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Abstract

Preservation of an insect culture under laboratory conditions is essential for its study. Numerous diets
have been developed for entomophagous insects undergoing screening as biological control agents in
attempts to improve the nutritional quality of food provided in laboratory settings. However, less
emphasis has been given to developing a more effective laboratory diet for phytophagous insects with
the adult life stage not dependant on the target species. The larvae of Hydrellia lagarosiphon Deeming
(Diptera: Ephydridae) mine the leaves of Lagarosiphon major (Ridl.) Moss ex Wager (Hydrocharitaceae). This species is currently under consideration as a biological control agent of this aquatic
invasive. Rearing techniques for the adult stage of other Hydrellia species have been developed but
current diets are not ideal as they result in relatively low reproduction rates. We compared alternative
nutritional regimes and quantified their impact on life history attributes of H. lagarosiphon. The diets
included the previously developed yeast-sugar diet, a newly developed insect-derived diet, and a diet
that combined the two. Total fecundity was significantly higher for females on an insect-derived diet
compared with the traditional carbohydrate diet and the net reproductive rate (Ro) was also higher.
Population doubling time (Td) was lower, decreasing by 30% compared to the traditional laboratory
diet developed for Hydrellia species. Adult females fed the combination diet, including both insect
and non-insect foods, laid 30% fewer eggs than those reared on an insect diet alone. Consequently,
insect derived nutritional regimes could improve culturing techniques significantly and if permission
to release the agent is granted, this diet may benefit mass rearing efforts potentially saving time and
reducing associated costs.

Introduction
The ability to rear insects under laboratory conditions is
an essential component to facilitate research in biological
control programs. Research on insects can be facilitated if
the insect species undergoing evaluation can be colonized
and mass produced in the quantities required for both
pre-release screening and later for release (Glenister &
Hoffmann, 1998; Nordlund, 1998; Smith & Nordlund,
1999, 2000; Riddick, 2009). Hydrellia lagarosiphon Deem-
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ing (Diptera: Ephydridae), a leaf-mining fly, is currently
being investigated as a biological control agent of the submerged invasive macrophyte Lagarosiphon major (Ridl.)
Moss ex Wager (Hydrocharitaceae) in Ireland (Baars
et al., 2010; Mangan & Baars, 2013) and New Zealand
(Paynter, 2013).
Rearing techniques have been developed for Hydrellia
flies under laboratory conditions, dating back to the late
1980s following the importation of Hydrellia balciunasi
Bock and Hydrellia pakistanae Deonier into quarantine as
part of a control effort on Hydrilla verticillata (L.f.) Royle
in the USA (Buckingham et al., 1989). The laboratory diet
described for H. balciunasi and H. pakistanae consists of a
sugar–yeast hydrolyzate mixture (4 g yeast hydrolyzate,
7 g sucrose, 10 ml water) and a sugar–water mixture
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1 (1:1), and this has largely been the culturing method
2 employed for the majority of Hydrellia species undergoing
3 evaluation as biological control agents to date (Grodowitz
4 et al., 1993, 1994, 1997; Balciunas & Burrows, 1996;
5 2 Martin et al., 2010; Cabrera Walsh et al., 2012; Mangan &
6 3 Baars, 2013; Sonal Varia, pers. comm.). This approach has
7 been tested on H. lagarosiphon (Mangan & Baars, 2013),
8 and although it is not unusual that fecundity varies
9 between congeneric species, the egg production was
10 almost 70% lower than that of adult female H. pakistanae
11 fed on the same artificial diet under laboratory conditions
12 (Buckingham et al., 1989; Buckingham & Okrah, 1993).
Oogenesis is a nutrient-limited process and nutritional
13
supply
can significantly impact egg production (Wheeler
14
4
&
Center,
1996). The comparatively low oviposition rates
15
for
H.
lagaroisphon
fed on the classical artificial diet
16
suggest
it
is
inadequate
and does not promote female
17
oviposition
to
its
full
potential.
Numerous diets have been
18
19 developed for entomophagous insects undergoing screen20 ing as biological control agents in an attempt to improve
21 the nutritional quality of the diet under laboratory condi22 tions (Abdel-Salam & Abdel-Baky, 2001; Arijs & De
23 Clercq, 2001; Specty et al., 2003; De Clercq et al., 2005;
24 Hamasaki & Matsui, 2006). This is primarily driven by the
25 need to produce large numbers of natural enemies of high
26 quality for experimental purposes during the screening
27 process and also mass rearing of the population prior to
28 release (Glenister & Hoffmann, 1998; Nordlund, 1998;
29 Smith & Nordlund, 1999, 2000; Riddick, 2009).
An extensive body of literature exists on artificial diets
30
31 for insect predators (Thompson, 1999; Riddick, 2009);
32 however, little consideration has been given to developing
33 a more effective laboratory diet for phytophagous insects
34 where adult stages require an alternative food supply other
35 than the plant. In the field, adult Hydrellia flies prey on
36 very small insects or insects trapped in the surface film.
37 These include amongst others the adult and pupal
38 stages of aquatic macroinvertebrates like mayflies
39 (Ephemeroptera), non-biting midges (Chironomidae), or
40 terrestrially derived insects including other species of
41 Hydrellia (Denoir, 1970). Other components of their diet
42 include yeasts, fungi, Cyanophyta, Chrysophyta, nectar,
43 and leaf epidermis. In the laboratory, the adults of
44 H. lagarosiphon are restricted to the artificial diet pro45 vided; however, they also scavenge and feed on dead adult
46 H. lagarosiphon. Although the current laboratory diet con47 tains key dietary components capable of supporting adult
48 reproduction (Mangan & Baars, 2013), it is important that
49 the breadth of nutritional requirements of H. lagarosiphon
50 be satisfied, as this ensures the continuous production of
51 high-quality progeny in insects (Cohen, 2004). The
52 absence of the insect component in the laboratory diet,

usually available in the field, probably fails to maximize
the rates of oviposition in H. lagarosiphon adults. Insectderived materials supplied in the diet of insects appear to
be generally beneficial, improving their growth, development, and fecundity (Nettles, 1990; Grenier et al., 1994).
In this study, we attempted to improve the artificial diet
used to rear H. lagarosiphon in the laboratory by including
insect-derived materials. The consequence of different
diets on the life table and demographic life parameters of
H. lagarosiphon were determined.

Materials and methods
Insect and plant cultures

The insect cultures and experiments were conducted in the
quarantine facility at University College Dublin (Ireland)
in controlled environment rooms. The laboratory culture
of H. lagarosiphon originates from a field collection made
in July 2009 from the Eastern Cape, South Africa
(32°330 52.01″S, 22°290 22.42″E). Laboratory cultures were
reared in transparent plastic boxes (30 9 15 9 15 cm)
fitted with a nylon mesh window maintained at
21.7  0.1 °C under fluorescent lighting in a long-day
cycle (L16:D8 h). Cultures were initiated with up to 40
adults, placed into the boxes containing about 30 excised
shoot tips of L. major in ca. 4–5 cm of dechlorinated
water. Flies were fed with a yeast hydrolysate-sugar solution [4 g BactoTM TC yeastolate (BD Diagnostics, Oxford,
UK), 7 g sugar, 10 ml H2O; Buckingham et al. (1991)]
and honey provided on floating feeding stations. The
yeastolate contains an indeterminate mixture of amino
acids, peptides, polysaccharides, vitamins, and minerals.
After 3–4 days exposure the adults were removed and the
container was filled with water and additional plant material. The plant material was field collected throughout the
year from Lough Corrib (County Galway, Ireland) and
maintained in 600-l circulation tanks kept in a polytunnel.
The current study was initiated after populations were
reared for at least 15 generations, and specimens used in
trials all originated from the same generation.
Drosophila melanogaster cultures

A laboratory culture of D. melanogaster Meigen was
obtained from Blades Biological Ltd. (Kent, UK). The initial culture consisted of ca. 50 individuals from each life
stage: adults, pupae, larvae, and eggs. D. melanogaster
adults were transferred and reared in transparent plastic
cylindrical containers (13.5 9 13.2 cm), fitted with a
nylon mesh window on the lid. An approximately 1-cm
layer of Blades’ Drosophila quick mix mediumTM was added
to each container, which was mixed with 100 ml water to
provide the larvae with nutrition. Approximately 5 g of
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Bacto TC yeastolate was added to the culture to provide
the adults with nutrition. After a 7-day exposure the adults
were removed and transferred to a new container.
Preparation of diets

Female fecundity was assessed under each of four
dietary conditions. (1) Traditional diet: 4 g Bacto TC
yeastolate, 7 g sugar and 10 ml H2O solution was
prepared and absorbed using a strip of tissue
(0.5 9 1.5 cm). This was placed in a Petri dish alongside a gauze-covered drop of honey; (2) Insect diet:
Adult D. melanogaster were placed in a freezer for
2 min, removed, and the abdomen was crushed with a
sterile forceps to expose the abdominal cavity. Ten
adult D. melanogaster were placed in ddH2O and
presented on a small square of gauze in a Petri dish;
(3) Combination diet: a combination of diets (1) and
(2) was provided in roughly equal proportions; (4)
Starvation: no food was provided. Each replicate
was replaced with fresh food every 2nd day to prevent
contamination.
Fecundity experiment

To determine the fecundity of H. lagarosiphon, newly
emerged flies (<12 h old) were collected and ca. 160
mating pairs were isolated (ca. 40 per dietary condition). The adult mating pairs were placed in 0.5-l transparent plastic containers and exposed to five fresh
L. major shoot tips in 6–7 cm of dechlorinated water.
A Petri dish (3.5 9 1.1 cm) provided a surface to place
the food source. The containers were covered with a
nylon mesh. Fecundity trials were run for 5, 10, and
15 days (15 days represents 80% of the average adults
life stage at 20 °C: 90% of all eggs are laid within this
time period, after which egg viability declines to 25%;
Mangan & Baars, 2013). Every 5 days, female fecundity
was recorded for each replicate and mating pairs were
transferred to a new container. At the end of each trial
period a sub-set of replicates (ca. 12–15 replicates from
each dietary condition) was terminated. The mean
number of eggs laid every 5 days and the total number
of eggs laid during a 15-day period was recorded.
Egg viability

All eggs laid during the 5-, 10-, and 15-day trial periods
were monitored to assess egg viability. All eggs were
counted and then monitored daily for a 14-day period for
egg hatch. Each container and its contents were thoroughly investigated under a microscope for split eggs,
indicating emergence, and larvae present, indicating survival to the next life stage. Survival was recorded as successful development from hatched eggs to the larval stage.

Life table and demographic growth parameters

A life table for H. lagarosiphon was constructed for each
dietary condition using the development times, survivorship rates of all the life stages, and sex ratios of the
offspring, as calculated for H. lagarosiphon by Mangan &
Baars (2013), in combination with female fecundity
assessed under the four dietary conditions in this study.
The following demographic parameters were calculated
from the life tables: net reproductive rates (Ro), mean generation time (Tc), intrinsic rate of natural increase (rm),
and population doubling time (Td). Mean demographic
parameter estimates with standard errors were then generated using bootstrap pseudo-replication of the net female
maternity life table data using methods proposed by
Pilkington & Hoddle (2006). This method created 1 000
pseudo-replicates for each demographic parameter.
Statistical analysis

Mean female fecundity and egg viability, and the pseudovalues for Ro, rm, Tc, and Td were analysed with ANOVA
followed by Tukey’s honestly significant difference (HSD)
tests (a = 0.05) using STATISTICA 7 (StatSoft, Tulsa,
OK, USA).

Results
Reproduction, development, and life table parameters

The diet with which the fly was reared significantly affected
the fecundity of female H. lagarosiphon (ANOVA:
F3,31 = 21 369.72, P<0.01). The mean number of eggs laid
during a 15-day period was lowest when adults were
starved, with females laying on average seven eggs. This
increased to around 84 eggs when adults were supplied
with an insect diet (Table 1). Egg viability was not significantly different among food treatments. However, when
adults were starved egg viability decreased significantly,
particularly when compared to when adults were reared
on an insect diet (F3,31 = 2 016.74, P<0.01).
Differences in development and reproductive characteristics of adult females among diets were also reflected
in the life table statistics (Table 1). The net reproductive rate (Ro) of H. lagarosiphon fed on an insect diet
was higher than on the traditional laboratory diet
(F3,3996 = 212 921.2, P<0.01). Similarly, the population
doubling time (Td) (F3,3996 = 19 109.3, P<0.01) was different among the dietary conditions and was lowest
when adults were reared on an insect diet. Mean generation time (Tc) was also different between fed and
starved treatments (F3,3996 = 692 337.1, P<0.01) and
females that were not provided with food did not survive for more than 5 days, resulting in a reduced mean
generation time of 53 days. Finally, the intrinsic rate of
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Table 1 Mean ( SE) fecundity, subsequent egg viability, and various life table parameters of female Hydrellia lagarosiphon monitored for
a period of 15 days on each of four diets
Parameter

Traditional diet

Insect diet

Combination diet

Total no. eggs (/female)
Egg viability (%)
Net reproductive rate Ro (no. females/female)
Intrinsic rate of increase rm (no. females/female/day)
Mean generation time Tc (days)
Population doubling time Td (days)

34.5
72.8
11.5
0.04
57.2
16.2

84.2
83.5
33.1
0.06
57.2
11.4

61.3
74.9
18.2
0.05
57.7
13.9








2.2a
2.6ab
0.1a
0.0b
0.2b
0.5d








10.6b
2.2b
0.4c
0.0d
0.2b
0.0b








9.2ab
2.3ab
0.4b
0.0c
0.1b
0.1c

Starvation
7.0
52.1
0.8
0.01
53.0
106.2








1.0a
2.2a
0.0a
0.0a
0.0a
12.4a

Means within a row followed by different letters are significantly different (Tukey HSD: P<0.05).

increase (rm) of the flies fed on the traditional
laboratory diet was lower than adults reared on both
the combination and insect diet (F3,3996 = 14 568.0,
P<0.01).
Dietary conditions also affected the egg laying patterns
of H. lagarosiphon (Figure 1). Adult females that were
starved only laid eggs in the first 5 days, as both males and
females failed to survive beyond this time, presumably due
to malnutrition. Adults fed the traditional laboratory diet
laid the majority of their viable eggs (74%) during the first
10 days of egg production with a notable decrease in the
last 5 days of the experiment. Viable egg production
among adults reared on an insect diet was consistently
higher throughout the trial period compared to adults fed
the traditional laboratory diet.

it has on the reproductive and developmental attributes of
the fly. Previous studies have demonstrated how the use of
insects and insect materials in artificial laboratory diets
can enhance the survival and oviposition of entomophagous insects. Under field conditions, Hydrellia feed
on a broad range of dead insects (Denoir, 1970); however,
the original laboratory diet developed for these flies is
devoid of any insect or insect-derived components
(Buckingham et al., 1989). Our study indicates that the
inclusion of insects in the diet of H. lagarosiphon is extremely beneficial. The insect diet appears to be highly
nutritious and adults reproduced with more success
compared to adults fed the traditional diet of sugar–yeast
hydrolyzate mixture developed by Buckingham et al.
(1989) and used since (Grodowitz et al., 1993, 1994, 1997;
Balciunas & Burrows, 1996; Cabrera Walsh et al., 2012;
Mangan & Baars, 2013; Sonal Varia, pers. comm.).
Knowledge of the biology and rearing techniques of
Hydrellia is essential in using these natural enemies in a
biological control program. Biology and development

Discussion
The main objective of this study was to develop a more
suitable diet for H. lagarosiphon and investigate the impact
30
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Figure 1 Mean ( SE) number of viable
eggs laid by adult female Hydrellia
lagarosiphon supplied with four dietary
conditions: starvation, traditional diet,
combination diet, or insect diet, after 5, 10,
and 15 days. No females on a starvation
diet survived to day 10. Bars within time
periods headed by a different letter are
significantly different (Tukey HSD:
P<0.05).
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work revealed the potential for colonization success
of H. lagarosiphon in Europe by calculating the number of
annual generations from a degree-day model for this species (Mangan & Baars, 2013). The results indicated that
H. lagarosiphon would be capable of completing between
one and eight generations per year across Western Europe.
However, population growth was calculated based on
adult reproductive performance when adult mating pairs
were supplied with the traditional sugar–yeast hydrolyzate
diet. The demographic growth estimates in the current
study now show that the published estimates (Mangan &
Baars, 2013) are conservative. This study reveals that a diet
more closely resembling that utilized under field conditions results in higher population growth as indicated by
the demographic growth parameters. The inclusion of
insects in the diet enhances rates of egg laying, increasing
the net reproductive rate (Ro) by 200% and decreasing the
population doubling time (Td) by 30% compared to the
traditional laboratory diet developed by Buckingham et al.
(1989).
These results demonstrate the usefulness of employing a
nutritional regime that more closely resembles the field
diet and how it can drastically increase reproduction in
H. lagarosiphon and potentially the impact this agent will
have on target weed populations. The study also demonstrates the usefulness of investigating food sources that
more closely resemble those in the wild and that can support and increase the development and reproductive rates
of natural enemies under laboratory conditions. Successful
production of large numbers of natural enemies is essential
when they are required for experimental purposes during
the screening process and later for mass rearing prior to
release.
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