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ARTICLE INFO ABSTRACT

Keywords: Analysis of the transcriptomic changes produced in response to hypoxia in root tissues from two rootstock Prunus
Flooding-tolerance genotypes differing in their sensitivity to waterlogging: resistant Myrobalan ‘P.2175’ (P. cerasifera Erhr.), and
Microarray sensitive ‘Felinem’ hybrid [P. amygdalus Batsch x P. persica (L.) Batsch] revealed alterations in both metabolism
Oxygen sensors and regulatory processes. Early hypoxia response in both genotypes is characterized by a molecular program
iﬁi}DA aimed to adapt the cell metabolism to the new conditions. Upon hypoxia conditions, tolerant Myrobalan re-
Transcriptome presses first secondary metabolism gene expression as a strategy to prevent the waste of resources/energy, and

by the up-regulation of protein degradation genes probably leading to structural adaptations to long-term re-
sponse to hypoxia. In response to the same conditions, sensitive ‘Felinem’ up-regulates a core of signal trans-
duction and transcription factor genes. A combination of PLS-DA and qRT-PCR approaches revealed a set of
transcription factors and signalling molecules as differentially regulated in the sensitive and tolerant genotypes
including the peach orthologs for oxygen sensors. Apart from providing insights into the molecular processes
underlying the differential response to waterlogging of two Prunus rootstocks, our approach reveals a set of
candidate genes to be used expression biomarkers for biotech or breeding approaches to waterlogging tolerance.

1. Introduction (shorten by 15% or more)

Land plants have developed a series of physiological, develop-
mental, and biochemical mechanisms that allow them to cope with
abiotic stresses (Bailey-Serres and Voesenek, 2008; Colmer and
Voesenek, 2009). A number of studies with oxygen-deprived and hy-
poxic-treated plants (Baxter-Burrel et al., 2003; Branco-Price et al.,
2008; Klok et al., 2002; Liu et al., 2005; Takahashi et al., 2004), and
even anoxia conditions have been reported in Arabidopsis (Pucciariello
et al., 2012). These studies have demonstrated that plant responses to
full or partial oxygen deprivation are regulated at both transcriptional
and post-transcriptional levels (Licausi and Perata, 2009; Licausi et al.,
2010, 2011b; Zou et al., 2010). A hallmark shared by many abiotic
stresses is the production of reactive oxygen species (ROS) in the
chloroplasts, mitochondria or in peroxisomes, which is responsible for
the irreversible cellular and tissue damages ensuing. Furthermore,
many abiotic stresses like salinity, drought, cold and dehydration
(Goggin and Colmer, 2005; Liu et al., 2005) and anoxia/hypoxia
(Bailey-Serres and Voesenek, 2010; Branco-Price et al., 2008) have
been described as inducers of the plant antioxidant system to control
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the ROS build-up and allow plant growth and survival (Blokhina and
Fagerstedt, 2010). A conserved survival mechanism in hypoxia stress-
tolerant plants consists on developing abilities to modify respiration
rates, and switch to anaerobic metabolism, mainly fermentative path-
ways, to obtain energy/reducing power. At least 20 anaerobic poly-
peptides (ANPs) are newly synthesized as part of the adaptation pro-
gram to waterlogging (Sachs et al., 1980). The ANPs include enzymes
involved in sucrose metabolism, glycolysis, phosphorylated sugar me-
tabolism, anaerobic fermentation, non-symbiotic haemoglobin and cell
wall degradation activities needed for aerenchyma formation (Bailey-
Serres and Voesenek, 2010; Voesenek et al., 1993). Those ANPs en-
abling anaerobic fermentation are involved in different metabolic
pathways (Bailey-Serres and Voesenek, 2008) that are essential for
producing ATP under hypoxia conditions (Dennis et al., 2000; Rocha
et al., 2010).

Activation of fermentative pathways, with the resulting accumula-
tion of alanine and succinate levels, is a common feature during hy-
poxia and is subjected to different levels of transcription control de-
pending on the species (Narsai et al., 2011). During hypoxia, the
ethanol produced by ADH in hypoxia-sensitive poplar roots is
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translocated to the aerial plant parts via xylem, where it is metabolized
and utilised as carbon source (Kreuzwieser et al., 2004). While flooding
tolerant species, such as Vitis riparia, are able to maintain enough
oxygen (O3) in the root meristem to guarantee mitosis and nutrient
uptake, even in anaerobic soils (Mancuso and Boselli, 2002). The recent
discovery of O, sensor in plants, support the importance of adapting to
low O, levels both in normal and under stress conditions. Particularly,
the role of different ethylene-responsive proteins, including RAP2.12
(Related to Apetala 2.12), RAP2.2 and RAP2.3, in the modulation of
hypoxia tolerance has been demonstrated in Arabidopsis (Gibbs et al.,
2015; Licausi et al., 2011a).

Prunus spp. trees are mainly grown in Mediterranean climate re-
gions, which are characterized by infrequent rainfalls concentrated in
few days and often leading to flooding. The identification and char-
acterization of the adaptation mechanisms developed by waterlogging-
tolerant rootstocks is very important to improve the tolerance to
flooding of a wider range of genotypes. Among the different species of
Prunus, Myrobalan plum (Prunus cerasifera Ehrh.) and European plum
(P. domestica L.) are considered waterlogging tolerant (Almada et al.,
2013; Amador et al., 2009; Pistelli et al., 2012; Ranney, 1994).

In Prunus, as in most plants the response to the hypoxia conditions
associated to waterlogging can be conceptually divided into three
stages (Dennis et al., 2000). The first stage (0-4 h) consists on the rapid
induction of signal transduction elements, which then activates the
metabolic adaptation program during the second stage (4-24 h). The
third stage (24-48h) involves the formation of gas-filled air spaces
(aerenchyma) in the roots (Dennis et al., 2000). The aim of this work is
to characterize the early events of the transition to normoxia to hypoxia
conditions, with a focus on the first and the second stages when root
cells switch from normal to low-O, metabolism. We have performed a
transcriptomic analysis of the roots of two Prunus genotypes previously
identified as differing in their tolerance waterlogging (Amador et al.,
2009). Since breeding programs to improve waterlogging tolerance in
stone fruit rootstocks and to develop new waterlogging tolerant hybrids
are under way (Amador et al., 2009; Xiloyannis et al., 2007), the new
insights and candidate genes obtained here could be used to guide these
breeding efforts.

2. Material and methods
2.1. Plant materials and stress conditions

Plants of Myrobalan ‘P.2175” (P. cerasifera Erhr.) (tolerant to wa-
terlogging, A) and ‘Felinem’ hybrid [P. amygdalus Batsch X P. persica
(L.) Batsch] (sensitive to waterlogging, C), were propagated in vitro
under aseptic conditions. Explants were established in a 30-mL MS
medium (Murashige and Skoog, 1962) with 0.7% (w/v) agar (Cultimed,
Panreac, Spain), pH 5.8, with 1.5mg L™! BAP (6-benzylaminopurine)
and kept in a growth chamber at constant temperature (21 = 1°C) and
a 16 / 8 h photoperiod. Light was provided by cool white fluorescent
tubes, 17 umol m™? s~!. Plants were incubated for a week in MS
medium with 1 mg L™! IBA (indole-3-butyric acid) to induce rooting.
Rooted plants were transferred to glass jars (70 X 50 mm) containing
30mL of MS liquid medium provided with a 7-cm diameter #541
Whatman filter paper support. After plants have produced 3-4 roots of
5-cm length, they were allowed to grow in the same glass jars for six
weeks before hypoxia experiments.

Hypoxia treatments were carried out by submitting groups of sen-
sitive and tolerant plant genotypes with a low O, air mix. A total of 120
plants of Myrobalan ‘P.2175’ (A) distributed in 15 jars and 72 rooted
plants of ‘Felinem’ hybrid (C) distributed in 9 jars were enclosed in two
airtight chambers. The air-flux conditions for treated plants were 3%
0,, 0.03% CO, and 97% N, gas for 2 h and 24 h (Hypoxia - Y). A second
group of plants for each genetic background and developmental stage
(Normoxia - Z) was treated similarly, but under normal aerobic oxygen
concentration. Root samples were collected at the indicated times after
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treatment and at Oh (control). Root samples were collected im-
mediately after the treatment, deep frozen in liquid nitrogen and stored
at -80 °C until RNA analysis.

2.2. RNA extraction

Total RNA was isolated from 1 g of root tissue for each biological
replicate and two biological replicates were used for each treatment
and genotype following the method as described by Meisel et al. (2005),
with some modifications. The OD 260/280 ratio was used to assess the
quality of the RNA samples. RNA integrity was verified by a denaturing
1.7% agarose gel electrophoresis and ethidium bromide staining.

2.3. Microarray hybridization and scanning

For microarray experiments, equal amounts of RNA samples from
ZA0, ZCO0, ZA2, ZC2, ZA4, ZC4, YA2, YC2 YA4 and YC4 were pooled to
form a reference pool (PR). RNA samples for microarray hybridization
were amplified using the method of Van Gelder et al. (1990). For each
experimental point, three to four microarray hybridization experiments
were performed each using cDNA preparations obtained from different
samples of root material representing normal and stress treated tissues.
Therefore, biological replicates rather than technical replicates were
used (i.e. cDNA samples made from the same RNA). Features, pre-
paration, and hybridization protocols of the peach microarray of
ChillPeach were as described in Ogundiwin et al. (2008). Data were
normalized in Acuity™ (Axon Instruments, Molecular Device, CA, USA)
as described in Tusher et al. (2001).

To generate the raw data for expression analysis (Table A.2), the
lowest M Log Ratio was used as expression value and patterns with
more than 95% of missing values were filtered. In total, 2465 probes
met the threshold for hybridization quality.

2.4. Expression analysis

Differentially expressed genes were identified from the raw dataset
using Significance Analysis of Microarray software (SAM package)
(Tusher et al., 2001) as described in Pons et al. (2014). Principal
component analysis (PCA) and 2D-hierarchical cluster (2D—HCA)
wereperformed on significant data using Acuity™ (Axon instruments) as
described in Pons et al. (2014). Functional enrichment is performed as
described in Pons et al. (2014).

2.5. PLS-DA analysis

To identify genes whose expression most contributed to differentiate
tolerant and sensitive genotype groups, and also those genes separating
normoxia and hypoxia responses, a Partial Least Squares Discriminant
Analysis (PLS-DA) was performed using the software package SIMCA-P
(Umetrics Ltd, Windsor, UK). Normalized data were imported and
scaled by mean centering. A Variable Importance (VIP) score was
generated for each gene based on its ability to explain the separation
between groups. In addition, the VIP value (Wold et al., 1993, 2001)
was calculated for all genes. The most relevant genes contributing to
the separation between the different classes, tolerant vs. sensitive
genotypes and between normoxia and hypoxia conditions were selected
so as to have a minimum VIP score of 2.5.

2.6. Quantitative real time PCR analysis

One microgram of total RNA was reverse transcribed with Super-
Script III First-Strand Synthesis System for quantitative Real-Time PCR
(qRT-PCR) (Invitrogen, Life Technologies, Carlsbad, CA, USA) in a total
volume of 20 pL. Two microliters of a 40 x diluted first strand cDNA
was used for each amplification reaction in a final volume of 20 pL.
qRT-PCR was performed on a StepOnePlus Real-Time PCR System
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(Applied Biosystems by Life Technologies, Paisley, UK), using the
Power SYBR Green PCR Master Mix (Life Technologies, Carlsbad, CA,
USA) and primers. The temperature cycling protocol consisted of
10 min at 95 °C, followed by 40 cycles of 155 at 95 °C for denaturation,
and 1 min at 60 °C for annealing and extension. Specificity of the PCR
reaction was assessed by the presence of a single peak in the dissocia-
tion curve after amplification and by size estimation of the amplified
product by agarose electrophoresis. Relative expression was measured
by the relative standard curve procedure. Results were the average of
two independent biological replicates repeated twice. The sequences
obtained from the Peach Genome Database (www.peachgenome.org)
were used to design specific primers to be used in qRT-PCR analysis.
Primers were designed using PRIMER3 software 1. The expression of
actin (Gene Bank accession N AB046952) was used as a control.

The following primers were used: for the vacuolar H*-pyropho-
sphatase (V-PPase) [PPN028B06 ID: ppa001776m fragment (113 bp
long)] as forward 5-TTTGGTCTCAAGGGTGAAGG-3’ and as reverse
5’-ATTTCTATTGGGGCGACCTC-3’; for the alanine aminotransferase
(AlaAT) [PPNO49F10 ID: ppa003850m fragment (172 bp long)] as for-
ward 5-GGCAATTAAAGCAGCAGAGG-3’ and as reverse 5'—CCACAA
GTCATTCATGGACG-3".

Moreover, 31 Chillpeach unigenes and 17 Arabidopsis hypoxia re-
sponsive genes (Table A.1) were selected for medium throughput qRT-
PCR analysis. To select oligo pairs, Chillpeach transcript sequence was
updated using the Prunus persica genome v2.0.al for all transcript
coding sequences (CDS). In the case of Arabidopsis genes, peach or-
thologs were first identified by using BLASTN. Oligo pairs for selected
genes were designed using the Primer-BLAST tool (Ye et al., 2012). In
the design of oligo primers, the following conditions were imposed: Tm
58-60 °C, GC content 20-80%, primer length 20-22 bp and an amplicon
size of 140-150 bp. P. persica genome v2.0.al all transcript CDS was
used to screen non-specific amplifications. When more than one specific
oligo was obtained for a gene the oligo pair which mapped most of the
3’ end of the gene was selected. A VIP gene was considered validated if
the Pearson correlation coefficient between the expression results ob-
tained in the microarray time course and the qRT-PCR time course was
higher than 0.60. The genes that were selected from Arismendi et al.
(2015) were validated by comparing the profile of expression from our
and their qRT-PCR experiment.

3. Results

3.1. Differential hypoxia response in Myrobalan ‘P.2175’ and ‘Felinem’
Prunus rootstocks

The induction of the root response to hypoxia was verified at the
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molecular level by measuring the expression of AlaAT and V-PPase
genes by qRT-PCR (Fig. 1). These genes are known to be induced in
plants during hypoxia (or low O, conditions) and are essential for plant
survival (Park et al., 2005; Rocha et al., 2010). In agreement with this
role, both AlaAT (Fig. 1A) and V-PPase (Fig. 1B) were induced by hy-
poxia treatment in the tolerant Myrobalan ‘P.2175’, but not in the
sensitive ‘Felinem’. These results demonstrate that our hypoxia system
is appropriated to study waterlogging response of Prunus rootstocks at
the transcriptomic level.

3.2. Global changes in transcriptome of Prunus rootstocks caused by
waterlogging stress at short time

In order to identify the molecular mechanisms underlying the dif-
ferences in waterlogging response of the two genotypes, pools of plants
from Myrobalan ‘P.2175’ and ‘Felinem’ subjected to normoxia (Z) or
hypoxia (Y) conditions were analysed with an expression microarray at
2 and 24 h stress exposure. A total of 2442 genes were identified as
being differentially expressed in at least one condition, using a cut-off
FDR < 5% and g-value < 0.05 (Table A.3). PCA of the entire dataset of
2242 genes indicated that treatments as well as genotypes contributed
almost equally to sample variance (Fig. 2A, left). As it can be seen in
Fig. 2A, all Z (normoxia) samples were grouped relatively close to each
other, indicating that transcriptome changes were minimal during
normoxia conditions when compared to those observed under hypoxia
(Y-samples). PC1, which accounts for 32.45% of variance, separated the
samples according to whether they have undergone hypoxia stress or
not (normoxia) with samples corresponding to longer stress exposure
separating further from the rest of the samples in the PC1 axis (YA4 and
YC4 further to the left than YA2 and YC2). PC2 (31.87% of variance)
separated the short exposure samples (YA2 and YC2) from the rest in-
dicating that there are important transcript differences affected tran-
siently. Finally, PC3 (explaining 12% of variance) separated samples
according to genotype (Fig. 2A, right).

Low O, conditions are known to induce the biosynthesis of ANPs in
many plants (Sachs et al., 1980). Consistent with that, out of twenty
described plant ANPs, 15 were found in the analysis of our dataset. Fig.
A.2 shows the expression patterns of the 15 ANPs in Myrobolan ‘P.2175’
and ‘Felinem’ under waterlogging and normoxia conditions. Transcript
levels for alcohol dehydrogenase (Adhl), pyruvate decarboxylase (Pdc1),
AlaAT (PPNO49F10) and V-PPase (PPN028B06) were induced in both
Prunus rootstocks under hypoxia conditions. Adhl showed about a 2-
fold induction from time O to 2 h in both genotypes, by 2 h Pdc1 showed
stronger induction in Myrobalan ‘P.2175’ than in ‘Felinem’, although
this was transient and expression was clearly lower by 24 h (about 2.5-
fold in both genotypes) (Table A.3). AlaAT was up-regulated in
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Fig. 1. Validation of induction hypoxia treatment. Real-time reverse-transcription polymerase chain reaction (RT-PCR) of A) Alanine aminotransferase (AlaAT) and B)
Vacuolar H* pyrofosfatase (V-PPase), selected because are hypoxia-induced genes. RNA samples were obtained from Myrobalan and almond X peach hybrid root
harvested after 0, 2 and 24 h. The name of the gene or transcript model is shown in the upper part of the graph. Expression levels are relative to actin gene. An
expression value of one is assigned to the 0 h sample. Data are means from two biological replicates, with error bars representing + SD. H: hypoxia; N: normoxia;

FEL: ‘Felinem’; MYR: Myrobalan ‘P.2175".

136


http://www.peachgenome.org
http://AB046952

M.J. Rubio-Cabetas et al. Journal of Plant Physiology 228 (2018) 134-149

A

PC1:32.45%
PC1:32.45%

PC2:31.87%

4
. genes .
" genes in Cluster ~ Total in .
Cluster Functional category cluster  °V¢T all size  Chillpeach p- value
clusters
No annotation available i/ 52 91 157 0.04601
Unknown function 23 423 713 79 0.00585

RNA translation and protein assembly 17 185 227 143 0.03846
Trafficking machinery and membrane dynamics 18 135 192 121 0.00007
No annotation available 5 52 91 43 0.00188
56 43 0.02993
144 43 0.05604
423 713 180 0.00246

Chromatin status and regulation

Transport

é
=] ~3 [ N
=
o\ka-)
S
W O

Unknown function

J\
W
11 12 Post-translational protein modifcation 6 33 55 180 0.03065
9 RNA transcription regulation 18 147 229 200 0.05077
RNA post-transcriptional regulation 11 108 158 122 0.01700
B RNA transcription regulation 13 147 229 122 0.02894
Other carbohydrate metabolism 6 50 69 122 0.03601
1 Other nucleic acid metabolic process 3 38 53 37 0.01877
13 14 - /6 12 Signal transduction pathway 12 162 245 104 0.03951
Trafficking machinery and membrane dynamics 10 135 192 104 0.05809
13 RNA translation and protein assembly 11 185 227 66 0.00938
Antioxidant system 4 41 52 66 0.02327
Pyruvate metabolism 9 30 33 234 0.00138
v\1/\/k
9
:\/‘\

N STR=NE
©
3

20 14 Tricarboxylic acid cycle 5 11 18 234 0.00221
Aminoacid metabolism 53 75 234 0.02602

RNA post-transcriptional regulation 108 158 234 0.04855

15  Protein degradation 189 268 82 0.02173

Energy production 75 82 0.04032

189 268 73 0.00107

=

16  Protein degradation

21 22 z <[>:ur l'lr LLLLL Cell division regulation 3 17 30 B3 00129
NN N tation available 5 52 91 70 0.01531
17 0 annol
Signal transduction pathway 9 162 245 70 0.03909
18  Glycolysis/pentose phosphate pathway 6 35 41 109 0.00388
RNA post-transcriptional regulation 9 108 158 109 0.04877
‘ ‘ | ‘ ‘ ‘ ‘ ‘ ] ‘ I ‘ } I ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ 19 Chromatin status and regulation 5 39 56 57 0.00182
ST NL ONLNT ON T N ONTNT SN N ONT NS o .
ORESEIRERR R RS Tt S et Lipd meiboln S e s ooy
RNA translation and protein assembly 31 185 227 253 0.00361
20  Cytoskeleton organization and bi 11 45 58 253 0.00487
Structure maintenance proteins 9 38 59 253 0.01309
Aminoacid metabolism 11 53 75 253 0.01731
21 RNA translation and protein assembly 15 185 227 47 0.00000
22 Signal transduction pathway 12 162 245 80 0.00553
23 Lipid metabolism 7 67 116 111 0.03025
Post-translational protein modifcation 4 33 55 111 0.05996

Fig. 2. Global transcriptome analysis Prunus rootstocks subjected to normoxia and hypoxia treatments. A) Principal Component Analysis (PCA) of the global
expression profile showing the most variation of each treatment condition (averaged from three replicates). In the left, the first principal component (PC1) is shown
on x-axis, while the second principal component (PC2) is shown on y-axis. In the right, the PC1 is shown on x-axis and the third principal component (PC3) on y-axis.
B) Clusters resulting from the unsupervised two-dimensional hierarchical clustering (Fig. A.1). Y-axis represents the normalized expression ratio (Log2 M) of three
biological replicates in relation to a reference pool. The number of genes in each cluster is indicated. C) The functional categories overrepresented in each cluster (Fig.
A.1) are shown as a table. Functional categories with Fisher test p-value < 0.05 and more than 3 genes are considered as enriching a given cluster. Clusters 3 and 6
are not enriched in any functional category. Y: hypoxia; Z: normoxia; A: ‘Felinem’; C: Myrobalan ‘P.2175’; 0: no treatment; 2: 2h treatment; 4: 24 h treatment.
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Myrobalan ‘P.2175’, but not in ‘Felinem’ (Fig. 1; Table A.3). These re-
sults indicated that the tissue samples used in this experiment: (i) un-
derwent a typical waterlogging response; and (ii) Myrobalan showed a
molecular response to hypoxia, which is consistent with being tolerant.
Therefore, a detailed analysis of our microarray results should provide
an expanded view of the waterlogging response and the mechanisms
underlying the different tolerance observed by the two Prunus root-
stocks.

The 2442 differentially expressed genes (Table A.3) were analysed
in more detail by 2D —HCA clustering, followed by functional enrich-
ment analysis of the 23 resulting clusters (Fig. 2B and C). Two large
groups of clusters were formed, one enriched in metabolism related
genes (clusters 3, 6, 10, 11, 13, 14, 15, 18, 19, 20 and 23) and the other
enriched in genes associate to regulatory processes (Fig. 2C).

Functional enrichment indicated that the genes related to the
functional categories amino acid metabolism (cluster 14), antioxidant
system (cluster 13), energy production (cluster 15), glycolysis/pentose
phosphate pathway (cluster 18), pyruvate metabolism (cluster 14) and
tricarboxylic acid cycle (TCA cycle) (cluster 14) showed high levels of
expression in the tolerant genotype Myrobalan ‘P.2175’ (Fig. 2B and C;
Table A.3). Furthermore, before hypoxia, the tolerant genotype Myr-
obalan ‘P.2175’, had high levels of transcripts representing genes re-
lated to pyruvate (mainly the alanine fermentative pathway; Table
A.3), TCA cycle, amino acid metabolism (cluster 14), energy production
(cluster 15) and antioxidant system (cluster 13) (Fig. 2B and C; Table
A.3). Furthermore, the expression levels of these genes remained higher
in Myrobalan ‘P.2175’ than in ‘Felinem’ during all treatments, although
the genes from cluster 14 were repressed by 24 h, reflecting the im-
portant differential changes occurred at early stages in response to
stress (Fig. 2B; Table A.3).

In contrast, genes in the lipid metabolism (clusters 19 and 23), other
carbohydrate metabolism (cluster 10) and sulfur metabolism (cluster 6)
classes showed the highest expression levels in the waterlogging-sen-
sitive ‘Felinem’ (Fig. 2B and C). No functional enrichment was found for
the genes associated to secondary metabolism in this analysis. This
indicates that, although secondary metabolism is affected by water-
logging (see Table A.3), the early responses of Prunus rootstocks to
waterlogging involve mainly a readjustment of primary and energy
metabolism.

Most of the clusters in the second group (4, 7, 8, 10, 13, 14, 15, 16,
18, 19, 20 and 21) were rich in genes involved in gene expression
regulation and signal transduction elements (Fig. 2C). Furthermore,
during the early events of waterlogging, most of regulatory genes in the
associated functional groups appear to participate in post-transcrip-
tional processes. Thus, only one cluster is enriched in RNA transcription
regulation (cluster 10), and the rest are enriched in genes related to RNA
post-transcriptional regulation, basically RNA biogenesis and splicing
(Tables 1 and A.3). Genes in this cluster, in addition to being induced by
waterlogging in both genotypes, showed higher expression levels in the
sensitive genotype ‘Felinem’. Additionally, genes enriching clusters
with high expression in ‘Felinem’ include processes other than tran-
scriptional activation such as chromatin-status and regulation and RNA
translation and protein assembly (cluster 19 and 4; Fig. 2B and C). But
most striking is that genes highly expressed in the tolerant Myrobalan
‘P.2175’ were rich in RNA post-transcriptional regulation (clusters 18 and
14), RNA translation and protein assembly (cluster 13), post-translational
protein modification (cluster 8), protein degradation (clusters 15 and 16),
signal transduction pathway (cluster 12) and other nucleic acid metabolic
process (cluster 11) (Fig. 2B and C). This indicates that, at least, the
tolerance of Myrobalan ‘P.2175’ is probably associated to the adequate
activation of post-transcriptional mechanisms.

3.3. Direct time-to-time comparisons revealed chronological events in the
waterlogging response of Prunus rootstocks
the

A direct one-to-one comparison was made between
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transcriptomes of Myrobalan ‘P.2175’ and ‘Felinem’ (Fig. 3; Table A.3)
and the corresponding Venn diagrams (Fig. 3A) indicated how tran-
scriptome differences between the two genotypes evolved with in-
creasing hypoxia exposure. A total of 916 genes were differentially
expressed between the two genotypes even before stress (ZAO vs. ZCO;
Fig. 3A), which indicates that the hypoxia response could be in part
conditioned by differences in preformed mechanisms already existing in
rootstocks before stress. Out of them, 517 genes were not hypoxia-re-
sponsive (NHG; non hypoxia-responsive genes) and 566 genes were
differential between hypoxia treatments (Fig. 3A). In agreement with
PCA results (Fig. 2A), our one-to-one analysis indicated that tran-
scriptomes of our samples diverged with the time of hypoxia (Fig. 3A).
Functional enrichment analysis of those genes differentially expressed
before and during hypoxia revealed the Prunus temporal response
program to waterlogging (Fig. 3B). Before hypoxia, the set of 434 genes
highly expressed in the tolerant genotype Myrobalan ‘P.2175” was en-
riched for glycolysis/pentose phosphate pathway, TCA cycle, pyruvate
metabolism, other carbohydrate metabolism, antioxidant system, cofactor
and vitamin metabolism and cell wall related (Fig. 3B) gene functions. By
2h into hypoxia, the functional categories glycolysis/pentose phosphate
pathway and TCA cycle still enriched genes clusters highly expressed in
Myrobalan ‘P.2175’ and the energy production class was an important
enriched category (Fig. 3B). By 24 h, TCA cycle and energy production
still are the main functional categories enriching genes highly expressed
in Myrobalan ‘P.2175’, but other functional categories such as cell wall
related, trafficking machinery and membrane dynamics, and post-transla-
tional protein modification also contribute with genes highly expressed in
Myrobalan (Fig. 3B). This suggest that the tolerance of the genotype
Myrobalan ‘P.2175’ to waterlogging involves first a rapid metabolic
adaptation (2-24h) followed by the activation of genes that will be
required later to modify the structure and anatomy of the root (24 h).

In contrast, genes that were highly expressed in ‘Felinem’ before
hypoxia treatment and therefore part of the preformed program were
enriched in other carbohydrate metabolism, secondary metabolism, cytos-
keleton organization and biogenesis functions (Fig. 3B). Interestingly,
secondary metabolism, cytoskeleton organization and biogenesis were, to-
gether with signal transduction pathway, the most prevalent functional
categories in sensitive roots by 2h into hypoxia treatment. No func-
tional enrichment was observed for genes induced in ‘Felinem’ by 24 h.
This may indicate that high levels of these genes may negatively affect
the adaptation response of roots to waterlogging (Fig. 3B).

3.4. A PLS-DA analysis identifies gene expression biomarkers for
waterlogging tolerance in Prunus

To gain a further insight into the expression changes caused by
hypoxia / waterlogging in each of the two Prunus genotypes, a PLS-DA
analysis, a supervised multivariate-regression technique involving a
dummy variable for classification, was performed over the global da-
taset. The PLS-DA model allowed us to identifying which genes are
important for each group separation. Two PLS-DA models were per-
formed: a first model considering the two genotype / sensitiveness to
hypoxia, no matter the treatment (Fig. 4A). The second model con-
sidered three groups: normoxia (independently of the genotype) and
two hypoxia groups, corresponding to the response to hypoxia for each
genotype (Fig. 4B). The results of the first model (MODEL1 PLS-com-
ponent 2 components, R%X = 0.543, R?Y = 0.993, Q2 = 0.983) pro-
duced clear separations between the genotypes irrespective of the
normoxia or hypoxia conditions (Fig. 4A). The second model (MODEL2
5 components R?X = 0.754, R%Y = 0.985, Q% = 0.909, with the 3", 4
and 5 components not adding much predictive value to the model),
clearly separated samples normoxia and hypoxia; more effectively than
genotypes (Fig. 4B). Only transcripts with a variable importance VIP-
value > 2.5 were considered as contributing the most to the separation
between the groups. In total 121 genes/transcripts were selected ac-
cording to the VIP score from the two models: 77 genes from de first
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Fig. 3. Differential gene expression between Myrobalan ‘P.2175’ and ‘Felinem’ in normoxia and hypoxia conditions. A) Venn diagram depicting the differentially
expressed genes (FDR < 0.05 and g-value < 0.05) between ‘Felinem’ and Myrobalan ‘P.2175” at each time point. B) Functional categories enriching genes (p-
value < 0.05) differentially expressed at each time between ‘Felinem’ and Myrobalan ‘P.2175’. Y: hypoxia; Z: normoxia; A: ‘Felinem’; C: Myrobalan ‘P.2175’; 0: no

treatment; 2: 2h treatment; 4: 24 h treatment.

model and 63 genes from the second model (Tables 1 and A.3). A total
of 19 genes with VIP score > 2.5 were shared between the two models
and therefore their expression values differentiate both genotypes and
stress responses (Table A.3).

The genes mostly contributing to the separation of samples in model
1, that is to the separation to genotypes (VIP > 4; Table 1) were: a
gene encoding a short chain dehydrogenase (SDR; VIP = 8.19), prob-
ably related to carbohydrate metabolism, followed by a ubiquitin-spe-
cific protease 12 (UBP12; VIP = 6.00), a peptidethionine sulfoxide re-
ductase 1 (PMSR1; VIP = 5.90), a peroxidase and GDP-mannose
pyrophosphorylase/mannose-1-pyrophosphatase (CYT1; VIP = 4.24)
all of them belonging to clusters of genes that were highly expressed in
the sensitive ‘Felinem’ (clusters 1 and 5) and an auxin efflux carrier,
(PILS5; VIP = 4.69) associated to the tolerant Myrobalan ‘P.2175’ and
as well as part of cluster 11 (Fig. 2B; Table A.3).
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In the second model, the genes mostly contributing to the separation
between treatments (VIP > 4, Table 1) include an haloacid dehalo-
genase (VIP = 4.95) with similarity to an Arabidopsis gene that is up-
regulated during hypoxia (Branco-Price et al., 2005), two pyruvate
decarboxylase genes (PDC1-PDC2 VIP = 4.8) and a long-chain acyl-coA
synthase 1 (LACS1; VIP = 4.10) all of them in cluster 18, which are
highly induced by hypoxia in the tolerant Myrobalan ‘P.2175" (Fig. 2B;
Table A.3), and a squalene monoxygenase (XF1; VIP = 4.12), two
SNF1-related protein kinase regulatory subunit gamma 1 (KINGI;
VIP = 4.34), a trehalose-6-phosphate phosphatase J (TPPJ; VIP = 4.08)
all of them in cluster 10, corresponding to genes highly induced in the
sensitive ‘Felinem’ (Fig. 2B; Table A.3). It is also remarkable that the
ortholog of RAP2.3 an ethylene-response factor (ERF) described in
Arabidopsis as a member of O, sensor family (Gibbs et al., 2011; Licausi
et al., 2011a; Sasidharan and Mustroph, 2011) showed VIP scores of 3.8
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and 2.0 in each of the corresponding models.

In addition, 121 genes selected by their high VIP values from the
two models were classified by the factor mostly influencing its ex-
pression pattern, i.e. genotype (G), treatment (T) or their interaction
(G X T) (Table A.3). These VIP genes fell into 16 of the 23 clusters of
2D —HCA (Fig. A.3). Out of them, clusters 1, 10 and 18 contained over
10% of all VIP genes each (Table A.4). Further, the analysis of functions
associated to the VIP genes (Fig. A.3 and Table A.5) indicated that
secondary metabolism (17 genes) or unknown function (17 genes) in
G X T class accounted for around 30% of all VIP genes. The most
abundant classes of genes whose main expression change is driven by
genotype differences were related to signalling, RNA transcription reg-
ulation, cytoskeleton organization and genes with unknown function all
accounting for around 10% of all VIP genes (Fig. A.3 and Table A.5). In
the case of T class, the most abundant genes were related to cell wall and
unknown function, accounting for about 4% of all VIP genes (Fig. A.3
and Table A.5).
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3.5. Validation of microarray results by qRT-PCR

To increase the reliability on the results obtained from the gene
expression array, the expression levels of 24 VIP genes identified in the
PLS-DA analysis as potential biomarkers were evaluated by qRT-PCR
using the same RNA samples than in the microarray (Tables A.1 and
A.6). In addition, 11 genes reported by Arismendi et al. (2015) as hy-
poxia responsive were subjected to the same analysis. The expression
profile of 19 VIP was validated (80%), with 17 of them having corre-
lation coefficients higher than 0.75 between microarray and qRT-PCR
results (Fig. 5A; Table A.6). A total of 8 genes out of the 11 genes from
Arismendi et al. (2015) as hypoxia-responsive in peach roots, were
validated in our experiment in our expression profiles (Fig. 5B; Table
A.6). Taken together this indicates that our results are robust and can be
interpreted with confidence.
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3.6. Expression of candidate genes for oxygen sensing mechanism in Prunus
during waterlogging

The Prunus genome was searched for homologs of the Arabidopsis
genes encoding ERF74/RAP2.12 (AT1G53910), two Acyl CoA binding
proteins (ACBPs): ACBIP1 (AT5G53470) and ACBP2 (AT4G27780)
genes, and HCR1 (Hydraulic Conductivity Root 1 - AT3G24715). Then,
these genes were classified as members of the hypoxia-sensing me-
chanism (Gibbs et al., 2015, 2011; Licausi et al., 2011a; Shahzad et al.,
2016). Putative homologs for ERF74/RAP2.12 (Prupe.3G032300.3),

ACBI1P1 and ACBP2 (Prupe.2G314100) and HCR1 (Prupe.8G206500)
were identified and named in our data as ERF74/RAP2.12, ACBP1/2
and HCRI, respectively. Expression of these three Prunus genes was
analysed by qRT-PCR using the same samples used in the microarray
analysis. As it is shown in Fig. 6, the three genes presented a much
higher and more rapid expression response in samples from tolerant
genotype Myrobalan ‘P.2175’ (A) than in those of the sensitive ‘Fe-
linem’ (C) or in the control (in which O, is also flushed with O, but at
higher concentrations). In the case of the tolerant ‘P.2175’ (A) all three
genes were very low expressed at time O and were quickly and
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Fig. 6. mRNA expression profile of three se-
lected oxygen sensing genes: ERF74/RAP2.12,

Relative Gene Expression

HCR1 and ACBP1/2, in roots of flooding tol-
erant and sensitive Prunus genotypes during
short-term hypoxia in comparison with nor-
moxia. Y: hypoxia; Z: normoxia; A: ‘Felinem’;
C: Myrobalan ‘P.2175%; 0: no treatment; 2: 2h
treatment; 4: 24 h treatment.

|

transiently induced by 2 h, but this was not the case for ‘Felinem’ (C). In
the sensitive rootstocks significant inductions (and different from the
control) only occur by 24 h, only in ACBP1/2 and HCR1. The ERF74/
RAP2.12 gene seems to be not affected by low O, conditions in our
samples.

4. Discussion (shorten by 50%)
4.1. Metabolic changes associated to waterlogging in Prunus rootstocks

Our results indicate that early-mid time response of waterlogging in
Prunus rootstock involve mainly a readjustment of primary and energy
metabolism pathways, and this seems to precede structural changes,
what is in agreement with results reported in previous studies(Narsai
et al., 2011; Zou et al., 2013). Twelve of the genes in the specific me-
tabolic classes that appear to be associated to the tolerance of Myr-
obalan ‘P.2175’ and two associated to the sensitivity of ‘Felinem’ were
part of the set of significant genes revealed by PLS-DA multiclass ana-
lyses (Table 1). Those genes whose expression levels are influenced by
both genotype and hypoxia (see Table 1). In the tolerant Myrobalan
‘P.2175’ roots, the expression of key genes involved in fermentation
pathways and showing dramatic up-regulation as early as by 2h in
waterlogging were found to decline in expression by 24 h (clusters 18 in
Figs. 2B and 3B). In contrast, energy production was up-regulated or had
higher levels by 24 h in the tolerant Myrobalan ‘P.2175 (cluster 12-15
in Figs. 2B and 3B). The decline in expression for these major fermen-
tation and glycolysis genes indicates a decrease in metabolic flow for
these pathways (Christianson et al., 2010; Kiirsteiner et al., 2003; Rocha
et al.,, 2010), or that the first steps of the shift towards an aerobic
metabolism are completed by that time. In this sense, AlaAT, which is
highly expressed in Myrobalan ‘P.2175’ roots even before treatments,
was further up-regulated by 24 h (Fig. 1; Table A.3). AlaAT seems to
play an important role in energy production during hypoxia, as it would
prevent pyruvate accumulation while still producing ATP under the
limiting oxygen availability (Rocha et al., 2010).

The crosstalk between carbon and amino acid metabolism reveals
that amino acid metabolism performs two main roles: the regulation of
cytoplasmic pH and the supply of energy through breakdown of the
carbon skeleton (Zou et al., 2010). Several studies have pointed that V-
PPase (highly expressed in Myrobalan ‘P.2175’ roots before and during
hypoxia) has an important role in carbon-amino acid crosstalk during
adaptation to anoxia (Agarwal and Grover, 2006), as well as to other
stresses (Park et al., 2005) such as in the enhancement of H* extrusion
to the apoplast produced by anoxic and consequently to the

3 e
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alkalinisation of the cytoplasm. In alkaline media, PCD and ADH en-
zymes are activated (Drew, 1997), and it is known that the rates of
alcoholic fermentation correlates with the tolerance to flooding in
several plant species (Dolferus et al., 1997, 2000; Koizumi et al., 2011).
Our results indicated that ADH expression levels, although up-regulated
in both genotypes, were higher in sensitive ‘Felinem’ (Table A.3). We
have previously showed that tolerant Myrobalan ‘P.2175" efficiently
reduced the toxic accumulation of acetaldehyde by controlling the le-
vels of ADH (Amador et al., 2012), and therefore, the activation of ADH
by pH in Myrobalan ‘P.2175’ may play an important role in hypoxia
tolerance. Some of the genes, down-regulated in response to hypoxia in
Myrobalan ‘P.2175’, are related with the storage of carbon as starch
(Table A.3). This strategy appears to be an adaptive response of this
genotype to hypoxia, as increased carbon for glycolysis/fermentation
will inhibit its accumulation as starch (Gupta et al., 2009), but also limit
carbon supply to other biosynthetic pathways like those leading to li-
pids, sulfur compounds, fenilpropanoids, flavonoids, mevalonate and
sterols. In general, genes in these functional categories were expressed
at higher levels in the sensitive ‘Felinem’ or even up-regulated in re-
sponse to hypoxia as part of the adaptive response for alleviating the O,
competition (Geigenberger, 2003; van Dongen et al., 2004).

4.2. Early events of waterlogging tolerance involve mainly genes involved in
post-transcriptional regulation

Short hypoxia treatments resulted in a differential regulation of
genes (Dennis et al., 2000) which, in the case of our experiments in
Prunus, includes signalling elements and gene expression regulation
classes. Most of genes in these functional categories appear associated
to waterlogging tolerance and involved in regulatory processes down-
stream from transcription (Fig. 2C; Table A.3). RNA post-transcriptional
regulation genes are clearly up-regulated by 2h into hypoxia in both
genotypes, but mostly (cluster 10 is an exception) with higher levels in
the tolerant Myrobalan ‘P.2175’. Argonautel0 (AGO10) was found
among the VIP genes, highly expressed in the tolerant Myrobalan
‘P.2175’ under normoxia conditions, but repressed by hypoxia in both
genotypes (Table 1). Interestingly, AGO2 has been described post-
translational gene expression regulation and a key component in hy-
poxia response in humans (Wu et al., 2011). SRO3 (Similar to RCB one 3)
is probably negative regulated by RCD1 (Radical-Induced Cell Deathl), a
gene described in stress-induced morphogenetic response (SIMR)
(Teotia and Lamb, 2011) whose mutants have altered abiotic stress
responses and ROS accumulation. In addition, the unknown protein
MTD1 has been related with stress in root metabolism (VIP = 5.02)
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(Table 1) (Curioni et al., 2000).

Protein degradation plays a role in oxygen levels signalling (Zou
et al., 2013) and the activation of post-translation mechanism provides
a way to rapidly respond to stress, to fine-tune the strength of the re-
sponse as well as to integrate multiple input signals (Baena-Gonzalez,
2010). Myrolaban ‘P.2175’ appears to limit their energy demand and
therefore, respiratory O, consumption. The low- O, quiescence
strategy, is characterized by a general restriction in cellular metabolism
and growth and displayed by species that regularly endure deep floods
of short duration (Bailey-Serres et al., 2012) appears to be part of the
strategy developed by Myrobalan ‘P.2175’ to cope with waterlogging
stress.

In agreement with our results, a recent report using adult Prunus
trees subjected to hypoxia indicated that the tolerant genotype speci-
fically accumulated transcripts encoding enzymes of post-translational
protein modifications (Arismendi et al., 2015). Among the 46 genes
analysed in Fluidigm platform, 11 were among those described by these
authors as involved in the fermentative pathway, glycolysis, anti-
oxidant system and other cellular metabolic processes. Our results
showed the same trend of expression in 8 genes. These small differences
among the techniques (Fluidigm platform and qRT-PCR) might re-
present different levels of sensitivity. Therefore, with Fluidigm plat-
form, we validated the microarray transcriptional analysis of two
Prunus genotypes with contrasting response to hypoxia in short- and
long-term steps.

4.3. Regulation of expression at DNA modification level and up-regulation
of signalling elements are associated to the sensitivity to waterlogging

A number of signal transduction elements related to sugar, calcium,
auxin and abscisic acid (ABA) signalling, such as KING1 and TPPJ in
Cluster 10 (Fig. 3B; Table A.3), were expressed at higher levels before
treatments and after 2 h in the sensitive genotype ‘Felinem’. All the VIP
genes involved in signal transduction pathway are found in cluster 1, 2,
5, 10 which are linked to sensitivity to waterlogging and therefore, low
level of expression of these VIP genes could play an important role in
tolerance response. Emerging data indicate that sugar derived signal-
ling mechanism, including trehalose-6-phosphate phosphatase (TPPJ)
and the SNF1-related protein kinase regulatory subunit gamma 1
(KING1) complex, also play important roles through modulating nu-
trient and energy signalling and metabolic processes (Geigenberger,
2003), especially under abiotic stresses when sugar availability is low
(Bailey-Serres et al., 2012; Bailey-Serres and Voesenek, 2008; Qi et al.,
2012). In addition, signal transduction plays a key role in activating
genes related to the tolerance mechanism for survival during prolonged
waterlogging (Zou et al., 2010, 2013). In waterlogged cotton, many
core hypoxia-responsive gene mRNAs were up-regulated in both roots
and shoots, whereas in waterlogged poplar, there was minimal effect on
the shoot transcriptome (Christianson et al., 2010; Kreuzwieser et al.,
2004). In waterlogged Arabidopsis, systemic up-regulation of genes in
the shoot was associated with ABA biosynthesis and response (Hsu
et al., 2011), and even a shoot-specific response in Arabidopsis has been
described (Klecker et al., 2014). Although we have focused our analysis
to the roots and therefore, have no data for changes in the Prunus shoot
transcriptome, we can hypothesized that our case is more similar to that
other woody plants such a poplar and that adjustments of gene ex-
pression in response to low- O, regimes are influenced by O, level and/
or energy homeostasis, cell type, and communication between stressed
and unstressed organs (Christianson et al., 2010). Hypoxia-induced
genes have been previously reported, including TFs and signal trans-
duction components (Bailey-Serres et al., 2012; Bailey-Serres and
Voesenek, 2008; Baxter-Burrel et al., 2003; Branco-Price et al., 2008).
Evidence have been presented that some of these elements could reg-
ulate hypoxia responses in several crops (Licausi et al., 2010) or even
mutually controlled with phosphate starvation by post-translational
mechanisms (Klecker et al., 2014). Regulation of hypoxia-induced
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genes is controlled via simultaneous interaction of various combina-
tions of TFs (Licausi et al., 2011b) with the participation of protein
degradation in response to hypoxia (Voesenek et al., 1993; Zou et al.,
2013). In our case, changes in the expression of several TFs have been
detected such as ethylene-responsive element binding protein (EBP)
and auxin resistant 3 (AXR3), jumonji like (PKDM7D) (Table A.3).
These hypoxia responsive TFs, belonging to the auxin response factor
(ARF) and ERF families, has been described to accumulate when O, is
scarce. These TFs have been shown to bind the “hypoxic core” pro-
moters and activate the hypoxia-responsive genes (Klecker et al., 2014;
Licausi et al., 2010). The ortholog of RAP2.3 in Arabidopsis seems to be
more related to plant defence responses than to hypoxia (Sasidharan
and Mustrophe, 2011). We showed in this paper that three of the O,
sensors, with a key role in hypoxia responses in Arabidopsis (Gibbs et al.,
2015; Licausi et al., 2011a; Xie et al., 2015; Shahzad et al., 2016)were
differentially expressed in our sensitive and tolerant rootstocks (Fig. 6)
providing evidence for the first time of the participation of these genes
in the differential response of Prunus to hypoxia conditions.

Very little information exists about chromatin structure and its dy-
namics in hypoxia. Chromatin could act as a primary O, sensor, with
changes in histone and protein methylation giving rise to further
structural changes in chromatin (Melvin and Rocha, 2012). We observe
indications that this could happen in both genotypes in the genes in
cluster 7, although none of the VIP genes fall into this functional ca-
tegory they are part of the late response in the tolerant Myrobalan
‘P.2175’ (Table 1). By 24 h of hypoxia, a different set of genes involved
in cell structure and cell division emerged. So that the low-O, escape
strategy, could cause structural changes among them a rapid elongation
of underwater stems or leaves to enable photosynthetic tissue to out-
grow shallow flood waters (Gibberd et al., 2001; Vidoz et al., 2013).
This strategy involves ethylene-mediated signal transduction mainly
responsible for the ability to create more adventitious roots, as observed
in the tolerant Myrobolan, as part of the late response strategy that
could be related to the different ability to cope with waterlogging
(Voesenek and Sasidharan, 2013). Myrobalan S.4 formed new roots,
during flooding and their terminal tip maintaines a tissue organization
and size similar to the roots developed under non-stress conditions
(Pistelli et al., 2012).

5. Conclusion

In this work, a direct comparison of two Prunus genotypes differing
in their waterlogging / hypoxia tolerance revealed a temporal program
of events and provided molecular tools that we plan to use to study /
classify different genotypes / conditions. We propose that the top VIP
genes revealed by PLS-DA modelling of microarray expression data and
those derived from literature mining and confirmed by Fluidigm in our
samples can be used to develop markers for introducing waterlogging
tolerance in Prunus.
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