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Abstract. Recent host records for Gephyraulus raphanistri (Kieffer), a flower-gall midge, show restriction to Raphanus raphanis-
trum throughout Europe. Gephyraulus raphanistri has never been reported infesting commercially grown Brassica crops. Historical
records showing a broad host range appear to have resulted from confusion with new or as yet undescribed Gephyraulus spp. and
Contarinia nasturtii (Kieffer), a known gall-former of Brassica and other related genera. This study tested host specificity of G. rap-
hanistri in the field in Europe by manipulating host plant phenology of actual and potential hosts in the genera Raphanus and Bras-
sica as part of a risk assessment of the insect as a potential biological control agent of R. raphanistrum, one of the most important
weeds of crops in Australia. Raphanus raphanistrum raphanistrum (wild radish), R. raphanistrum landra (coastal wild radish), Rap-
hanus sativus (radish) and Brassica napus (oilseed rape cultivar) were phenologically synchronised for initial flowering and planted
out in a flowering time and species block design near a natural population of R. r. landra hosting a natural population of G. rapha-
nistri. Three generation peaks in gall formation were observed in the experiment, with galls developing on all test plants with an
apparent preference for R. r. landra. The high field specificity of this gall midge is driven by the synchrony of oviposition and
flower availability, not host physiological incompatibility or behavioural unacceptability. Commercially grown Brassica spp. are not
suitable hosts for G. raphanistri because in the field they differ in flowering phenology from Raphanus raphanistrum. The overlap in
the flowering phenology of the crop and weed in Australia makes this insect unsuitable as a biological control agent.

INTRODUCTION conditions) and the field host specificity (the realized host
range observed in nature) are, therefore, largely the same
dae) occurring in the Palaearctic Region, 76% are phy- (Il’esghken, 1982; Moo}rle, 1?9!; Hlnz, 1998; S(;bh}llan‘et
tophagous, 16% are mycophagous and 8% are zooph- al., 2000). However, the relative importance of physio-

agous (Skuhravé et al., 1984; Skuhrava, 1986). Phyto- logical st'litability ar}d.l.aehavioural acceptability versus
phenological compatibility between the gall former and

its host in defining field host specificity remains unstud-
ied. Knowing what determines insect host specificity is of
vital importance for understanding the evolution of insect

Of the 2200 gall midges species (Diptera: Cecidomyii-

phagous gall midges, given the intimate relationship with
their host plants, are generally highly host specific and
sensitive to small differences in host-plant physiology,
chemistry, development and phenology (Barnes, 1946; . - ; . .
Skuhravé, 1986; Shorthouse & Rohfritsch, 1992: Abra- plant relationships and psk assessmept of biological con-
hamson et al., 1998). These characteristics added to their trol ageqts. S.even species of gall midge have been used
short lifecycle and multivoltinism even in cold temperate for the blolgglcal con'trol Ofweeds'_ . .

climates make these midges both formidable crop-specific Three midge species are associated Wlth_ cruc1ferogs
pests (Barnes, 1946) and useful biological control agents ~ TPS (cabbages, turnip, s.w.ede, rape, rad,ISh’ etc.) in
of weeds (Harris & Shorthouse, 1996). About 60 gall Europe. Larvae of Contarinia nasturtii (Kieffer) attack

midges are pests of agriculture and forestry (Darvas et al., basal parts of stems, heart leaves and flower buds, larvae
2000; Skuhrava & Roques, 2000; Harris, 2002) of Dasineura brassicae (Winnertz) attack siliquae pre-
i ’ ’ ’ . venting normal seed development and larvae of Gephy-

raulus raphanistri (Kieffer) live gregariously in swollen
flower buds. The host plant range is, however, unclear
(Barnes, 1946). G. raphanistri and C. nasturtii occur
sometimes together in flower buds and it is unknown
which species is the gall causer and which the inquiline.
G. raphanistri and C. nasturtii galls are frequently men-
tioned in the cecidological literature, but G. raphanistri is
seldom mentioned in the economic literature, suggesting

The high degree of specificity of gall formers appears
to result from the phytophagous insect having a high
degree of specialization combined with the host plant’s
specific growth response following the unique feeding
site activity of the gall former (Shorthouse & Rohfritsch,
1992). This intimate co-evolutionary relationship between
gall-formers and their hosts results in near monophagy in
most gall formers. The fundamental host range (van
Klinken & Edwards, 2002; the insect’s host range, based
on physical, metabolic, sensory and behavioural optimal
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it may have been overlooked or confused with C. nastur-
tii.

Raphanus contains two species, Raphanus sativus L.
(edible radish) and R. raphanistrum L. with three subspe-
cies; R. r. raphanistrum, R. r. landra (Moretti ex DC)
Bonnier & Layens, and R. r. rostratus (DC) Thell. Phylo-
genetic evidence points to a common ancestry for Rap-
hanus  spp. and Brassica napus L. (canola)
(Goémez-Campo & Prakash, 1999). This provides the con-
text and focus for analyzing the detailed host specificity
of G. raphanistri.

The historical literature suggests Gephyraulus rapha-
nistri galls have been recorded from Raphanus raphanis-
trum (Kieffer, 1886) and up to 26 species of eight genera
of the family Brassicaceaec (Houard, 1908-1909; Buhr,
1939; Stelter, 1954). However many of these records
appear to have been based on gall symptoms rather than
clear taxonomic determination. More recent work has
revealed previously undescribed Gephyraulus galling
these hosts. For example, G. diplotaxis galls flowers of
Diplotaxis muralis (Brassicaceae) (Solinas, 1982) and
Fedotova (1992) described six new Gephyraulus species,
each associated with a different host genus in the family
Brassicaceae. Two independent surveys by the following
authors (Scott et al., 2002, for Mediterranean France, Por-
tugal and Tunisia; Skuhrava and colleagues for Europe:
Austria (Skuhrava & Franz, 1989), Bulgaria (Skuhrava et
al., 1991, 1992), Czech Republic (Skuhrava, 1994a, b),
Denmark (Skuhrava et al., 2006), France (Skuhrava et al.,
2005), Italy (Skuhrava & Skuhravy, 2005), Poland
(Skuhrava & Skrzypczynska, 1983), Portugal (Skuhrava
et al., 1996), Slovakia (Skuhrava, 1991), Spain (Skuhrava
et al.,, 1996) and Switzerland (Skuhrava & Skuhravy,
1997), which included all available wild and crop species
of Brassicaceae between 1956 and 2005 at 1770 localities
throughout Europe and Tunisia only record G. rapha-
nistri from R. raphanistrum. All recent evidence, there-
fore, indicates this gall midge is specific in the field to
this host.

Raphanus raphanistrum raphanistrum (wild radish) in
southern Australia is one of the most important weeds of
annual crops. The development of widespread herbicide
resistance in this weed has lead to the investigation of
alternative means of control (Scott et al., 2002). The aim
of this study was to understand the role of host plant phe-
nology in the field in the host specificity of the gall-
forming cecidomyiid, G. raphanistri, a potential classical
biological control agent of wild radish.

MATERIAL AND METHODS

Field experiment

The host use of G. raphanistri was tested in the field at
Palavas les Flots, France from late April until 1% July 2002.
Three 2 x 1 m blocks were set up; each containing 24 randomly
arranged potted experimental plants; 6 of R. r. raphanistrum, 6
of R. r. landra, 6 of R. sativus and 6 of Brassica napus (Canola).
Block 1 was set up on the 26 April, block 2 on the 30 April and
block 3 on the 6 May 2002. These different dates were used to
try and obtain a sequence of flowering phenology in the experi-
mental plants across the blocks. Blocks 1, 2 and 3 were also 2
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m, 6 m and 16 m, respectively from a natural G. raphanistri
population on naturally occurring R. r. landra.

Experimental plants used in the blocks were all sown in early
January to minimize size differences and grown in a glasshouse
within which the temperature was manipulated to ensure all the
test plants flowered while there were naturally ovipositing G.
raphanistri. Plants were transferred to their respective blocks at
Palavas when the first flower buds were observed, so plants that
flowered earliest, based on natural flowering phenology varia-
tion, were placed in block 1 and plants that flowered last were
placed in block 3.

On 6 May and then twice weekly until 1 July 2002, the
experimental plants were watered and the numbers of flowers,
galled and not galled were counted. Sampling covered the full
flowering period of each plant and occurred over the three
natural generations of G. raphanistri. On each visit a sample of
about 10 galled flowers was collected from each of the four
potted plant species and from the spontaneous R. r. landra
plants. Each gall was placed in a separate Eppendorf tube and
returned to the laboratory so that the 3 different larval stages,
nymphs and adults, necessary for the identification, could be
reared.

Analysis

To normalize the numerical data were log transformed prior
to analysis. Comparisons of the number of flowers and galls per
species were each analysed using one-way ANOVA in STA-
TISTIX 8, 1985-2003 Analytical Software, Tallahassee,
Florida.

The effect of flower number per plant (covariate), plant spe-
cies and block on the number of galls per plant across the whole
experimental period was analyzed using ANCOVA in GLIM
3.77, 1985 Royal Statistical Society, London.

Some of the test plants produced flower buds when the gall
midge was not ovipositing, and therefore not available for ovi-
position. The effect of this was tested by comparing the within
generation gall number. The number of flowers available and
galls produced were collated for each plant species per block in
each of the G. raphanistri generations; 6.v.=27.v., 27.v.—14.vi.
and 14.vi.—1.vii., based on field data (Fig. 1). The effect of
flower number per generation per block (covariate), plant spe-
cies and generation number on the number of galls produced per
generation per block was then also analysed using ANCOVA in
GLIM.

RESULTS

Adult cecidomyiids were reared from larvae obtained
from all four test plant species and the spontaneous R. r.
landra plants. Gephyraulus raphanistri was the only gall
midge species identified (by M. Skuhrava) from the galls
during this experiment (the sample included 20 males and
4 females from B. napus; 11 males and 7 females from R.
r. landra; 6 males and 5 females from R. r. raphanistrum
and 12 males and 7 females from R. sativus).

All the 18 plants per species flowered. The average
flowering period of individual experimental plants varied
with plant (F5,1 = 46.8, P < 0.0001; Fig. 1), with B.
napus, R. sativus, R. r. raphanistrum and R. r. landra
flowering for 15, 24, 31 and 39 days respectively. How-
ever, given the experimental design flowering phenology
did vary between blocks, at least for B. napus, where the
three blocks flowered asynchronously (Fig. 1).

Eighteen plants of R. r. landra, 17 of R. sativus, 15 of
R. r. raphanistrum and 13 of B. napus had galled flowers.
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Fig. 1. Mean number of flowers that were not galled (light hatched bars), and number of galls (lines + SE) per plant on each plant

species and in each block per visit over the time of the experiment.
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Fig. 2. Regression of the Log (n + 1) total number of flowers (x-axis) on Log (n + 1) number of galls (y-axis) per plant for each
test plant species. Small dots represent plants in block 1; triangles plants in block 2; large dots plants in block 3. a) B. napus: Fy,7 =
10.82; P = 0.0046; b) R. r. landra F, ;= 27.27; P = 0.0001; c) R. sativus: F,;;=3.84; P = 0.0677; d) R. r. raphanistrum: F,,;=

20.78; P =10.0003.

Across the whole experiment, galls appeared in three gen-
erational peaks, but as a result of differences in the flow-
ering periods and manipulated flowering phenology, all
species per block did not support all three G. raphanistri
generations. For example, each block of B. napus sup-
ported a different midge generation (Fig. 1), while only
the resident host R. r. landra, with the longest flowering
period, supported all three midge generations (Fig. 1).
Across the whole experiment, the number of flowers
and galls per plant differed significantly between the test
plant species. B. napus had a significantly lower number
of flowers per plant, while R. ». landra had a significantly
higher number of galls per plant. The mean number of
galls per flower was 0.25 for R. r. landra, 0.09 for B.
napus, 0.06 for R. r. raphanistrum and 0.05 for R.
sativus. In each analysis of gall number across the four

TaBLE 1. ANOVA table of the Log (n + 1) number of galls
per plant explained by block, plant species, and Log (n + 1)
total flower number.

SS df(nd) F P r
Blocks 1.316 2,67 431 0.0174 0.002
Species 5465 3,68 119 0.0000 0.033
Flowers 2.261 1,66  14.8 0.0003  0.006
Species*Flowers  2.136 3,62 4.67 0.0053  0.005

species, flower number was
covariate (Fig. 2, Tables 1 and 2).

ANCOVA showed a significant effect of block on the
regression of gall number against flower number per plant
(Table 1). Significantly fewer galls per flower were found
in block 3 (Fig. 3a), which had the latest flowering plants
situated farthest from the resident host plant population.
There was also a significant effect of plant species on the
regression of gall number on flower number (Table 1,
Fig. 2). In this ANCOVA, plant species explained more
of the variation in galls per plant than either flowers per
plant or block (Table 1). There was also a significant
interaction between plant species and flower number for
gall number per plant in this analysis because the flower
number versus gall number per plant relationships varied
between plant species, and this relationship for R. sativus
was not significant (Fig. 2).

a significant positive

TaBLE 2. ANOVA table of the mean number per block of Log
(n + 1) galls per flower explained by Log (n + 1) total flower
number, plant species and generations.

SS df (n,d) F P r
Flowers 4.848 1,21 353 0.0000 0.307
Species 0.543 3,21 1.39  0.2735 0.004
Generations  2.067 2,23 7.52  0.0031 0.056
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Finally, an analysis was made of galls produced in rela-
tion to the number of flowers available in each of the
three gall midge generations (flowers produced in each
generational period). In this analysis flower number
explained most of the variation in gall number (Table 2).
Generation number was also significant with more galls
per flower produced in later generations (Fig. 3b), while
the effect of host plant species on the number of galls per
flower was not significant (Fig. 3c).

DISCUSSION

The role of host plant phenology

The confirmed field host range of the gall midge G.
raphanistri in Europe and the Mediterranean region indi-
cates that it is restricted to R. raphanistrum, despite some
explainable historical anomalies, with no records from B.
napus, despite its agricultural importance. This study has
shown however, that B. napus is within the fundamental

host range of G. raphanistri for oviposition and develop-
ment, but that the reason why G. raphanistri does not use
B. napus in the field has a phenological rather than a
physiological or behavioural explanation. In spring the
flowers of B. napus naturally appear too early for G. rap-
hanistri and the flowering period of B. napus is not long
enough to support multiple generations of G. raphanistri.
In Europe, flowering in winter canola is for agronomic
reasons synchronised to occur from early April until late
May (Habekotté, 1997). In the region of our study flow-
ering occurs in April (CETIOM, 2006), earlier than the
main host, R. r. landra. This is clear evidence that host
plant phenology can play a strong role in field host plant
specificity of gall formers.

By resynchronising the flowering of the potential host
plants to suit the emergence and oviposition period of the
midge, our study showed that G. raphanistri from a
natural population can complete development on all the
four test plants of Raphanus and Brassica. The test plants
differed in the length of the flowering period (Fig. 1), the
number of flowers produced and galls that developed
throughout the experimental period (Table 2). The
number of galls per flower (ANCOVA in Table 2) and
the regressions of flower number and gall number (Fig. 2)
also differed significantly between test plants. This indi-
cated that G. raphanistri exhibits a host species prefer-
ence of the order; R. r. landra > B. napus > R. r.
raphanistrum > R. sativus.

However, the pattern of gall production across the
whole experiment, showed 3 clear peaks and the time
interval showed these represented 3 generations of G.
raphanistri (Fig. 1). As such, ovipositing females were
not present at all times; therefore the total number of
flowers per plant was not the best estimate of available
oviposition sites for the midge. Further analysis based on
estimates of total flowers available for oviposition
showed that any significant effect of host plant species on
gall numbers across the whole experiment was due to dif-
ferences in flower availability between host species
(Table 2, Fig. 3c¢).

The experimental design was arranged in 3 blocks in
order of both increasing distance from the natural G. rap-
hanistri population and delayed flowering phenology of
the experimental plants. The effects of this are most
clearly seen in the B. napus plants, which in each block
hosted a different generation of G. raphanistri (Fig. 1).
The distance of the blocks from the natural midge popula-
tion was also evident in that block 3, which was farthest
from the midges and produced flowers last, had fewer
galls per flower (Fig. 3¢c). The effect of midge generation
observed across the experiment was also evident as in real
terms there were twice as many galls per flower in the
third compared to the first generation (Fig. 3b).

Yukawa (2000) emphasizes the importance of synchro-
nization of herbivores with their host plant phenology.
The quality and the quantity of food are critical for
galling insects such as cecidomyiids that have a limited
life span and for which suitable galling sites are flower
buds where cell division is actively proceeding. To sup-
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port a population of G. raphanistri in a natural field situa-
tion, the host plants would have to produce flowers at a
time suitable for oviposition by the midges. In our experi-
ment the test plants were attacked by three generations of
the gall midge only because of artificially generated
between-block differences in flowering phenology. Under
natural conditions in the south of France, B. napus
flowers in April (CETIOM, 2006), too early for the first
generation of G. raphanistri. Furthermore the R. r. rapha-
nistrum and R. sativus plants only flowered long enough
to support two generations of the midge under the Medi-
terranean climatic conditions of the experiment. This may
explain why R. r. landra is the natural host at the experi-
mental locality and why B. napus is not a host of G. rap-
hanistri in the field in Europe. Raphanus r. raphanistrum
is a host of the midge in other situations. It may be that
the flowering period of this subspecies may be longer
under such situations or there are fewer midge genera-
tions (particularly at colder latitudes).

Even so, the long flowering period of R. raphanistrum,
wide variety of climates and flowering conditions in
Europe makes it likely that there will be locations where
this specificity breaks down. This probably has not been
detected due to the assumption that the galls on this plant
are caused by C. nasturtii. An alternative explanation is
that plant phenology does not completely determine the
host specificity in natural conditions although further
field tests at a wide range of locations is needed to test
this idea.

Field host specificity tests

The field experiment was designed to create an artifi-
cial opportunity for a wider host range for G. raphanistri.
Marohasy (1998) describes false positive results as those
obtained when feeding or oviposition occurs on a test-
plant that would not be attacked in the field and when
attack occurs on non-hosts positioned close to a target
weed. Similarly, Fox (1993), and Finch & Collier (2000)
suggest that apparent host choice decisions by herbivo-
rous insects may be one result of natural selection
favouring avoidance of poor quality plants. When the
insect encounters a potential host, it is exposed to a com-
plex array of host-associated stimuli (volatile and non-
volatile plant chemicals, as well as visual or tactile
stimuli), rather than a single host-associated stimulus.
Plants defined as “poor” and “good” hosts can be con-
fused when found together and could result in abnormal
feeding and oviposition decisions. Marohasy (1998) con-
cludes that false positives are potentially expensive as
they may result in the rejection of a biological control
agent that would be safe for release and Barton (2004)
mentions that care needs to be taken when interpreting
results from “predisposition” host-range testing done
under artificial conditions; otherwise promising biocon-
trol agents could be rejected when in fact they would do
minimal non target damage under field conditions.

The target region for this potential biological control
project is Australia, where both Raphanus and Brassica
species are introduced. Differences in climate and agro-
nomic practice could lead to the weed, R. raphanistrum
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and the crop, B. napus flowering at the same time in the
target region. Reeves et al. (1981) give the phenological
development of R. raphanistrum at Rutherglen in north-
eastern Victoria. Plants germinating in early autumn have
a long flowering period and subsequent germinations, and
as a result flowers can be found at most times of the year,
although mainly during the winter months. B. napus also
flowers in the winter months and flowering time is highly
dependent on sowing date, which depends on seasonal
rainfall (Farré et al., 2002). As a consequence canola
flowers within the overall phenology of R. raphanistrum.
This implies that flowering time is unlikely to limit the
host range of G. raphanistri if introduced into Australia.

This study should be replicated in other areas of Europe
under field-like conditions, in order to attempt to under-
stand why the economic literature does not record any
other hosts compared to the rich cecidological literature.
The difference between the galling of R. r. raphanistrum
and R. r. landra should also be studied more closely
because it questions G. raphanistri identity, which should
be examined further using molecular methods.

Despite the lack of recent literature records of G. rap-
hanistri as a pest of any B. napus-based crop plants, this
study found that G. raphanistri from a natural population
in a natural field setting shows no reduced preference and
can complete full development on this crop. High field
specificity of this gall midge to Raphanus in Europe is
driven by synchrony of oviposition and flower avail-
ability and not physiological incompatibility with closely
related host genera. Commercially grown Brassica spp.
are not suitable hosts for G. raphanistri only because of
their different flowering phenology compared to Rap-
hanus raphanistrum. This means that the midge is an
unsuitable biological control agent of R. r. raphanistrum
in Australia where the new environment may pose con-
trasting phenological conditions for both the midge and
its potential hosts.
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