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Fire blight, caused by the bacterium Erwinia amylovora, is a devastating disease of apple (Malus 3 domestica). The phytoalexins
of apple are biphenyls and dibenzofurans, whose carbon skeleton is formed by biphenyl synthase (BIS), a type III polyketide
synthase. In the recently published genome sequence of apple ‘Golden Delicious’, nine BIS genes and four BIS gene fragments
were detected. The nine genes fall into four subfamilies, referred to asMdBIS1 toMdBIS4. In a phylogenetic tree, the BIS amino
acid sequences from apple and Sorbus aucuparia formed an individual cluster within the clade of the functionally diverse
type III polyketide synthases. cDNAs encoding MdBIS1 to MdBIS4 were cloned from fire-blight-infected shoots of apple
‘Holsteiner Cox,’ heterologously expressed in Escherichia coli, and functionally analyzed. Benzoyl-coenzyme A and salicoyl-
coenzyme Awere the preferred starter substrates. In response to inoculation with E. amylovora, the BIS3 gene was expressed
in stems of cv Holsteiner Cox, with highest transcript levels in the transition zone between necrotic and healthy tissues.
The transition zone was the accumulation site of biphenyl and dibenzofuran phytoalexins. Leaves contained transcripts for
BIS2 but failed to form immunodetectable amounts of BIS protein. In cell cultures of apple ‘Cox Orange,’ expression of the
BIS1 to BIS3 genes was observed after the addition of an autoclaved E. amylovora suspension. Using immunofluorescence
localization under a confocal laser-scanning microscope, the BIS3 protein in the transition zone of stems was detected in the
parenchyma of the bark. Dot-shaped immunofluorescence was confined to the junctions between neighboring cortical
parenchyma cells.

The domesticated apple (Malus 3 domestica Borkh.;
Rosaceae) is the main fruit crop in the temperate
regions of the world (Luby, 2003; Velasco et al., 2010).
Approximately 72 million tons of apples were grown
worldwide in 2009 (FAO, 2009). Apples are consumed
for their taste, nutritional value, and high content of
health-protective constituents, such as polyphenols.
The major polyphenol classes are flavanols (catechins
and proanthocyanidins), flavonols, dihydrochalcones,
hydroxycinnamates, and in red apples anthocyanins

(Mayr et al., 1995; Lee et al., 2003; Tsao et al., 2003;
Wolfe et al., 2003; Chinnici et al., 2004; Vrhovsek et al.,
2004; Mc Ghie et al., 2005). The concentrations of the
majority of these constituents are much higher in the
apple peel than in the flesh. Compared to other fruits,
apples contain highest levels of free phenolic com-
pounds, which may be more available for absorption
into the bloodstream (Boyer and Liu, 2004; Manach
et al., 2005). Beside phenolics, a considerable number
of bioactive triterpenoids are present in apple peels
(He and Liu, 2007). Numerous epidemiological studies
have linked the consumption of apples with the re-
duced risk of cancer and cardiovascular disease, which
are ranked as the top two leading causes of death in in-
dustrialized countries (Boyer and Liu, 2004; Gerhauser,
2008). Apples and apple products exhibit awide range of
biological activities, such as antioxidant effects, cancer
chemopreventive potential, and cholesterol-lowering
properties (Boyer and Liu, 2004; Gerhauser, 2008).

The progenitor of the cultivated apple is likely to be
Malus sieversii, which is widespread in the mountains
of Central Asia at elevations between 1,200 and 1,800
m (Luby, 2003; Velasco et al., 2010). Over the centuries,
a number of apple cultivars were selected by vegeta-
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tive propagation of single trees, which coincidentally
had more appealing fruit and growth characteristics
than other locally known varieties (Gessler and Patocchi,
2007). Few cultivars are the result of an oriented breeding
program. Commercial orchards are uniform and com-
monly consist of only few worldwide distributed cul-
tivars. Although agronomically desirable, the genetic
uniformity seriously affects resistance to pests and
diseases (Norelli et al., 2003; Gessler and Patocchi,
2007). The most frequent apple pathogens are the
fungi Venturia inaequalis, the causal agent of scab, and
Podosphaera leucotricha, the causal agent of powdery
mildew (Xu and Madden, 2002; Bowen et al., 2011).
Among bacteria, the most devastating pathogen is the
enterobacterium Erwinia amylovora, which causes fire
blight (Thomson, 2000). All three diseases have global
economic importance for apple production and trade.
One of the defense strategies of plants against path-

ogens is formation of phytoalexins. Species of the Rosa-
ceous subtribe Pyrinae (formerly subfamilyMaloideae),
which includes apple and pear (Pyrus communis), form
biphenyls and dibenzofurans as inducible defense com-
pounds (Kokubun and Harborne, 1995). Accumulation
of these antimicrobial metabolites as de-novo-formed
phytoalexins is confined to the Pyrinae. The biphenyl
and dibenzofuran concentrations supposed to be pre-
sent at localized infection sites inhibit spore germina-
tion and hyphal growth (Miyakodo et al., 1985;
Hrazdina et al., 1997). Biosynthesis of biphenyls and
dibenzofurans is not well understood. Recently, we
used cell cultures of Sorbus aucuparia, which is another
Pyrinae species, as an in vitro system for studying
metabolism of the taxon-specific defense compounds
(Hüttner et al., 2010). Three biphenyls and two diben-
zofurans accumulated in cultured S. aucuparia cells in
response to elicitor treatment. Interestingly, addition
of yeast (Saccharomyces cerevisiae) extract and chitosan
to the cell cultures resulted in formation of the biphe-
nyls aucuparin and noraucuparin, respectively, as the
major phytoalexins. In contrast, treatment of the cell
cultures with preparations from either the fire blight
bacterium, E. amylovora, or the scab-causing fungus, V.
inaequalis, induced accumulation of the dibenzofuran
eriobofuran as the major defense compound (Hüttner
et al., 2010). The carbon skeleton of the two classes of
phytoalexins is formed by biphenyl synthase (BIS),
whose activity was first detected in yeast-extract-
treated S. aucuparia cell cultures (Liu et al., 2004). A
BIS cDNA was cloned and the recombinant enzyme
was functionally expressed in Escherichia coli (Liu et al.,
2007). BIS transcripts were rapidly and transiently
induced by elicitor treatment in S. aucuparia cell cul-
tures. BIS is a type III polyketide synthase (PKS) that
catalyzes the iterative condensation of benzoyl-CoA
with three molecules of malonyl-CoA to give a linear
tetraketide intermediate, which then undergoes intra-
molecular aldol condensation and loss of the terminal
carboxyl group to give 3,5-dihydroxybiphenyl (Fig. 1).
Downstream enzymes that metabolize the BIS product
have not yet been reported. Thus, the phytoalexin

response of the Pyrinae is poorly studied, despite the
high economic value of the fruit crops involved.

Very recently, Velasco et al. (2010) have published
the genome sequence of the diploid apple variety
Golden Delicious. This cultivar was selected for the
sequencing project because it is extensively used in
fruit production and as parent in apple breeding
programs worldwide. The genome had 57,386 predic-
ted genes, the highest number among plant genomes
so far sequenced. Analysis of the apple genome was
suggestive of a whole-genome duplication event that
happened around 50 million years ago in an ancestral
nine-chromosome genome. Subsequent loss of a single
chromosome, in addition to interchromosomal rear-
rangements, led to the 17-chromosome karyotype of the
cultivated apple (Velasco et al., 2010). The characteristic
fruit type has probably evolved after the genome-wide
duplication event. Here we report analysis of the apple
BIS gene family and differential expression of gene
family members in apple ‘Holsteiner Cox’ after inocu-
lation with the fire blight bacterium, E. amylovora.

RESULTS

Analysis of the BIS Gene Family in the Genome
Sequence of Apple ’Golden Delicious’

The genome sequence of cvGoldenDelicious (Velasco
et al., 2010) was screened for BIS genes using three BIS
cDNAs isolated from elicitor-treated S. aucuparia cell
cultures (Liu et al., 2010). These cDNAs and their
encoded polypeptides shared 92% to 94% and 92% to
96% identities, respectively. The genome sequence of cv

Figure 1. Biosynthesis of the biphenyl and dibenzofuran scaffolds.
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GoldenDelicious contained nine predicted genes, whose
coding sequences shared .90% nucleotide sequence
identity with the three S. aucuparia BIS cDNAs (Table
I). Complete coding sequences were present in only five
(MDP0000641538, MDP0000208999, MDP0000432621,
MDP0000287919, MDP0000302905) of the nine gene se-
quences (Supplemental Fig. S1). Furthermore, four frag-
ments of BIS genes sharing 80% to 97% identitywith the
S. aucuparia cDNAs were detected (MDP0000573540,
MDP0000280274, MDP0000529287, MDP0000308113).
However, the upstream and downstream sequences of
all four fragments were unrelated to BIS genes. Some
sequences with identities ,70% were also found, they
are annotated as CHALCONE SYNTHASE (CHS) genes
in the database. Based on the alignment of the coding se-
quences (Supplemental Fig. S1) and the promoter se-
quences, as far as available (data not shown), the nine
BIS genes fall into four subfamilies referred to asMdBIS1
toMdBIS4 (Table I). This groupingwas confirmed by re-
construction of the phylogeny of the gene family (Sup-
plemental Fig. S2).MdBIS1 (three copies),MdBIS2 (four
copies), andMdBIS3 (one copy) correspond to the BIS1,
BIS2, and BIS3 cDNAs, respectively, from S. aucuparia.
The coding sequence of MdBIS4 (MDP0000302905) has
a 12-bp-longer 3# end than the other open reading
frames (Supplemental Fig. S1). A corresponding cDNA
from S. aucuparia has not yet been isolated.

Some of the splicing predictionsmade for theBIS genes
present in the cv Golden Delicious genome sequence
(www.rosaceae.org) differ from our observations. (1) In
MDP0000641538, two introns comprising the nucleo-
tides 170 to 661 and 947 to 975were annotated, however,
the second intron is coding sequence when compared to
the corresponding BIS1 cDNA from apple ‘Holsteiner
Cox,’ cloning of which is described below (Supplemen-
tal Fig. S3). The same is true for the 3# segment (580–661)
of the first intron. In addition, a deletion is present in
the genome sequence behind nucleotide 985. The cor-
rected 1,173-bp coding sequence of MDP0000641538
was aligned with the MdBIS1 cDNA (Table I). (2) The
predictedMDP0000257119 coding sequence is in accord
with the corresponding MdBIS1 cDNA over a length of
711 bp which, however, constitute only the 3# segment

of the coding sequence (Supplemental Fig. S4). The 293-
bp upstream sequence was annotated in the genome
sequence as 3# segment of an intron. Furthermore, the
169-bp 5# stretch of the cloned cDNA lacks a counterpart
in the genome sequence. Finally, a deletion is present
behind nucleotide 531 in the coding part of the ge-
nome sequence. (3) In MDP0000168735, 786 bp are
marked as unclear nucleotides, which are annotated
together with another 43 nucleotides (577–620) as an
intron (Supplemental Fig. S5). However, the open
reading frame of the corresponding cloned MdBIS2
cDNA contains both the 43-nucleotide segment and a
stretch of 407 unclear nucleotides as coding sequence.

Analysis of Phylogenetic Relationships between MdBISs
and Other Type III PKSs

A phylogenetic tree involving MdBIS1 to MdBIS4
and SaBIS1 to SaBIS3 was constructed, as described
previously (Beerhues and Liu, 2009). The seven BIS
amino acid sequences formed an individual cluster
within the clade of the functionally diverse type III
PKSs (Fig. 2). BIS1 to BIS3 from apple and S. aucuparia
grouped together each. BIS4 has so far only been
detected in apple. The amino acid sequence most
closely related to the BISs is benzophenone synthase
(BPS) from Hypericum androsaemum. This enzyme
also uses benzoyl-CoA as a starter substrate (Liu
et al., 2003). CHS from apple grouped closely to-
gether with CHS from S. aucuparia within the clade
of CHSs.

cDNA Cloning and Functional Analysis of BISs from
Fire-Blight-Infected Apple ‘Holsteiner Cox’

Gene-specific primers were derived from the 5# and
3# ends of the coding sequences of the BIS1 to BIS4
genes of cv Golden Delicious and used to amplify the
open reading frames of the BIS cDNAs from E.
amylovora-inoculated shoots of cv Holsteiner Cox.
The latter cultivar is used in our laboratories to study
the phytoalexin response of apple. The identities of
the BIS coding sequences of the two cultivars were 96%

Table I. The BIS gene family of M. domestica

BIS Gene in the Genome

Sequence of cv Golden Delicious
Chromosome No.

Identity with the Corresponding BIS cDNA from cv Holsteiner Cox

SubfamilyAt the Nucleotide

Sequence Level

At the Amino Acid

Sequence Level

MDP0000641583a 14 99% (1,159/1,173)b 97% (381/391) BIS1
MDP0000257119a,c 2 97% (971/1,004) 95% (316/334)
MDP0000385168 Unanchored 94% (665/710) 90% (212/236)
MDP0000208899 2 97% (1,137/1,173) 98% (383/389) BIS2
MDP0000432621 15 96% (1,120/1,167) 98% (380/389)
MDP0000716308c 15 96% (661/689) 98% (212/216)
MDP0000168735a 2 96% (692/718) 97% (238/245)
MDP0000287919 15 99% (1,162/1,167) 97% (377/388) BIS3
MDP0000302905 14 99% (1,183/1,185) 99% (393/394) BIS4

aPredicted splicing (www.rosaceae.org) is modified (Supplemental Figs. S2–S4). bIdentical residues versus open reading frame residues
available in the genome sequence. cPromoter region is missing in the genome sequence.
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to 99% (Table I). The BIS1 cDNA cloned from cv
Holsteiner Cox contained an early stop codon at
position 211 to 213 and did not yield a functional
enzyme protein. In contrast, the BIS2 to BIS4 cDNAs
were heterologously expressed in E. coli to give active
N-terminally His6-tagged proteins, which were puri-
fied by affinity chromatography. The subunit molecu-
lar masses of the BISs were approximately 43 kD, as
determined by SDS-PAGE (data not shown). In the

presence of malonyl-CoA as extender substrate, BIS1 to
BIS4 converted benzoyl-CoA, 2-hydroxybenzoyl-CoA
(salicoyl-CoA), and 3-hydroxybenzoyl-CoA to 3,5-
dihydroxybiphenyl, 4-hydroxycoumarin, and 6-(3#-
hydroxyphenyl)-4-hydroxy-2-pyrone, respectively, as
observed previously with the S. aucuparia BISs (Liu
et al., 2007, 2010). Due to the relevance for biphenyl and
dibenzofuran biosynthesis (Fig. 1), kinetic properties
were studied with benzoyl-CoA and salicoyl-CoA as

Figure 2. Neighbor-joining tree of type III PKSs. CHSs and functionally divergent PKSs from angiosperms are highlighted in blue
and red, respectively. Bold letters mark BIS1 to BIS4 and CHS from cv Holsteiner Cox. Numbers at the forks are bootstrap values
from 1,000 replicates. ACS, Acridone synthase; ALS, aloesone synthase; BAS, benzalacetone synthase; BBS, bibenzyl synthase;
CTAS, 4-coumaroyl triacetic acid lactone synthase; DpgA, 3,5-dihydroxyphenylacetate synthase; HKS, hexaketide synthase;
HTAS, hexanoyl triacetic acid lactone synthase; PhID, acetylphloroglucinol synthase; 2-PS, 2-pyrone synthase; RppA,
1,3,6,8-tetrahydroxynaphthalene synthase; STS, stilbene synthase; STCS, stilbene carboxylate synthase; VAS, valerophenone
synthase.
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starter substrates (Table II). BIS2 to BIS4 exhibited high-
est affinity for benzoyl-CoA. The turnover rates were
slightly higher with salicoyl-CoA. Notably, salicoyl-CoA
undergoes only one condensation with malonyl-CoA,
however, benzoyl-CoA experiences three. Compared
among BIS2 to BIS4, the catalytic efficiencies with
benzoyl-CoA and salicoyl-CoA vary by factor 1.6 and
2.2, respectively. The pH and temperature optima of
BIS2 to BIS4 were 7.0 to 7.5 and 35�C to 40�C, respec-
tively. Increases in product formation were linear with
time up to 20 min and protein concentration up to
10 mg in the standard assay. Benzoyl-CoA concentra-
tions above 15 mM led to increasing inhibition of BIS2
and BIS4 activities, which was not observed with
salicoyl-CoA up to 50 mM.

Morphological Stages of Fire Blight Spread on Shoots of

cv Holsteiner Cox

Greenhouse-grown shoots of cv Holsteiner Cox
grafted onto M9 rootstocks were inoculated with E.
amylovora by cutting the top two leaves with scissors
dipped into a bacterial suspension (109 colony-forming
units [cfu]/mL). After 4 d, the shoot tip started to turn
necrotic. After 6 d, the two youngest leaves that had
been cut and the top 2 cm of the stem had died (Fig. 3;
zone 1). The next 3-cm segment (zones 2 and 3) looked
brownish at the outside but was still green inside. This
stem segment was referred to as transition zone be-
cause it is the interface between necrotic and healthy
tissues (zones 4 and 5). Nine days after inoculation, the
transition zone had extended downward by 1 cm and
the third leaf from the top showed typical wilting
symptoms. In this way, the transition zone gradually
advanced down the stem with increasing postinocu-
lation time. For analysis, stems were dissected into the
five zones, with the length of the top segment being 2
and 3 cm (6 and 9 d postinoculation, respectively) and
that of the following segments 1.5 cm each.

Differential Expression of BIS Genes in
Fire-Blight-Infected Shoots of cv Holsteiner Cox

Both E. amylovora-inoculated greenhouse-grown
shoots and mock-inoculated control shoots were har-
vested at various times after inoculation and dissected
into five zones (Fig. 3). These samples were studied for
expression of the MdBIS1 to MdBIS4 genes using a

combination of semiquantitative reverse transcription
(RT)-PCR and quantitative real-time PCR. The primer
pairs used, which were demonstrated to be gene
specific, led to amplification of 560-, 546-, 565-, and
1,185-bp fragments of the BIS1, BIS2, BIS3, and BIS4
coding sequences, respectively. High levels of expres-
sion in both stems and leaves were detected 6 d after
inoculation of shoots with E. amylovora (Fig. 4). Stems
contained only BIS3 transcripts at levels detectable by
RT-PCR. Subsequent real-time PCR studies (Fig. 5A)
demonstrated that BIS3 expression was highest in the
transition zone (zones 2 and 3) and somewhat lower in
the yet healthy segment (zones 4 and 5). In zone 2, the
BIS3 transcript level was approximately 4,000 times that
in the respective stem segment of mock-inoculated con-
trol shoots. Extraction of mRNA from necrotic tissue
(zone 1) was not feasible.

Contrary to stems, leaves of E. amylovora-inoculated
shoots expressed the BIS2 gene (Fig. 4). The transcript
level in the third leaf from the top was approximately
800 times that in the respective leaf of mock-inoculated
control shoots (Fig. 5B). The two youngest leaves were
necrotic and the fourth leaf from the top contained
only low BIS2 transcript amounts. Mock-inoculated
shoots also served as wounding control because their
top two leaves were cut with scissors dipped in sterile
medium rather than bacterial suspension. By RT-PCR,
transcripts for none of the four BISs were detectable,
neither in stems nor in leaves. Amplification of profilin
transcripts served as control for equal RNA template
amounts.

Treatment of cell cultures of apple ‘Cox Orange’
with an autoclaved suspension of E. amylovora resulted
in expression of the BIS1, BIS2, and BIS3 genes (Fig. 4).
High transcript levels were found 9 h after the addi-
tion of the elicitor. No detectable expression of the BIS
genes was found in untreated control cell cultures, in
contrast to expression of the profilin gene.

Accumulation of Phytoalexins in Fire-Blight-Infected

Shoots of cv Holsteiner Cox

E. amylovora-inoculated shoots were dissected into
zones (Fig. 3), whichwere extractedwithmethanol (80%).
Phytoalexins were identified using a gas chromato-
graphy-mass spectrometry (GC-MS) library comprising
the previously structure-elucidated compounds from
elicitor-treated S. aucuparia cell cultures (Hüttner et al.,

Table II. Steady-state kinetic parameters of BIS2 to BIS4 from cv Holsteiner Cox

Isoenzyme
Benzoyl-CoA Salicoyl-CoA

Malonyl-CoA: Km
kcat Km kcat/Km kcat Km kcat/Km

min21 mM M
21s21 min21 mM M

21s21 mM

BIS1 Not functionala

BIS2 0.87 3.0 4,844 1.10 4.7 4,025 14.2
BIS3 0.60 2.2 4,698 0.73 5.5 2,193 9.8
BIS4 0.50 1.2 7,288 0.70 6.3 1,856 10.0

aDue to an early stop codon.
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2010). Biphenyls and dibenzofurans were detected in
the transition zone (Fig. 6). The flanking stem segments
above and below this zone lacked detectable amounts of
phytoalexins. The extracts from the transition zone con-
tained four biphenyls (3-hydroxy-5-methoxybiphenyl,
aucuparin, noraucuparin, 2#-hydroxyaucuparin) and
two dibenzofurans (eriobofuran, noreriobofuran). The
total phytoalexin content was 0.43 6 0.08 mg/g dry
weight. The concentrations of the individual biphenyl
and dibenzofuran phytoalexins are documented in
Figure 7. In mock-inoculated shoots, the stem segment
corresponding to the transition zone lacked biphenyls
and dibenzofurans. Methanolic extracts from leaves of
both fire-blight-infected and mock-inoculated shoots
were also devoid of phytoalexins.

Immunohistochemical Studies

A polyclonal antiserumwas raised in rabbits against
BIS1 from S. aucuparia. The IgG fractions were isolated
from the antiserum and the preimmune serum by
affinity chromatography. On a protein blot following
SDS-PAGE, the antibodies recognized all four BISs
from cv Holsteiner Cox to similar extents (Fig. 8).
Preimmune IgG failed to detect any BIS isoenzyme. In
protein extracts from stems of cv Holsteiner Cox
collected 6 d after E. amylovora inoculation, the pres-
ence of BIS protein was readily detectable. A single
protein band of approximately 43 kD was immuno-
stained, indicating the exclusive specificity of the anti-
bodies for BIS (Fig. 8). Immunodetection was strongest
with protein extracts from zone 2 of the transition
zone. An intense immunoreaction was also found 9 d
after inoculation, whereas no protein bandwas stained
2 d postinoculation. Wounding without E. amylovora
inoculation failed to induce formation of detectable
BIS protein amounts, which was also true for leaves
(Fig. 8). However, leaves from E. amylovora-inoculated

shoots also lacked immunostainable amounts of BIS
protein. This finding was obtained with both leaves
harvested at various times after inoculation (2, 4, 6, 9,
12, and 14 d) and leaves present at different develop-
mental stages (first four leaves from the top).

For immunofluorescence localization of BIS protein
under a confocal laser-scanningmicroscope, stemswere
harvested 6 d after E. amylovora inoculation and cross
sections of zone 2 were incubated with the anti-BIS IgG
fraction. Bright immunofluorescence was observed in
the bark (Fig. 9A). Interestingly, immunofluorescence
was dot shaped and restricted to the junctions between
neighboring cortical parenchyma cells (Fig. 9, B and C).
Fluorescent dots were also observed between ray pa-
renchyma cells and rarely between phloemparenchyma
cells (arrows in Fig. 9B). Immunostaining was absent
from sections incubated with preimmune IgG (Fig. 9D)
or phosphate-buffered saline (PBS) instead of primary
antibodies.

Figure 3. Dissection of an E. amylovora-inoculated shoot of cv
Holsteiner Cox (6 d postinoculation) into five zones for separate
analysis.

Figure 4. RT-PCR amplification of BIS1 to BIS4 transcripts in stems
(transition zone) and leaves (first living leaf from the top) of cv
Holsteiner Cox 6 d after E. amylovora inoculation, and in cell cultures
of cv Cox Orange 9 h after treatment with an autoclaved suspension of
E. amylovora. Profilin transcript levels served as control for use of equal
RNA template amounts.
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DISCUSSION

Apple BIS is encoded by a gene family consisting of
four subfamilies, based on the alignment of the pro-
moter and coding sequences from cv Golden Delicious
and the analysis of the phylogenetic relationships of
nine coding sequences. The ancestral apple genomecom-
prising nine chromosomes underwent a whole-genome
duplication event, followed by loss of one chromosome
and interchromosomal rearrangements (Velasco et al.,
2010). The BIS2 subfamily consists of four gene copies,
two of which each are located on the chromosomes 2
and 15 (Table I). Consistently, these two chromosomes
contain copies of the same ancient chromosome, IX
(Velasco et al., 2010), which obviously contained two
BIS genes resulting from a tandem duplication event.
TheBIS3 subfamily contains a single-copy gene on chro-
mosome 15, the counterpart of which after genome du-
plicationmay be one of the incompleteBISpseudogenes
on chromosome 8 (MDP0000280274, MDP0000529287).
A possible counterpart of the single-copy gene of the
BIS4 subfamily on chromosome 14 has not yet been
detected. The BIS1 subfamily comprises two gene cop-
ies on chromosomes 2 and 14, which do not stem from a
common ancestral chromosome. One of the duplicated
counterparts may be the third unanchored gene copy
(Table I).

The high degrees of nucleotide sequence identity
between the members of the BIS1 and BIS2 subfamilies
led us to select one representative gene each, which,
together with the single-copy genes of the BIS3 and BIS4
subfamilies, were referred to asMdBIS1 toMdBIS4. In a
phylogenetic tree of type III PKSs, the products of the
MdBIS1 to MdBIS4 genes of cv Holsteiner Cox and the
SaBIS1 to SaBIS3 genes of S. aucuparia (Liu et al., 2010)
grouped together within a cluster that comprised the
functionally diverse type III PKSs. As proposed previ-
ously (Beerhues and Liu, 2009), an ancient duplication
of a common ancestral gene before the speciation of the
angiosperms may have caused formation of two clus-
ters, one of which contains the orthologs of CHS, which
is the prototype enzyme of the type III PKSs (Schröder,
1999), whereas the second one comprises PKSs that
functionally diverge from CHS. The clade of the BIS
proteins closely grouped together with BPS, which
exhibits similar starter substrate but different product
specificities (Liu et al., 2003). The two enzymes form the
same tetraketide intermediate that then is converted by
BPS to 2,4,6-trihydroxybenzophenone, the precursor of
benzophenone and xanthone metabolism. In the Pyr-
inae, no detection of benzophenone and xanthone de-
rivatives and BPS activity has so far been reported.

TheMdBIS1 toMdBIS4 isoenzymes from cvHolsteiner
Cox did not appreciably differ in their kinetic proper-
ties. Highest affinities (Km) were observed for the starter
substrate benzoyl-CoA, which undergoes conversion to
3,5-dihydroxybiphenyl in the presence of malonyl-CoA
as extender substrate (Fig. 1). The immediate BIS prod-
uct, 3,5-dihydroxybiphenyl, is metabolized by down-
stream enzymes to give aucuparin and noraucuparin,
which are the major phytoalexins in S. aucuparia cell
cultures after treatment with yeast extract and chitosan,
respectively (Hüttner et al., 2010). In contrast, addition
of preparations from E. amylovora and V. inaequalis re-
sulted in accumulation of dibenzofurans as the major
phytoalexins. Dibenzofurans have been proposed to
arise by intramolecular cyclization of a 2#-hydroxylated
biphenyl, which in turnmay originate from salicoyl-CoA
as starter substrate (Hüttner et al., 2010). Consistently, all
four MdBIS isoenzymes had slightly higher turnover
rates (kcat) with salicoyl-CoA. However, as observed pre-
viouslywith the three SaBIS isoenzymes (Liu et al., 2010),
salicoyl-CoAwas converted to 4-hydroxycoumarin after
a single decarboxylative condensation with malonyl-
CoA rather than 2#,3,5-trihydroxybiphenyl after three
additions of acetyl units. It will be interesting to study if
in E. amylovora-inoculated shoots of cv Holsteiner Cox
the starter substrate salicoyl-CoA is available and, if so,
what enzymatic product is formed thereof.

Expression of the MdBIS1 to MdBIS4 genes in cv
Holsteiner Cox was differentially regulated in response
to E. amylovora inoculation. The BIS3 genewas expressed
in stems, leading to accumulation of four biphenyls and
two dibenzofurans in the transition zone. The BIS2 gene
was transcribed in leaves which, however, failed to
accumulate immunodetectable amounts of BIS protein,
irrespective of the developmental stage studied and the

Figure 5. Determination by real-time PCR of relative BIS3 (A) and BIS2
(B) transcript levels in stem segments and leaves, respectively, of cv
Holsteiner Cox 6 d after E. amylovora inoculation. mRNA isolation
from zone 1 and leaves 1 and 2, which were necrotic, was not feasible.
Control mRNAwas obtained from stems and leaves of mock-inoculated
shoots. SDs are indicated (n = 3).
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harvest time after inoculation, suggesting that the BIS2
transcripts detected in leaves were not translated.
Members of the MdBIS gene family thus appear to be
regulated at both the transcriptional and translational
levels. The absence of BIS protein from leaves was in
accord with the failure to detect biphenyls and diben-
zofurans. Consistently, phytoalexins were previously
only detected in stems of diseased trees of various
Malus species (M. sieversii and Malus sylvestris; Kemp
et al., 1985; Kokubun and Harborne, 1995). This find-
ingwas also true for the majority of the Pyrinae species
examined for phytoalexin accumulation. Leaves of
diseased plants commonly lacked phytoalexins, ex-
cept for leaves of a few species (S. aucuparia, Photinia
glabra, Rhaphiolepis umbellata, Eriobotrya japonica; Miya-
kodo et al., 1985; Watanabe et al., 1990; Widyastuti
et al., 1992; Kokubun and Harborne, 1994; Jiang and
Xuan, 2006). In cell cultures of apple ‘Cox Orange,’
treatment with an autoclaved E. amylovora suspension
induced expression of the BIS1 to BIS3 genes. In
contrast, cell cultures of S. aucuparia responded to
elicitor treatment with the expression of the BIS1 and
BIS3 genes only (Liu et al., 2010).
Biphenyls anddibenzofurans are the inducible defense

compounds (phytoalexins) of the Pyrinae (Kokubun and
Harborne, 1995). Other classes of polyphenols function
as preformed defense compounds (phytoanticipins). A
well-known major constituent of apple is phloridzin, a
dihydrochalcone glucoside. However, the contribution
of phloridzin and its aglucone, phloretin, to pathogen
resistance is still under debate (Gosch et al., 2010).
Phloretin is structurally and biochemically closely re-
lated to chalcones that are formed by CHS and serve as
immediate precursors for flavonoids. The involvement
of this class of secondary compounds in disease resis-
tance of apple is supported by several lines of evidence

(Treutter, 2005, 2006 and refs. therein). Enhanced bio-
synthesis, especially of 3-deoxycatechins after tran-
sient inhibition of flavanone 3-hydroxylase, correlated
with improved resistance to pathogens, whereas de-
creased flavonoid levels after competitive inhibition of
Phe ammonia-lyase, which initiates phenylpropanoid
metabolism (Hanson and Havir, 1981), enhanced the
susceptibility to pathogens. Recently, constitutive ex-
pression in cv Holsteiner Cox of the maize (Zea mays)
regulatory leaf color (Lc) gene, which encodes a tran-
scription factor, resulted in both increased transcript
levels of flavonoid biosynthetic enzymes and increased
concentrations of specific flavonoid classes, such as
anthocyanins, flavan-3-ols, and proanthocyanidins (Li
et al., 2007). These Lc-transgenic apple plants exhibited
improved resistance to fire blight and scab (Flachowsky
et al., 2010).

Figure 7. Concentrations of biphenyls and dibenzofurans in the tran-
sition zone of fire-blight-infected stems of cv Holsteiner Cox. Data are
mean values 6 SD of four independent experiments.

Figure 6. GC-MS analysis of biphenyls and dibenzofurans present in the transition zone of fire-blight-infected stems of cv
Holsteiner Cox. The phytoalexins were separated as trimethylsilyl derivatives. Stars indicate constitutive compounds also
detected in mock-inoculated shoots. IS, Internal standard (4-phenylphenol).
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Immunofluorescence localization of BIS3 in the tran-
sition zone of fire-blight-infected stems of cv Holsteiner
Cox revealed the presence of the enzyme protein in the
parenchyma of the bark. Consistently, migration of E.
amylovora was previously observed in the intercellular
spaces of the cortical parenchyma, however, the path-
ogen can also invade and multiply in mature xylem
vessels for long distances down the tree (Billing, 2011
and refs. therein). With young shoots on potted plants,
the site of inoculation in relation to themost recently un-
folded leaf may be critical in determining whether cor-
tical parenchyma or xylem vessels or both are invaded.
Inoculation above the most recently unfolded leaf, as
carried out in this study, is likely to favor invasion of the
cortical parenchyma, while inoculation at this leaf or
older levels is likely to favor invasion of xylem vessels
(Billing, 2011 and refs. therein). The latter finding agrees
with previous observations that biphenyls and diben-
zofurans in field trees, whose mature stem tissue was
either naturally infected or artificially inoculated, com-
monly accumulated in the sapwood, which is that part
of the secondary xylem that contains living paren-
chyma cells (Kokubun and Harborne, 1995).

At the subcellular level, the BIS3 proteinwas detected
at the junctions between cortical parenchyma cells. It is
tempting to speculate that the enzyme is associatedwith
plasmodesmata in primary pit fields. Plasmodesmata
serve symplastic communication between neighboring
cells and provide the potential for the translocation of
informational molecules, thereby playing a key role in
the coordination of growth and development (Maule,
2008; Lucas et al., 2009). However, they can also be
exploited bymicrobial pathogens as gateways to spread
infection from cell to cell (Lee and Lu, 2011). Fire blight
is caused by the bacterial pathogen, E. amylovora.Unlike
viruses and fungi, bacterial pathogens do not need to

cross cell wall boundaries, they mostly limit their hab-
itat to intercellular spaces between cell walls (Lee and
Lu, 2011). One of the early defense responses induced
by bacterial infection is pathogen-associated molecular
pattern-triggered immunity. This cell-wall-based host
defense can be suppressed by pathogens that inject
effector proteins directly into the plant cells. E. amylo-
vora has the type III secretion system, which delivers
effector proteins to the plant cytoplasm and helper
proteins to the apoplast (Oh and Beer, 2005). Twelve
type III secretion system secreted proteins have so far
been identified (Nissinen et al., 2007). In return, plants
can activate effector-triggered immunity, a much stron-
ger form of defense, upon recognition of one or more
bacterial effectors (Lee and Lu, 2011). Closure of the
cellular borders would be vital to block diffusion of any
toxic molecules, produced by either the infected cells or
the microbe, into the healthy neighboring cells. How
BIS3 and biphenyl and dibenzofuran phytoalexins may
be involved in these processes remains to be studied.

Figure 9. Immunofluorescence localization of BIS protein in cross
sections of stems of cv Holsteiner Cox 6 d after E. amylovora inocu-
lation. A and D, Cross sections of the transition zone (zone 2) after
incubationwith anti-BIS IgG (A) and preimmune IgG (D). B, Detail from
A displaying cortex parenchyma and phloem. The arrows indicate
fluorescent dots between phloem ray cells and phloem parenchyma
cells. C, Detail from A displaying a single cortical parenchyma cell with
dot-shaped immunofluorescence at the junctions with the neighboring
cells. ep, Epidermis; pa, parenchyma; co, collenchyma; ph, phloem; pr,
phloem ray.

Figure 8. Immunoblotting after SDS-PAGE of BIS1 to BIS4 (100 ng) and
protein extracts (50 mg) from stems and leaves of cv Holsteiner Cox 6 d
after E. amylovora inoculation and wounding only.
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CONCLUSION

Although fire blight can lead to devastating economic
losses in apple production, formation of phytoalexins in
this fruit tree is poorly investigated. Biosynthesis of bi-
phenyl and dibenzofuran phytoalexins is confined to the
Pyrinae including apple, with BIS being the key enzyme.
The recently published genome sequence of apple
‘Golden Delicious’ provides insight into the complexity
of the BIS gene family. Members of this gene family are
differentially expressed in response to fire blight infec-
tion and their expression is regulated at the transcrip-
tional and translational levels. However, much effort has
still to be directed at elucidating the detailed control of
this large gene family. Targeting of the BIS3 protein to the
junctions between neighboring cortical parenchyma cells
raises interesting questions as to the precise function of
this protein and its immediate and distant products in
disease resistance. BIS genes may provide a new group
of candidates for designing disease control strategies and
improving the natural resistance of economically valu-
able apple cultivars to E. amylovora and other pathogens.

MATERIALS AND METHODS

Plant Material and Inoculation with Erwinia amylovora

Approximately 40-cm-high shoots of apple (Malus3 domestica) ‘Holsteiner

Cox’ grafted onto M9 rootstocks were grown in a greenhouse. The E. amylovora

strain Ea222(pfdC1Z#-gfp) (Flachowsky et al., 2008) was grown for 48 h on

glycerine bouillon agar (Garrett and Crosse, 1963), and the suspension was

adjusted to 109 cfu/mL. For inoculation, scissors were dipped into the

suspension and used to cut the top two leaves of actively growing shoots of

cv Holsteiner Cox. For mock inoculation, the bacterial suspension was

replaced with sterile medium. At different times after inoculation, the first

four leaves from the top were collected and either the top 8 (6 d postinocu-

lation) or the top 9 cm of the stem (9 d postinoculation) were dissected into 1.5-

cm segments, except for the 2- and 3-cm-long top segments after 6 and 9 d,

respectively. The samples were frozen in liquid nitrogen and stored at 280�C.
Callus of apple ‘Cox Orange’ was purchased from the Deutsche Sammlung

vonMikroorganismen und Zellkulturen. Cell suspension cultures were initiated

in liquid Linsmaier-Skoog medium (Linsmaier and Skoog, 1965) at 25�C in the

dark on an orbital shaker at 100 rpm. Cultured cells were transferred into 50 mL

fresh medium every 10 d. Five-day-old cell cultures were treated with 2 mL of a

suspension of Ea222(pfdC1Z#-gfp) (109 cfu/mL). At various times after the onset

of elicitation, cells were harvested and stored at 280�C.

Cloning of BIS cDNAs

Total RNA was isolated from leaves and stems of cv Holsteiner Cox (100

mg each) using the RNeasy plant mini kit (Qiagen). Aliquots of the RNA pools

(1 mg) were reverse transcribed at 42�C using RevertAid H Minus M-MuLV

reverse transcriptase (Fermentas). The genome sequence of apple ‘Golden

Delicious’ served as template to derive 5# and 3# primers for the amplification

of the coding sequences of the MdBIS1 to MdBIS4 genes (Table III). PCR with

proofreading DNA polymerase (Pfu; Fermentas) consisted of denaturation at

95�C (3 min), 30 cycles at 95�C (30 s), 56�C (40 s), and 72�C (2 min), followed by

a 10-min final extension. Using the restriction sites NheI and KpnI, the

amplified sequences were cloned to the pRSET B vector (Invitrogen) and

sequenced on both strands.

Heterologous Expression, Affinity Purification, and
Functional Analysis

Expression in Escherichia coli, isolation of N-terminally His6-tagged pro-

teins, and determination of enzyme activity and kinetic parameters were

Table III. Primers

Labela Sequenceb

For amplification of the coding sequences of MdBIS1 to MdBIS4 of cv Holsteiner Cox
MdBIS1 ORF forw 5#-GATCGCTAGCATGGCGCCTTCGGTTAAGAATCATG-3#
MdBIS1 ORF rev 5#-AGTCGGTACCTTAGTATGTAATAGATTCACTACGCAGTATGAC-3#
MdBIS2 ORF forw 5#-GATCGCTAGCATGGCGCCCTTGGTTAAGGATCAA-3#
MdBIS2 ORF rev 5#-AGTCGGTACCTTAGCATGTAATAGATTCACTACGCAGCAC-3#
MdBIS3 ORF forw 5#-GATCGCTAGCATGGCGCCTTTGGTTAAGAATGAGC-3#
MdBIS3 ORF rev 5#-AGTCGGTACCTTAGCATCTAATAGATTCACTACGCAGCAC-3#
MdBIS4 ORF forw 5#-GATCGCTAGCATGGCGCCTTTGGTTAAGAATCAAGTAG-3#
MdBIS4 ORF rev 5#-AGTCGGTACCTCATGCAAGTTTTTCGCATGCAATAGATTCAC-3#

For expression analysis by RT-PCR
MdBIS1 RT-PCR forw 5#-TCCACCCAATGTCTACTACCAAAAAGAC-3#
MdBIS1 RT-PCR rev 5#-CCTGGCCCACCAGTATGTCAAGG-3#
MdBIS2 RT-PCR forw 5#-TACCAAGAGGACTATCCTGATTTCTTG-3#
MdBIS2 RT-PCR rev 5#-AGCTTGCCCCACTAGTATGTCTAG G-3#
MdBIS3 RT-PCR forw 5#-AAATCCACCCAACGTCTACC-3#
MdBIS3 RT-PCR rev 5#-AGCTTGACCCACCAATATGTC-3#
MdBIS4 RT-PCR forw 5#-ATGGCGCCTTTGGTTAAGAATCAAGTAG-3#
MdBIS4 RT-PCR rev 5#-TCATGCAAGTTTTTCGCATGCAATAGATTCAC-3#
Profilin forw 5#-ACGACCACCTGATGTGCG-3#
Profilin rev 5#-AGAGACCCTGCTCGATAAGG-3#

For expression analysis by quantitative real-time PCR
MdBIS2 Q-PCR forw 5#-CCATCAAATGTCTACTACCAAGAG-3#
MdBIS2 Q-PCR rev 5#-AGCTTTGCCTTCTTCAATCGACTTC-3#
MdBIS3 Q-PCR forw 5#-CGCCTTTGGTTAAGAATGAGCCTC-3#
MdBIS3 Q-PCR rev 5#-CCTCAATGTTACAAATGTCTTGGCGC-3#
b-Actin forw 5#-GTGAGGCTCTATTCCAACCATC-3#
b-Actin rev 5#-GGAACACAAATTGGGCAAGTAT-3#

aforw, Forward; rev, reverse. bRestriction sites are underlined.
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carried out as described previously (Liu et al., 2007), except that enzyme

assays containing radiolabeled malonyl-CoA were omitted. Analysis of the

enzymatic products by HPLC and GC-MS was carried out according to Liu

et al. (2010). Authentic reference compounds were either synthesized (Liu

et al., 2004) or purchased from Sigma.

Expression Analysis by RT-PCR

Total RNA (1 mg) was reverse transcribed at 42�C using RevertAid H

Minus M-MuLV reverse transcriptase (Fermentas). Core fragments of the

MdBIS1 to MdBIS4 cDNAs were amplified with gene-specific primer pairs

(Table III). Amplification of profilin transcripts served as control for equal

RNA template amounts, as used previously for normalization (Pike et al.,

2005). PCR was carried out using Taq DNA polymerase (Peqlab). The

annealing temperature descended from 60�C to 55�C over 10 cycles, followed

by 20 cycles with descending temperature from 55�C to 50�C. The extension

temperature was 72�C (2 min).

Expression Analysis by Quantitative Real-Time PCR

Quantitative RT-PCR was performed on an iCycler iQ real-time PCR

detection system (Bio-Rad Laboratories) using the iQ SYBR green supermix

(Bio-Rad Laboratories). Gene-specific amplification was evaluated by melt

curve analysis and agarose gel electrophoresis. Amplification and correlation

efficiencies of each PCR reaction were determined using serial dilutions of

cDNA from inoculated cell cultures. The PCR efficiency was used to transform

the Ct values into raw data for relative quantification. The Gene Expression

Macro Version 1.1 (Bio-Rad Laboratories) was employed for determination of

PCR efficiency and calculation of the mRNA transcript levels. Expression of

the MdBIS genes was evaluated using the primers listed in Table III. All

samples were normalized on the basis of b-actin mRNA as internal control

sample. Scaling of the BIS transcript levels was performed in relation to the

mRNA expression level of the reference gene. Scaling of the expression of the

BIS genes was performed in relation to the respective mRNA expression levels

in mock-inoculated tissues, which were set to be one.

Phylogenetic Reconstruction

A neighbor-joining tree involving the BISs and CHS from cv Holsteiner

Cox was constructed as described previously (Liu et al., 2007).

Extraction and Analysis of Phytoalexins

Freeze-dried stem segments and leaves (1 g) were extracted three times

with 10 mL of methanol (80%). 4-Phenylphenol (0.1 mg) was added as an

internal standard for relative quantification. The combined extract was

concentrated in vacuo at 40�C to remove methanol. The residual aqueous

solution was extracted three times with 15 mL of ethyl acetate. The combined

organic phase was dried over anhydrous sodium sulfate, filtered, and con-

centrated to dryness in vacuo. The residue was dissolved in 1 mL of ethyl

acetate, filtered through a 0.2-mm syringe filter, and analyzed by GC-MS, as

described previously (Hüttner et al., 2010). Identification of biphenyls and

dibenzofurans was based on a GC-MS library comprising the previously

structure-elucidated phytoalexins from elicitor-treated Sorbus aucuparia cell

cultures (Hüttner et al., 2010).

Preparation of Antiserum and Isolation of IgG

Polyclonal antibodies were raised against heterologously expressed and

affinity-purified SaBIS1 in rabbits (Seqlab). The IgG fractions of the antiserum

and the preimmune serum were isolated according to the manufacturer’s

instructions by affinity chromatography on a HiTrap protein A HP column

(1 mL; GE Healthcare) coupled to a Biologic-FPLC system (Bio-Rad Labora-

tories). The IgG fractions were stored at220�C in PBS after buffer exchange on

a PD-10 column (GE Healthcare).

Protein-Blot Analysis

Protein extracts were prepared from stems and leaves of cv Holsteiner Cox

collected at various times (0–14 d) after E. amylovora inoculation. Protein

concentrations were determined by the method of Bradford (1976). The

protein extracts (50 mg) and the affinity-purified MdBIS1 to MdBIS4 proteins

(100 ng) were separated on 10% SDS-polyacrylamide gels and electrophoret-

ically transferred (Bio-Rad; 100 V, 350 mA) to polyvinylidene difluoride

membranes (Immobilon P; Millipore). The membranes were blocked at 4�C
overnight with 5% (w/v) skim milk powder in TBS plus Tween 20 (TBST; 50

mM Tris, pH 7.5, 150 mM NaCl, 0.05% [v/v] Tween 20) and incubated with

either the anti-BIS IgG fraction (1:10,000 [v/v] dilution with TBST containing

5% [w/v] skim milk powder) or the preimmune IgG fraction (1:10,000 [v/v])

for 1 h at room temperature with gentle agitation. After washing three times

with TBST (7 min each), the membranes were incubated with peroxidase-

conjugated AffiniPure goat anti-rabbit IgG (Jackson Immuno Research; 1:3,300

[v/v] in TBST containing 5% [w/v] skim milk powder) at room temperature

for 45 min with gentle agitation. Finally, the membranes were washed with

TBST (3 3 7 min), rinsed with PBS buffer, and processed using the ECL

western-blotting detection system according to the manufacturer’s instruc-

tions (Lumi-LightPlus western blotting substrate; Roche).

Immunohistochemical Analysis

Using the resin technique, plant tissue was analyzed under a confocal

laser-scanning microscope. Transition zones of E. amylovora-inoculated shoots

of cv Holsteiner Cox were harvested 6 d postinoculation, cut into small pieces

(about 0.3 3 0.8 cm), and fixed immediately on ice for 2 h under reduced

pressure (vacuum 0.3 mbar) in fixative solution (2% [w/v] formaldehyde,

0.1% [v/v] glutaraldehyde, 0.1% Triton X-100 [w/v] in 0.1 M phosphate buffer,

pH 7.2). The samples were washed twice for 10 min with PBS buffer. Water

was gradually removed by 30%, 50%, 70%, and 90% aqueous ethanol and

finally 3 3 100% ethanol. Each step of incubation took 30 min at room

temperature. After dehydration, the plant tissue was embedded in Technovit

7100 (Heraeus-Kulzer) according to the manufacturer’s instructions. Fixed

tissues were cut into thin segments (3.5 mm) using a microtome (HM 355 S;

Microm). The sections were transferred onto diagnostic microscope slides

(Teflon; Roth) using a drop of distilled water and left to dry. The thin sections

were incubated in 50 mM ammonium chloride solution at 37�C for 15 min,

washed with water, incubated in 50 mM glycin solution at 37�C for 15 min, and

washed again with water. The sections were then blocked at 37�C for 30 min

with bovine serum albumin (BSA)-blocking solution (10% [w/v] BSA and

0.1% [w/v] fish gelatin in PBS buffer, pH 7.2), washed once with water and 33
10 min with PBS buffer. Thereafter, the sections were incubated with either

anti-BIS IgG oder preimmune IgG (1:25 to 1:100 dilution) with 1% BSA in PBS

buffer at 37�C for 1 h. They were washed once with water and 33 10 min with

PBS buffer. Finally, the sections were incubated in the dark with fluorescence

dye-conjugated goat anti-rabbit antibody as secondary antibody (Alexa Fluor

488 goat anti-rabbit IgG [H + L]; Molecular Invitrogen) diluted 1:100 with 1%

(w/v) BSA in PBS buffer at 37�C for 1 h. After washing 3 3 15 min with PBS

buffer and then with water, sections were left in the dark at 37�C until dryness.

Mounting medium (Citifluor; Agar Scientific) was used to adhere the cover-

slip to the tissue section. The tissues were viewed using a laser-scanning

microscope (Zeiss LSM 510META). The scan mode was channel scan. The

imaging of whole-mount specimens was recorded using a digital camera

(Axioskop 2; Zeiss) and the software Axio Vision 3.0 (Zeiss).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers MdBIS1, JQ390521; MdBIS2, JQ390522;

MdBIS3, JQ390523; and MdBIS4, JQ390524.
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