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Abstract

Key message pPPO16, the first Ea-inducible promoter cloned from apple, can be a useful component of intragenic
strategies to create fire blight resistant apple genotypes.

Abstract Intragenesis is an important alternative to transgenesis to produce modified plants containing native DNA only.
A key point to develop such a strategy is the availability of regulatory sequences controlling the expression of the gene of
interest. With the aim of finding apple gene promoters either inducible by the fire blight pathogen Erwinia amylovora (Ea) or
moderately constitutive, we focused on polyphenoloxidase genes (PPO). These genes encode oxidative enzymes involved in
many physiological processes and have been previously shown to be upregulated during the Ea infection process. We found
ten PPO and two PPO-like sequences in the apple genome and characterized the promoters of MdPPOI16 (pPP0O16) and
MdKFDVO02 PPO-like (pKFDVO02) for their potential as Ea-inducible and low-constitutive regulatory sequences, respectively.
Expression levels of reporter genes fused to these promoters and transiently or stably expressed in apple were quantified after
various treatments. Unlike pKFDVO02 which displayed a variable activity, pPPO16 allowed a fast and strong expression of
transgenes in apple following Ea infection in a Type 3 Secretion System dependent manner. Altogether our results does not
confirmed pKFDVO02 as a constitutive and weak promoter whereas pPPO16, the first Ea-inducible promoter cloned from
apple, can be a useful component of intragenic strategies to create fire blight resistant apple genotypes.
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Introduction

Erwinia amylovora (Ea) is a necrogenic enterobacterium caus-
ing progressive necrosis on flowers and succulent shoots in
members of the Malinae tribe of the Rosaceae family includ-
Communicated by Roger Thilmony. ing apple (Malus x domestica Borkh; Vanneste 2000). Rapid
invasion of the bacteria into branches and trunks can lead to
the death of the trees within a growing season for the most sus-
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(Khan et al. 2012), a “resistance” gene (R gene) implicated in
pathogen recognition (FB_MRS5; Vogt et al. 2013) or defense
mechanisms downstream recognition (Vrancken et al. 2013).

Numerous attempts to create fire blight resistant apple
transgenic lines have been performed with various degrees
of success. For example, a number of studies were based on
the expression of foreign genes encoding insect lytic proteins
(Borejsza-Wysocka et al. 2010), a chalcone 3-hydroxylase
(Hutabarat et al. 2016), a viral EPS-depolymerase (Fla-
chowsky et al. 2008a) or the Ea HrpN protein (Vergne et al.
2014). Other studies tested the introgression of the fire blight
resistance gene FB_MR5 (Broggini et al. 2014; Kost et al.
2015), the overexpression of apple defense genes such as
MpNPR1 (Malnoy et al. 2007), MbR4 R gene (Flachowsky
et al. 2008b), or the silencing or gene editing of potential
apple susceptibility factors such as HIPM (Malnoy et al. 2008;
Campa et al. 2019), DIPM (Pompili et al. 2020) or FHT (Fla-
chowsky et al. 2012). To our knowledge, the only cisgenic
strategy employed to improve fire blight resistance of apple
was performed with the FB_MRS resistance gene controlled
by its native regulatory sequences (Kost et al. 2015).

Intragenesis and cisgenesis are alternatives to transgenesis
defined by Rommens et al. (2007) and Schouten et al. (2006)
respectively, and are based on the exclusive use of genetic
sequences from the same (or a sexually compatible) species.
These strategies aim at improving crop breeding while con-
sidering the public’s reluctance toward the use of foreign
genes usually present in the genetically modified plant varie-
ties. In the case of cisgenesis, coding sequences (CDS) must
be in a sense orientation and flanked by their native promoter
and terminator sequences, while intragenesis allows a reor-
ganization of both regulatory and coding sequences, as well
as the introduction of mutations (e.g., nucleotide substitu-
tions, sequence deletions, duplications and inversions), to
fine tune the expression of the CDS of interest (Holme et al.
2013). These techniques are of particular interest for peren-
nial vegetatively propagated crops such as apple for which
conventional breeding is very time-consuming (Limera et al.
2017). In addition, the selectable marker gene is eliminated
from cisgenic as well as from intragenic plants, thus allowing
sequential introduction of a new transgene, using the same
selectable marker, in an elite variety (Halpin 2005).

The generation of intragenic/cisgenic apple plants requires
the development and combination of different strategies.
The selection of transgenic lines can be based on alternative
selectable marker genes from apple such as genes implicated in
anthocyanin production (Kortstee et al. 2011) or genes of which
certain mutation gives resistance to herbicide (acetolactate syn-
thase; Yao et al. 2013). A recombinase-mediated removal of
the unwanted selectable marker sequence has also been used
(Herzog et al. 2012; Righetti et al. 2014; Kost et al. 2015).

As for the regulatory sequences, so far, only the apple
Rubisco promoter has been used to obtain the constitutive and
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high expression of an intragene, the R gene Rvi6, to control
apple scab caused by the fungi Venturia inaequalis (Vi, Joshi
et al. 2011). Overexpression of genes downstream R genes in
the defense pathways (i.e. regulators and defense genes) can
lead to enhanced resistance but with an important energetic
cost that might impede primary plant functions or create devel-
opmental disorders. For example, constant overexpression of
master-switch genes like NPR1 (Pieterse and Van Loon 2004)
can lead to lesion mimic phenotypes (Fitzgerald et al. 2004)
and be detrimental to plant development (Gurr and Rushton
2005). Overexpression of phytoalexins or other antimicrobial
compounds at high level can also damage tissue integrity
(GroBkinsky et al. 2012). Therefore, the use of pathogen-
inducible promoters to drive regulators of defense pathways,
PR genes or toxic antimicrobial genes is a necessity (Gurr and
Rushton 2005). To create apple intragenic lines resistant to Ea,
we were interested in two kinds of regulatory sequences: (i) an
inducible promoter with a fast and strong induction after Ea
infection and able to trigger the production of defense mecha-
nisms in the right place at the right time against the bacteria
and (ii) a constitutive promoter with a moderate expression
level. Such a promoter could ensure the permanent presence
of immune receptors such as pattern recognition ones or ones
encoded by R genes, with minimal negative tradeoff effects.
Previous results led us to investigate the family of polyphe-
nol oxidases (PPO) for this purpose. This complex family of
enzymes catalyzes the hydroxylation of monophenols and/or
the oxidation of di-phenolic compounds into quinones (Pour-
cel et al. 2007). A high increase of global enzyme activity has
been reported in apple after Ea infection (Sktodowska et al.
2011; Gaucher et al. 2013) and preliminary studies on gene
expression by RT-qPCR revealed a clear differential induc-
tion of PPO genes—or set of genes—after infection (Dugé de
Bernonville 2009).

Here, we took advantage of the recent high-quality apple
genome (Daccord et al. 2017) to fully describe the apple PPO
family and to select individual genes with differential expres-
sion after Ea infection. After cloning, promoters of interest
were fused to reporter genes and transiently or stably trans-
formed in apple. This allowed the assessment of their activity
under various stresses to evaluate their usefulness in future
intragenesis strategies for apple resistance to Ea.

Materials and methods

Material, growth and inoculation conditions

Apple

Four Malus x domestica genotypes were used in this

work: the ornamental cv. ‘Evereste’, the rootstock
‘MM106’ and the table apples ‘Golden Delicious’ and
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‘Gala’. Experiments were performed in greenhouse on
actively growing shoots of young grafts (‘Evereste’ and
‘MM106°) grafted on ‘MM106°, or on actively growing
plants not grafted (‘Golden Delicious’), and grown under
greenhouse conditions (natural photoperiod, temperatures
between 17 and 22 °C). Experiments were also performed
on in vitro—growing shoots of three to four cm, used
4 weeks after rooting (Online Resource 1). Micropropaga-
tion conditions were as described in Righetti et al. (2014)
and rooting conditions as previously reported (Faize et al.
2003).

Erwinia amylovora culture, inoculation and experiments

Two Ea strains were used in this study: wild-type Ea
CFBP1430 (Ea wt; Paulin and Samson 1973) and
PMV6023, a non-pathogenic T3SS-defective mutant of
Ea wt, mutated in hrcV (Ea t3ss; Barny 1995). Prior
to each experiment, bacteria were subcultured at 26 °C
overnight on solid King’s medium B (King et al. 1954)
supplemented with chloramphenicol (20 pg/mL) for the
mutant. Bacterial inocula were prepared in sterile distilled
water to yield a concentration of 107 colony-forming units
(CFU)/mL, supplemented with 0.01% (v/v) of wetting
agent Silwet (L-77, De Sangosse Ltd, Cambridge, UK).
Mock corresponded to sterile water supplemented with
the wetting agent Silwet.

For greenhouse growing plants inoculation was per-
formed by vacuum infiltration as described in Pontais et al.
(2008). Briefly, the top of growing shoots were submerged
in bacterial suspension and the vacuum was applied for
2 min at —0.09 Mp (Online Resource 1).

In related experiments, leaf samples were immediately
frozen in liquid nitrogen and kept at —80 °C until analysis.
Sampling concerned the youngest expanded leaf of each
plant labeled the day of the inoculation. Each sample is a
pool of leaves from three different plants and two (n=2;
PPO genes expression analysis in ‘Evereste’ and ‘MM 106’
genotypes) to three (n =3; promoters analysis in ‘Golden
Delicious’ transgenic lines) biological repeats have been
made by condition (genotype/transgenic line x treatment
X time).

For in vitro—growing shoots, four weeks after root-
ing, shoots were separated from their roots, totally sub-
merged in inoculum and vacuum infiltrated for 2 min at
—0.09 Mp. Shoots were then dried on sterile filter paper
and placed for 1 day back on micropropagation medium
before sampling.

In related experiments, leaf samples were immediately
frozen in liquid nitrogen and kept at — 80 °C until analysis.
Sampling concerned all the leaves of each shoot. Each sam-
ple is a pool of leaves from three different plants and three

(n=3; transient transformation assay on ‘Gala’ genotype) to
six (n=6; in vitro experiments on ‘Golden Delicious’ trans-
genic lines) biological repeats have been made by condition
(genotype/transgenic line x treatment X time).

Venturia inaequalis culture, inoculation and experiment

The apple scab monoconidial isolate used was EU-B04 from
the European collection of V. inaequalis from the European
project Durable Apple Resistance in Europe (Lespinasse
et al. 2000). Inoculum was prepared as described by Par-
isi and Lespinasse (1996) to obtain a final concentration
of 2.5x 10° conidia/mL. Inoculation was performed as
described by Parisi et al. (1993). Briefly, conidial suspen-
sion was applied to runoff on leaves with a manual sprayer.
Plants were then incubated for two days under plastic tar-
paulin and sprayed three times a day to assure constant leaf
wetness. The tarpaulin was then removed and plants grew
under greenhouse conditions. Mock corresponded to sterile
water.

Leaf samples were immediately frozen in liquid nitro-
gen and kept at —80 °C until analysis. Sampling con-
cerned the youngest expanded leaf of each plant labeled
the day of the inoculation. Each sample is a pool of
leaves from three different plants and three biological
repeats (n=3) have been made by condition (transgenic
line X treatment X time).

Agrobacterium culture

Agrobacterium tumefaciens EHA105 (Hood et al. 1993)
containing binary expression vectors of interest (Online
Resource 2) was cultured on LBA (LB Agar, Sigma-Aldrich,
St. Louis, MO, USA) supplemented with appropriate antibi-
otics and incubated at 28 °C for two days.

H,0, treatment

H,0, (30% w/v solution, Fisher Scientific, Loughborough,
UK) was used at 10 mM concentration on in vitro—growing
shoots. Four weeks after rooting, shoots were separated from
their roots and either cultured on micropropagation medium
supplemented with 10 mM H,0, during 1 day before sam-
pling or vacuum infiltrated for 2 min at —0.09 Mp, dried on
sterile filter paper and placed for 1 day back on micropropa-
gation medium before sampling.

Leaf samples were immediately frozen in liquid nitrogen
and kept at —80 °C until analysis. Sampling concerned all
the leaves of each shoot. Each sample is a pool of leaves
from three different plants and six (n=06; in vitro experi-
ments on ‘Golden Delicious’ transgenic lines) biological
repeats have been made by condition (transgenic line x treat-
ment X time).
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Transformation of apple

Agroinfiltration of in vitro rooted plants was used for tran-
sient transformation experiments. The inoculum for infil-
tration was a mix of the strain with the T-DNA of inter-
est (Online Resource 2: p35S, pKFDV02 or pPPO16 from
MM106) and the strain with the T-DNA carrying the gene
coding the p19 protein of tomato bushy stunt virus as a sup-
presser of gene silencing (Voinnet et al. 2003), respectively
at 5x 10 CFU/mL and 2.5% 10® CFU/mL. The cultures
were re-suspended in induction buffer (10 mM MES pH 5.6,
10 mM MgCl,, 2% (w/v) sucrose and 150 uM acetosyrin-
gone) (Santos-Rosa et al. 2008), mixed at the desired con-
centration, incubated at 28 °C with shaking for 3 h, and then
supplemented with 0.002% (v/v) of wetting agent Silwet
before use. Four weeks after rooting, shoots were separated
from their roots, totally submerged in inoculum and vacuum
infiltrated for 2 min at —0.09 Mp. Shoots were then rinsed
in three successive baths of sterile water, dried on sterile
filter paper and placed for 6 days back on micropropagation
medium without antibiotics before sampling.

Stable transformation experiments were carried out
according as previously reported (Righetti et al. 2014).
Presence of transgenes and absence of contaminating agro-
bacteria were monitored by PCR and sequencing of PCR
products. Genomic DNA of apple leaves was extracted
as described in Fulton et al. (1995). Primers used for the
detection of (i) A. tumefaciens presence, (ii) nptll gene, (iii)
p358:GUS straddled amplification (iv) pPPO16:GUS strad-
dled amplification, (v) pKFDVO02:GUS straddled amplifica-
tion and (vi) elongation factor 1o (EF-1a) coding gene as
a marker of plant DNA suitability for PCR are available in
Online Resource 3. Amplifications were performed using
GoTaq® Flexi DNA Polymerase (Promega, Madison, WI,
USA) according to the manufacturer’s recommendations.
The PCR reaction conditions were identical for the six
genes except the hybridization step which was at 55 °C and
not 58 °C for A. tumefaciens detection primers: 95 °C for
5 min, followed by 35 cycles at 95 °C for 30 s, 58 °C for
45 s, 72 °C for 1 min and 30 s, with a final extension at
72 °C for 5 min. The PCR products were separated on a
2% agarose gel. Transgenic lines and control plants were
then propagated in vitro and acclimatized in a greenhouse
as previously reported (Faize et al. 2003). Before acclima-
tization, the ploidy level of transgenic lines was checked by
flow cytometry, as described in Chevreau et al. (2011), and
tetraploid lines were eliminated.

Characterization of apple PPO family
The annotated genes of the ‘Golden Delicious’ double hap-

loid 13 genome (Daccord et al. 2017) have been screened for
PFAM motifs specific to the PPO family, namely PF12142
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and PF12143. The structural annotation of each detected
locus was manually evaluated in considering BLASTX
results and RNA contig alignments. The integrity of CDS
has cautiously been checked to differentiate functional genes
from pseudogenes. The twelve protein sequences deduced
from complete and short CDS have been analyzed with tar-
getP (Emanuelsson et al. 2007) and Predotar (Small et al.
2004) for the prediction of N-terminal targeting peptide for
the plasts. Phylogenetic tree was built from full-length align-
ment with Neighbor-joining method, excluding gap positions
and tested with Bootstrap method (Kumar et al. 2016). The
percent identity matrix of CDS and proteins were built with
MUSCLE (Edgar 2004) and Clustal Omega (Sievers et al.
2011) respectively.

Cloning of promoters

Sequence of CaMV 35S promoter in pK7WG2D (Karimi
et al. 2002) and sequences of about 2 kb upstream MdPPO16
(MD10G1299400) and MdKFDV02 CDS (MD10G1298200)
were downloaded. Primers for cloning (Online Resource 3)
were designed with primer3plus (http://www.bioinformatics.
nl/cgi-bin/primer3plus/primer3plus.cgi). Genomic DNA of
apple ‘MM106’ was used as template for PCR amplification
of promoters with a high fidelity DNA polymerase (Phu-
sion Hot Start IT DNA Polymerase, ThermoFisher Scientific,
MA, USA) used according to the manufacturer instructions.
Amplified fragments were then cloned into pGEM-T easy
(Promega, Madison,WI, USA) or p-ENTR/D TOPO (Invit-
rogen, Carlsbad, CA, USA) when subsequent Gateway clon-
ing was planned.

For apple stable transformation, promoters were cloned
with the Gateway system via pPENTR-D TOPO (Invitrogen,
Carlsbad, CA, USA) into the destination vector pPKGWFS7
(Karimi et al. 2002). In this vector the sequence under
study controls the expression of a GUS-GFP reporter
gene. 2219 bp upstream to MdPPOI6 and 2030 bp
upstream to MdKFDVO02 start codons were cloned and
the final constructs were transformed in Agrobacterium
strain EHA 105 with the helper plasmid pPBBR-MCSS5. As a
positive control for stable transformation assays a plasmid
pKGWFS7 carrying the CaMV 35S promoter was used
(Online Resource 2).

For transient assays we used either the same plasmids
as for stable transformation, or the binary vector pPGREEN
11 0800-LUC (Hellens et al. 2005). This vector is specifi-
cally designed to clone the sequence under study upstream
to a firefly luciferase coding sequence. A renilla luciferase
coding sequence under the control of a constitutive CaMV
35S promoter is also present as an internal control. The
presence of the two luciferases in a single T-DNA reduces
the intrinsic variability of leaf agroinfiltration and thus
allows reproducible promoter activity quantification.
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Cloning into this vector was achieved by adding specific
restriction sites to the primers. Kpnl and Ncol sites were
added to the 5° and 3’ ends respectively of MdPPO16
and MdKFDVO02 promoters, while Kpnl and HindIIl were
added to primers used for CaMV 35S promoter. After
digestion with restriction enzymes of both vectors and
inserts, 1177 bp and 2030 bp of the sequences upstream
the start codon were cloned for MdPPO16 and MdK-
FDVO02, respectively. As a positive control for transient
assays 1027 bp of CaMV 35S promoter amplified from the
plasmid pK7WG2D (Karimi et al. 2002) were also cloned.
The final constructs were transformed in Agrobacterium
strain EHA105 with the helper plasmid pSoup (Online
Resource 2).

DNA extraction, RNA extraction, reverse
transcription, and gene expression analysis

Genomic DNA of leaves of apple ‘MM 106’ was extracted
as described in Fulton et al. (1995).

For RNA extraction, frozen leaves were ground to a fine
powder in a ball mill (MM301, Retsch, Hann, Germany).
RNA from leaves was extracted as described in Venisse
et al. (2002). Purity and concentration of the samples were
assayed with a Nanodrop spectrophotometer (ThermoSci-
entific, Rockford, IL, USA). Reverse transcription was per-
formed with M-MLYV as described by Promega with OligodT
25 ng/ul or specific primers 0.04 uM final concentrations
(Online Resource 3). Intron-spanning primers designed on
the EF-1a gene were used to check the absence of genomic
DNA contamination.

Quantitative PCR was used to quantify cDNA in sam-
ples. Briefly, 3.75 uL of the appropriately diluted samples
(ranging from 4 to 12.5-fold) were mixed with 7.5 pyL of
gPCR mastermix (MasterMix Plus for SYBR©O Green 1
with fluorescein, Eurogentec, Li¢ge, Belgium) in a final
volume of 15 pL. Primers designed with Primer3Plus were
added according to their optimal concentration (deter-
mined for reaction efficiency near to 100%; calculated as
the slope of a standard dilution curve; Pfaffl 2001). Primer
sequences are indicated in Online Resource 3. Reaction
was performed on a DNA Engine thermal cycler Chromo4
(Bio-Rad, Hercules, CA, USA) using the following pro-
gram: 95 °C, 5 min; 35 cycles comprising 95 °C 15 s,
60 °C 45 s and 72 °C 30 s with real-time fluorescence
monitoring. Melt curves were performed at the end of
each run to check the absence of primer-dimers and non-
specific amplification products. Data were acquired and
analyzed with MJ Opticon Monitor Software 3.1 (Bio-Rad,
Hercules, CA, USA). Expression profiles of endogenous
PPO genes were calculated using the 2722 method and
were corrected as recommended in Vandesompele et al.
(2002), with three internal reference genes (GADPH, TuA

and Actin) used for the calculation of a normalization fac-
tor. Data were transformed into log, scale. Expression lev-
els of the GUS and FIRE reporter genes were calculated
using the 2724 method and were corrected with the spec-
tinomycin (SPEC) selection gene or the internal control
REN respectively. GUS in pKGWFS7 did not possess an
intron so in the transient assay this reporter gene actually
dosed expression from both the plant and Agrobacterium.
SPEC gene expression, specific from the bacteria because
present in the plasmid but not in the T-DNA, was used
to calibrate samples amongst themselves to eliminate the
potential part of expression due to bacteria in the GUS
measure differences.

Luciferase and GUS activity assay

Frozen leaves were ground to a fine powder in a ball mill
(MM301, Retsch, Hann, Germany). Luciferase activi-
ties were measured using the dual luciferase assay system
(Promega, Madison, USA) according to the manufacturer’s
instructions but with some modifications. 150 uL of Pas-
sive Lysis Buffer were added to the resulting powders and
samples were placed on ice for 15 min and vortexed several
times in the meantime. For luciferase activity measurements
(firefly and renilla), 10 puL of each extract were transferred
into a 96-well white solid plate (Fisher Scientific 1td., Mon-
treal, Quebec). The luminescence was measured using the
FluoStar Optima Luminometer (BMG Lab Technologies,
Offenburg, Germany) with the injection of 60 uL of LARII
reagent (Firefly luciferase activity) and then 60 pL of the
Stop & Glo reagent (Renilla luciferase activity). For Gus
activity measurements, 800 pL of extraction buffer (50 mM
Na,HPO,, pH 7.0, 1 mM Na,EDTA pH 8.0, 0.1% (v/v) Tri-
ton X-100, 0.1% (w/v) sodium lauryl sarcosine) were added
to the leaf powders. The homogenates were centrifuged at
4 °C for 1 min at 10,000 rpm. The supernatants were tenfold
diluted and 100 pL of each dilution were transferred into
a 96-well white solid plate. Quantitative fluorimetric GUS
activity assay was performed using the FluoStar Optima
Luminometer (BMG Lab Technologies, Offenburg, Ger-
many) with the injection of 4 uL of the substrate 4-methy-
lumbelliferyl B-glucuronide (MUG). Luciferase and GUS
activities were standardized to the protein concentration
(Bradford 1976) of the extracts and firefly luciferase activ-
ity was normalized to renilla luciferase activity.

Statistics analysis

All statistical analyses were performed with R 3.4 (R Devel-
opment Core Team 2016) using the nonparametric rank-
based statistical test Kruskal-Wallis. Treatments with sig-
nificant influence (p < 0.05) were studied more in depth by
Fisher’s least significant difference (LSD) as a post hoc test

@ Springer



1504

Plant Cell Reports (2022) 41:1499-1513

for pairwise comparisons (a=0.05). Means with different
letters are statistically significant.

Results
PPO encoding genes in the apple genome

Screening the ‘Golden Delicious’ double haploid 13 genome
(Daccord et al. 2017) revealed the presence of a PPO gene
family encompassing ten members with similar gene struc-
ture of one or two exons, encoding proteins ranging from
587 to 610 residues (Table 1). N-terminal signal peptides
for chloroplast targeting were predicted for all of them.
PPO proteins are characterized by three conserved PFAM
domains: the tyrosinase superfamily domain PF00264, the
PPOI_DWL domain PF12142 and the PPO1_KFDV domain
PF12143. Apple PPO genes are located on two clusters on
chromosomes 5 (five genes) and 10 (five genes), two chro-
mosomes known to result from a whole genome duplication
(Daccord et al. 2017). Close examination of these two chro-
mosomal regions identified two additional PPO-like encod-
ing genes, one on chromosome 5 and the other on chro-
mosome 10, which conserved only the C-terminal KFDV
domain and were also predicted to be addressed to the
chloroplast (Table 1). Six pseudogenes were finally found,
four on chromosome 5 and two on chromosome 10. Their
CDS are disrupted by deletion, transposable element inser-
tion, frameshift and/or stop codons (Table 1). We named
PPO genes and pseudogenes MdPPOOI to MdPPO16, and
PPO-like genes MAKFDVO0I and MdKFDVO02. Phylogeny
generated from the 30 PPO Rosaceae homologs identified
in Genbank database revealed six subfamilies (Fig. 1). Iden-
tity matrices obtained using nucleic or protein sequences
of the ten apple PPOs showed a very high conservation
level between accessions inside each apple PPO sub-family
(Online Resource 4).

Apple PPO gene expression profiles

To identify PPO promoters differentially responding to Ea
infection, we quantified by RT-qPCR the specific expres-
sion of PPO genes in apple infected tissues. For this study
pseudogenes (MdPPO1, MdPPO4, MdPPO7, MdPPO9Y,
MdPPOI11 and MdPPO14) were discarded, as well as
MdPPO12, MdPPO13 and MdPPO15 for which the design
of specific primers was attempted repeatedly base on SNPs
(Single Nucleotide Polymorphism; high level of iden-
tity > 97.7%; Online Resource 4), but failed. Primers for
the remaining seven PPO and the two PPO-like genes were
designed with the aim of quantifying their expression in Ea
infected leaves of two apple genotypes with contrasted sus-
ceptibilities to fire blight, the susceptible ‘MM 106’ and the
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resistant ‘Evereste’ (Venisse et al. 2002). During the test of
primers efficacy performed using as template a cDNA pool
from these Ea infected apple genotypes, we obtained very
weak amplifications for MdPPOO02, MdPPOO03, MdPPOO5,
MdPPO06, MdPPOO8 and MdPPOI10 contrasting with
the substantial ones for MdKFDVO0I1, MdKFDV02 and
MdPPO16 (Online Resource 5). Therefore gene expression
kinetics are only shown for MdKFDVO01, MAKFDV02 and
MdPPO16 (Fig. 2). Analyses were performed in untreated
leaves and in leaves challenged either with a wild-type
strain of Ea (Ea wt) or a T3SS deficient mutant (Ea t3ss)
or mock at 6, 24 and 48 h post-treatment (hpt). A higher
constitutive expression in untreated leaves of MdPPOI16
and MdKFDVO02 compared to MdKFDVOI was observed in
‘Evereste’. Ea t3ss and mock treatments triggered similar
expression changes in the two genotypes, peaking at 6 hpt
especially for MdPPO16 probably due to the stress caused
by the infiltration method. A strong increase in MdPPO16
expression was recorded in both genotypes challenged with
Ea wt, suggesting a type III effector dependent induction.
No noticeable modulation was observed in MdKFDVO0I
and MdKFDVO02 expression levels whatever the treat-
ment, except for Ea wt that seemed to slightly modulate
the expression of MdKFDVOI in ‘MM106’ at 24 and 48
hpt in one replicate only. Promoter of MdKFDVO02 from
‘MM106°, thereafter named pKFDV02, was selected for
further investigation instead of promoter of MdKFDVO02
from ‘Evereste’ because expression of MdKFDVO02 was
more stable throughout the kinetics (Fig. 2). Promoter of
MdPPOI16 from ‘MM106’, thereafter named pPPO16, was
also selected for further investigation instead of promoter of
MdPPO16 from ‘Evereste’ because MdPPO16 expression
throughout the kinetics was similar for the two genotypes
(Fig. 2). We found 95.17% identity between sequences of
2218 bp length upstream MdPPO16 CDS in ‘MM106’ and
‘Evereste’.

Promoter activity during transient expression

The regions upstream of MdPPOI6 (1177 bp;
MKS873007 in GenBank repository) and MdKFDV02
(2030 bp; MK873006 in GenBank repository) CDS
in ‘MM106’ genotype were cloned, and tested as a
first approach in a transient expression assay in apple
leaves using GUS (P-glucuronidase) as a reporter to
quantify promoter activity in untreated, mock or Ea-
infiltrated tissues. Rooted in vitro plants of ‘Gala’
were agroinfiltrated with EHA105 carrying different
T-DNAs including pPPO16:GUS, pKFDV02:GUS or
p355:GUS as a control. Five days later, plants were
infiltrated with mock or Ea wt and gene expression of
GUS measured 24 h later by RT-qPCR and calibrated
to eliminate expression differences due to bacteria.
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Table 1 Ten PPO genes and two PPO-like genes in Malus x domestica ‘Golden Delicious’ double haploid 13
Gene ID Gene name* Genome location Protein Target- PF00264 PF12142 PF12143 CDS
size ing (Tyrosi- (DWL)  (KFDV)
peptide nase)
MdPPOO1 MDO05G1318900 Cluster Chr05:44674551..44675601 nd nd No No Yes Deletion in
1 (+ strand) 5', stop
codon
MdK- MDO05G1319000 Chr.5 Chr05:44678580..44679248 222 aa Plastid No No Yes Short
FDVO01 (+ strand)
MdPPO02 MDO05G1319100 145 kb Chr05:44686442..446871 600 aa Plastid yes Yes Yes Complete
9844687421..44688466
(+ strand)
MdPPO03 MDO05G1319300 Chr05:44703271..447040 600 aa Plastid Yes Yes Yes Complete
2744704376..44705421
(+ strand)
MdPPO04 MDO05G1319400+ 500 Chr05:44710146..44712465 nd nd Yes Yes Yes Deletion in
(+ strand) 5', 2 stop
codons, 2
frameshifts
MdPPO0O5 MDO05G1319800 Chr05:44733185..44734948 587 aa Plastid Yes Yes Yes Complete
(+ strand)
MdPPO0O6 MDO05G1320100 Chr05:44759206..44760969 587 aa Plastid Yes Yes Yes Complete
(+ strand)
MdPPO0O7 MD05G1320200 Chr05:44766750..44768423 574 aa Plastid Yes Yes Yes 5 stop codons
(+ strand)
MdPPO0O8 MD05G1320800 Chr05:44810753..44812510 585 aa Plastid Yes Yes Yes Complete
(+ strand)
MdPPO09 MDO05G1320850 Chr05:44819040..44819790 242 aa Plastid No Partial Yes Internal
(+ strand) deletion, 1
frameshift
MdK- MD10G1298200 Cluster Chr10:38528441..385287 230 aa Plastid No No Yes Short
FDVO02 2 2538528870..38529277
(4 strand)
MdPPO10 MD10G1298300 Chr. 10 Chr10:38536311..38538077 588 aa Plastid Yes Yes Yes Complete
(+ strand)
MdPPO11 MD10G1298400 157 kb Chr10:38541748..38542176 nd nd Partial Yes No Deletions in
(+ strand) 5"and 3', 1
stop codon
MdPPO12 MD10G1298500 Chr10:38562790..38564622 610 aa Plastid Yes Yes Yes Complete
(—strand)
MdPPO13 MD10G1298700 Chr10:38594920..38596752 610 aa Plastid Yes Yes Yes Complete
(— strand)
MdPPO14 MD10G1299100 Chr10:38631151..38639766 610 aa Plastid Yes Yes Yes Disrupted by
(— strand) TE
MdPPO15 MD10G1299300 Chr10:38661973..38663805 610 aa Plastid Yes Yes Yes Complete
(— strand)
MdPPO16 MD10G1299400 Chr10:38683770..38685551 593 aa Plastid Yes Yes Yes Complete

(+ strand)

Chr chromosome, nd not determined, aa amino acid, TE transposable element
2All PPO are available at https://iris.angers.inra.fr/gddh13, “curated CDS” layer

GUS gene expression was stable in all samples under
the control of pKFDV02 (Fig. 3) and had comparable
levels to that observed in Ea-infiltrated leaves under
the control of pPPO16. Under the control of pPPO16,
a strong induction of the GUS expression was observed
in leaves challenged with Ea wt (a fivefold increase

approximately, Fig. 3). The same transient expression
assay was repeated once in the other genotype ‘Golden
Delicious’ with firefly luciferase (FIRE) instead of GUS
as a reporter gene (Online Resource 6), to quantify pro-
moter activity both at the transcriptional and enzymatic
level. FIRE gene expression and protein activity were

@ Springer
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Fig. 1 Phylogenetic tree of PPO homologs in Rosaceae. The tree was
built with the neighbor-joining method from the multiple alignment
of 30 homologous proteins. Gaps were ignored for tree building and
1000 bootstrap replicates were used to determine the robustness of
each node (the bigger the green circle size, the more robust the node).
The six PPO subfamilies are highlighted with different colors (white,

stable in all samples under the control of pKFDVO0?2
(Online Resource 6A and 6B respectively) and had com-
parable levels to that observed in untreated and mock-
infiltrated leaves under the control of pPPO16 or p35S.
Under the control of pPPO16, a strong induction of the
FIRE activity was observed in leaves challenged with
Ea wt, both at the transcriptional and enzymatic level
(a twofold increase approximately, Online Resource 6A

and 6B).

@ Springer

00£86ZTO0TAN

]
§ 8
g B
o $ ©
H g &
&
NS o
‘\<1
.Q.:s.
&
/
z ) “0\00
@'
@ pyb AEGTB292 1
&
Pyb ABS8829; 4
| s
. Y
L7
4,
® %,c‘(’
< (,I
%y %

purple, orange, green, blue and yellow). Except for apple for which
gene model ID is used (written in black), each protein is labeled with
two letters (species) and its GenBank ID or XP number. Frv, Fragaria
vesca (red); Prp, Prunus persica (L.) Batsch (orange); Pyb, Pyrus
bretschneideri (green) (colour figure online)

Promoter activity in stable transgenic clones

The results obtained with the transient assay encouraged us
to perform apple stable transformations with two constructs
carrying each promoter fused with the GUS gene as marker
gene (pPPO16:GUS and pKFDV02:GUS), and to compare
these to p35S:GUS transformed control. We respectively
obtained one (224C), two (222A and D) and four (217F, O,
R, S) transgenic lines of ‘Golden Delicious’ transformed
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Fig.2 Expression profiling
of MdPPO16, MdKFDVO01 14
and MdKFDVO02 in ‘MM106’
(susceptible to fire blight) and
‘Evereste’ (resistant to fire
blight) genotypes. Log, expres-
sion levels were measured in
untreated leaves and in mock,
Ea t3ss or Ea wt infiltrated-
leaves at 6, 24, 48 hpt. Expres-

MdPPO16

———-Eat3ss | Evereste

Ea wt

mock
Ea t3ss
Ea wt

MM106

sion levels for each gene were
calibrated to the mean expres-
sion value of the TO MM106 -4
samples and normalized with

Relative expression level

18 24 30 36 42 4

Time (h)

three reference genes (GAPDH,
TuA and ACTIN). Bars represent 14
maximum and minimum values
from two independent experi-
ments (n=2)

MdKFDVO01

Relative expression level

Time (h)

MdKFDV02

Relative expression level

with pPPO16:GUS, pKFDV02:GUS and p35S:GUS. The
unique line pPPOI16:GUS and the more vigorous line
pKFDV02:GUS (222D) were kept for subsequent analy-
ses. For p35S:GUS, subsequent analyses were performed
on two lines harboring a moderate GUS expression (lines
2170 and S; Online Resource 7). Assessment of transgenic
lines selected for the further analyses are displayed in Online
Resource 8. After in vitro multiplication, all stable trans-
genic lines were acclimatized and grown in greenhouse. The
expression of the reporter gene was assessed by RT-qPCR
in untreated, mock and Ea wt-infiltrated leaves at 24 hpt. In
pKFDVO02 line, activity was not significantly different from
p35S lines in all conditions (nt, mock and Ea wt treatments,
Fig. 4). By contrast, GUS expression was very weak in
untreated and mock-infiltrated leaves of pPPO16:GUS lines
and exhibited a strong and significant tenfold induction in
inoculated ones, reaching levels similar to p35S:GUS lines.
Altogether these results corroborate those of the transient

expression assay and show that pPPO16 but not pKFDVO02
is strongly induced by Ea infection. The pPPO16-driven
induction of the GUS in leaves challenged with Ea wt was
also confirmed at the enzymatic level 40 and 48 hpt (Fig. 5).

To determine which component of the Ea pathogen-
esis is responsible for the induction of pPPOI6, i.e. a
functional T3SS of the bacterium and/or the ROS pro-
duction during the infectious process, GUS expression
was recorded in transgenic rooted in vitro plants carry-
ing pPPO16:GUS and pKFDV02:GUS at 24 hpt after
the following different treatments: mock, Ea t3ss and Ea
wt by leaf infiltration and H,0O, by leaf infiltration or by
incorporation in the culture medium (Fig. 6). GUS expres-
sion was relatively stable when mediated by the promoter
pKFDV02, although a slight but significant decrease of
activity was observed after H,O, treatments (infiltration
and culture medium) compared to mock treatment. No
change in GUS expression was observed in pPPO16:GUS

@ Springer
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Fig.3 Expression of GUS gene driven by pPPOI16 and pKFDV02 in
transient assays. Relative expression of GUS reporter gene driven by
p35S, pPPO16 and pKFDV0?2 in untreated (nt, white), mock (light
gray) or Ea wt (black)-infiltrated leaves (24 hpt) of transiently trans-
formed ‘Gala’ in vitro plants, 6 days after agroinfiltration. GUS raw
expression levels of each sample were calibrated to the mean value
of the samples pPPO16:GUS-nt, and normalized with SPEC gene to
eliminate expression differences due to bacteria. Bars represent SEM
from 3 biological repeats (n=3). Letters indicate statistical classes
(Kruskal-Wallis, p <0.05)

line treated with mock, Ea t3ss and H,0,, while again
a strong and significant tenfold induction was observed
when this line was inoculated with Ea wt. Taken together,
these results highlight the ability of Ea to strongly and
specifically induce pPPO16 (and not pKFDV02), prob-
ably as an effect of a functional T3SS rather than H,O,
production.

To check pPPO16 ability to be specifically activated by
Ea and to observe pKFDV0?2 behavior in response to another
pathogen, the same transgenic lines were challenged with
the pathogenic fungus Vi responsible for apple scab. Trans-
genic lines were therefore cultivated in greenhouse and
GUS expression was assessed in untreated, mock and Vi-
sprayed leaves at 1, 3 and 10 days post-treatment (dpt), the
development of fungus being slower than that of Ea. Results
indicated that up to 3 dpt, the GUS expression mediated by
pPPO16 was not affected by Vi in comparison to the cor-
responding mock controls (Fig. 7). However a strong and
significant 15-fold induction was observed at 10 dpt, sug-
gesting that pPPO16 could be activated by another apple
pathogen. Regarding pKFDV02, GUS expression was not
significantly induced by Vi inoculation in the first 3 days,
but considerably raised at 10 dpt in both mock or Vi-sprayed
leaves, approximately 20-fold relative to the beginning of
the experiment (pKFDV02:GUS-nt). The same phenomenon
was also observed at 10 dpt in the youngest leaf of each
plant which did not receive any treatment (Online Resource
9), suggesting the presence of a different unknown factor
affecting pKFDV0?2.
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Fig.4 pPPOI16 and pKFDVO02-driven GUS expression in ‘Golden
Delicious’ transgenic lines cultivated in greenhouse and challenged
with Ea. Relative expression of GUS reporter gene driven by p35S,
pPPO16 and pKFDVO?2 in untreated (nt, white), mock (light gray) or
Ea wt (black)-infiltrated leaves (24 hpt) of transgenic lines. GUS raw
expression levels of each sample were calibrated to the mean value of
the samples pPPO16:GUS-nt, and normalized with ACTIN. 2170 and
2178 represent independent lines of p35S:GUS, harboring a moder-
ate GUS expression. Bars represent SEM from 3 biological repeats
(n=3). Letters indicate statistical classes (Kruskal-Wallis, p <0.05)
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Fig.5 pPPOI16-driven GUS activity in ‘Golden Delicious’ transgenic
line challenged with Ea. Enzymatic activities of GUS reporter driven
by pPPOI6 in untreated (nt, white), mock (light gray) and Ea wt
(black)-infiltrated leaves of in vitro plants at 24, 40 and 48 hpt. GUS
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total proteins. Bars represent SEM from 3 biological repeats (n=23).
Letters indicate statistical classes (Kruskal-Wallis, p <0.05)
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Fig.6 pPPOI16 and pKFDVO02-driven GUS expression in ‘Golden
Delicious’ transgenic lines challenged with Ea. Relative expression
of GUS reporter driven by p35S, pPPO16 and pKFDV0?2 in untreated
(nt), H,0,-medium, mock or H,0, or Ea t3ss or Ea wt-infiltrated
leaves (24 hpt) from in vitro plants of transgenic lines. GUS raw

expression levels of each sample were calibrated to the mean value of
the samples pPPO16:GUS-nt, and normalized with ACTIN. 2170 and
217S represent independent lines of p35S:GUS, harboring a moder-
ate GUS expression. Bars represent SEM from six biological repeats
(n=6). Letters indicate statistical classes (Kruskal-Wallis, p <0.05)

Fig.7 pPPOI16 and pKFDVO02-
driven GUS expression in
‘Golden Delicious’ transgenic
lines cultivated in greenhouse
and challenged with Vi. Rela-
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Discussion

Our work identified ten potentially functional apple
PPO-encoding genes harboring the three known typi-
cal domains tyrosinase (PF00264), DWL (PF12142) and
KFDV (PF12143), located on two duplicated chromo-
somes (5 and 10), all being addressed to the chloroplast
and distributed in five phylogenetic sub-groups. This result
completes the survey that Tran et al. (2012) performed
among 25 land plants, describing PPO gene families vary-
ing in size (1-13) except in the genus Arabidopsis whose

de
e i ef
“Tdpt > “3dpt” T0dpt
222D

“3dpt” “0dpt

224C
pPPO16:GUS

1 dpt

PKFDV02:GUS

genome does not contain PPO sequences. Clustering of
PPO genes at the same chromosomal location has already
been observed in other plant species and indicates tandem
gene duplications (Tran et al. 2012).

In the same chromosomal regions, we also identified six
pseudogenes with similarity to PPO but with discrepancies
such as deletions, premature stop codons and/or frameshifts,
and two PPO-like genes of unknown function with only the
KFDV domain. Doubts can be raised over their function
as true polyphenol oxidases considering that they lack the
common central domain of tyrosinase responsible of the
oxidation process. Despite these doubts, KFDV genes were
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conserved in our study as PPO-like genes according to the
fact that they have homologs in numerous dicot species.

Plant PPO genes are known to be involved in different
physiological processes, from stress response to develop-
mental regulation and environmental adaptation, as con-
firmed by their differential expression patterns in different
situations (Thipyapong and Steffens 1997; Constabel and
Barbehenn 2008; Tran and Constabel 2011; Thipyapong
et al. 2007). This makes regulatory sequences of PPO genes
good candidates for diversified strategies of intragenesis.
Unfortunately in our experiments, analyses showed that the
expression driven by pKFDV02, originally chosen for an
expected constitutive activity was modulated by unspeci-
fied factors. As only one transgenic line with the pKFDV02
construction was further analyzed and that this modulation
is not corroborated by transient expression data, we cannot
exclude that it derives from insertion effects, and not from
the promoter. But for now, this result invalidated pKFDV02
as a good candidate to drive a constitutive but weak expres-
sion for apple intragenesis development. On the other hand
the fact that we found differential expression of PPO genes
in response to Ea is coherent with previous works in other
plant species showing induction in response to biotic stresses
only for some PPO genes, in both incompatible and compat-
ible interactions (Tran and Constabel 2011; Rinaldi et al.
2007). In our hands MdPPO16 induction in response to Ea
has been recorded in three different genotypes (‘MM106°,
‘Evereste’ and ‘Gala’; Vergne et al. 2014 and this work).
MdPPO16 was also shown to be induced by wounding (Boss
et al. 1995) and in fruit flesh browning disorder (Di Guardo
et al. 2013), suggesting various functions for this gene.

Transient and stable transgenic assays using reporter
genes fused to the immediate upstream region from the
start codon of MdPPO16 confirmed that this regulatory
sequence was efficient to obtain the desired Ea-inducible
expression pattern. Only one stable transgenic line was
recovered with the pPPO16-GUS construction so we can-
not affirm that the observed expression profile in that line
is not affected, positively or negatively, by insertion effects.
Despite this drawback, pPPO16 promoter in 224C line show
a quick and strong induction in leaves challenged with Ea,
at the transcriptomic and enzymatic levels, in accordance
with results obtained in transient assays with GUS or FIRE
reporter genes. Thus we are confident on other results get
with this line. In an intragenesis strategy designed to confer
resistance to Ea, the use of such a promoter should ensure
the precise induction of the intragene from the beginning of
the infection process. Because a functional bacterial T3SS
was required for this promoter induction, it should also avoid
inappropriate activation in response to MAMPs (Microbial
Associated Patterns, Choi and Klessig 2016) of Ea or of
other bacteria with similar conserved motifs potentially pre-
sent on or inside the plant.

@ Springer

Induction of pPPOI16 seems to be linked to the loss
of cellular integrity. Three lines of evidence support this
hypothesis: (i) pPPOI16 induction requires Ea with a func-
tional T3SS, which enables the injection of the major effec-
tor DspA/E into the plant cell, causing cell death (Boureau
et al. 2006), (ii) pPPO16 activation in compatible interaction
with Vi occurred at 10 dpt in our experiments, which cor-
respond to the beginning of tissue rupture by conidiogenesis
(Ortega et al. 1998), and (iii) previous work shows the induc-
tion of MdPPO16 after wounding (Boss et al. 1995). A spe-
cific induction of pPPO16 linked to cell death is particularly
interesting in the objective of controlling fire blight disease.
It should ensure the induction of the intragene not only in the
case of a real bacterial attack but also as a preventive barrier
at wound sites caused by insects or climatic events, both act-
ing as entry points for the bacteria. Despite the strong induc-
tion of pPPO16 in response to Vi infection, it seems however
unwise to consider this promoter in intragenic strategies for
apple scab control, as it is only activated during the late
phase of infection, i.e. conidiogenesis. Induction of a PPO
gene during urediospore formation was already noticed in
hybrid poplar/Melampsora laricipopulina interaction (Tran
and Constabel 2011).

We did not observe any response of pPP0O16 follow-
ing exogenous application of H,O, known as a precocious
ROS produced during the oxidative burst accompanying Ea
infection process (Vrancken et al. 2013). The concentra-
tion of H,0, used in that work is moderate and known to
modulate several defense genes in apple without leading to
impaired tissue integrity (Dugé de Bernonville et al. 2014).
The non-response of pPPO16 following that moderate treat-
ment should indicate that the expression driven by this pro-
moter will remain stable despite moderate increase of H,0,
concentrations known to occur in various stress conditions
(Saxena et al. 2016).

In the search for apple resistance, several cisgenic strate-
gies have already been developed (Kost et al. 2015; Krens
et al. 2015), but only one case of intragenic strategy has
been tested, against another pathogen than Ea (Vi; Joshi
et al. 2011). To create efficient fire blight intragenic resist-
ances in apple, several candidate genes could be placed
under the control of the pPPO16 promoter characterized
in our study: important regulators of defense pathways like
NPR1 (Malnoy et al. 2007), members of calcium-dependant
protein kinases family (Kanchiswamy et al. 2013), genes
involved in the jasmonic acid pathway (Dugé de Bernonville
et al. 2012) or genes that increased oxidation of phenolic
compounds (Flachowsky et al. 2010; Gaucher et al. 2013;
Hutabarat et al. 2016).

The present work represents the first step towards the
development of efficient “all native” solutions for apple fire
blight resistance. As far as we know, pPPO16 is the first
cloned apple promoter inducible by Ea. Considering the
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narrowness of the gene pool screened to retrieve it, i.e. the
MdPPO family, pPPO16 could not be the best Ea induc-
ible promoter candidate and comprehensive genomic level
expression analyses are needed to find such candidates. Fur-
ther work will be also needed to choose optimal candidate
genes combining high efficiency for disease resistance, lim-
ited risk of break-down and absence of adverse effects on
plant physiology.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00299-022-02869-8.
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