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ABSTRACT

The high energy quota and versatility of use make willows (Salix spp.) attractive as bioenergy crops. Insect defoliation
constitutes a threat to the profitability of willow growers. Hitherto, the breeding for resistance against the main insect
pests has been hampered by the fact that all known resistant willow clones are polyploids, and existing molecular
breeding tools work most effectively for diploids. Here, we firstly report diploid willows highly resistant to the main
insect defoliator, the leaf beetle (Phratora vulgatissima), offering new opportunities for breeding resistance. Leaf bee-
tles exposed to three resistant clones (two S. purpurea one S. eriocephala) laid three to 27 times fewer eggs than fe-
males on a susceptible S. viminalis clone. Secondly, we show that beetles laid significantly more eggs on resistant
clones if they were fed the susceptible clone prior to the oviposition monitoring test compared to when they pre-fed on
resistant clones. Nevertheless, the differences observed between resistant and susceptible clones were pronounced in all

cases. The food conditioning effect means that small differences in resistance among clones may be undetected.
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1. Introduction

The demand for renewable sources of energy is continu-
ing to increase. Biofuels, i.e., liquid, gas or solid fuels
produced from biomass, are already responsible for a
significant part of the renewable energy currently pro-
duced and are expected to become even more important
in the near future [1]. Willows (Salix spp.) could poten-
tially be an important bioenergy crop for producing bio-
fuels. At present, willows are grown in Sweden, the UK
and several other countries in Europe as a short-rotation
coppice crop [2]. Growing willows provides farmers with
an alternative and potentially profitable use of land that
may otherwise be poorly suited for traditional agricul-
tural crops. The fast growth of willows allows harvesting
every 2nd to 5th year, depending on growth conditions.
Burning is the most common use of willows, but trans-
formation into ethanol and bio-diesel is also possible.
Willows are well-suited for all these purposes due to
their high energy quota and efficient use of nitrogen;
high yields are possible even with a relatively low input
of fertilization [3]. In addition, willows are increasingly
used for cleaning waste water and soil remediation [4,5].

Insect defoliation constitutes an imminent threat to the
profitability of willow growers. In Sweden as in other
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parts of northern Europe, the main insect pests are dif-
ferent species of leaf beetles (Colepotera: Chrysomeli-
dae). In particular, the blue willow beetle (Phratora vul-
gatissima L.) has caused extensive damage [6]. Heavy
defoliation by adult beetles and larvae is reported to re-
duce plant biomass production by 40% [7]. High leaf
beetle densities occur frequently in willow plantations [8].
The use of insecticides is not feasible due to economic
and environmental issues. It is therefore important to
identify practical, economic and environmentally ac-
ceptable control strategies for these beetles. The breeding
for resistance will almost certainly form part of such a
strategy. Adapted harvesting regimes are another part in
controlling the beetles [8,9] that may also affect produc-
tivity [10].

Hitherto, the breeding for resistance against leaf bee-
tles in willows has been hindered partly because all
known resistant genotypes have been shown to be poly-
ploids [11,12] and partly because a lack of efficient and
reliable resistance protocol. Concerning the first hinder,
existing molecular tools are most effective for diploids as
the analysis of plants with several chromosomes requires
a considerable amount of time and effort due to the mul-
titude of ways in which markers may segregate. Thus,
even though it has been possible to create crossing popu-
lations with a wide variation in phenotypic expression of
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leaf beetle resistance, it has been difficult to identify ge-
netic markers, such as QTLs, targeting genes coding for
resistance [13,14]. This means that only traditional, and
hence time consuming, methods of breeding have been
possible. Concerning the second hinder, we have recently
developed a protocol for quantifying insect resistance
against the main insect pest P. vulgatissima that is both
time effective and reliable [12]. However, there have
been indications that the food P. vulgatissima beetles
experience before they are tested on a clone may affect
the results of the bioassay. In this paper we quantify the
effect of the herbivore’s experience of other plant clones
prior to the experimental test on the possible detection of
resistant willow genotypes and the expression of resis-
tance. We also present the first data showing that geno-
types of the diploid willow species S. purpurea and S.
eriocephala are strongly resistant to the leaf beetle P.
vulgatissima.

2. Materials and Methods

The direct insect resistance of three diploid willow
clones, i.e., FC (or “Fish Creek” a S. purpurea L. clone
with ID 9882-34 (male)), OO6 (another S. purpurea
clone with ID 94006 (female)) and S25 (a S. eriocephala
Michx. Clone (female)), was estimated by comparing
them to the well-studied susceptible diploid S. viminalis
L. clone 78021 (female). It is worth noting that there are
other susceptible diploid S. viminalis clones that are
males (e.g. Jorr). Thus, there are opportunities to create
crossing populations. The bioassay method used was
recently developed and has been shown to be a time-
efficient method for reliably scoring direct resistance (see
[12] for a detailed description) that corresponds to ob-
served variation in defoliation in the field among a subset
of clones (Inger Ahman unpublished data). Adult female
P. vulgatissima leaf beetles were allowed to lay eggs on
detached willow leaves from the different clones. The
experiment was conducted over 14 days. Leaf-beetle egg
production stabilized over time, and the number of eggs
laid (averaged per day) during the last census period (day
13 - 14) was used as an estimate of the degree of willow
resistance. The experiment was repeated in two years
(2010 and 2011). In 2011, females were allowed to feed
either on the susceptible clone 78021 or on the respective
resistant clone prior to the oviposition monitoring test but
the number of replicates in each pre-treatment clone were
not high enough to allow a proper statistical analysis.
Thus, these data were pooled and pre-clone was denoted
“mix”. In 2010, we also quantified the effect of the food
female beetles were offered prior to the oviposition test
(“pre-clone™). Thus, some females were pre-fed with
leaves from the same willow clone as their egg produc-
tion rates were later tested on, while others were pre-fed
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with leaves from the 78021 clone.

Data was analyzed using SAS 9.2. In the diploid wil-
low experiment, GLM ANOVA analyses were used, fol-
lowing log-transformation of the data set to ensure nor-
mal distribution. In both 2010 and 2011, differences in
egg production between the clones (78021, FC, O0O6 and
S25) were tested by one-way GLM ANOVAs after all
female leaf beetles had been allowed to feed on the wil-
low clone 78021 prior to the oviposition monitoring test.
In 2010, the effects of which clones the females fed on
during (“test-clone”) and before (“pre-clone™) the ovipo-
sition test, as well as the interaction between these two
factors, were tested in a two-way ANOVA (proc GLM).
The latter analysis only included the clones FC, OO6 and
S25. In addition, the oviposition rate per day during the
last census period (day 13 - 14) on the susceptible clone
78021 was used to test for differences between years.
The number of replicates in the above described experi-
ments varied between 6 and 20, which should be enough
to achieve a reliable estimate.

3. Results

The oviposition rate differed between the “test-clones” in
both 2010 and 2011 (Figure 1; 2010: F370 = 12.0, P <
0.001; 2011: F333 = 23.3, P < 0.001) after the female
beetles had fed on the susceptible clone 78021 prior to
the oviposition monitoring test; i.e. only the data with
78021 as pre-clone in 2010 and a subset of the data in
2011. In both years, the oviposition rate on clone 78021
was 3 - 27 times higher than the oviposition rates on the
other diploid clones, irrespective of pre-clone. The spe-
cific pre-clone that the females fed on before the oviposi-
tion test influenced the oviposition rates but could only
be properly analysed in 2010 (Figure 1; Fy4; = 18.2, P <
0.001). Females that prior to the oviposition monitoring
test were allowed to feed on 78021 laid on average 139%
more eggs compared to females that had pre-fed on their
respective test-clone (Figure 1; 2010 data). Female leaf
beetles tested on the diploid clones FC, O06 and S25
showed a similar response regardless of which clone they
had been feeding on prior to the oviposition monitoring
test (78021 or their own test-clone) as illustrated by the
non-significant interaction between pre-clone and test-
clone (F,9; = 0.66, P = 0.521). In addition, there was no
significant difference in oviposition rate between years
on clone 78021 (Fy3 =1.91, P =0.177).

4. Discussion

The results presented here are to the best of our knowl-
edge the first to clearly demonstrate the existence of dip-
loid willows resistant to the leaf beetle Phratora vulga-
tissima. This discovery opens up new opportunities for
breeding resistance in this bioenergy crop. The fact that
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Figure 1. Oviposition rate by willow leaf beetles on diploid willow test-clones. Mean (+SE) number of eggs laid per day during
day 13 and 14 after transfer to experimental willow (Salix spp.) clones gives a good measure of direct resistance against the
leaf beetle Phratora vulgatissima. Female beetles were allowed to feed on different willow clones prior to the start of the ex-
periment (pre-clones). FC = the S. purpurea clone “Fish Creek” (1D 9882-34); OO6 = a S. purpurea clone officially entitled ID
9882-34; S25 = a S. eriocephalia clone; 78021 = the S. viminalis clone 78021; and “mix” = females had been feeding on either
susceptible or resistant clones and results were pooled due to low n-values. Data from two years (2010 and 2011) are pre-

sented. N = 6 - 20.

we now know that there are both susceptible and resistant
Salix clones, of both sexes, that are diploid give opportu-
nity to make crossing populations in which genetical
markers for resistance may be more easily sought. A
complicating factor in the search for resistance is the
observed influence on the estimate of direct resistance of
food type beetles experienced before the actual bioassay.

The difference between egg production on resistant
(clones FC and OO6 of S. purpurea and clone S25 of S.
eriocephala) and susceptible (clone 78021 of S. viminalis)
willows was highly significant and varied between 3
times (300%) and 27 times (2700%). Given that adult
females can lay up to 600 eggs [12], it can be estimated
that it would take 213 to 1609 days to realize the fecund-
dity on the resistant clones compared with 59 to 72 days
on the susceptible 78021 clone. While we do not know
the average longevity of an adult female in the field, we
know that they can survive for over 100 days in the lab
[12]. Thus, female P. vulgatissima feeding on the resis-
tant willows are unlikely to realize more than a small
fraction of their egg-laying capacity under natural condi-
tions. As the larvae normally cause most of the damage,
the positive effect on willow growth by using resistant
willows in the field is likely to be substantial.

The level of resistance varied between years. To some
extent, this variation can be attributed to the type of food
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the female beetles experienced prior to the oviposition
test, i.e., the pre-clone [15-17]. Based on the data from
2010, beetles laying eggs on the resistant clones (FC,
006 and S25) after feeding on the susceptible clone
(78021) as pre-clone produced on average 1.4 times more
eggs than those allowed to feed on their respective clones
as pre-clones. This highlights the importance of consid-
ering the type of food leaf beetles are allowed to feed
upon before monitoring oviposition. In this particular
case, the differences between resistant clones and sus-
ceptible clone were significant irrespective of the pre-
clone (Figure 1).

The mechanisms behind the variation in plant quality
were not studied, but it is well known that phenolic
compounds, particularly salicylates, contribute to insect
resistance in willows and that the expression of these
compounds depends on ontogeny, light conditions, habi-
tat etc. [6,11,13,18-20].

In the present study, we only measured direct resis-
tance to the leaf beetles. Further work is needed to show
whether indirect resistance, acting via natural enemies,
show similarities to previous results, i.e., a positive link,
and thus no trade-off between direct and indirect resis-
tance [21-23]. Sustainable control via plant resistance is
likely to require effective use of both direct and indirect
effects on the target pest.
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5. Conclusion

In conclusion, our discovery of diploid willow clones
exhibiting a high degree of resistance to the leaf beetle P.
vulgatissima opens up new possibilities for targeting
genes and assists the search for genetic markers of resis-
tance in willow species. A logical next step would be to
create a crossing population between one of these resis-
tant diploid clones and a susceptible diploid clone of the
species S. viminalis. Such a crossing population could be
very useful in screening for genetic markers such as
QTLs, and furthermore, offers opportunities for the iden-
tification of the genes associated with both direct, i.e.
plant chemistry, and indirect, i.e., interactions between
herbivores and their natural enemies, resistance traits.
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