Host plant shifts affect a major defense enzyme in
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Chrysomelid leaf beetles use chemical defenses to overcome
predatory attack and microbial infestation. Larvae of Chrysomela
lapponica that feed on willow sequester plant-derived salicin and
other leaf alcohol glucosides, which are modiﬁed in their defensive
glands to bioactive compounds. Salicin is converted into salicylaldehyde by a consecutive action of a β-glucosidase and salicyl alcohol oxidase (SAO). The other leaf alcohol glucosides are not
oxidized, but are deglucosylated and esteriﬁed with isobutyricand 2-methylbutyric acid. Like some other closely related Chrysomela species, certain populations of C. lapponica shift host plants
from willow to salicin-free birch. The only striking difference between willow feeders and birch feeders in terms of chemical defense is the lack of salicylaldehyde formation. To clarify the impact
of host plant shifts on SAO activity, we identiﬁed and compared
this enzyme by cloning, expression, and functional testing in a
willow-feeding and birch-feeding population of C. lapponica. Although the birch feeders still demonstrated defensive glandspeciﬁc expression, their SAO mRNA levels were 1,000-fold lower,
and the SAO enzyme was nonfunctional. Obviously, the loss of
catalytic function of the SAO of birch-adapted larvae is ﬁxed at
the transcriptional, translational, and enzyme levels, thus avoiding
costly expression of a highly abundant protein that is not required
in the birch feeders.
host plant adaptation
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ost phytophagous insects are specialized to a restricted set of
host plant species (1–4). Host afﬁliation/specialization has
been shown to be inﬂuenced by geographical, genetic, biophysical,
and ecological enforcements (3, 5). But the most important barriers are toxic metabolites of the host plant (6–8), which all phytophagous insects must overcome by developing appropriate
detoxiﬁcation mechanisms. Adapting to plant-speciﬁc chemicals
provides insects with a niche that allows them to survive, but
narrows the range within which host plant shifts can occur, including only plants with similar metabolite patterns.
Chrysomelina leaf beetles are an excellent taxon for investigating host plant adaptation and relevant factors associated
with host plant shifts. Most leaf beetle species are highly specialized on a single plant genus, where they spend their whole life
cycle. Their well-defended larvae exhibit different degrees of
dependence on the host plant’s secondary metabolites (9–13).
Larvae of the genus Chrysomela originally feed on Salicaceae
(e.g., willow, poplar) and sequester salicin (9). This phenolic glucoside is transported intact into the reservoirs of larvae’s exocrine
defensive glands (14, 15). In the reservoir, the glucoside is cleaved
by a β-glucosidase to salicyl alcohol and glucose. Salicyl alcohol is
further transformed to salicylaldehyde by a ﬂavine-dependent
salicyl alcohol oxidase (SAO) (16–18). Salicylaldehyde acts as
a feeding deterrent against generalist predators (19–21) and has
antimicrobial activity (22). The use of host-derived chemical
defenses via sequestration exempliﬁed by Chrysomelid beetles is
a highly economical solution for detoxifying plant chemicals (23).
The fact that de novo biosynthesis of defensive compounds is
not required provides an energetic beneﬁt while making the
specialist herbivore dependent on host plant chemistry.
www.pnas.org/cgi/doi/10.1073/pnas.1013846108

A monophyletic clade within the genus Chrysomela (interrupta
group) evolved the biosynthesis of butyrate esters as defensive
compounds (19, 21) about 1.1–2.3 Mya (24, 25). Some species of
the interrupta group shifted host plants from willow to birch (26),
which affected the composition of the insects’ glandular defensive secretions. Whereas willow-feeding species retained the
ability to synthesize salicylaldehyde in addition to esters as a dual
defense strategy, birch-feeding specialists lack salicylaldehyde
and synthesize only esters. It has been proposed that the evolution of ester biosynthesis enabled species within the interrupta
group to shift from willow to birch. This shift altered the composition of the defensive secretions and allowed the insects to
escape specialized parasitoids and predators that were attracted
by the larval salicylaldehyde (25, 27).
In the present study we focus on Chrysomela lapponica, the
only species within the interrupta group comprising both willowfeeding specialists with a dual strategy and birch-feeding specialists, which produce butyrate esters (25, 28). Their highly
fragmented Eurasian distribution, caused by an adaptation to a
cold climate and the general poor capability for dispersal of many
leaf beetles (29), might have favored the isolation of populations
leading to population-speciﬁc adaptations to different host plants
(28, 30). Despite recent data on how shifts in host plants have
inﬂuenced the composition of defensive secretions in Chrysomelinae (21, 23, 24), the impact of the biosynthetic enzymes on
the defensive system is unknown. Here we focus on salicylaldehyde biosynthesis, which is the only striking difference between
willow-feeders and birch-feeders. We address the evolutionary
origin of SAO, how the enzyme involved in the biosynthesis of
salicylaldehyde continues to evolve, and what happens to SAO
after a host shift occurs. For this comparative approach, we cloned
and expressed SAO from C. lapponica adapted to the French
willow (designated SAO-W) and from birch-feeding C. lapponica
from Kazakhstan (designated SAO-B). SAO is a member of the
glucose-methanol-choline oxidoreductase (GMC) multigene
family, known for its wide variety of substrates and catalytic activities (31, 32), and has been characterized at the molecular and
functional levels in the obligate salicylaldehyde-producing species
Chrysomela populi (16–18, 33). We demonstrate that a nonfunctional SAO, along with a number of paralogs, are present in
the Kazakh population. We discuss the signiﬁcance of the paralogs and the lack of function of SAO-B in an evolutionary context.
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Results

a position that is conserved in C. populi and C. lapponica willow feeders.

Identiﬁcation and Characterization of SAO in Willow-Feeding C.
lapponica. The 1D-SDS/PAGE gels of glandular secretions of

SAO-Related Sequences Imply Rapid Gene Duplication Events in
Chrysomela spp. In the willow-feeding C. lapponica, we identiﬁed

the French population of C. lapponica feeding on Salix breviserrata displayed a highly abundant 70-kDa protein (Fig. S1) that
was identiﬁed as SAO-W by comparing their de novo peptide
sequences with the two known Chrysomela SAOs. SAO-W is
a member of the GMC oxidoreductase family. Its peptide sequence was assigned to a GMC encoding EST from a cDNA
library of the larval defensive glands. Full-length sequencing of
the SAO cDNA showed an identity of 83% to the leaf beetle
SAOs of C. populi and C. tremulae at the amino acid level. This
also included the N-terminal signal peptide for the secretory
pathway (Fig. 1 and Fig. S2). Enzyme assays of the putative SAO
protein, heterologously expressed in Sf9 cells, revealed SAO
activity (Fig. 2). The oxidation proceeded in a Re-speciﬁc fashion
and removed the deuterium atom exclusively and yielded [1-1H]salicylaldehyde from the 1R-[1-2H1]-salicyl alcohol precursor.
This stereochemical course is in agreement with previous studies
using the glandular secretion of Phratora vitellinae (17, 34), conﬁrming that the oxidation is not an autoxidative artifact (Fig. 2).
After in vitro deglycosylation of the heterologously expressed
SAO with PNGase F, the molecular weight was reduced by ∼5–7
kDa (Fig. S3). The difference in molecular weight between the
expressed protein (∼77 kDa) and the PNGase F–treated sample
(∼70 kDa or 67 kDa, according to the amino acid sequence)
suggests substantial protein glycosylation. Most importantly, the
insect cell line–expressed protein is of the same size as the native
SAO of the glandular secretions.

a GMC-type protein closely related to SAO-W, termed SAO-W
paralog1. Expression of this protein in Sf9 cells demonstrated that
this paralog also lacked SAO activity. Like the willow feeders, the
birch-feeding species expressed a SAO-B paralog1 in glandular
tissue. Due to its high sequence identity of 98.8% at the nucleotide
level and 99.4% at the amino acid level, willow- and birch-feeding
SAO paralog1 are most likely true orthologs. cDNA library and
qPCR data indicate the presence of even more SAO-W paralogs
in the genome of C. lapponica. To identify additional SAO-W–
related genes, we screened a genomic Fosmid library of the willowfeeding C. lapponica with probes designed from their SAO-W and
SAO-W paralog1. We identiﬁed a total of four SAO-W paralogs
from willow-feeding populations with an amino acid identity of the
predicted and known coding regions ranging from 54% to 97%.
The most similar SAO-like genes were connected pairwise in the
genome (ClapSAO-Wp1 + p3 and p2 + p4). From birch-feeding
larvae of C. lapponica, we also were able to amplify an SAO-B
paralogous gene (ClapSAO-Bp2). Two additional paralogs were
obtained from cDNA pools of the defensive gland (ClapSAO-Bp1)
and the Malpighian tubules (ClapSAO-Bpmt). Similar paralogs
were present in the genomic DNA of C. populi showing high sequence similarity to one another (CpopSAOp and CpopSAOp1).
Expression Patterns of SAO-W, SAO-B, and Their Paralogs. The gene
expression levels were compared in different tissues of both
larval C. lapponica populations. The most obvious ﬁnding is the
high level of SAO-W expression in the glandular tissue, which
exceeds that in the gut, fat body, and Malpighian tubules by
40,000-fold (Fig. 3A). This pattern is conserved in the birchfeeding population for the SAO-B but with a 1,000-fold lower
transcript abundance (Fig. 3B). A glandular tissue–speciﬁc expression pattern was also observed for the paralog1 in both
populations. However, unlike the high expression level of SAO-W,
the transcript abundance for the two paralogs1 was much lower
and comparable in both populations (Fig. 3).
A second SAO-B paralog (ClapSAO-Bpmt; see the previous
paragraph) was found in the Malpighian tubules by qPCR sequence analysis, but it proved to be different from the SAO-B.
Interestingly, no comparable transcript was found in the Malpighian tubules of the willow feeders, demonstrating different
expression patterns of the SAO paralogs in the two populations.

Loss of Function of the SAO from Birch-Feeding C. lapponica. Based
on the sequence information for SAO-W, we were able to amplify an ORF encoding SAO-B from a cDNA pool; this SAO-B
was constructed from the RNA of the defensive glands of C.
lapponica from Kazakhstan feeding on Betula rotundifolia. After
expressing this enzyme in Sf9 cells, we found no evidence for an
active SAO by in vitro assays. The same result was obtained with
the native secretions. The protein (SAO-B) exhibited an identity
of 97% compared with the SAO-W and a predicted signal peptide
for the secretory pathway (Fig. 1 and Fig. S2). The absence of
catalytic activity can be attributed to a deletion of 27 amino acids
next to the N-terminal signal peptide in SAO-B. Amplifying and
comparing SAO-encoding genes in willow-feeding and birchfeeding populations of C. lapponica identiﬁed a deletion affecting
the end of the second exon (Fig. S4). This is coincident with the
missing amino acids and causes the translation of a truncated,
nonfunctional transcript of the SAO-B by alternative splicing.
Additional analysis of the splicing pattern of the SAO from
C. populi and related genes in C. lapponica showed that the site for
alternative splicing in the birch-feeding C. lapponica concerns
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Fig. 1. Detail of an amino acid alignment of known SAOs of C. populi (CpopSAO) and C. tremulae (CtreSAO) with Tribolium castaneum GMCi5 (TcasGMCi5),
and the SAO of the willow (ClapSAO-W) and birch (ClapSAO-B) population as well as the SAO-W paralog1 (ClapSAO-Wp1) of C. lapponica. The truncation of
ClapSAO-B is highlighted in gray, and overall identical amino acids are depicted in black.
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genes, showed the origin of all SAOs within the GMC oxidoreductases and a most recent common ancestral gene in the GMCi
subfamily. This is indicated by their afﬁliation to TcasGMCi5
supported by a high bootstrap and posterior probability value (90/
1). Moreover, Fig. 4 demonstrates the SAOs in Chrysomela spp.
have a single origin within the GMCi subfamily. Two true orthologous groups of SAO paralogs, supported by high probability
values, are shown by identical numbers (SAOp1 and SAOp2). The
presence of at least four SAO paralogs in the willow-feeding
C. lapponica, three in the birch-feeding C. lapponica, and two in
C. populi demonstrates the expansion of the GMCi subfamily in
the genus Chrysomela by gene duplication events leading to the
evolution of SAO activity.
The GMCi, GMCz, and GLD sequences cluster in distinct
clades and within each clade according to species phylogeny. The
SAO of C. populi and C. tremulae cluster tightly together and are
supported by high bootstrap and probability values, but they are
clearly separated from the SAO and related genes of C. lapponica.
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Discussion
Within the genus Chrysomela, the monophyletic interrupta group
evolved the ability to biosynthesize esters from insect- and plantderived precursors (19, 21, 24, 25, 35, 36). Whereas willow-feeding
species of the interrupta group retained the ability to biosynthesize
salicylaldehyde in addition to esters, birch-feeding species produce
esters only as defensive compounds. The impact of the phytogenic
precursors on the compositions of the defensive secretions has
been studied intensively (16, 21, 13), but virtually nothing is known
about the impact and nature of the glandular enzymes generating
the defensive mixtures from the sequestered precursors.
We focused on the SAO from birch-feeding and willow-feeding
larvae of C. lapponica because the host plant shift had a dramatic
effect on the composition of the defensive secretions that could
not be attributed simply to the different metabolite proﬁles of
the food plants. For example, the presence of small amounts
of alcohols [e.g., benzylalcohol (18)] in the secretions of the
birch-feeding population suggests a complete lack of oxidative
capacity. Therefore, we ﬁrst identiﬁed and functionally expressed
SAO-W from willow-feeding larvae of C. lapponica. This protein,
a member of the GMC oxidoreductase family, consists of 625
amino acids including an N-terminal signal peptide addressing
PNAS Early Edition | 3 of 5
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the secretory pathway (exported from the glandular tissue to the
reservoir) and is highly abundant in the defensive secretions. The
enormous amount of transcript in the glandular tissue indicates
an advanced state of tissue-speciﬁc expression and is consistent
with the extent of oxidative capacity required to generate salicylaldehyde. In the birch-feeding population, neither SAO activity nor the SAO protein was detectable. This agrees with
previous studies on birch-feeding C. lapponica larvae that found
the presence of salicyl alcohol, but not salicylaldehyde, after
larvae were transferred from birch to willow (21, 35). Glucoside
transport and glucoside cleavage were not affected by the host
plant shift, because this system is generally required to sequester
plant-derived glucosides (37) and provides the precursors for the
butyrate esters.
Although we found no SAO activity in the birch-feeding population, we were able to amplify an ORF encoding SAO-B. The
transcription level of this gene is ∼1,000-fold lower in the birchfeeding population compared with the willow-feeding population.
This lower (but still detectable) transcription in conjunction
with the absence of SAO-B could indicate an additional posttranscriptional down-regulation of this nonfunctional enzyme.
SAO-W and SAO-B demonstrated 98% amino acid sequence
identity. However, in the SAO-B a truncation close to the N
terminus, caused by a deletion at the second exon/intron border,
leads to an alternative splicing of the SAO-B gene. By extensively
sequencing SAO transcripts, we were able to identify additional
splice variants of SAO-B (at lower frequency), pointing to the
likelihood that mutations will accumulate in this population (Fig.
S5). The structure of the SAO gene is highly conserved between
the C. lapponica SAO-W, its paralogs, and the respective orthologs from C. populi, providing additional support for a speciﬁc
(derived state) deletion event in the C. lapponica SAO-B gene.
Obviously, the loss of catalytic function of SAO-B is ﬁxed at the
transcriptional, translational, and enzyme levels, thereby avoiding
costly expression of a protein that is highly abundant in willowfeeding larvae but not required in the birch-feeders.
The glandular tissue–speciﬁc transcription is retained in the
birch-feeding population despite the encoding of a nonfunctional
SAO. This could be explained by a recent and ongoing process
of SAO reversal, acquisition of a new function of the truncated
SAO-B (unlikely given the variable splice pattern) and/or the
cotranscription of the SAO with other genes (e.g., SAO paralog1),
which demonstrates an SAO-typical expression in the glandular
tissue. Polycistronic transcription is uncommon in eukaryotes,
and few examples are known. One type of cotranscription is the
polycistronic transcription of clustered genes that are clearly related in sequence and likely have evolved by gene duplication
(38). However, we found no evidence for polycistronic mRNAs in
the case of SAO, but the screening of a genomic library of willowfeeding C. lapponica indicates the occurrence of recent gene
duplications and clustering of the duplicates with closely related
GMC oxidoreductases. In total, four SAO-W paralogs with an
amino acid identity of 54–97% were identiﬁed. The most similar
paralogs, SAO-W paralog1+3 and 2+4, are clustered pairwise.
Beside their sequence similarity, the highly conserved gene
structure (Dataset S1) supports the view that these paralogs
originated from recent gene duplication events. However, analogous to the SAO-W paralog1, which has no SAO activity, it is
likely that none of these paralogs is a functional SAO enzyme.
Phylogenetic analyses with SAO sequences from the closely
related salicylaldehyde-producing species C. populi and C.
tremulae (33), C. lapponica, and their paralogs showed a common
origin for all SAOs and their paralogs within the GMC oxidoreductase family and a most recent common ancestral gene in
the GMCi subfamily. Furthermore, the identiﬁcation of orthologs of SAO-W paralog1 and paralog2 in the birch-feeding
population and another in C. populi shows that (i) the duplications arose before the evolution of the interrupta group, and (ii)
the number of duplicates is comparable in willow-feeding and
4 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1013846108

birch-feeding C. lapponica. Tribolium castaneum has three genes
in the GMCi subfamily, one (TcasGMCi5) that shares a most
recent common ancestor with all of the SAOs (Fig. 4) and related genes found in the genus Chrysomela, providing evidence
that SAO paralogs are not common to all beetles. The scenario
of sub- or neo-functionalization of one gene-duplicated copy
leading to SAO activity seems likely. The high degree of glycosylation of GMC proteins in general and a predicted secretory
signal peptide common to all known GMCi members can be
interpreted as preadaptations for the development of SAO activity. In addition, the lack of SAO activity of the ClapSAO-Wp1
protein indicates that the SAO-related genes have nonredundant
functionalities, making an expansion-mediated diversiﬁcation in
the GMCi subfamily in Chrysomela species likely.
Our ﬁndings suggest that C. lapponica reﬂects a transition between larvae specializing on willow and birch or an ongoing speciation, which likely has occurred in some Chrysomela species of
the interrupta group that are restricted to feeding on birch. The
many previous comparisons of closely related phytophagous insect
species and their host afﬁliation provide insight into the evolutionary history of host plant specialization/host shift and its impact
on speciation (25, 39–41); in addition, some examples have compared different host afﬁliations within a species (42, 43). However,
very little is known about the consequences of host shift for speciﬁc
biochemical pathways and the underlying genetic background that
is directly linked to host plant adaptation. SAO is an enzyme that
fulﬁlled its function in Chrysomela chemical defense for millions of
years; the loss of its activity in C. lapponica birch feeders shows
which molecular mechanisms—namely, protein truncation, transcriptional down-regulation and most likely inhibition of posttranscriptional processes—can act within a short time period,
especially if the complete lack of oxidative capacity also precludes
the oxidation of benzyl alcohol to benzylaldehyde (18) that might
be attractive to parasites as well. Therefore, to broaden our ﬁndings, SAO could be useful in addressing the evolutionary history of
host plant shifts from willow to birch in the whole interrupta group.
Comparative investigations of the fate of SAO could uncover
whether the several independent shifts to birch (25) are also
reﬂected by different, independent events of molecular changes of
SAO in these species (e.g., alternative accumulation of mutations).
Most interestingly, by investigating secretory compounds of
crosses between willow-feeding and birch-feeding individuals of
C. lapponica, SAO activity can be reestablished (43). Although no
speciation in progress could be identiﬁed by comparing the genetic distances among different European populations (28), the
high reproductive isolation (43), population-speciﬁc host plant
specialization and adaptation (30), and host-speciﬁc oviposition
behavior (44), along with our results reported here, make ongoing
speciation processes in C. lapponica caused by host plant shift
likely. Although we found a variety of effects at different levels
leading to the complete loss of SAO activity in the birch-feeding
population of C. lapponica, further research is needed to elucidate
the direction of the evolutionary scenario. Our ﬁndings suggest
that the host plant shift from willow to birch caused the loss of
SAO activity through the accumulation of mutations rather than
vice versa. Comparative investigations of the selective forces that
act on SAO genes in different populations feeding on different
host plants will shed light on the dynamic and adaptive host plant
associations of Chrysomelid beetles.
Materials and Methods
See SI Materials and Methods for details on population selection, identiﬁcation of SAO protein in glandular secretions, and ampliﬁcation of fulllength GMC encoding cDNA and genes.
Heterologous Expression in Sf9 Cells. The cDNAs encoding the SAO proteins
and their paralogs were ampliﬁed by PCR using gene-speciﬁc primers, including a 5′ Kozak sequence and lacking a stop codon for epitope and His-tag
fusion expression after ligation into pIBV5 His TOPO TA vector (Invitrogen)
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a HydroShear DNA shearing device (GeneMachines) and cloned into SmaIdigested pUC19 (Fermentas) for shotgun sequencing.
Phylogenetic Analyses. Multiple alignments of protein sequences were carried out
using CLUSTALW (46). Phylogenetic relationships were inferred using a neighborjoining algorithm (47) implemented in TREECON 1.3, taking insertions and deletions into account. A bootstrap resampling analysis with 1,000 replicates was performed to evaluate the tree topology. A model-based phylogenetic analysis using
Bayesian Markov chain Monte Carlo inference, consisting of four Markov chains,
was performed using MrBayes 3.1.2. The analysis was run for 1,000,000 generations, with sampling from the trees every 100 generations. The ﬁrst 1,000
generations were discarded as burn-in. Trees were combined into a single summary
tree. Dataset S3 provides the gene sources of all sequences used for the analyses.

Genomic Library Construction and Screening. Genomic DNA, isolated from a
C. lapponica willow population, was used for Fosmid Library construction
performed with the CopyControl Fosmid Library Production Kit (Epicentre
Biotechnologies), following the manufacturer’s protocol. The pCC1FOS vectors
were packaged with MaxPlax Lambda extracts (Epicentre Biotechnologies).
The phage particles were used for EPI300-T1 cell infection. Stocks of infected
cells were sent to ImaGenes (Berlin, Germany) for plating, stock library production of each clone, and duplicate colony spotting on nylon membranes.
Nylon membranes were hybridized with SAO probes using the Amersham ECL
Direct nucleic acid labeling and detection system (GE Healthcare) following the
manufacturer’s protocol for probe labeling, hybridization, and detection.
Positive clones were ampliﬁed for Fosmid preparation followed by shearing on
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used for Sf9 insect cell expression. The correct sequence and direction of
cloning were veriﬁed by sequencing. Sf9 cells were cultivated in GIBCO Sf-900
II SFM (Invitrogen) on tissue culture dishes (Falcon, 100 × 20 mm; BD) at 27 °C
until 60% conﬂuence was achieved. Transfection was performed with Insect
Gene Juice (Novagen) following the manufacturer’s protocol.

