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Abstract The effectiveness of augmentative bio-
logical control using parasitoids often depends on
their physiological state and the pest population den-
sity at the time of release. Tamarixia triozae (Burks)
(Hymenoptera: Eulophidae) is a primary host-feeding
parasitoid of a serious invasive pest Bactericera cock-
erelli (éulc) (Hemiptera: Triozidae). Here we inves-
tigated the effects of adult diets (honey, water, yeast,
and hosts) and timing of their provision on 7. triozae
fitness and oviposition patterns, providing knowledge
for enhancement of its biological control potential.
Adults fed with honey for four days with no access
to hosts or with water or yeast for one day followed
by host feeding for three days had similar longevity
and lifetime pest killing ability. Adults fed with only
water for one day before release had significantly
greater intrinsic rate of increase, shorter doubling
time, and higher daily fecundity peak. Adults fed with
honey or yeast for one day followed by host feed-
ing for three days significantly flattened their daily
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oviposition curves. These findings have several impli-
cations for augmentative biological control using T.
triozae. First, honey diet may allow at least four days
for successful shipment of host-deprived adults with-
out compromising biological control effectiveness.
Second, the release of host-deprived adults with one-
day water feeding may achieve rapid pest suppres-
sion when the pest population density is high. Finally,
releasing host-deprived adults with one-day honey or
yeast feeding followed by three-day host feeding can
increase their establishment success and reduce the
risk of massive removal of hosts when the pest popu-
lation density is low.

Keywords Adult diet - Longevity - Reproduction -
Augmentative release

Introduction

Augmentative release of natural enemies, particu-
larly parasitoids, is one of the most widely used
approaches to pest biological control in annual crops
and greenhouses (van Lenteren and Bueno 2003; Hoy
2008; Amadou et al. 2019; Bueno et al. 2020; Kazak
et al. 2020). It is also commonly applied to control
resurgent pests resulting from disruptions of natural
enemy populations by seasonal factors and harvesting
activities (Hajek and Eilenberg 2018; Stenberg et al.
2021) or insecticide applications (Coppel and Mertins
1977; DeBach and Rosen 1991). Evidence shows that
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adult host feeding is important for synovigenic parasi-
toids (Jervis and Kidd 1986; Giron et al. 2004; Burger
et al. 2005; Jervis et al. 2008; Kapranas and Luck
2008; Liu et al. 2015; Benelli et al. 2017; Hanan et al.
2017; Gebiola et al. 2018), and supplementary adult
diets such as honey and honeydew (Bezemer et al.
2005; Wade et al. 2008; Hossain and Haque 2015;
Benelli et al. 2017; Dong et al. 2018; Picciau et al.
2019) and yeast (Bartlett 1964; Heimpel and Rosen-
heim 1995) can increase parasitoid fecundity and lon-
gevity. Therefore, provision of adult parasitoid diets
before release can not only improve parasitoids’ abil-
ity to establish at release sites (Tena et al. 2017; Stahl
et al. 2019) but also increase their biological control
effectiveness after release (Hougardy et al. 2005;
Hougardy and Mills 2006, 2007; Benelli et al. 2017).

Several studies report that adult diets can change
parasitoids’ lifetime oviposition patterns (Bai and
Smith 1993; Wade et al. 2008; Hill et al. 2020). This
suggests that we may be able to modify parasitoids’
lifetime oviposition trajectory by tailoring their adult
diets before release to achieve effective augmenta-
tive biological control under different circumstances.
For example, when the pest population density is
high, we may aim to achieve quick pest suppression
(Karacaoglu et al. 2018) where the parasitoids are
expected to perform maximum host killing through
host feeding and parasitization immediately after
release. When the pest population density is low, we
may want to delay their oviposition peaks and flatten
their oviposition curves (Stahl et al. 2019) where the
released parasitoids are expected to spread their ovi-
position and host feeding more evenly or move these
activities toward their later life. Nevertheless, it is not
clear how alteration of timing and type of diets pro-
vided for adult parasitoids before release can change
their life history traits towards our advantage. It is
also unclear whether such manipulation would com-
promise their overall pest killing ability in terms of
fecundity and host feeding. This knowledge is crucial
for the development of successful augmentative bio-
logical control programs using parasitoids.

The tomato-potato psyllid (TPP), Bactericera
cockerelli (§ulc) (Hemiptera: Triozidae), is a severe
invasive pest of solanaceous crops such as potatoes,
tomatoes, eggplants and peppers in the USA, Mex-
ico and New Zealand (Cranshaw 1994; Teulon et al.
2009; Crosslin et al. 2010; Butler and Trumble 2012;
Rojas et al. 2015), causing significant economic

@ Springer

losses. It has also invaded Australia, Canada and Cen-
tral and South America where its economic impor-
tance is under evaluation (FAO 2017; WADPIRD
2018; Castillo Carrillo et al. 2019; Olaniyan et al.
2020). Tamarixia triozae (Burks) (Hymenoptera:
Eulophidae) is an important synovigenic parasitoid
of TPP (Bravo and Lépez 2007; Rojas et al. 2015;
Yang et al. 2015). It kills the pest by both host feeding
and parasitization (Martinez et al. 2015). However,
it is still unknown how provision of different adult
diets and temporary deprivation of hosts could affect
reproductive fitness and lifetime feeding and oviposi-
tion patterns in 7. triozae. This information is of vital
importance for development of strategies to optimize
augmentative biological control of TPP using T
triozae.

In the present study, we tested the effects of adult
diets with or without temporary host deprivation on
survival, lifetime fecundity, host feeding, oviposi-
tion patterns and life table parameters in 7. triozae.
Knowledge presented in this work could help enhance
the success of augmentative biological control using
T. triozae.

Materials and methods
Insects

We obtained B. cockerelli and T. triozae from Bio-
Force Limited, Auckland, New Zealand, and estab-
lished the colonies in the laboratory. We main-
tained the psyllid colony on five two-month-old bell
pepper plants, each of which was grown in a pot
(9.5 cm in heightx 10.5 cm in top diameter X 8.5 cm
in bottom diameter) with potting mix. The potted
plants were placed in an aluminium-framed cage
(43%x42x40 cm) with a fine metal mesh (aperture
size=0.25%0.25 mm) on the back and both sides
and Perspex on the top and front and aluminium alloy
on the bottom. We kept the parasitoid colony on the
3rd-5th instar psyllid nymphs feeding on five pot-
ted plants in another aluminum-framed cage of the
same size. We provided 10% honey solution in a plas-
tic tube (7.5 cm in lengthx 1 cm in diameter) fitted
with cotton wick (3.5 cm in lengthx1 cm in diam-
eter) for parasitoid adults as supplementary food in
the cage. To ensure the psyllid colony was parasite-
free for experiments, we kept psyllid and parasitoid



Diets for Tamarixia triozae adults before releasing in augmentative biological control 299

colonies separate in two climate rooms at 25+ 1 °C,
40-60% RH and a L:D 14:10 photoperiod. We car-
ried out all experiments under the above environmen-
tal conditions.

We transferred about 400 psyllid adults from the
colony onto four two-month-old un-infested pepper
plants in an aforementioned cage for oviposition. We
transferred the infested plants into another cage and
replaced them with the same number of un-infested
plants once every two days. We obtained a total of 84
infested plants, observed them daily, and collected the
4th instar nymphs for experiments. We used trans-
parent plastic cylinders consisting of two identical
containers for production of experimental parasi-
toids. Briefly, we transferred about 100 fourth instar
nymphs onto a bell pepper leaf, inserted the leaf peti-
ole through a hole (1.0 cm in diameter) in the lid of
a container (6.5 cm in diameter X 8.5 cm in height)
filled with tap water. We then introduced five female
wasps from the colony to the infested leaf and covered
the container with another container upside down. We
allowed these wasps to oviposit in the cylinder for
24 h before removing them. The top container had
two holes (3 cm in diameter) covered by a metal mesh
(aperture size=0.25 mm) at the opposite sides of the
wall for ventilation. We collected parasitoid pupae
seven days later and placed them individually in glass
vials (5 cm in heightx 1.5 cm in diameter) plugged
with cotton wool until emergence. We set up 20 such
cylinders to obtain sufficient wasps for experiments.

Treatments

To determine how adult diets and temporary host
deprivation affected parasitoid longevity, lifetime
fecundity, daughter production, oviposition and host
feeding patterns, and life table parameters, we car-
ried out two phases of treatments. In the first phase,
we provided one of the following three diets for
wasps: (1) Honey—10% honey solution made of
10 g honey+90 ml distilled water, (2) Yeast—5%
yeast solution consisting of 5 g yeast extract+95 ml
distilled water, and (3) Water—distilled water only.
For each diet treatment, we individually introduced
60 newly emerged female and 60 newly emerged
male wasps into glass vials (5 cm in heightx 1.5 cm
in diameter). Each vial was provided with a diet
saturated in a cotton ball (0.5 cm in diameter) and
plugged with cotton wool. Because one-day-old

wasps can successfully copulate within one hour
after encountering a mate (Chen et al. 2020), we kept
wasps in their vials for 24 h, and then individually
paired males and females that fed on the same diet in
glass vials and allowed 2 h for mating to occur. We
obtained 28, 30, and 28 mated pairs that fed on honey,
yeast, and water diets, respectively, for the second
phase of treatments.

In the second phase, we divided the above pairs
into two groups and maintained them in one of the
following two conditions: (1) no host deprivation
(+Host)—each pair was released into a Petri dish
(8.5 cm in diameterx2.4 cm in height) contain-
ing the same adult diet saturated in a cotton ball and
24 4th instar psyllid nymphs feeding on a bell pep-
per leaf (5 cm in diameter, upside down) with its
petiole embedded in water-saturated cotton wool and
wrapped with parafilm. The lid of the Petri dish had
two holes (1 cm in diameter), one plugged with a cot-
ton wool for introducing wasps and one covered with
metal mesh for ventilation. We allowed the pair to
stay in the dish for 24 h, and then transferred them
to another dish with the same diet and fresh hosts
once every day until both male and female died. We
replaced the adult diet with fresh one once every
day. (2) Temporary host deprivation (—Host)—each
pair was released into a Petri dish of the same size
containing the same adult diet but no hosts. Three
days later (live wasps were now four days old), we
provided them with the same adult diet and 24 4th
instar psyllid nymphs as above and allowed each pair
to stay in the Petri dish for 24 h. We then transferred
the pair into another Petri dish with the same adult
diet and fresh hosts once every day until both male
and female died. We replaced the adult diet with fresh
one once every day. We tested 15, 13, 13, 13, 17 and
15 pairs for treatments Honey + Host, Yeast+ Host,
Water+Host, Honey —Host, Yeast—Host and
Water — Host, respectively.

Effect of adult diets and temporary host deprivation
on survival, reproduction, host feeding and life table
parameters

We started recording daily survival of T. triozae
adults after we transferred one-day-old, mated wasps
to Petri dishes. We commenced to count the daily
number of hosts fed and parasitized one day after
hosts were provided, i.e., when wasps were two days
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old for+ Host treatments and five days old for —Host
treatments. We did not record reproduction data for
treatments Yeast — Host and Water — Host because all
females died before we provided them with hosts. We
examined host feeding and parasitism under a ster-
eomicroscope (Leica MZ12, Germany). Host feed-
ing was identified by bleeding that occurred from
the nymph (Martinez et al. 2015) or an inverted
V-shape mark on the hollowed body (Morales et al.
2013). Because T. triozae females deposit eggs under
the nymphs (Martinez et al. 2015), we turned all
nymphs over and placed them on the surface of 1%
agar to determine parasitism. We then transferred all
parasitized nymphs from each dish onto a fresh bell
pepper leaf in an above-mentioned plastic cylinder.
We collected the parasitoid pupae seven days after
parasitization and individually placed them in above-
mentioned glass vials plugged with cotton wool until
emergence. We recorded the developmental time
from egg to adult and sex of each emerged adult. We
used the data collected for life table calculations.

Statistical analysis

We conducted all data analyses using SAS software
(SAS 9.3, SAS Institute Inc., NC, USA). We analyzed
the data on adult survival using the Kaplan—Meier
method. We compared the survival curves between
treatments with a non-parametric Wilcoxon test
(LIFETEST procedure). Data on lifetime host feeding
were normally distributed (Shapiro—Wilk test, UNI-
VARIATE procedure) and analyzed using an ANOVA
(GLM procedure) followed by a Tukey’s Studentized
(HSD) range test for multiple comparisons. Data
on lifetime fecundity were not normally distributed
even after transformation, and thus analyzed using a
Kruskal-Wallis test.

We developed two Gaussian functional models
according to Archontoulis and Miguez (2015): y=a
e(0SG—~(0=01/b}") 1 fit the daily host feeding and
y=aq -05nl=0)/=)/bY) 1o fit the daily oviposition
and daughter production for each treatment, where
x is the age of female wasps (days), a is the peak at
time x;, (wasp age), b is the coefficient controlling the
width of the peak, and c is the period (days) before the
females were exposed to hosts (i.e., c=1 and 4 days
for the+Host and—Host treatments, respectively).
These models allowed us to compare the host feeding
and reproduction patterns between treatments. If the
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95% CLs of a given parameter overlap, then there is
no significant difference between treatments.

To estimate how adult diets and temporary host
deprivation affected population growth, we calcu-
lated the life table parameters (Jervis et al. 2005)
using the data on daily survival and daughter produc-
tion of each T. triozae female. The intrinsic rate of
increase (r, daughters per female per day) was calcu-
lated by solving the Lotka-Euler equation: )’ ¢™*1,m,
= 1, where x is the pivotal age, I, is the proportion
of females surviving to age x, and m, is the number
of daughters produced per female at age x. Other life
table parameters included the net reproductive rate
(Ry=Y.1,m,, daughters per female per generation),
doubling time [D,=log,(2)/r, days] and generation
time [T=log,(R,)/r, days]. For each treatment, we
used the bootstrap method with 100,000 bootstrap
samples to calculate the pseudo-values of life table
parameters (Huang and Chi 2012; Yu et al. 2013). We
then employed a paired-bootstrap test (MULTTEST
procedure) for multiple comparisons between treat-
ments (Efron and Tibshirani 1993; Mou et al. 2015;
Reddy and Chi 2015). Because multiple compari-
sons raise the Type I error (Noble 2009), the overall
P value was adjusted by the Bonferroni correction
(MULTTEST procedure) (Gravandian et al. 2022).

Results

Effect of adult diets and temporary host deprivation
on survival and lifetime reproductive outputs

Our results reveal that most wasps in treatments
Yeast —Host and Water —Host died within two days
after emergence. These wasps lived significantly
shorter than those in other treatments (xg =94.56 and
93.35 for females and males, respectively; P <0.0001)
(Fig. 1). Wasps in other treatments including either
hosts or honey lived for about 21 days (Fig. 1),
where females had similar survival curves and
males in treatment Honey +Host lived significantly
longer. As shown in Fig. 2, female wasps in treat-
ments Honey + Host, Yeast+Host, Water + Host and
Honey —Host had similar lifetime host feeding and
fecundity (F; 50=0.36, P=0.7802 for host feeding; xé
=2.97,P=0.3961 for fecundity).

Treatments significantly affected all life table
parameters measured in this study (Table 1). Wasps in
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treatment Honey — Host had greatest net reproductive
rate (R,) and longest generation time (7) while those
in treatment Water + Host had highest intrinsic rate of
increase () and shortest doubling time (D,).

Effect of adult diets and temporary host deprivation
on lifetime host feeding and reproductive patterns

When we provided one-day-old wasps with hosts
immediately after their mating, daily host feeding
(Fig. 3a) peaked between eight and 13 days after
emergence, and daily fecundity (Fig. 3b) and daugh-
ter production (Fig. 3c) peaked between five and
eight days after emergence. Host deprivation for
three days after mating delayed the peaks of daily
host feeding, fecundity and daughter production for
three to four days (Fig. 3). There was no significant
difference in the width of daily feeding (Fig. 3a) and
daughter production (Fig. 3c) peaks between treat-
ments. However, daily fecundity peak in Yeast+ Host
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Table 1 Effects of different diets with (— Host) or without (+ Host) temporary host deprivation on life table parameters (mean + SE)

Diet R, (daughters per female  r (daughters per female per day) 7 (days) D, (days)
per generation)

Honey +Host (H) 16.85+0.19d 0.1596 +0.0008d 17.70+0.08b 4.35+0.02a

Yeast+ Host (Y) 19.91+0.30c 0.1797 +0.0007b 16.64 +0.04d 3.86+0.02c

Water 4+ Host (W) 26.43+0.34b 0.1909+0.0001a 17.14 £0.06¢c 3.63+0.00d

Honey —Host (H1) 30.91+£0.56a 0.1705+0.0007¢ 20.11+£0.06a 4.07+0.02b

Pgon) <0.0378 <0.0001 <0.0001 <0.0001

Estimated values in columns followed by different letters are significantly different based on the paired-bootstrap test with Bonferroni

correction

P p,,.) Bonferroni corrected P value

Fig. 3 Daily number of 10 - peak width time
hosts fed (a), eggs laid (a) ----Honey+Host a a b
c(ib) e P 84 e ---Yeast+tHost a a b
uced (¢) in Tamarixia —  __ | 00 AT TNt
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diets were provided but 0 T T T T T T T T T T T T T T T T —T 1
hosts were unavailable for 15 - peak width time
three days after mating. For (b) ---—-Honevy+Host ¢ b b
each parameter, treatments 124 /XTI . Yeast}-li- Host bc a b
followed by the same letters S
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[ S Y O A R N NG
= N Y /A AN
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was significantly wider than in Honey+ Host and
Water+Host (Fig. 3b). Treatment had no signifi-
cant effect on the height of daily host feeding peaks
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(Fig. 3a). Daily fecundity peak in Water+ Host
was significantly higher than in Honey+Host and
Yeast+Host, and that in Honey —Host significantly
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higher than in Honey + Host (Fig. 3b). Daily daugh-
ter production peak was the highest in Honey — Host
(Fig. 3c). Detailed statistical data are provided in
Supplementary Table S1.

Discussion

In augmentative release programs, entomologists
sometimes ship parasitoid pupae or adults (e.g., van
Lenteren and Tommasini 1999; Yokoyama et al.
2010; Cancino and Loépez-Arriaga 2016) from their
production sites to the release sites in the absence of
hosts, which can last days, depending on distance and
transport methods. Like other synovigenic parasitoids
(e.g., Giron et al. 2004; Liu et al. 2015; Gebiola et al.
2018), adult feeding on honey and/or hosts was essen-
tial for the survival of T. triozae because carbohy-
drates in these diets provided energy to prolong their
longevity (e.g., Jervis et al. 2008; Picciau et al. 2019).
However, our results do not support previous findings
about the beneficial effect of yeast feeding on para-
sitoid fitness (Bartlett 1964; Heimpel and Rosenheim
1995) because T. triozae adults died in about two
days if they only fed on yeast solution (Yeast — Host)
or water (Water — Host) after emergence. Our findings
suggest that honey diet should be provided for T. trio-
zae adults immediately after emergence regardless of
whether hosts are present, or for pupae during ship-
ment to ensure newly emerged adults can get access
to honey food in the absence of hosts.

We demonstrate that adult diets and temporary
host deprivation altered daily feeding and oviposi-
tion patterns of 7. triozae females. This information
can be used to develop strategies for TPP biological
control. For example, we could have four days to suc-
cessfully ship honey-fed and host-deprived females
from production to release sites without compromis-
ing their longevity and lifetime host-killing ability.
Wasps in treatments Water +Host and Honey — Host
had highest fecundity peaks, suggesting that when the
pest density is high, we can quickly suppress the pest
population by releasing wasps that have fed on water
for 24 h or on honey for four days in the absence of
hosts. The current study shows that wasps that fed on
honey or yeast without temporary host deprivation
(Honey + Host and Yeast+ Host) flattened their daily
oviposition curves, which may reduce the risk of
massive removal of hosts and increase establishment

success of wasps in the field when the pest popula-
tion density is low (Eggenkamp-Rotteveel Mansveld
et al. 1982). Furthermore, wasps that fed on honey for
four days without access to hosts (Honey — Host) had
highest peak of daughter production, suggesting that
soon after release to the field (hosts become availa-
ble), these wasps are not only able to quickly suppress
the pest population but also increase their own.

In the absence of hosts for four days after emer-
gence, honey-fed wasps had longest generation time
(T) and relatively low intrinsic rate of increase (r) and
long doubling time (D,) due to delayed oviposition.
However, these host-deprived and honey-fed adults
achieved greatest net reproductive rate (R,), i.e., pro-
duced highest number of daughters, promoting future
population growth (Sabbatini Peverieri et al. 2012).
These findings suggest that treatment Honey — Host
can lead to better and more sustainable control when
the pest density is low at the time of release. On the
other hand, wasps in treatment Water +Host had the
highest r and shortest D,, the second highest R, and
relatively short T. Therefore, if we aim to achieve
immediate control of the pest when its population
density is high, we should feed newly emerged wasps
with water for 24 h and then immediately release
them into the infested crops. The released wasps can
kill more pest individuals within a shorter time period
and quickly build up their own population. The life
table parameters also provide references for producers
to adjust their mass-rearing programs depending on
whether they want to yield more parasitoids quickly
or to slow production down.

In conclusion, adult diets can affect survival and
reproductive patterns of T. triozae. In the absence of
hosts at emergence, wasps feeding on water or yeast
diet cannot live for more than two days, which is not
long enough for successful shipment. However, adult
T. triozae feeding on honey solutions for four days or
other diets for one day followed by provision of hosts
can survive for about 21 days with similar lifetime
pest killing ability. Furthermore, wasps feeding on
water for one day before access to hosts have greater
intrinsic rate of increase, shorter doubling time, and
higher daily fecundity peak while those fed with
honey or yeast for one day followed by host feeding
for three days flatten their daily oviposition curves.
These findings have three implications: (1) honey
diet can allow at least four days for successful ship-
ment of host-deprived adults without compromising
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host-killing ability; (2) releasing host-deprived wasps
with one-day water feeding can achieve rapid pest
suppression when the pest population density is high,
and (3) releasing host-deprived adults with one-day
honey or yeast feeding followed by three-day host
feeding can increase the establishment success and
reduce the risk of massive removal of hosts when the
pest population density is low. These implications can
be tested under field conditions.
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