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Abstract: Climate change and global warming are leading to a change in weather patterns toward
hot and cold waves. Citrus fruits are a tropical or subtropical crop whose growth is altered by
changes in weather patterns. Thus, in the present work, two experiments are evaluated to obtain a
screening method to select citrus rootstocks that help us to select new low-temperature-tolerant plant
materials. One cold experiment was carried out with the Poncirus trifoliata and Citrus macrophylla
rootstocks at 4 °C for 4, 8, 24 and 56 h. A second experiment was performed at 4 °C for 5 days
with subsequent acclimatization lasting 0, 5, 10 and 24 h. The expression of the cold response genes
CAMTA1, CAMTA3, CAMTAS, CBF1, ICE1 and COR413 IM1 was quantified. The results showed
that the best rootstock selection strategy was the second experiment, as a higher expression of the
genes CAMTA3, CAMTAS, CBF1 and COR413 IM1 was seen in the tolerant genotype P. trifoliata. We
quantified the gene expression of proline biosynthesis P5CS1, dOAT and the proline transporters
PROT1 and PROT2; the concentration of the amino acid proline in leaves was also quantified. These
results once again showed that the best experiment to differentiate between tolerant and sensitive
rootstocks was the second experiment with acclimation time.

Keywords: citrus; rootstock; cold stress; breeding program; abiotic stress

1. Introduction

Citrus is a tropical or subtropical crop that needs a certain climate to survive. Cur-
rently, due to climate change and global warming, many cold and heat waves are taking
place, which strongly impact citrus fruit given their subtropical cultivation condition. Low
temperature is one of the main stresses that limits crop growth, productivity and distribu-
tion [1]. For this reason, it is very important to obtain new plant material that is able to face
unfavorable situations, such as cold stress. In citrus, the grafting technique is widespread
and used to face abiotic stresses [2-5]. Thus, the selection of a good rootstock is important
and depends on the cultivation area [6]. To start the selection of a good rootstock against
low temperatures, we must first find the best way to induce stress without causing fatal
plant damage. Thus, to perform the best screening for plant material selection purposes,
this article presents two possible ways of inducing cold tolerance.

Plant material selection is also very important because we need to investigate to know
why rootstocks are tolerant and sensitive, and to obtain their differences. It has been verified
that Ptrifoliata is traditionally the most tolerant rootstock to low temperatures to date, as it
tolerates up to —15 °C in leaves and up to —20 °C in stems [7,8]. Previously verified as a
sensitive genotype, the lemon rootstock C.machophylla was selected as a sensitive rootstock
to low temperatures [9-12].

The most immediate response to low temperatures is the molecular response, which
can occur in two ways. One way is through the independent CBF activation pathway (C-
repeat binding factors). It is given by the activation of COR (cold-regulated) response genes

Horticulturae 2021, 7, 447. https:/ /doi.org/10.3390/horticulturae7110447

https:/ /www.mdpi.com/journal /horticulturae


https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0002-9017-2951
https://doi.org/10.3390/horticulturae7110447
https://doi.org/10.3390/horticulturae7110447
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/horticulturae7110447
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae7110447?type=check_update&version=1

Horticulturae 2021, 7, 447

20f 17

from an independent pathway of CBF transcription factors. Alternatively, the molecular
response can be given by the dependent CBF-COR route. The CBF regulon is the central
response to low temperatures. It is an activation cascade that leads to the activation of the
COR response genes that depend on CBF transcription factors [13,14].

As the CBF-dependent activation pathway is the central cold response pathway,
it was very interesting for us to delve deeper into it. It is known that calcium influx
reaches a receptor kinase regulated by Calmodulin 1 and 2 (CRLK1 and CRLK?2), and it
begins a signaling cascade of the cold-specific pathway [15,16]. These MPKs can activate
or repress the next transcription factor in the signaling pathway, ICE1 (induced from
CBF expression 1), which is a MYC-like helix-turn-helix transcription factor that binds
the cis elements of CBF gene promoters [17-20]. CBF genes are also known as DREBs
(Dehydration-Responsive Element-Binding Factors) and generally comprise three members,
namely CBF1, CBF2 and CBF3 (also called DREB1b, DREBIc and DREBI1a, respectively)
in Arabidopsis thaliana. However, this may vary depending on the species. For example,
in poplar, the induction of four CBF genes (CBF1, CBF2, CBF3, CBF4) has been found in
response to low temperatures [21]. Thus, CBFs activate low-temperature response genes
called COR, which act in the second phase of the response (minutes—hours) and also in the
acclimatization phase (days—weeks), as previously mentioned.

In addition to transcription factor ICE1, other transcription factors activate the expres-
sion of CBFs; these are CAMTA factors (Calmodulin-binding transcription activator) [22].
CAMTA 1, CAMTA 2, CAMTA 3 and CAMTA 5 are known to induce CBFs. Specifically, it
has been seen that CAMTA 3 and CAMTA 5 act in the first few minutes of temperature
lowering and have been related to sudden (day/night) temperature changes, but not to
progressive temperature changes, as in the case of seasonal changes [22,23].

We were also interested in the synthesis and degradation route of the amino acid
proline. George Yelenosky et al. [8,24,25] previously postulated an important role for
proline in citrus fruit that have suffered stress from low temperature. Hence, we have
a marked interest in checking what happens during cold stress with proline synthesis,
degradation and transport.

Proline is an amino acid that acts as an osmoprotector. It performs multiple functions
in the cell, but, above all, it plays an important role in osmotic adjustment by increasing
the ability to resist cell dehydration. Proline is capable of accumulating in some species
such as citrus [12,24-26] in the presence of certain abiotic stresses, such as salinity, drought,
waterlogging and temperature stress (heat, cold and freezing) [27-32].

Proline in plants is synthesized mainly from the amino acid glutamate, which is
reduced in the cytosol to glutamate-5-semialdehyde (GSA) by pyrroline-5-carboxylate
syntase 1 and 2 (P5CS1 and P55C2), and spontaneously becomes pyrroline-5-carboxylate
(P5C). P5C reductase (P5CR) reduces P5C to proline. However, proline catabolism occurs in
mitochondpria via proline dehydrogenase (PDH), which once again produces P5C and delta
1-pyrroline-5-carboxylate dehydrogenase (P5CDH), which converts P5C into glutamate.
Alternatively, proline can also be synthesized by another route from ornithine, which is
transaminated in mitochondria by delta ornithine aminotransferase (dAOAT) to produce
GSA and P5C, which are then converted into proline [27,28,30,33].

Amino acid L-proline transport is vital for combating various abiotic stresses. Pro-
line transport across the plasma membrane during abiotic stress is carried out by two
types of transporters. The first forms part of the AAAP (amino acid/auxin permease)
family, and the second is included in the APC (amino acid-polyamine choline) family. In
Arabidopsis thaliana, we know of a family of transporters (PROT) related to proline transport
under abiotic stress whose expression is normally associated with high proline levels in the
medium. Specifically, the AtPROT1 transporter is expressed under salinity conditions [34]
and is detected in the phloem of all analyzed organs, which suggests a role in long-distance
L-proline transport [35]. AtPROT?2 is primarily responsible for nitrogen transport during
drought stress [34], and is found in the epidermis and the cortex of roots, and also in leaves
after the “bite” effect. AtPROT3 expression is restricted to the epidermis of leaves [35].
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For all these reasons, the objective of this article was to perform an experiment to
allow us to induce stress tolerance due to low temperatures quickly and on a large scale
to implement a screening method that obtains new tolerant citrus rootstocks. In addition,
from the bibliographic data, we selected a group of genes for their rapid response to cold
stress detection, and also for the synthesis and transport of the amino acid proline, which
is considered important in cold tolerance at low temperatures.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

Citrus macrophylla (henceforth MAC) and Poncirus trifoliata Rubidoux© (henceforth
PON) seeds were used. The testa, and partially the tegmen, were removed to not damage
the embryo. They were then sterilized for 15 min at 2% v/v of a commercial bleach solution
(0.5 M NaClO) and rinsed with 3 washes of distilled water, previously autoclaved at 120 °C
for 20 min. Then, they were transferred to growth medium (5 mM KNOj3, 5 mM Ca (NOg3),,
4 mM MgSOy, 0.6 mM KH,POy, 0.7 uM MoO3, 9 uM MnCl, - 4H,0, 18 uM ZnSOy - 7H,0,
0.40 uM CuSOy - 5Hy0, 43 uM Fe-EDDHA), pH was adjusted to 5.8 with KOH and 0.4%
plant agar was added (Duchefa, 2031 BHaarlem, The Netherlands). The growth medium
was autoclaved and placed inside 150 x 25 mm tubes (40 mL per tube). Then, seeds were
sown (one per tube) to germinate in a growth chamber (Sanyo MCR-350H, Sanyo Electric
Biochemical Co., Osaka, Japan) at 24 °C/22 °C in 16 h light/8 h darkness, respectively, plus
250 umol m~2 s~ ! of photosynthetic photon flux density.

2.1.1. Experiment 1

After 8 weeks, the treatment was carried out at 4 °C for 0 (henceforth CT—Control), 4,
8, 24 and 96 h with a photoperiod of 16 h light/8 h darkness. For each time and genotype,
5 biological replicates of 2 plants each were used, which gave 10 seedlings per genotype
and time point.

2.1.2. Experiment 2

After 8 weeks, all the test plants except the Control (henceforth CT) plant were treated
at 4 °C with a photoperiod of 16 h light/8 h darkness for 5 days. Subsequently, the plants
were transferred to an acclimatization chamber at 24 °C/22 °C for 16 h light/8 h darkness,
respectively, where they were left for 0, 5, 10 and 24 h until sample collection. In this
case, there were 5 biological replicates of 2 plants per biological replicate, which gave
10 seedlings per genotype and time point.

2.2. Obtaining Putative Genes

All the putative genes in citrus were consulted in Arabidopsis thaliana and were checked
in “The Arabidopsis Information Resource web” (TAIR) https://www.arabidopsis.org/,
accessed on 15 August 2021. A tBLASTn for Citrus clementina was performed on the
website of the International Citrus Genome Consortium, Phytozome (https://phytozome.
jgi.doe.gov/pz/portal.html, accessed on 15 August 2021) (Goodstein et al., 2012). Thus
Table 1 was obtained.

Table 1. The oligonucleotides obtained for the quantification of the gene expression of the following putative genes. The

annotation is shown in the format taken from GeneBank and Phytozome.

GeneBank Name Phytozome Primer Sequence 5'-3'
Cold response
LOC18034255 CAMTA1 Ciclev10027833m FOR 5 TTCCCGTGAAACCAAGGAGTC 3/
REV 5 CAGACATGAAGGTGTCATCATCCAA 3’
LOC18035748 CAMTA3 Ciclev10024764m FOR 5 TCAGTATCCAGAAGCGAGGGATC 3/
REV 5 TCTGCGTTGCTCAGAGCCAT 3/
LOC18031834 CAMTAS Ciclev10004273m FOR 5 GAAGAATATCGGAGGATGAAGCTGG 3’

REV 5 CCATATCTGGGTCAAGTAGCCT REV 3
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Table 1. Cont.

GeneBank Name Phytozome Primer Sequence 5'-3/
LOC18051975 ICE1 Ciclev10015052m FOR 5 GCCTTGGGTTGGACATTCAGCAG 3/
REV 5’ CTGCTTGGGCAAGACATCCTGG 3’
LOC18033409 CBF1 Ciclev10007068m FOR 5 TGGGATGCCCAGATTGTTG 3
REV 5 CCTCCACAATTAGACTGAGGTGGT 3
LOC18053244 COR413 IM1 Ciclev10016585m FOR 5’ CTCTTGGTTATTGTGGCTCCTCATC 3’

REV 5 TGGCAACAACTGAACCTTGCTC 3’
Biosynthesis proline route

LOC18044634 P5CS1 Ciclev10030839m FOR 5 AAGGAAGCGGGCAAGTGGT 3
REV 5 CCTCGTGGATGTATTCGACCC 3
LOC18051867 d-OAT Ciclev10015647m FOR 5 TCAAGGAGAGGCTGGGGTTA 3’
REV 5 CGAACTTCTTCCCAATCAGAGG 3’
LOC18043556 PROT1 Ciclev10031324m FOR 5 TGGCTGGGAGTTTCAACAGTTCTC 3
REV 5 CAAACACCAGATTAGCACATGCCC 3’
LOC18047579 PROT2 Ciclev10020150m FOR 5 CTGGGCTTACGGCTCCAGTGTATC 3

REV 5 GTGTCAAGGGTCTCGTAAACTGGCG 3’
Reference genes

LOC18055321 Ubiquitin Ciclev10009771m FOR 5 TGGACGCTTCAGTCTGTTTG 3’
REV 5 TCGTCAATCACCCCTTCTTT 3
LOC18037526 B-ACTIN Ciclev10025866m FOR 5 CAGTGTTTGGATTGGAGGATCA 3’

REV 5 TCGCCCTTTGAGATCCACAT 3’

2.3. RNA Isolation and Gene Quantification by RI-PCR

Leaf samples were collected, placed in liquid N, and stored at —80 °C. RNA was
extracted from 100 mg of tissue using the RNase Plant Mini Kit (Qiagen, CA, USA) with
an RLT-p-mercaptoethanol buffer (Merck, Burlington, MA, USA). Genomic DNA contami-
nation was removed by the RNase-Free DNase Set Kit (Qiagen, CA, USA) from column
digestion, according to the manufacturer’s instructions. Purified RNA (1 ng) was used
to perform the reverse transcription reaction with the enzyme (SuperScript III Life Tech-
nologies, Carlsbad, CA, USA) in a total volume of 20 puL. cDNA was diluted 50 times and
2 uL were used as a template for the RT-PCR reaction in a final volume of 20 uL. The
quantitative RT-PCR reaction was performed in a StepOnePlus Real-Time PCR System
thermal cycler (Life Technologies, Carlsbad, CA, USA) using Ex Taq polymerase (TliRNase
H plus) (Takara Europe, SAS, Saint Germain en Laye, FR) with TB Greenpremix. The PCR
program consisted of 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C and 1 min at
60 °C. Reaction specificity was taken as the presence of a single peak on the dissociation
curve and with amplified product size estimates, which was verified from agarose elec-
trophoresis. The transcripts of genes CiclevActin and CiclevUBC4, amplified with specific
oligonucleotides, were used as the reference genes (Table 1) [36,37]. The calculations of the
simple ANOVA and linear regression of the Ct (Cycle Threshold) test values were taken
from [38] to examine the variation of our reference genes. The normalization factor of the
reference genes was calculated using the value of the geometric mean of both genes [38].
Relative expression was measured by the standard curve procedure with five dilution
points [39]. The results were obtained with the average of the 3 independent biological
samples with 3 technical replicates of each one of them.

2.4. Proline Quatification

The free proline concentration in leaves was determined according to Hu, Delauney
and Verna [40]. Samples were measured at 0, 8, 24 and 96 h at Experiment 1 and at CT, 0, 5,
10 and 24 h at Experiment 2 in frozen and lyophilized leaves. Then, 250 mg was weighed
and homogenized (Vortex) in 1.5 mL of sulfosalicylic acid (3%) for 1 min, centrifuged
at 14,000 rpm for 5 min (Eppendorf Centrifuge 5810R, AG, Hamburg, Germany), and
the supernatant was stored at 4 °C. An aliquot (0.2 mL) was incubated with 0.5 mL of
sulfosalicylic acid (3%), 0.7 mL of reactive ninhydrin acid reagent (ninhydrin, phosphoric
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acid 6 M, glacial acetic acid 60%) and 0.6 mL of glacial acetic acid (99%) in a dry bath at
100 °C for 1 h (Thermostatic Bath BD, Bunsen SA, Humanes, Spain). Samples were cooled
in an ice bath for 15 min and absorbance was measured at 520 nm (Lambda 25, PerkinElmer,
Shelton, CT, USA).

2.5. Statistical Analyses

For the statistical analyses, the proline quantification values were the mean of
5 independent replicates of 2 plants each per time point. The RT-PCR values were the
mean and standard deviation of 3 biological replicates and 3 technical replicates per plant.
Data were submitted to an analysis of variance (multifactor ANOVA) using Statgraphics
Centurion, version 16.1 (Statistical Graphics, Englewood Cliffs, NJ, USA) prior to testing
for normality and homogeneity. When the ANOVA showed a statistical effect, means were
separated by least significant differences (LSD) at p < 0.05.

3. Results
3.1. Experiment 1
3.1.1. Gene Expression of the Putative Low-Temperature Response Genes in the
Short Term

The quantification of the gene expression of the low-temperature response genes
that are known to be key in the first cold exposure moments was carried out. These
response genes are shown in Figure 1a—f for the PON and MAC genotypes. The CAMTA
genes (Figure la—c)—considered to be “cold shock genes”—discreetly increased, albeit
with differences between the two rootstocks. CAMTA1 expression increased with time in
both genotypes; it was 2 times higher at 56 h vs. 0 h cold exposure, with no differences
between the rootstocks. CAMTA3 expression was higher after 56 h of exposure to low
temperature in the PON seedlings; it was significantly (3 times) higher than in the MAC
seedlings. CAMTAS expression was not entirely conclusive for either rootstock, but after
8 h of cold exposure, its expression in the PON genotype was 2 times higher than that
in the MAC seedlings. The transcription factor ICE1 results were also discreet. After 4 h
of cold exposure, the expression increased in both genotypes from 1 time to 1.5 times in
PON and from 0.25 times to 0.6 times in MAC vs. 0 h. In both cases, the expression was
repressed at later cold treatment hours. The expression of the putative gene CBF1 was
more interesting for the PON rootstock, as it increased by 9 times after 4 h of cold exposure
compared to the initial times by 4-fold after 56 h of exposure. However, the MAC genotype
seedlings did not induce the cold response through the CBF1 gene, or no induction was
detected. Figure 1f shows the expression of the response gene COR413 IM1, which was
activated by CBF transcription factors. In the PON seedlings, the expression was repressed
4 times at 4, 8 and 24 h of cold exposure in relation to the initial hours of cold exposure.
However, the expression increased again at 56 h of cold exposure. COR413 IM1 expression
did not change over time in the MAC rootstock.

3.1.2. Gene Expression of the Synthesis and Transport of Proline and Its Quantification in
Experiment 1

In the present test, our aim was to verify if the biosynthesis pathway and the concen-
tration of the amino acid proline were induced by short-term cold exposure. The gene
expression of the two main genes for proline synthesis in stress situations (Figure 2a,b) are
P5CS1 and dOAT. P5CS1 expression (Figure 2a) increased in both cases with exposure time,
and expression was significantly higher at 24 h of exposure in the MAC-sensitive rootstock,
with 2 times induction compared to its CT at 0 h of cold exposure. The putative dOAT gene
(Figure 2b) also tended to increase with hours of cold exposure and peaked at 24 h, when
MAC was more significantly expressed than PON, with an increase in expression from
1.6 times at 0 h to 2.5 times at 24 h. However, dOAT expression decreased in both cases
after 56 h of exposure to low temperature.
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Figure 1. Gene expression of the putative low-temperature response genes in leaves. The 2-month-old Poncirus trifoliata
(PON) and Citrus macrophylla (MAC) seedlings were subjected to 4 °C for 0, 4, 8, 24 and 56 h. (a—c) respectively cor-
respond to putative genes CAMTA1 (Ciclev10027833m), CAMTA3 (Ciclev10024764m) and CAMTAS (Ciclev10004273m).
(d,e) respectively correspond to the central transcription factors of cold response ICE1 (Ciclev10015052m) and CBF1 (Ci-
clev10007068m). (f) Putative COR413 IM1 gene expression (Ciclev10016585m). The values shown represent the mean + SE
between 3 biological replicates (n = 3) and 3 technical replicates. Letters indicate the effect of treatment at different times,

which was tested by an LSD test of the multiple ANOVA.
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Figure 2. Gene expression of the putative genes of the proline biosynthesis and transport pathway in leaves. The 2-
month-old Poncirus trifoliata (PON) and Citrus macrophylla (MAC) seedlings were subjected to 4 °C for 0, 4, 8, 24 and 56 h.
(a,b) respectively correspond to putative proline synthesis genes P5CS1 (Ciclev10030839m) and dOAT (Ciclev10015647m).
(c,d) respectively correspond to proline transporters PROT1 (Ciclev10031324m) and PROT?2 (Ciclev10020150m). (e) Quantifi-
cation of the amino acid proline in leaves. Values represent the mean + SE among 3 biological replicates (n = 3), 5 replicates

for proline quantification (n = 5) and 3 technical replicates for both. The letters indicate the effect of treatment at different
times, which was tested with an LSD test of the multiple ANOVA.
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The expressions of the two putative proline transporters PROT1 and PROT?2 were also
quantified (Figure 2c,d). PROT1 expression (Figure 2c) began to increase after 56 h of low
temperature exposure. At 56 h of cold exposure, PON expression significantly increased
(by 3 times), while the expression in the MAC genotype increased by 2 times at 56 h. With
PROT?2 (Figure 2d), the expression decreased by up to 4 times in the MAC rootstock over
time (56 h). In contrast, in the PON genotype, the expression of proline transporter PROT2
did not change.

To see the impact of the biosynthesis proline genes, the proline concentration in the
leaves was also quantified (Figure 2e). No clear trend in proline concentration was observed
for either rootstock under these stress conditions, probably because the exposure time was
too short to detect a possible rise in the osmolyte concentration.

3.2. Experiment 2
3.2.1. Gene Expression of the Putative Low-Temperature Response Genes after an
Acclimatization Period

Here, our aim was to obtain information for early response genes during acclimatiza-
tion to see their induction and how long it would take for that induction to disappear, and
to find any difference between rootstocks. Figure 3a shows the expression of the putative
gene CAMTA1, which did not demonstrate significant differences between rootstocks. Its
expression increased 2 times at 0 h and 5 h of acclimatization, and it returned to the CT
values after 10 h. The expression of the putative gene CAMTA3 (Figure 3b) was 2 times
higher in the PON genotype than in MAC at 0 h of acclimatization time. The expression of
the putative gene CAMTAS (Figure 3c) significantly increased (by almost 9 times) in the
PON rootstock after being exposed for 5 days to low temperature at 0 h of acclimatization.
In the MAC genotype, this increase was not as high; it increased by 3 times. However,
the expression at 5 h of acclimatization decreased, and it reached the CT values at 10 h
of acclimatization in both genotypes. As in the previous experiment, ICEI expression
(Figure 3d) was not conclusive. After cold treatment at 0 h of acclimatization, the ICE1
expression in the PON rootstock was repressed. However, the expression in the MAC
genotype did not change over time. Putative gene CBF1, the central transcription factor
of cold response (Figure 3e), displayed a very interesting expression pattern; after the
4 °C treatment, its expression increased significantly at 0 h of acclimatization in the PON
rootstock (by 27 times) vs. the CT, while the expression did not change in MAC. With
the acclimatization process, CBF1 expression lowered to the CT values in both rootstocks.
The expression of the putative gene COR413 IM1 (Figure 3f) increased by 9 times at 5 and
10 h of acclimatization vs. the CT in PON plants. However, in the MAC rootstock, the
expression increased by about 2 times at 10 and 24 h after acclimatization, but was lower
than in the PON rootstock.
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Figure 3. Gene expression of the putative low-temperature response genes in leaves. The 2-month-old Poncirus trifoliata

(PON) and Cirtus macrophylla (MAC) seedlings were subjected to 4 °C for 5 days and subsequently acclimatized for 0, 5, 10
and 24 h at 24 °C/22 °C in a photoperiod of 16 h light/8 h darkness. Control group (CT) remained at 24 °C/22 °Cin a
photoperiod of 16 h light/8 h darkness during the experiment. (a—c) respectively correspond to putative genes CAMTA1
(Ciclev10027833m), CAMTA3 (Ciclev10024764m) and CAMTAS (Ciclev10004273m). (d,e) respectively correspond to the
central transcription factors of cold response ICE1 (Ciclev10015052m) and CBF1 (Ciclev10007068m). (f) The expression of
putative gene COR413 IM1 (Ciclev10016585m). Values represent the mean + SE between 3 biological replicates (n = 3) and

3 technical replicates. Letters indicate the effect of treatment at different times, which was tested with an LSD test of the

multiple ANOVA.
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3.2.2. Gene Expression of the Synthesis and Transport of Proline and Its Quantification in
Experiment 2

We also aimed to evaluate what took place on the proline synthesis and transport
pathway during the acclimatization process. The expression of the synthesis gene P5CS1
(Figure 4a) increased by 5 times compared to the CT at 0, 5 and 10 h of acclimatization.
After 24 h of acclimatization, the expression of P5CS1 in PON decreased to the initial
values. The expression of the MAC rootstock increased during acclimatization and peaked
after 10 h of acclimatization. The expression of the putative proline synthesis gene dOAT
(Figure 4b) progressively increased by between 2 and 3 times in PON, and peaked at 10 h of
acclimatization. The MAC rootstock, however, had a very different expression pattern from
PON; its expression increased by 6 times after 5 h of acclimatization and it went back to the
initial values 24 h after acclimatization. The expression of the putative PROT1 transporter is
shown below. It is related to long-distance proline transport or phloem transport, and to the
PROT? transporter, which is related to root-specific proline transport. The expression of the
putative gene PROT1 (Figure 4c) also displayed a very different expression pattern between
MAC and the tolerant PON rootstock. The expression of transporter PROT1 in PON was
progressive and peaked by about 3 times after 10 h of acclimatization. However, in the
MAC genotype, the expression increased by 6 times at 0 h of acclimatization compared
to its CT. The expression of the putative PROT?2 transporter (Figure 4d) was repressed
with the low-temperature treatment in MAC and recovered its initial values at 24 h after
acclimatization. However, the expression of the PON rootstock did not change during
our experiment, and its relative expression was close to 0. Finally, Figure 4e shows the
concentration of the amino acid proline in leaves. Given the expression of the proline
synthesis genes (both P5CS1 and dOAT), we expected a higher concentration of the proline
amino acid in the PON leaves than in MAC. However, the proline concentration was
significantly higher in the MAC rootstock in the CT at 0 and 5 h of acclimatization. After
24 h of acclimatization, the amino acid proline concentration was significantly higher in
PON than in MAC, which confirms that proline concentration needs more than 56 h of cold
stress (as in Experiment 1) for its concentration to increase in leaves.

As previously indicated, the expression of transporters was restricted to certain tissues
or functions. The PROT1 transporter has been shown to be expressed in phloem, which is
associated with long-distance transport. However, the PROT2 transporter has been seen
to be expressed primarily in roots. Thus, we decided to perform the gene quantification
of putative genes PROT1 and PROT?2 in roots in Experiment 2 (Figure 5). In the putative
gene PROT1 (Figure 5a), the expression in both rootstocks was not clear, as each genotype
demonstrated a very different expression pattern. PROT1 expression in the MAC genotype
was repressed by 10 times with cold treatment at 0 h of acclimatization. The PON rootstock
expression remained throughout the trial. For the expression of the putative gene PROT2
(Figure 5b), the MAC rootstock displayed no expression changes. However, PON did not
significantly increase transporter synthesis during the low-temperature treatment, and the
basal gene expression level was about 5 times higher than in the MAC roots. Finally, the
quantification of the amino acid proline in roots did not give any significant results because
it did not change over time (Figure 5c).
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Figure 4. Gene expression of the putative genes of the proline synthesis and transport pathway in leaves. The 2-month-old
Poncirus trifoliata (PON) and Citrus macrophylla (MAC) seedlings were subjected to 4 °C for 5 days and subsequently
acclimatized for 0, 5, 10 and 24 h at 24 °C/22 °C in a photoperiod of 16 h light/8 h of darkness. Control group (CT) remained
at 24 °C/22 °C in a photoperiod of 16 h light/8 h darkness during the experiment. (a,b) respectively correspond to putative
proline synthesis genes P5CS1 (Ciclev10030839m) and dOAT (Ciclev10015647m). (c,d) respectively correspond to proline
transporters PROT1 (Ciclev10031324m) and PROT2 (Ciclev10020150m). (e) Quantification of the amino acid proline in
leaves. Values represent the mean + SE among 3 biological replicates (n = 3) for gene quantification, 5 replicates for proline

quantification (n = 5) and 3 technical replicates for both. Letters indicate the effect of treatment at different times, which was
tested with an LSD test of the multiple ANOVA.
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clev10020150m) in roots. The 2-month-old Poncirus trifoliata (PON) and Citrus macrophylla (MAC)
seedlings were subjected to 4 °C for 5 days and subsequently acclimatized for 0, 5, 10 and 24 h at
24 °C/22 °Cina photoperiod of 16 h light/8 h darkness. Control group (CT) remained at 24 °C/22 °C
in a photoperiod of 16 h light/8 h darkness during the experiment. (a,b) respectively correspond

to the expression of putative genes PROT1 and PROT?2 in roots. (c¢) Quantification of the amino

acid proline in roots. Values represent the mean + SE among 3 biological replicates (n = 3) for
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4. Discussion

As previously indicated, we were interested in knowing the rapid response of citrus
rootstocks to low temperature. The induction of a response at low temperature in the
seedlings of citrus rootstocks was carried out by two experiments. In the first experiment,
plants were subjected to low temperature stress (4 °C) at different progressive times (0,
4, 8, 24 and 56 h). In this case, we aimed to see the rapid response of rootstocks to low
temperatures. However, in Experiment 2, all the seedlings were subjected to the same
stress for 5 days. Stress was subsequently removed and samples were taken at different
times once stress had passed (acclimatization to the CT situation). In addition to the rapid
response at low temperatures, it was also possible to see how plants recovered and returned
to their initial situation, thus providing more information than in the previous case.

Rapid response genes were quantified in both experiments, and fairly consistent
results between experiments were obtained (Figures 1 and 3). In both experiments, a higher
expression was found in the PON genotype of the putative genes CAMTA3, CAMTAS and
CBF1. Therefore, the previous selection of these three response genes in both Experiment 1
and Experiment 2 could discriminate tolerant genotypes from sensitive ones. This result
does not mean that the only main inducers of the CBF-dependent regulon were CAMTA3
and CAMTAS in this case. In fact, there is a large battery of COR inductors, and only a few
are known to act through the CBF-dependent pathway [41-43].

We expected a marked induction of the ICE1 putative gene because it is the most
direct and known activator in the literature regarding the CBF regulon [17,44]. In our case,
the expression was not clear in either experiment; its expression in the sensitive genotype
did not change with time and its expression tended to be repressed in PON. This event
could have occurred for two reasons. On the one hand, the putative gene selected as ICE1
has been attributed to another gene that is not really ICE1, oz, in citrus, this transcription
factor acts differently from that known in other species such as Arabidopsis thaliana. The
second reason, and the most probable one, is because the protein that codes for the ICE1
gene undergoes post-translational modifications and its regulation is carried out by other
factors. ICE1 repression occurs on the one hand by the phosphorylation of MPK3/6 to
reduce the stability of ICE1. This phosphorylation, carried out by MPKs, leads ICE1 to the
proteasome [16,45]. On the other hand, ICE1 can also be phosphorylated by transcription
factor OST1, whose phosphorylation, in this case, avoids the interaction with high osmotic
response “RING FINGER” genel, HOS1, which adds molecules of ubiquitin to ICE1
and sends it to the proteasome for degradation [46,47]. There is another factor, namely
SUMO E3 ligase, SIZ1, which mediates the sumoylation of ICE1 at lysine 393 (Lys393) and,
thus, reduces the previous polyubiquitination carried out by HOS1 [20]. Therefore, the
gene expression of transcription factor ICE1 and its protein function are compromised by
several factors.

The CBF1 gene had a high expression in both Experiment 1 at 4 h and at 56 h, and
in Experiment 2, after 5 days of cold treatment for the tolerant rootstock. However, the
expression in the MAC genotype did not change in either experiment. Thus, it can be stated
that the expression pattern of the CBF1 gene in tolerant citrus takes place both within hours
of induction (rapid response) and after some days (long-term or acclimatization). This is
because CBF genes are controlled by different transcription factors, which keep them active
in different situations. This also occurs with CAMTA genes, which are inducers of the faster
response motivated by plasma membrane rigidification, which implies an entry of cytosolic
Ca*? and activates CAMTA transcription factors by a still unknown inducer [22,23,48-50].
CBF genes are also controlled by those genes that intervene in circadian cycle maintenance
and, therefore, by light-related genes, such as some phytochromes [51,52], or by flowering-
related genes, such as SOCI [53].

The COR413IM1 protein in the PON rootstock began to be synthesized after 56 h
of cold exposure in the first experiment. Hence, its expression is understood to take
place in the low-temperature acclimatization phase. However, in the second experiment,
the PON rootstock, COR413IM1, began to be synthesized especially during the acclima-
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tization period to the CT temperatures after 5 and 10 h. The expression pattern was
not as clear as in CAMTA3, CAMTA5 and CBFI1, but it was interesting. COR413IM1
forms part of a group of genes of the COR (cold-regulated) family that code for inte-
gral membrane proteins and perform an unclear function. They are grouped into two
groups, COR413TM/IM (by the thylakoid membrane/inner chloroplast membrane) and
COR413PM (by the plasma membrane) [54]. One of the functions that has been suggested
in A. thaliana and Physcomytrella patens is that COR413IM1 can alter the distribution of
the metabolites involved in physiological processes to accumulate the proteins involved
in the metabolism of fatty acids, fructose, starch and sucrose [55,56]. This metabolism
adjustment in stressful situations is believed to act as a transporter or to interact physically
or functionally with other metabolic transporters by regulating their activity [57]. Thus,
in our experiments, the gene expression pattern of the putative gene COR413IM1 seems
to correspond to the possible gene function that has been attributed to it, and this gene is
expressed in the acclimatization phase by regulating metabolic processes, which would
make it useful in our screening protocol.

The premise of the first studies carried out in the 1990s on citrus rootstocks in cold
stress was that the synthesis of the amino acid proline was of vital importance for citrus
tolerance [8,12,26]. For this reason, we decided to quantify the concentration and gene
expression of the most important putative genes for proline synthesis and transport. The
expression of the putative genes for proline synthesis (P5CS1 and dOAT) did not correspond
to the concentration of the proline in leaves in the first experiment. This is not uncommon,
as the synthesis of enzymes is not as fast as gene induction. Therefore, the rise in proline
concentration can occur later, as in our second experiment. With transporters, PROT1
and PROT?2 did not yield robust results for these genes to be included in our breeding
program, but did provide us with information on their function in different rootstocks.
The main PROT?2 transporter function is performed in roots [34]. Thus, it would seem
that in a basal way, the PROT?2 transporter is more expressed in the PON genotype than
in MAC, despite the slight repression in both the leaves and roots in the presence of low
temperature. In several species facing different abiotic stresses, it has been seen how the
application of proline in irrigation increases tolerance to stress [58—63]. Therefore, the fact
that the PROT?2 transporter has a higher basal gene expression in PON made us think that
it could attempt to capture proline/betaine from the medium (substrate), suggesting that
the amino acid proline probably plays an important role in tolerance at low temperatures in
citrus fruit. Notwithstanding, we did not consider that putative genes for proline synthesis
and transport were suitable for our screening program.

5. Conclusions

The best experiment for tracking low-temperature-tolerant citrus rootstock was the
second experiment, which applied stress at 4 °C for 5 days and acclimatization at 0, 5, 10
and 24 h.

The genes selected as screening candidates were the putative genes CAMTA3, CAMTAS,
CBF1 and COR413IM1.

Despite not obtaining the induction of putative genes for proline synthesis and trans-
port in short times, we cannot rule out a possible important osmolyte in the response to
cold given the basal expression of the PROT2 transporter in the Poncirus trifoliata rootstock.
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