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Abstract

Phenylalanine ammonia lyase (PAL) is a key enzyme in the phenylpropanoid pathway responsible for biosynthesis of
many secondary metabolites, such as anthocyanins, flavanols, and lignins. The objective of this work was to determine
the effect of different rootstock/scion combinations on Prunus tree growth, PAL gene expression, and PAL activity in
order to identify compatibility of different graft combinations. The study was performed with peach (P. persica
cv. Chimarrita) grafted on two peach rootstocks (Capdeboscq and Tsukubal) and one Japanese apricot (P. mume
cv. Umezeiro). Two or three years after grafting, the growth of peach scion on Umezeiro was weak and finally the death
of some trees occurred. The peach rootstocks induced vigorous growth without any tree loss through the three years of
evaluation. However, PAL activity and expression of PAL encoding genes were higher in Umezeiro as compared to the
other rootstocks. These results show that the differential gene expression together with the PAL activity is a promising
strategy to predict graft incompatibility.

Additional key words: phenylpropanoid pathway, Prunus mume, Prunus persica, rootstock-scion compatibility, secondary
metabolism.

Introduction

Grafting is a technique widely used in horticulture,
whereby a scion and a rootstock, generally belonging to
the same botanical species or to species of the same
genus, are joined together. However, when grafting
involves two different species or genera, a lack of affinity
known as graft incompatibility may occur (Hartmann
et al. 2002). Graft incompatibility is a relevant problem
for development of new rootstocks, especially in fruit
species, where the external symptoms of incompatibility
may appear several years after grafting (Errea and Felipe
1993, Hartmann et al. 2002). Nowadays, new Japanese
apricots as rootstocks for peaches are being introduced
into Sao Paulo State, Brazil, mainly due to their
promising characteristics, such as the induction of a

reduced vigour and of good fruit quality, as well as their
possible resistance to root-knot nematodes (Comioto
et al. 2012). However, their compatibility with Brasilian
peach cultivars has not been tested.

The sequence of structural events during graft
development in plants has been widely described (Errea
et al. 1994, Ermel et al. 1997, Hartmmann et al. 2002,
Pina and Errea 2005). The formation of the graft union
can be considered as the result of the following steps:
1) establishment of an intimate contact between the
cambial regions of rootstock and scion, and formation of
the callus tissue that soon intermingles and interlocks,
filling up the spaces between scion and rootstock;
2) differentiation of vascular cambium across the callus
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bridge, and 3) production of new xylem and phloem from
the new vascular cambium in the callus bridge, forming
the vascular connections necessary for a successful graft
union. Although the latest step is considered as the basic
requirement for a successful graft in herbaceous plants
(Moore and Walker 1981, Aloni et al. 2010), in fruit
trees, different cell behaviour takes place in early graft
development (Errea et al. 1994, 2001) and vascular
connections are established even in incom-patible unions
(Ermel ef al. 1997, Espen et al. 2005).

Several lines of recent research link the graft
incompatibility with differences in accumulation of
phenolic compounds (Errea 1998, Usenik et al. 2006,
Mng’omba et al. 2008) synthetized by the phenyl-
propanoid pathway. These compounds are often induced
under biotic or abiotic stresses and are involved in several
metabolic processes (Anterola and Lewis 2002, Jin et al.
2012). Otherwise, high content of phenolic compounds is
associated with damages during graft formation, limiting
the proliferation and differentiation of callus, as well as
the formation of the new vascular tissues in incompatible
grafts (Feucht er al. 1988, Hartmann et al. 2002).

Materials and methods

Plants and experimental design: Peach [Prunus persica
(L.) Batsch] cv. Chimarrita was grafted on two peach
(cvs. Capdeboscq and Tsukubal) and one Japanese
apricot (Prunus mume Sieb. et Zucc. cv. Umezeiro)
rootstocks. Grafts were made by chip budding and grafted
plants were grown in the field at the Federal University of
Pelotas, Brazil. Chimarrita/Umezeiro combination has
been suggested to exhibit signs of graft incompatibility
(Teles et al. 2009, Comioto et al. 2012), but no specific
analysis of graft compatibility were carried out. Bark
samples were collected two years after grafting 5 cm
above and below the graft union for each grafted
combination. All samples were immediately frozen in
liquid nitrogen and stored at -80 °C until analyses.

The following variables were measured: cumulative
pruning fresh mass, leaf area, trunk diameter, index of
survival, and chlorophyll content. The fresh mass of
pruning material was taken at the first and second year
after grafting. Leaf area was evaluated at the second year
after grafting and the trunk diameter was measured
throughout three years. Chlorophyll content was
determined using a SPAD 502 (Minolta, Osaka, Japan)
150 d after full bloom two years after grafting. The
internal evaluation of the different graft unions were done
according to Herrero (1951).

Real time qRT-PCR expression analysis: Total RNA
was isolated using the CTAB protocol adapted by
Messias et al. (2010). Determination of quality and
quantification of total RNA were performed by 1 % (m/v)
agarose gel electrophoresis and spectrophotometer
analysis (Nanodrop 1000, Thermo Scientific, Wilmington,
DE, USA). Total RNA (1 pg) was reverse transcribed

GROWTH AND PAL ACTIVITY IN GRAFTED PEACH

Nevertheless, it is still not clear if induced phenolic
accumulation is the cause or the consequence of the
scion-rootstock incompatibility.

The first enzyme in the phenylpropanoid pathway is
the phenylalanine ammonia lyase (PAL; EC 4.3.1.24),
responsible for coordinating this pathway. PAL is
regulated at the transcriptional level in response to
different stresses, such as pathogenic attack, UV
radiation, low supply of nitrogen, phosphate, or iron, as
well as rootstock/scion interactions (Dixon and Paiva
1995, Kubota et al. 2001, Leng and Qui 2003, Olsen
et al. 2008, Pina and Errea 2008, Sullivan et al. 2009).
High PAL transcription was observed in incompatible
combinations of apricot/plum resulting in a high
accumulation of phenolic compounds (Pina and Errea
2008). Thus, the induction of PAL transcription can be
related to the scion-rootstock compatibility.

In the present study, the effects of different rootstock-
scion interactions on several growth characteristics were
correlated with gene expression and activity of PAL in
order to examine their possible roles in graft incompa-
tibility in some Prunus combinations.

using an oligo (dT)yy and SuperScript® III first-strand
synthesis kit according to the manufacturer’s instructions
(Invitrogen, Madrid, Spain). Specific primers for PALI
(ppa002099m) and PAL2 (ppa002328m) were designed
based on the nucleotide sequence of peach on GDR
(genome database of Rosaceae - http://www.
rosaceae.org). The reactions were performed on a
7500/7500 Fast equipment (Applied Biosystems,
Carlsbad, CA, USA). The reactions comprised a total
volume of 25 mm?>, 12.5 mm® of the SYBR® Green PCR
master mix (Applied Biosystems), 5 mm® of cDNA, and
300 nM primers. The protocol was identical for all primer
sets: 95 °C for 10 min, followed by 40 cycles at
95 °C for 30 s; 60 °C for 1 min, 72 °C for 1 min; and a
final extension of 72 °C for 10 min. Afterwards, the
specificity of the amplification products was determined
using a melting curve in all cases using the following
melting curve program: 95 °C for 15 s, 60 °C for 15 s, and
95 °C for 15 s. Two technical replications for each of the
3 biological replicates were performed. The expression of
target genes were normalized with reference genes using
the comparative Ct method at constant fluorescence. The
reference genes tested were actin (ACTII), translation
elongation factor (TEF2), RNA polymerase II (RP II), and
EST (GenBank accession No. DY652828). Specificity of
amplicons was verified on a 2.5 % (m/v) agarose gel with
bromide staining. Primers sequences are shown in Table 1.
Real-time PCR efficiency and correlation coefficients (R?)
of the genes were determined by a LinRegPCR software
(Ruijter et al.  2009). The stability analysis of the
housekeeping genes was carried out by a NormFinder
algorithm adapted for Microsoft Excel according to
Andersen et al. (2004) and Tong et al. (2009).
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PAL activity: PAL activity was determined according to
the method described by Campos et al. (2003). The
activity was determined in crude bark extracts, obtained
by grinding the bark with 4 cm® of 0.5 M borate buffer
containing 0.05 g of polyvinylpyrrolidone (PVP) in a
Polytron mixer at full speed and 4 °C, after filtration
(Whatman 1) and centrifugation (25 000 g, 15 min). The
readings were taken at 290 nm in a PC Shimadzu (Kyoto,
Japan) UV-1601 PC spectrophotometer. The enzyme
activity was expressed in units that are defined as the

amount of an enzyme that produces 1 mM trans-cinnamic
acid (t-CA) per min. Protein content was determined
according to the method of Bradford (1976) with bovine
serum album (BSA) as a standard.

Statistical analysis: Data were evaluated by analysis of
variance with the statistical program SPSS v. 15.0 (SPSS,
Chicago, USA). When the differences were statistically
significant (P < 0.05), the Tukey’s test was used for
comparison of means.

Table 1. Primer sequences used for PALI, PAL2, and reference genes (Actin, RPII, TEF2, and EST) expression analyses. Forward (F)
or reverse (R) orientation of each primer is indicated. Real Time qPCR efficiency and correlation coefficients (R?) were determined

by the LinRegPCR software.

Primer Primer sequences (5°-3”) Tm [°C]  Amplicon size [bp] Efficiency R’

PALI F ATGAGGTGAAGCGCATGGTG 62 85 1.941 0.9994
R CTATGGCAGCCACTTGGGAA 62

PAL2 F AGGTCAAACGGATGGTCAAC 58 85 1.974 0.9995
R ATTGCAGCCACCTGAGCTAT 60

Actin F TGAGGCTCCTCTCAACCCTA 62 82 1.978 0.9987
R ATACATGGCAGGCACATTGA 58

RPII F TGAAGCATACACCTATGATGATGAAG 60 128 1.945 0.999
R CTTTGACAGCACCAGTAGATTCC 60

TEF?2 F GGTGTGACGATGAAGAGTGA 60 129 1.940 0.9993
R AAGGAGAGGGAAGGTGAAAG 60

EST F AGTCAGCCCAGTACGAAGAGG 60 152 1.910 0.9999
R TGCTTCTGCTTCACCCACCT 60

Results and discussion

Plant grafting is a widely used means of plant
propagation, but its range of application is restricted by
physiological, anatomical, and biochemical factors that
produce incompatible grafts. It is widely known that
productivity in peach orchards may be difficult to achieve
without compatible grafting of scions and size controlling
rootstocks (Reighard 2000). In this work, the effects of

different rootstock-scion interactions in several vegetative
growth characteristics as well as in PAL activity and gene
expression were studied in different grafted Prunus
species. Less cumulative fresh mass of pruning material,
leaf area, and index of survival during the second and
third year after grafting were found in Chimarrita/
Umezeiro combination in comparison to the other

Table 2. Growth parameters of the peach cv. Chimarrita grafted on different rootstocks (Capdeboscq, Tsukubal, and Umezeiro)
throughout three years after grafting. Means from 4 repetitions. Values followed by different letters within a row are significantly

different at P < 0.05 according to Tukey's test.

Growth parameters Year after grafting Chimarrita/Capdeboscq Chimarrita/Tsukubal Chimarrita/Umezeiro
Pruning fresh mass [g] 1*and 2" 4095.5 ° 4519.5° 1659.0 °
Leaf area [cm?] 28 14411.8 ® 14578.6 ° 7538.3°
Index of survival [%] 31 100.0° 100.0° 90.0°
Trunk diameter [cm] scion ™ 9.4% 11.7% 10.2*%
2nd 229° 239° 19.8°
31 37.9° 39.3% 31.7°
union 15 15.9° 18.3° 19.0°
2md 28.3° 323% 32.6°
31 44.1° 48.8° 499°
rootstock 1% 12.1% 14.7% 129%
2nd 24.8° 27.9% 22.1°
31 419° 4250 329°
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Fig. 1. A - Overgrowth of the graft interface at the Chimarrita/Capdebosq, Chimarrita/Tsukuba 1, and Chimarrita/Umezeiro
combinations. B - Longitudinal sections through different graft unions (two years after grafting). White arrow shows a weak, poorly

connected union with vascular discontinuity at the graft interface.

combinations tested (Table 2). Likewise, the Chimarrita/
Umezeiro combination showed a less trunk diameter of
both the scion and rootstock together with overgrowth at
the graft interface (Fig. 14). On the other hand, SPAD
values characterizing the chlorophyll content were not
significantly different from those of trees grafted on
Capdeboscq and Tsukubal. The overgrowth at the graft
interface, tree vigour reduction, and less index of survival
in the Chimarrita/Umezeiro combination suggested
symptoms of graft incompatibility (Herrero 1951, Mosse
1962, Moreno et al. 1993, Zarrouk et al. 2006). Despite
that Umezeiro is considered as a promising rootstock for
peach trees due to canopy vigour reduction, good fruit
quality, and resistance to root-knot nematodes, these
signs of incompatibility should be taken into account
(Teles et al. 2009, Comiotto et al. 2012). Additionally,
this peach/apricot combination also presented anatomical
irregularities at the graft interface, characterized by
vascular discontinuity (Herrero 1951). These results
pointed out that the graft combination Chimarrita/
Umezeiro exhibited symptoms of both types of graft
incompatibility (Fig. 1B). The coexistence of both types
of incompatibility has been previously reported by other
authors in some peach/plum combinations (Andrew and
Marquez 1993, Zarrouk et al. 2006).

The involvement of certain enzymes in the graft union
development has been studied in different Prunus
species, especially enzymes involved in the phenyl-
propanoid pathway and lignification (Pina and Errea
2008, Zarrouk et al. 2010, Pina et al. 2012). In this study,
we analyzed the transcription of PAL genes in response to
different scion-rootstock interactions. PAL gene
homologs were identified by querying the assembled and

annotated peach genome on GDR with known PAL
enzyme sequences from other plants. PAL seems to be
encoded by at least two genes in the peach genome. There
are two highly conserved PAL-like genes located on
different chromosomes, PALI (chromosome 2) and PAL2
(chromosome 6), with 86 % amino acid sequence
identity. Based on these two genes, their expression
patterns were investigated at the rootstock and scion
partners of all combinations by real time qPCR. As there
are no specific studies to identify suitable reference
gene(s) for normalization of gene expression in graft
(in-)compatibility experiments in Prunus, we tested four
candidate reference genes to validate and develop a
gqRT-PCR method in graft combinations, including genes
frequently used for internal control on expression studies:
ACT 11, TEF2, RP II, and peach EST, similar to the
Arabidopsis thaliana gene (acc. No. At5g12240; Tong
et al. 2009, Jimenez et al. 2010). In our study, the
experimental conditions that could influence the house-
keeping gene expression were different genotypes and
different compatibility levels. The reference genes were
screened for their specificity, presence of dimers in the
dissociation curve, stability, and efficiency (Table 1). All
the genes showed a good specificity by presence of a
single band with the size expected and without dimer
presence (data not shown). ACT 1] was the reference
gene with the best stability calculated by the program
NormFinder across the different samples and was
selected for the normalization of the compatibility study
in Prunus.

Gene expression analysis indicated that PAL/ and
PAL2 were highly influenced by different combinations
(Table 3). The Chimarrita/Umezeiro combination showed
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a higher expression of both PAL genes than Chimarrita/
Capdeboscq and Chimarrita/Tsukubal in both graft
partners. In the combination Chimarrita/Umezeiro, PALI
in the scion was approximately eight- and five-fold more
expressed than in Chimarrita/Capdeboscq and Chimarrita/
Tsukubal, respectively. Likewise, PALI in the rootstock
was six- and three-fold more expressed in the Chimarrita/
Umezeiro combination than in Chimarrita/Capdeboscq
and in Chimarrita/Tsukubal. The same trend was
obtained when the analysis was focused on PAL2
transcripts. According to Ct values, PALI/ was more
expressed than PAL2, its mRNA content was 4 times
higher when comparing samples from the different
combinations. These results reveal an induction of both
PAL genes in incompatible combination at both graft
partners two years after grafting but with higher PALI
than PAL2 expression. Although the PAL isoforms can
play different functions, the peach PAL genes are
orthologous to other species where several authors
suggest their involvement in cell wall lignification and
flavonoid biosynthesis (Oh ef al. 2003, Raes et al. 2003,
Olsen et al. 2008). Differences in PAL gene expression
between compatible and incompatible combinations were
found in apricot/plum combinations at early stages of
graft development (Pina and Errea 2008). In this work,
we observed that these differences were also displayed
two years after grafting of the peach cultivar Chimarrita

1.0

grafted onto the different rootstocks. Futhermore, two
different PAL isoforms have been distinguished in this
study. The PAL genes may be good markers for the study
of compatibility due to the key role of PAL in the
biosynthesis of many phenolic compounds. Grafting
between species within a genus is successful in some
cases but unsuccessful in others (Hartmann et al. 2002).
This was the case in the incompatible graft combination
Chimarrita/Umezeiro where both graft partners presented
different genetic background (peach/apricot). Different
studies have found phenolic compounds as potential
causes for graft incompatibility (Errea 1998). Quanti-
tative imbalance of phenolic compounds have been
reported in incompatible combinations of apricot (Errea
et al. 1992, Usenik et al. 2006, Pina and Errea 2008),
plum (Rodrigues et al. 2001, Zarrouk et al. 2010), and
cherry (Gebhardt and Feucht 1982, Treutter et al. 1986)
grafted onto different rootstocks. The large number of
Prunus combinations with quantitative alterations in the
phenolic compound profiles indicates a consistent model
for graft incompatibility.

To examine whether PAL transcription was correlated
with PAL activity, we measured the activity in both graft
partners from the different combinations. PAL activity
was clearly correlated with the total amount of PAL
transcripts in the rootstocks but not in the scions
(Table 3). PAL activity was strongly increased at the
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Fig. 2. Correlation between PAL activity and PAL transcription in the rootstock (4) and the scion (B) of Chimarrita/Capdeboscq,
Chimarrita/Tsukubal, and Chimarrita/Umezeiro combinations (two years after grafting). * - correlation significant at P < 0.001,

ns - correlation not significant.

Table 3. Differential PALI and PAL2 gene expressions and PAL activities in scion and rootstock in different grafting combinations
two years after grafting. Means + SE, n = 6. Values followed by different letters within the column are significantly different at

P <0.05 (Tukey’s multiple range test).

Combination PALI expression PAL?2 expression PAL activity
[fold] [fold] [umol(t-CA) mg™' (protein) min™"?
scion rootstock scion rootstock scion rootstock
Chimarrita/Capdeboscq 1.27£0.08b 0.85+£0.09b 026+0.04b 0.13+0.03b 047+0.04a 0.55+£0.01b
Chimarrita/Tsukubal 2.14+£020b 146+0.21b 0.65+£023b 0.16+0.01b 045+0.01a 0.52+£0.02b
Chimarrita/Umezeiro 10.73+1.73a 491%0.32a 3954049 a 0.44+0.03a 0.50+0.02 a 0.72+0.02 a
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rootstock from the incompatible combination Chimarrita/
Umezeiro in comparison with the compatible ones two
years after grafting. In this combination, PAL activity
was 26 and 32 % higher than those in Chimarrita/
Capdeboscq and Chimarrita/Tsukubal, respectively.
Likewise, Chimarrita/Umezeiro combination showed
significant differences related to the activity of PAL
between both graft partners (scion and rootstock) as seen
at the transcriptional level. Hence, the changes of activity
reflected changes of transcription, the PAL activity in the
rootstock was 32 9% higher than in the scion.
Interestingly, PAL showed different transcript levels but
not much different enzyme activity in the scions and
rootstocks from the compatible combinations. In other
studies, there are also cases where changes of
transcription do not affect PAL enzyme activity due to
posttranscriptional modification (Gibon et al. 2004,
Osuna et al. 2007). The correlation between the PAL
transcription and the PAL activity in the different
combinations is noted in Fig. 2. To generate this plot, the
signals for the different transcripts (PALI! and PAL2)
were summed. Whereas the PAL activity was highly
correlated with the total amount of the PAL transcripts
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