cm section at the side of each leaf,
and held it in place with a paper clip (Figure 1A). In the con-
trol treatment, leaves remained unfolded, but a paperclip
was attached to the side of the leaf as a control (Figure 1B).
We introduced four A. itadori adults (two males and two fe-
males) to each experimental leaf as above. After 1 week we
removed adult psyllids using an aspirator, and recorded the
number and placement of eggs. Specifically, we recorded
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FIGURE 1 (A) Control Reynoutria x
bohemica leaves and (B) false galls from
experiment 1. (C) Developing Aphalara
itadori nymphs found inside a false gall at
week 3 of the experiment. The dashed line
indicates the position where the leaf was
folded to create the false gall.

FIGURE 2 Three stages of Reynoutria
x bohemica |leaf development exposed to
Aphalara itadori nymphs during experiment
3, stages (A) 1, (B) 2, and (C) 3.

the number of eggs found on the leaf surface in the open,
and the number found inside the false gall.

Over the next 5weeks, we conducted weekly monitor-
ing of the number of surviving nymphs, the proportion of
nymphs found inside the false galls, and the latest develop-
mental stage observed. Monitoring continued for 5 weeks,
or until the first adult psyllids emerged. We replicated the
experimentin time, ensuring that an equal number of treat-
ment and control replicates were conducted on each plant.
We conducted a total of 30 replicates of each treatment.

Experiment 3: Effect of leaf development on
susceptibility to galling

We grew R. X bohemica plants in the greenhouse and
transferred them into the growth chamber as above. We
then identified newly expanding leaves at three stages of
growth: (1) leaves were newly emerging and had not yet
undergone any leaf-blade uncurling; (2) leaves had un-
dergone some leaf-blade uncurling, but still had rolled
sections at the left and right margin; and (3) leaves had
undergone full leaf-blade uncurling, but had not yet un-
dergone much leaf expansion (Figure 2). We used multiple
experimental leaves simultaneously on an individual plant
(up to a maximum of four leaves), but never on the same
growing stem.

We transferred three A. itadori nymphs onto each exper-
imental leaf. To transfer the nymphs, we removed galled

FIGURE 3 Galling severity categories used during experiment 3.
Galling severity was measured on a scale of 1-4 where: (1) represents a
small notch on one side of a leaf, but not a full roll creating an enclosed
space; (2) represents a full roll on one side of the leaf, creating an
enclosed space; (3) represents a full roll on both sides of a leaf; and (4)
represents a leaf that is fully rolled, with no part of the leaf remaining
uncurled. None of the experimental Reynoutria x bohemica leaves
exhibited stage-4 galling, but this more severe galling stage was
observed on newer leaves developed after the introduction of psyllid
nymphs.
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leaves of R. x bohemica from a rearing cage, and unrolled
the leaf on double-sided sticky tape under a dissecting
microscope. We transferred individual nymphs of second
or third instar using an ultra-fine insect pin, mounted on
a wooden dowel. Nymphs were transferred using the pin
after gentle disturbance with a paint brush to encourage
stylet withdrawal. Once we had transferred three nymphs,
we checked that they were still present and active on the
treatment leaf using an eyeglass. We then enclosed each
treatment leaf in a mesh jewelry bag (10x15cm) with a
drawstring (jijAcraft), and painted a band of Vaseline on
the stem at the base of the bag to prevent insect escape.

After 1Tweek, we examined each leaf to determine
whether any leaf galling had occurred. We categorized the
severity of leaf galling on a scale of 1 to 4, where (1) was a
small notch on one side of a leaf, but not a full roll creating
an enclosed space; (2) was a full roll on one side of the leaf,
creating an enclosed space; (3) was a full roll on both sides
of a leaf; and (4) represents a leaf that is fully rolled, with
no part of the leaf remaining uncurled (Figure 3). Where
leaves showed signs of galling after 1 week, we re-bagged
the leaves for an additional week to monitor the severity of
the galling, and to determine whether galling occurred on
subsequent new leaves. Leaves that did not show galling
after 1 week were not re-bagged, but were labelled with a
jewelry tag and monitored for a further week in case gall-
ing was to occur. We tested a total of 30 leaves of each de-
velopmental stage.

Based on the initial results (the development of galls
only on stage 1 leaves), we conducted a further 10 repli-
cates on stage one leaves, using a single nymph instead of
three. We did this to determine whether a single nymph
was enough to stimulate leaf galling. We also conducted
10 replicates on all three leaf stages, using 10 nymphs. We
did this to determine whether later stage leaves could be
galled by more intensive feeding, and to explore the re-
lationship between nymph numbers and the severity of

galling.

Experiment 4: Understanding which
life-stage of Aphalara itadori is responsible
for gall formation

We grew R. X bohemica plants in the greenhouse and trans-
ferred them into the growth chamber as above. We then
identified newly emerging leaves which had not yet under-
gone any leaf-blade unrolling (growth stage 1 above; Fig-
ure 2A). Leaves were divided into four treatments based on
the life-stage of A. itadori that they would be exposed to.
Treatments included: (1) early nymphs (instars 1 and 2); (2)
late nymphs (instars 4 and 5); (3) adult psyllids; and (4) con-
trol leaves onto which no psyllids were transferred. Four
psyllids of each treatment type were transferred onto each
experimental leaf. In the case of treatment (3) (adults), psyl-
lids were sexed so that two males and two females were
transferred. Nymphs were transferred from rearing cages

using a fine insect pin as in experiment three. Adult psyl-
lids were aspirated from rearing cages and transferred as in
experiment one. Experimental leaves were then enclosed
in mesh jewelry bags (10x 15 cm) (jijAcraft), and a band of
Vaseline was painted around the leaf axle to prevent psyllid
escape.

After 3days, we removed the psyllids from the treat-
ment leaves and recorded their final feeding positions
(leaf blade/petiole/axle). We then replaced the mesh bags.
After a further 4days (1 week in total), we examined each
leaf to determine whether any leaf galling had occurred.
We categorized the severity of leaf galling on a scale of
1 to 4 as in experiment 3 (Figure 3). We tested a total of
100 leaves, divided evenly among life-stage treatments. In
some cases, multiple leaves were tested simultaneously on
the same plant, up to a maximum of four, but never from
the same growing stem. Where multiple leaves were tested
simultaneously on the same plant, at least one leaf was an
uninfested control. These control leaves were intended to
identify any potential systemic effect of A. itadori feeding
on leaf-roll gall formation.

Statistical analysis

For experiment 1, we compared stem diameter between
treatments using an independent samples t-test to ensure
that differences in plant growth between treatments were
not explained by unequally sized plants. We compared
plant dry biomass, stem-height/stem-diameter ratio, and
the number of new leaves between treatments using
Mann-Whitney U tests as data were not normally distrib-
uted. We then compared stem-height increase over the
course of the experiment, and mean leaf length between
treatments using independent sample t-tests.

For experiment 2 we conducted a repeated measures
ANOVA to examine the effect of time on the number of
live nymphs recovered from experimental leaves. For each
monitoring time-point (weeks 1-5) we compared the num-
bers of surviving nymphs between leaves with false galls
and control leaves using Mann-Whitney U tests. For the
leaves with false galls, we used linear regression to exam-
ine the change, over time, in the proportion of surviving
nymphs found inside false galls.

For experiment 3, the overall effects of leaf develop-
mental stage and nymph numbers on the frequency with
which galling occurred was analyzed using generalized
linear models with binary logistic response. The effects of
nymphal density on the occurrence of galling were then
analyzed separately for leaves at developmental stages 1
and 2 using generalized linear models with binary logistic
response. The effect of nymphal density on the severity of
galling was analyzed for leaves at developmental stages 1
and 2 using ordinal logistic regression. Finally, the effects
of nymph numbers on the number of additional galled
leaves after 1 week was analyzed using a negative binomial
regression.
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For experiment 4, the effects of psyllid life-stage on
the incidence of galling were compared using a general-
ized linear model with a binary logistic response. Pairwise
comparisons were made between life-stages using Pear-
son's y” tests. Galling severity was compared among leaves
exposed to different A. itadori life stages using a non-
parametric Kruskal-Wallis test. All statistical analyses were
conducted using IBM-SPSS v.28.0 (IBM, Armonk, NY, USA).

RESULTS

Experiment 1: Effect of Aphalara itadori on
roll gall formation and growth of Reynoutria
X bohemica

Stem diameter of the experimental plants did not differ be-
tween treatments (F1,46= 1.133, P=0.61; n=48). Four weeks
of exposure to A. itadori resulted in extensive galling in R.
x bohemica plants. On psyllid-exposed plants, on average
11.95+1.95 (mean=+SE) galled leaves were observed at
the end of the experiment. No leaf galling was observed
in control plants. At the conclusion of the experiment, the
increase in stem height over the course of the experiment
was lower in psyllid-treated plants than in control plants
(33.2+2.22cm vs. 40.61+2.87cm; F1’46= 1.576, P=0.048;
n=48). Additionally, stem-height/stem-diameter ratio
was lower in psyllid-treated plants than in control plants
(14.14+0.56 vs. 16.96 £0.91; U=171.5, P=0.016; n=48). Dry
biomass of plants, however, did not differ between treat-
ments post experiment (U=232, P=0.25; n=48) (Figure 4).

Atthe end of the 4-week experiment, the number of new
leaves produced by R. x bohemica plants did not differ be-
tween psyllid-exposed plants and control plants (U=362.5,
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P=0.19; n=48). The average length of new leaves, however,
was lower in psyllid-exposed plants than in control plants
(5.85+0.22 vs. 7.51+£0.33; F.,.=3.964, P<0.001; n=48)
(Figure 5).

1,46

Experiment 2: Effect of false leaf galls on
survival and development of Aphalara
itadori nymphs

The mean (£ SE) numbers of eggs laid on experimental
leaves were 55.28+7.43 and 68.48+£9.50 for treatment
and control leaves, respectively. On treatment leaves,
on average 51.84+6.87 eggs were laid outside of artifi-
cial galls, and only 3.44+0.87 eggs were laid inside galls.
The number of surviving nymphs on all leaves gradu-
ally declined over 5weeks of observations (F1,49=9.662,
P <0.001; n=50). At week 1 (U=328.5, P=0.76) and week
2 (U=351.0, P=0.45; both n=50) there was no differ-
ence in nymphal survival between treatment and con-
trol leaves. However, at weeks 3 (U=442.5, P=0.004), 4
(U=402.0, P=0.016), and 5 (U=389.5, P=0.032; all n=50),
more nymphs were recovered from leaves with false galls
compared to control leaves (Figure 6). At week 3, on aver-
age 3.3+0.94 nymphs were recovered from galled leaves,
compared with 0.48+0.21 on control leaves. At week
4, on average 1.24+0.47 nymphs were recovered from
galled leaves, compared with 0.16 £0.11 on control leaves.
At week 5, on average 1.04 +0.43 nymphs were recovered
from galled leaves, compared with 0.16 £0.12 on control
leaves.

On leaves with false galls, the proportion of nymphs
recovered from inside the false galls increased over the
5weeks of observations (sz =60.670, R?=0.457, P <0.001)
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FIGURE 4 Changeinstem height (cm), stem-height/stem-diameter ratio, plant dry weight (g), and of Reynoutria x bohemica plants after 4 weeks
of exposure to Aphalara itadori (four adults and ca. 100 eggs/nymphs) compared to control plants. Box plots represent a summary of the data
(minimum, first quartile, median, third quartile, and maximum). The dots represent outliers (i.e., outside 1.5x interquartile range). Asterisks indicate
significant differences (stem height increase: independent sample t-test; stem height/diameter ratio and plant dry weight: Mann-Whitney U test,

both: P<0.05; ns, P> 0.05).
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(Figure 6). No real galling was observed on any of the ex-
perimental leaves, in either treatment.

Experiment 3: Effect of leaf development on
susceptibility to galling

All leaves that developed galls did so within the 1st week of
the experiment. Therefore, the results for incidence of gall-
ing represent the data from 7 days or 14 after inoculation
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FIGURE 5 Number of new leaves developed and leaf length (cm)
of Reynoutria x bohemica plants after 4 weeks of exposure to Aphalara
itadori (four adults and ca. 100 eggs/nymphs) compared to control
plants. Box plots represent a summary of the data (minimum, first
quartile, median, third quartile, and maximum). Dots represent outliers
(i.e., outside 1.5x interquartile range). The small asterisk represents

an extreme outlier (3x IQR). The large asterisk indicates a significant
difference (independent sample t-tests: P <0.05; ns, P> 0.05).
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(these data are identical). The results for galling severity
represent the data from 14 days after inoculation.

Overall, leaf development significantly affected the
occurrence of galling with leaves at developmental stage
1 galling more frequently (60.3% of leaves) than leaves
at later developmental stages (11.6% of leaves at stage 2
and 0% of leaves at stage 3) (X2=26.174, d.f.=2, P<0.001;
n=183). The number of nymphs placed on leaves, however,
did not affect the frequency with which galling occurred
(x*=6.511,d.f. =2, P=0.16) (Figure 7).

When leaves at developmental stage 1 were analyzed
separately, the number of nymphs had an effect on the
frequency with which galling occurred (X2=7.056, df. =2,
P=0.029; n=63). When leaves at developmental stage 2
were analyzed separately, the number of nymphs did not
have an effect on the galling frequency (X2=0.963, df. =2,
P=0.62; n=60). For leaves at developmental stage 3, no
galling occurred at any density of nymphs (Figure 7).

For leaves at developmental stage 1, there was an effect
of the number of nymphs (1, 3, or 10) on the severity of gall-
ing (1, 2, 3, or 4). The model-fitting indices for the ordinal
logistic regression suggested that the final model was a
better fit than the null model (X2= 7966, d.f. =2, P=0.019).
The model shows that leaves with a single nymph are ex-
pected to produce less severe galling than leaves with 10
nymphs, with an odds ratio of —2.081 (95% Cl=-3.818 —
-0.345; Wald X2=5.520, d.f.=1,P=0.019). Leaves with three
nymphs, however, were no less likely to produce more se-
vere galling than leaves with 10 nymphs, with an odds ratio
of —0.003 (95% Cl=-1.011 - 1.005; Wald x*<0.001, df. =1,
P=1.0). For leaves at developmental stage 2, there was no
effect of the numbers of nymphs (1, 3, or 10) on the sever-
ity of galling (1, 2, 3, or 4). The model-fitting indices of the
ordinal logistic regression suggested that the final model
was not a better fit than the null model (X2=3.807, df. =2,
P=0.15) (Figure 7).

FIGURE 6 Mean (+ SE) numbers of
surviving Aphalara itadori nymphs (bars; left
y-axis) and the proportion of nymphs found
inside Reynoutria x bohemica leaf rolls (dots
and regression line; ‘false galls’; right y-axis)
over the 5-week observation period. The
regression line (y=0.24+0.17%x, R?=0.457;
t=7.789,d.f. =1, P<0.001) represents the
increasing proportion of nymphs found
inside leaf rolls over the 5-week observation,
and is based on 121 observations (dots).
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FIGURE 7

Proportion of Reynoutria x bohemica leaves galled after exposure to Aphalara itadori nymphs. Bars are clustered based on leaf

developmental stage (1-3). Whole bars indicate the total proportion, with shading indicating the proportion in each category of severity. Only three
of the four severity categories are represented, as no leaves reached category 4 during the experiment. Numbers in parentheses indicate sample sizes
(no. leaves tested). The vertical double line indicates that replicates with one nymph were carried out before replicates with three or 10 nymphs.

TABLE 1 Pairwise comparisons of the frequency of leaf-roll galling in response to feeding by different life stages of Aphalara itadori
Instar 1/2 Instar 4/5 Adults
n Xz P n Xz P n Xz P
Instar 4/5 48 10.326 0.001
Adults 52 17.749 <0.001 50 1.044 0.44
Control 50 25.758 <0.001 48 6.067 0.020 52 2,948 0.24
The number of nymphs placed on leaves affected the
- . . . 0.84
number of additional galled leaves (negative binomial
regression; X2=24.727, d.f.=1, P<0.001; n=183). For repli- a
cates in which one nymph was used, the number of addi- B
tional galled leaves was lower than for replicates in which g 0.6
10 nymphs were used, with B=-3.061 (95% Cl=-5.093 - »
-1.029; Wald y2=8.717, d.f. =1, P=0.003). For replicates in S
which three nymphs were used, the number of additional @
galled leaves was also lower than for replicates in which G 0.4
10 nymphs were used, with B=-1.483 (95% Cl=-2.157 - g
-0.808; Wald y*=18.575, d.f. =1, P <0.001). b=
4 b
2 021
Experiment 4: Understanding which be
life-stage of Aphalara itadori is responsible
for gall formation 0 c
Instar 1/2 Instar 3/4  Adults  Control

The occurrence of leaf-roll galling in R. X bohemica was af-
fected by the life-stage of A. itadori that was introduced
to developing leaves (X2=17.574, d.f. =3, P<0.001; n=100)
(Table 1, Figure 8). Leaves exposed to feeding by early instars
galled significantly more frequently (68%) than those ex-
posed to late instars (21.7%), adult psyllids (11.1%), or control
leaves (0%). Leaves exposed to feeding by late instars also

Psyllid life-stage

FIGURE 8 Mean proportion of Reynoutria x bohemica leaves
galled in response to feeding by different life stages of Aphalara itadori.
Numbers in parentheses indicate the number of leaves tested for each
life stage. Means capped with different letters are significantly different
(generalized linear model: P <0.05).
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galled more frequently than control leaves. We observed no
difference in galling frequency between leaves exposed to
adult psyllids and control leaves (Table 1, Figure 8).

Psyllid life-stage also affected the severity of galling
(t=35.986, d.f. =3, P<0.001; n=100). Pairwise compari-
sons showed that leaves exposed to early-stage nymphs
were more severely galled (1.52 mean severity among
galled leaves) than those exposed to late-stage nymphs (1)
(t=22.949; n=48), adults (1) (t=29.081; n=52), or control
leaves (zero galling) (t=32.840; n=50; all d.f. =1, P<0.001).
No pairwise differences in galling severity were observed
between leaves exposed to late instars, adult psyllids, and
control leaves.

Adult A. itadori were observed feeding on the devel-
oping leaf blade during 25 of 27 replicates, and a mean of
30 eggs were laid on the leaves. Despite these behaviors,
minor leaf-roll galling occurred on only 2 of 27 leaves. Late
instars were commonly observed feeding on the petiole
rather than on the leaf blade, and leaf-roll galling occurred
in only five of 23 replicates. In contrast, early instars were
consistently observed feeding within the rolls of unfurl-
ing leaves, and leaf-roll galling occurred in 16 of the 25
replicates.

DISCUSSION

Reynoutria x bohemica exposed to A. itadori for 4weeks
suffered reduced stem elongation and leaf area compared
to control plants. Artificial leaf-roll galls were consistently
utilized by developing A. itadori nymphs, and contributed
to their survival. Leaf-roll gall formation in R. X bohemica
was most commonly caused by early instars of A. itadori,
and galls only formed when leaves were attacked at an
early stage in their development. Below, we discuss these
results in more detail, as well as their implications for the
knotweed biocontrol program.

The activity of A. itadori, at densities of ca. 100 nymphs
per stem, reduced stem elongation in R. X bohemica as
well as stem-height/stem-diameter ratio over a period of
4weeks. Stem height/diameter ratio appears to be fairly
consistent within stands of invasive knotweed (Bernd
Blossey, pers. comm.), and this represents a potentially
useful metric for quantifying the impact of A. itadori at re-
lease sites. The number of leaves produced by R. X bohem-
ica plants over the course of the experiment did not differ
between psyllid and control treatments; however, average
leaf length was significantly greater in the absence of A. it-
adori. These results corroborate those of Fung et al. (2020)
who observed reduced leaf growth in R. japonica plants
exposed to Kyushu psyllids as well as hybrids of the Kyushu
and Hokkaido strains. During our experiment, the presence
of A. itadori did not reduce above-ground biomass of R. x
bohemica plants. This is in contrast to previous impact stud-
ies in this system (Grevstad et al., 2013), a difference that is
likely explained by the lower psyllid densities used in our
experiment, as well as its shorter duration. The duration of

our experiment (4 weeks) was limited by the rapid growth
of the experimental plants towards fixed lights within the
growth chamber. Had the experiment continued for lon-
ger, we may have observed increased meristem death
in the treatment plants, and greater reductions in plant
growth compared with controls. Although exposure to A.
itadori nymphs during experiment 1 resulted in severe leaf-
roll galling in R. x bohemica, galling only occurred on leaves
that developed after the removal of adults, and not on the
leaves on which adults were placed. These results strongly
suggest that adult feeding and oviposition do not gener-
ally contribute to the development of leaf-roll galls in R. x
bohemica.

Artificial leaf-roll galls contributed to increased survival
of A. itadori nymphs compared to those on gall-free control
leaves. Aphalara itadori nymphs, as well as related psyllids,
are susceptible to slower development and desiccation at
low humidity (Hodkinson, 2009; Fung et al., 2020), and ar-
tificial leaf rolls likely aided the survival and development
of nymphs by providing sheltered microhabitats with in-
creased humidity and decreased air movement. Several
previous studies have highlighted the ability of rolled
leaves to ameliorate abiotic conditions experienced by their
inhabitants (e.g., Henson, 1958; Hunter & Wilmer, 1989).
Indeed, Larsson et al. (1997) created false galls on willow
leaves, similar to those in our experiment, and observed
that larvae of the chrysomelid Galerucella lineola Fabricius
experienced reduced desiccation and higher growth rates
than on leaves without shelters. It should be noted that
overall survival rates of psyllids in this experiment are not
reflective of those generally found in the growth cham-
ber. Nymphs were prevented from leaving the leaves by a
band of Vaseline, so many likely died through desiccation
on the leaves rather than sheltering in leaf axils elsewhere
on the plant. Our results do, however, highlight the impor-
tance of sheltered microhabitats for nymphal survival, and
offer hope that the galling observed on R. x bohemica in
the field may aid in the long-term establishment of A. ita-
dori in its introduced range. Very few eggs were laid inside
artificial galls, suggesting that galls do not represent pre-
ferred oviposition sites. Over the 5weeks of experiment 2,
however, the proportion of nymphs utilizing the false galls
steadily increased. The observed migration of nymphs into
false galls suggests that galls in the field are likely utilized
by psyllids beyond those that initiated them. Additionally,
this behavior suggests that the creation of false galls in the
field may be a useful tool for monitoring psyllid activity at
release sites.

When A. itadori nymphs were transferred onto devel-
oping leaves during experiment 3, leaf-roll galling oc-
curred predominantly on leaves that received feeding
at a very early stage of development. Specifically, leaves
that incurred feeding damage before any unrolling of
the expanding leaf had occurred. Although a single A.
itadori nymph was sufficient to induce galling, the sever-
ity of galling was increased at higher nymphal densities.
These results suggest that roll-gall formation by A. itadori
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shares similarities with psyllids from the families Triozi-
dae and Liviidae. Like several Triozidae spp. (Raman, 1991;
Raman et al., 1996), A. itadori can initiate galling through
the feeding of a single nymph; however, like psyllids from
the Liviidae, galls range in severity based on the inten-
sity of feeding, and can house multiple individuals (Bal-
akrishna & Raman, 1992). The requirement for feeding
early in leaf development means that the production of
roll galls is dependent on the growth-state of the plant
as well as the activity of the psyllids. Biocontrol practi-
tioners should, therefore, seek to conduct A. itadori re-
leases early in the growth season, when the plants are
producing more new leaves. Alternatively, releases could
be conducted in conjunction with cutting treatments, to
ensure the availability of young leaves for early instars.
Cutting treatments have previously been observed to
increase A. itadori nymphal survival, seemingly because
the resulting regrowth provides younger more nutritious
leaf material (Jones et al., 2020). Throughout experiment
3, A. itadori nymphs were consistently transferred onto
the newest leaf on a growing stem. Because the sleeve
contained the apical meristem, later developing leaves
were also exposed to nymphal feeding. After 2 weeks,
galling was observed on as many as three additional
leaves that had grown over the course of the experiment.
Furthermore, whereas the experimental leaves sustained
galling with severity ranging from 1 to 3, several of the
later developing leaves exhibited stage 4 galling. These
observations highlight the mobility of the nymphs, and
suggest that feeding even earlier in leaf development
can increase the severity of galling.

Different life stages of A. jitadori were transferred onto
newly developing leaves during experiment 4 and, although
leaf-roll galling was stimulated by all life stages, it was sig-
nificantly more common in response to early instar feeding.
These results, along with observations of preferred feeding
sites, indicate that early instars are largely responsible for
leaf-roll galling in R. X bohemica, and that this is a result of
differences in feeding behavior rather than, or in addition
to, any potential differing physiological effects of feeding
by different life stages. The fact that we observed no galling
in control leaves on the same plant suggests that there is no
systemic effect of A. jitadori feeding on leaf-roll gall forma-
tion in R. X bohemica. Gall formation in this system appears
similar to that of A. cistellata on mango, in that emergent
nymphs move away from oviposition sites and stimulate
galling in predictable locations (Singh, 2003). During exper-
iment 2, we observed A. itadori favoring major leaf veins as
oviposition sites, and rarely utilizing artificial galls for ovipo-
sition, adding further weight to this conclusion.

Our results highlight how the development of leaf-roll
galls on R. X bohemica can benefit the knotweed bio-
control program, both by suppressing plant growth and
improving A. itadori survival through the amelioration of
abiotic stressors. Several additional potential benefits,
however, are not addressed here and should be the focus
of future work. First, gall-forming insects are increasingly

recognized as ecosystem engineers and their shelters
tend to result in increased herbivore diversity (Cornelis-
sen et al., 2016). It is possible that galling on R. x bohem-
ica may increase the rate at which novel herbivore-plant
associations form on invasive knotweed. Second, many
gall-forming insects improve nymphal survival by ma-
nipulating the nutritional quality of galled leaves (Sand-
berg & Berenbaum, 1989; Sagers, 1992; Marini-Filho &
Fernandes, 2012). Marini-Filho & Fernandes (2012), for
example, found that galled leaves of Diplusodon orbicu-
laris Koehne were higher in P, Ca, and Mg than ungalled
leaves. Future work should assess the effects of galling in
R.x bohemica on both leaf nutritional quality and the ex-
pression of chemical and physical defenses. Finally, leaf-
roll galls on R. x bohemica may provide A. itadori nymphs
with protection against predators and parasitoids. The
availability of shelters measurably reduces predation
rates in some shelter-building insects (Danks, 2004). It
should be noted, however, that predators can also use
shelters as a ‘cue’ for prey location (Connor & Taverner,
1997). It should, therefore, not be assumed without fur-
ther study that leaf-roll galls will reduce the impacts of
native predators on A. jtadori.

Our improved knowledge of leaf-roll gall formation in
R. x bohemica, as well as how galls are utilized by A. itadori,
can inform the knotweed biocontrol program in several
key ways. First, the timing of A. itadori releases should be
manipulated such that developing nymphs have access to
newly emerging leaves. This might mean releasing earlier
in the season, or in conjunction with cutting treatments.
Second, monitoring efforts at release sites should focus on
the growing tips of R. X bohemica, where the highly mo-
bile nymphs appear to migrate. Additionally, the creation
of false galls may improve our ability to monitor for the
presence of A. itadori nymphs in large knotweed stands.
Camargo et al. (2022) recently reported on the strong pref-
erence and improved performance of the Murakami line of
A.itadorion R. x bohemica. Our study offers additional sup-
port for the use of Murakami A. itadori as a biocontrol agent
of R. x bohemica. The results also highlight the potential of
seeking additional lines of A. itadori that may be similarly
adapted to create galls on Japanese and giant knotweeds.
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