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ABSTRACT. Iron chlorosis is one of the most serious abiotic stresses affecting citrus (Citrus sp.) culture in the
Mediterranean Basin. A trial was performed with potted tolerant and sensitive rootstocks that were grown in volcanic
and calcareous soils. Microarray analysis allowed for the identification of differentially expressed genes putatively
involved in iron (Fe) deficiency. Most of the differentially expressed genes isolated from the root tips were of unknown
function; the remaining genes were related to the oxidative stress response (e.g., glutathione peroxidase), hormone
metabolism and signaling (e.g., small auxin up RNA family protein genes), biological regulation, protein turnover, and
the tricarboxylic acid cycle (e.g., aconitase). Additionally, the majority of the Fe stress-related genes expressed in the
sensitive Swingle citrumelo (Citrus paradisi X Poncirus trifoliata) and tolerant Carrizo citrange (Citrus sinensis X P.
trifoliata) rootstocks identified using real-time reverse transcription—polymerase chain reaction (RT-PCR) were
related to regulation, the oxidative stress response, and hormone metabolism and signaling, thereby confirming the
array data. Furthermore, validation of the differentially expressed genes in seven tolerant and sensitive rootstocks
grown in a field trial under chlorotic conditions was performed. In general, the gene expression profiles reflect the
different responses of rootstocks, possibly as a result of the various genetic mechanisms involved in the response to Fe
deficiency. Moreover, the expression of aconitase was analyzed in the roots and juice to evaluate the implication of the
different aconitase isoforms (Aco), which are derived from specific cellular compartments, in the different tissues. The
involvement of the mitochondrial isoform (Aco2) was directly correlated with the acidity of the juice, whereas the
cytosolic one (Aco3), which corresponds to the aconitase isolated during the microarray analysis, was found

specifically in the roots.

Iron deficiency chlorosis is a worldwide problem that mainly
affects fruit crops such as citrus, deciduous fruit trees, and
grapevine [Vitis vinifera (Mengel et al., 2001)] that are grown
in calcareous soils (Marschner, 1995; Mengel et al., 2001).
Approximately 20% to 50% of the fruit trees in the Mediter-
ranean Basin suffer from Fe deficiency (Jaegger et al., 2000)
caused by high soil concentrations of calcium and bicarbonate.
Although Fe is quite abundant, it is often a limiting resource for
plant growth as a result of its low availability (Guerinot and Yi,
1994) and low solubility in well-aerated environments (Donnini
et al., 2010). This condition affects the metabolic processes in
leaves and roots and leads to reduced Fe availability (Mengel,
1994) and the development of Fe chlorosis symptoms. The
most common Fe chlorosis symptoms include interveinal
chlorosis in young leaves (Abadia and Abadia, 1993; Morales
et al., 1998), decreased leaf net photosynthetic rate (Briat et al.,
1995), reduced leaf size and thickness, increased leaf fragility,
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and plant growth retardation and stasis followed by death in
more severe conditions. Lime-induced Fe deficiency causes
reductions in yield (Pestana et al., 2003), delayed fruit ripening,
and impaired fruit quality as previously reported for peach
[Prunus persica (Sanz et al., 1997)] and sweet orange [Citrus
sinensis (Pestana et al., 2011)]. Severe reductions in yield are
associated with decreased leaf chlorophyll concentrations in
peach, kiwifruit (Actinidia deliciosa), and pear (Pyrus commu-
nis) trees grown in calcareous soils (Rombola et al., 1999). A
possible solution is Fe treatment, which results in yield in-
creases for peach (Pérez-Sanz et al., 2002), olive [Olea europaea
(Fernandez-Escobar et al., 1993)], and kiwifruit (Loupassaki
et al., 1997) trees.

Fe deficiency can be rapidly reversed by the addition of
inorganic Fe salts, synthetic chelates, and natural organic
compounds (Abadia et al., 2004). Because fertilizers are also
quite costly, the easiest way to avoid Fe chlorosis from
calcareous soils in fruit trees is through the use of tolerant
rootstocks. Plants of the Citrus genus are considered susceptible
to Fe chlorosis (Carpena-Artes et al., 1995), and the tolerance or
sensitivity to Fe chlorosis varies in different rootstocks with a
considerable phenotypic variability. For example, trifoliate orange
(Poncirus trifoliata) and Swingle citrumelo are considered very
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susceptible, whereas Carrizo citrange is considered tolerant,
and sour orange (Citrus aurantium), various mandarins (Citrus
reticulata, Citrus nobilis), Rangpur lime (Citrus limonia), and
rough lemon (Citrus jambhiri) are considered very tolerant
(Hamze et al., 1986). In addition, although the sour orange is
the most widely distributed and common rootstock in the
Mediterranean area and it has adapted to calcareous soils,
its sensitivity to the citrus tristeza virus (CTV), one of the most
serious biotic stressors, limits the use of the sour orange rootstock.

In this study, microarray analysis was performed to inves-
tigate differences in gene expression in the citrus transcriptome
between sensitive and tolerant rootstocks with the aim of
identifying genes that could potentially play roles in sensitivity
or tolerance to chlorosis conditions. In addition, the expression
levels of some genes were used to monitor the degree of Fe
deficiency in trees that had been grafted onto seven sensitive
and tolerant field-grown rootstocks (Reforgiato Recupero et al.,
2009).

Materials and Methods

PLANT MATERIAL. ‘Tarocco Scire’ sweet orange was grafted
onto 2-year-old seedlings of Swingle citrumelo (SC) and
Carrizo citrange (CC), which are highly sensitive and tolerant
to Fe chlorosis, respectively. The trees were grown for 3 years
in plastic pots containing volcanic or calcareous soil (0% or
10% active lime, respectively). Ten grafted trees were used for
each rootstock and soil condition. The parameters of the soil
composition in the pots are indicated in Table 1. In 2009, =5 g
of fresh root tips (5 mm long) was taken from three biological
replicates (one plant per replicate for each rootstock and soil
condition for a total of 12 plants) and was used for molecular
and chemical analysis. In 2011, another experiment was
conducted on field-grown trees at our center’s experimental
farm at Palazzelli, Sicily, Italy (Reforgiato Recupero et al.,
2009). Rootstock roots and scion leaves were taken from the
plants of the cultivar Tarocco TDV and were grafted on seven
rootstocks that exhibited different and extreme behaviors in
response to Fe deficiency (Table 2). Three replicates were used
to minimize the influence of other biotic and abiotic stresses.

TotaL RNA ExTRACTION. Total RNA was extracted from 0.1 g
of the root tips from each biological replicate of SC and CC
grown in plastic pots using the Spectrum™ Plant Total RNA Kit
(Sigma-Aldrich, St. Louis, MO). RNA quantity was evaluated
using a spectrophotometer (NanoDrop 100; Thermo Fisher
Scientific, Wilmington, DE), and RNA integrity was deter-
mined using an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA). The same RNA samples were used for
chip hybridization and RT-PCR experiments for the validation

Table 1. Mean values of main physical and chemical parameters related
to volcanic and calcareous soils used on pot-grown citrus rootstocks.

Parameter Volcanic soil Calcareous soil
Clay (g-kg™) 50 80

Silt (g-kg™) 120 100

Sand (g-kg™) 830 820

pH 6.3 8.7
Active lime (g-kg™") — 100

Total CaCOs5 (g-kg™) — 530
Organic matter (g-kg™") 1.5 2
Assimilable iron (mg-kg™") 11 4.8
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Table 2. Citrus rootstocks used for analysis in the grove and their
relative responses to iron deficiency.

Rootstock

Sensitivity/tolerance

Citrus aurantium Cassibile 2 Tolerant
Citrus latipes X C. aurantium 13-23 Tolerant
C. latipes x C. aurantium 14-37 Tolerant
Carrizo citrange Tolerant
Swingle citrumelo Highly sensitive
C. latipes x Poncirus trifoliata 5-3 Sensitive
C. latipes X P. trifoliata 6-17 Sensitive

of the gene expression data. Total RNA was extracted from 0.1 g
of the root tips and leaves using the RNase Plant Mini kit
(Qiagen, Valencia, CA) and from 3 mL of sweet orange juice
(Ancillo et al., 2007) from three biological replicates of the
seven rootstocks in the field trial. All total RNA samples were
treated with DNase (Promega, Madison, WI) for 30 min at 37 °C.
The amount and quality of the total RNA were estimated using
a spectrophotometer and gel electrophoresis with ethidium
bromide staining, respectively. RNA samples were used for
real-time RT-PCR experiments.

MICROARRAY ANALYSIS. Expression analysis was performed
on a custom 90K microarray (CombiMatrix; CustomArray,
Bothell, WA), which contained 7697 specific probes 35 to 40 bp
in length that were designed using the OligoArray 2.1 software
(Rouillard et al., 2003). The probes were based on the clustering
and assembly of 33,990 expressed sequence tag (EST) se-
quences derived from different types of libraries constructed
from the roots of Citrus and its relatives. All the sequences were
derived from the National Center for Biotechnology Informa-
tion (NCBI) databases (release Apr. 2009), and the assembly
and clustering was performed with the TIGR Gene Indices
clustering tools [TGICL (Pertea et al., 2003)]. Oligos were
synthesized, and 11 replicates were distributed to random, non-
adjacent positions on the chip. Three biological replicates were
analyzed for each sample. Reverse transcription, amplification,
and labeling were performed using the RNA AmpULSe
amplification and labeling kit according to the manufacturer’s
instructions (Kreatech Diagnostics, Amsterdam, The Nether-
lands). Five micrograms of purified labeled aRNA were
hybridized to the array according to the manufacturer’s pro-
tocol. The array was scanned with a scanner (Axon GenePix
4400A; Molecular Devices, Sunnyvale, CA). Data extraction
was performed with the GenePix Pro 7 software (Molecular
Devices). The signal background was calculated as the mean of
the negative controls plus twice the sp. The normalization
between the arrays was performed according to the quantile
method (Bolstad, 2001). Genes were excluded from further
analysis if the cv between the biological replicates was greater
than 0.5. Analysis of the differentially expressed genes was
performed according to the linear modeling and empirical
Bayes methods, as implemented in the Limma R package
(Smyth, 2005). Probability values were adjusted for multiple
testing according to Benjamini and Hochberg (1995). Genes
were considered significant when the false discovery rate was
0.05 or less and the log2 fold change was 0.66 or greater or —0.66 or
less. The expression data are available at the NCBI GEO database
(Edgar et al., 2002) under the accession number GSE38667. The
functional annotation was performed with the Blast2GO
software using the BlastX algorithm and the non-redundant

J. AMER. Soc. Horr. Sci1. 138(6):487—498. 2013.

$S900E 93l) BIA |L0-60-SZ0Z Je /woo Aloyoeignd-poid-swiid-yiewlaiem-jpd-awiid//:sdiy woly papeojumoq



database. Annotation was also performed using the sweet
orange draft genome (Sweet Orange Genome Project, 2010).

REAL-TIME RT-PCR GENE EXPRESSION ANALYSIS. The vali-
dation of the gene expression data was performed using real-
time RT-PCR according to Licciardello et al. (2008). The
primer pair sequences were designed to correspond with (when
possible) or in the proximity of the probe used in the microarray
chip. The primer sequences are listed in Table 3. Expression
analysis of the roots, leaves, and juice tissues was conducted
to evaluate the involvement of the aconitase isoforms (Acol,
Aco2, and Aco3) using the oligos previously reported by Terol
et al. (2010).

SPAD INDEX AND CHLOROPHYLL CONTENT. Leaf greenness
was monitored using a portable chlorophyll meter (SPAD-502;
Minolta, Osaka, Japan). Ten leaves per tree were sampled for
Fe determination. The readings from the midareas of the fully
expanded spring leaves were expressed in SPAD units and were
evaluated according to Intrigliolo et al. (2000). Leaf chloro-
phyll concentration (Chltot) was determined as the sum of the
chlorophyll a and b contents in the leaf portion that was subjected
to SPAD measurement. The pigments were extracted with
dimethyl sulfoxide and incubated in the dark at 65 °C for
various time points, depending on the degree of cutinization
and leaf thickness (Hiscox and Israelstam, 1979). The chloro-
phyll a and b content was estimated spectrophotometrically at
663 and 645 nm, respectively. Chlorophyll levels were calcu-
lated using the equations described by Arnon (1949), and the
concentration was expressed relative to the fresh leaf weight
(Nxawe et al., 2011).

PERrOXIDASE AcTIVITY. Two grams of fresh young leaves
from the control and Fe-deficient plants and 5 to 8 mm of the
root tips sampled during the same period were homogenized
with a Polytron 3100 (Kinematica, Luzern, Switzerland) in cold
0.05 M Na-phosphate buffer (pH 6.5) containing 1.5% NaCl,
0.3% polyethylene glycol 6000, and 2.5% (w/v) insoluble
polyvinylpolypyrrolidone. The ratio between the leaf fresh weight
and the extraction buffer volume was 1:6 (w/v). Peroxidase (POD)

activity was measured according to Ngo and Lenhoff (1980).
Adequate amounts of the crude enzyme extract were added to
3 mL of 0.1 M Na-phosphate buffer (pH 6.5) containing 0.2 mm
3-methyl-2-benzothiazolinone hydrazone hydrochloride hy-
drate, 10 mm 3-dimethylamino benzoic acid, and 0.3 mm H,O..
Absorbance changes were recorded at 590 nm using a spectro-
photometer (ultraviolet-1601; Shimadzu, Kyoto, Japan) at room
temperature. One unit of POD activity was defined as an increase
of one unit of absorbance per minute (Chouliaras et al., 2004).

EVALUATION OF FERRIC CHELATE REDUCTASE. The degree of
tolerance to Fe deficiency was evaluated by measuring the root
ferric chelate reductase (FCR) activity; this reaction measures
the formation of the Fe II-bathophenantroline disulphonate
complex from Fe IlI-ethylenediaminetetraacetic acid (EDTA)
(Bienfait et al., 1983). The FCR activity was estimated according
to Albano and Miller (1996) from 5 to 8 mm of root tips that were
sampled at the same time as the leaves. A root-free solution was
analyzed and served as a negative control.

STATISTICAL ANALYSIS. Data related to FCR, POD, Fe, Chltot,
and SPAD were analyzed using the analysis of variance. The
means were separated by Tukey’s honestly significant differ-
ence test with the Statistica 6.0 software package (StatSoft,
Padova, Italy).

Results and Discussion

Trees growing in pots

RESPONSES OF ROOTS AND LEAVES TO FE DEFICIENCY. Typical
symptoms of chlorosis were evident mainly in the SC plants on
root collection (Fig. 1). FCR activity was increased in both
types of rootstock when plants were grown in calcareous
conditions (0.053 vs. 0.031 umol-g"-h™' Fe*" fresh weight)
(Table 4). Furthermore, Fe-deficient plants developed more
lateral roots and abundant root hairs (Fig. 1) in accordance with
previous studies (Romheld and Kramer, 1983; Rémheld and
Marschner, 1981). To monitor the effects of Fe deficiency, POD
activity was analyzed in both the roots and scion leaves (Table

Table 3. Primer pairs used in real-time reverse transcription—polymerase chain reaction experiments to validate differentially expressed genes

isolated after chip hybridization.

Primer name Forward (5'-3")

Reverse (5'-3")

1d_202 TCAAGGGCTGTAACAAAGTAAATTTAAG TTTCAGAGATAAACATCAGTTGCATCT
id_408 GCCCGGGCATCAAATTAATT ACCGATCAAGCATCGAGGAT

id_1208 GCAACAAGAGTGGCCAAGTCA CTTCCTGAGCCAGAAGTTCTTGA
id_1693 GCTGAGAGTGGACATGTTTACATCA TCCGGTACAGCAGTTCATCTTG

id_1806 TTTGACCTTTTTGCCTGAAGCT CTGGTGGAAAAACAGAAGACTTTCT
id_1958 CGGATTCAATCGGTACTATATTTGAC TCACCCACTCGGAAAGATTTG

1d_1994 GCTGGTTGTAAGTTGTTGGAAATA GTTTTCATCCTCCTCCATCTTCA

id_2509 CGCAACTTCCCTTATTTTGACAA GGATTACTTTTCGAAGGTCTCAACA
id_2189 TTCGTCGACCCAGGATGTG TCATTGGAGATGGGCTAAGGA

id_3325 ATGGCAATGCTGAAACCAGTT GGCAAATCAAGTTCTCTCACAAATATT
id_3363 TGAAGATCCTCCTGACTGTAAAACC CAAATCCTTTCTCCTTCCTCACA
id_3576 CATCGCCGTCGGTTTCC TCAGCCTAGAATTAGATCCTCGAATAT
1d_4207 TGCCATTTATACATGTTTCTCGTTCT CAAAGCTGACTTGAGAGAGGTACACA
id_4258 CCACGACCTAAAAGAATTAGACAACTC ATAGATTGAAATTGAGAAGCGTACTTACA
id_4331 CAATTCAACCTATCGCTACAAACGCTTCC GACACGGCCATCATACATATATAAATG
id_4563 GTGTGGGAAGATGTATTGAGCATT GCCTCAAAGCACATGCTGAA

id_6141 TGTTTGAGTTGAATCTTGTAGCTCTGT TCACTCCAAGGAAAGCCCATT

id_6450 GGCATTTTATGTTTGCCTTACCTT CGGCCGAGCCATAGGAATA

1d_6938 ATGGTTGAGCCGAGGATGAA TCATGGGCAGCAAACTGTGA

id_7406 GAATGATGACTGTGAGCATTTCG CCTCCTGATTTGCTCGAGTACA

J. AMER. Soc. Hort. Sci. 138(6):487—498. 2013.
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‘Tarocco Scire’

‘Tarocco Sciré’

Swingle citrumelo

Carrizo citrange

analysis according to the experimental design
indicated in Figure 2; this analysis was
performed on a custom array specific for
citrus root ESTs that was developed with
the 90K CombiMatrix technology. The chip
allowed for the analysis of 7697 transcripts.
The use of a custom array of transcripts
specific to the roots of Citrus and related
genera (retrieved from NCBI) was intended
to determine the Fe-mediated transcriptional
responses in a specific set of genes. A total of
31 differentially expressed genes were iden-
tified from the comparisons. The experimen-
tal design (Fig. 2) allowed for the isolation of
genes that differed in response to specific soil
conditions (with and without active lime) in
relation to the genotype behavior. The low
fold change (0.66) threshold used to identify
differential genes was justified by the use of
the CombiMatrix platform, which underesti-
mates gene expression to a certain extent when
compared with other platforms (Git et al.,
2010).

The manual annotation of the 31 differ-
entially expressed transcripts (Table 5) was
based on results from the Blast2GO software
(Conesa et al., 2005) and on the sweet orange

Fig. 1. Leaves of ‘Tarocco Sciré’ sweet orange grafted on Swingle citrumelo (SC) and Carrizo citrange
(CC) rootstocks grown under volcanic (+Fe) and calcareous (—Fe) soil. Images of a section of soil

with roots of SC and CC in pots contained volcanic and calcareous soil.

4). Higher POD activity was observed in the roots, but not the
leaves, of CC when compared with SC. In regard to the soil
effect (Table 4), higher FCR values and lower POD (roots and
leaves), Chltot, and SPAD were observed in the calcareous soil
compared with the volcanic soil, which is in agreement with
previous results and is typical of Fe deficiency under stress
conditions (Forner-Giner et al., 2010).

IDENTIFICATION OF DIFFERENTIAL GENE EXPRESSION USING
A CoMBIMATRIX PLATFORM. To identify genes that were dif-
ferentially expressed in response to Fe deficiency stress, root
tips were collected from plants grown in calcareous soil with
10% active lime as soon as the leaves exhibited the initial signs
of chlorosis (yellow central veins). As expected, the symptoms
were more obvious in SC than in CC. Differences in root gene
expression were deduced using a genomewide expression

genome (Sweet Orange Genome Project,
2010). Of the genes identified in the total
differential gene expression analysis, 34.3%
were predicted but not annotated. The
remaining 65.7% belonged to various func-
tional categories (Table 5). The reduced number of expressed
genes under calcareous conditions confirmed previous findings
(Forner-Giner et al., 2010; Zamboni et al., 2012), and generally
it could be influenced by the conditions of stringency of the
used custom array.

Table 5 reports the genes that were differentially expressed
in both rootstocks when grown under calcareous conditions. A
total of 25 genes were identified; 14 genes were up-regulated,
and 11 were down-regulated. The categories involved are
reported in Figure 3A.

Table 6 shows the genes that were differentially expressed
between SC and CC when both were grown in volcanic soil. A
total of nine genes were identified; six genes were up-regulated,
and three were down-regulated. The categories involved are
reported in Figure 3B.

Table 4. Analysis of parameters to evaluate the effect of Swingle citrumelo (SC) and Carrizo citrange (CC) regardless of soil (rootstock) and

calcareous and volcanic soil regardless of rootstocks (soil).”

Roots
FCR [Fe** Leaves
(umol-g'-h™! FW)] POD (U/g FW) POD (U/g FW) Chl (mg-g' FW) SPAD index
Rootstock SC 0.041 19.41 16.43 1.45 44.87
CC 0.043 25.62%* 17.22 1.39 45.26
Soil Calcareous 0.053 16.98 13.49 1.07 40.15
Volcanic 0.031%%* 28.05%* 20.16%** 1.76%* 49.98%*

“Ferric-chelate reductase (FCR) was determined on roots; total content of chlorophyll (Chl,,) and SPAD on the scion leaves; peroxidase (POD)

was evaluated on roots and leaves.

¥EP =< 0.001; **P = 0.01; *P = 0.05; absence of asterisk indicates absence of significance.

FW = fresh weight.
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Swingle citrumelo

0% active lime 10% active lime

d d

Carrizo citrange

0% active lime 10% active lime

Fig. 2. Schematic diagram of experimental design used for the hybridization of
the custom 90K microarray (CombiMatrix; CustomArray, Bothell, WA).
Arrows indicate the direction of comparison for expression analysis regarding
plants of Swingle citrumelo and Carrizo citrange grown in pots with 0% and
10% of active lime.

Real-time RT-PCR experiments were performed on all the
differentially expressed genes and generally confirmed the array
results, as shown in Table 7.

DIFFERENTIAL GENE EXPRESSION PROFILES SPECIFIC TO
CALCAREOUS SOIL. The genes that were differentially expressed
in the SC and CC rootstocks grown in calcareous soil were
mostly involved in the oxidative stress response. It could be
hypothesized that the increases in glutathione peroxidase (GPX,
1d_2509), oxalate oxidase (id_408), and germin-like
(1d_4207) in the sensitive rootstock could help to alleviate
reactive oxygen species (ROS) damage produced under Fe
deficiency (Rellan-Alvarez et al., 2010).

In the present study, microarray and relative real-time RT-
PCR expression data confirmed the overexpression of GPX
(1d_2509) in Swingle citrumelo compared with Carrizo citrange
in calcareous soil (Table 7). Peroxidase family members
catalyze H,O, reduction by transferring electrons to glutathi-
one. As a result of the very heterogeneous regulation of their
expression, plant peroxidases are involved in a broad range of
physiological processes such as lignification, suberization,
auxin metabolism, crosslinking of cell wall proteins, salt
tolerance, and oxidative stress (Passardi et al., 2005). GPX
expression is generally up-regulated in response to stresses such
as Fe deficiency (Almansa et al., 2002) and as a defense response
to most metals, which can damage or disturb the normal
functions of plants (Fang and Kao, 2000). Stress stimulates
ROS production, and plants react to this stress by synthesizing
GPX to neutralize the oxidative environment. In citrus plants,
the Fe-related reduction in POD activity coincides with a re-
duced catalase activity (Chouliaras et al., 2004; Forner-Giner
et al.,, 2010), because both enzymes are involved in H,O,
metabolism. This indicates that the reduced levels of POD
activity in the roots and leaves of the plants grown in Fe-
deficient soils (16.98 and 13.49 umol-g'-h! Fe** fresh weight,
respectively, in the roots and the leaves, indicated in Table 4)
lead to increased ROS levels, which could lead to oxidative
stress. The corresponding higher level of POD in the roots of
CC, with respect to SC (25.62 in Table 4), might indicate a
mechanism to prevent damage from Fe deficiency-induced
oxidative stress, and this increased activity could be used as an
indicator of Fe deficiency tolerance (Forner-Giner and Ancillo,
2011).

The array data revealed the overexpression of oxalate
oxidase (id_408) in the sensitive rootstock compared with the
tolerant rootstock under stress conditions (Table 5). These data
were confirmed using real-time RT-PCR (Table 7); however,
these data are not in agreement with a previous report (Rellan-
Alvarez et al., 2010). Although the implications of the current

J. AMER. Soc. Hort. Sci. 138(6):487—498. 2013.

finding are still unknown, a role for oxalate as a regulatory
component of Fe acquisition in Fe-deficient conditions must be
considered (Pedas et al., 2008).

The overexpression of germin-like transcript (id_4207) in
SC, with respect to CC, in the calcareous soil (Table 5), which
was confirmed using real-time RT-PCR (Table 7), is in
agreement with previous observations from an analysis of the
tomato (Solanum lycopersicum) root proteome (Brumbarova
et al., 2008). The positive modulation of the germin protein
reported in this proteomic study was justified hypothesizing
its role in producing hydrogen peroxide for apoplastic Fe
reduction or under general stress response conditions.

A portion (8%) of the genes differentially expressed in the
rootstocks under chlorotic conditions was related to hormone
metabolism and signaling. The role of plant hormones in the
regulation of Fe deficiency responses has been extensively
studied (Romera et al., 2011). The plant hormone auxin appears
to be a central player in the regulation of many developmental
steps required for lateral root formation (Peret et al., 2009)
and the modulation of the length, position, and abundance of
root hairs (Perry et al., 2007). Moreover, low Fe availability
frequently leads to the formation of branched root hairs (Muller
and Schmidt, 2004) through a signaling cascade that likely
involves auxin and ethylene (Schmidt et al., 2003). In the
present study, the small auxin up RNA (SAUR) protein family
gene (id_2189) was overexpressed in SC plants grown in
calcareous soil compared with CC plants grown in calcareous
soil (Table 5). Real-time RT-PCR analysis confirmed the
microarray data (Table 7), indicating the involvement and the
induction of the SAUR gene family under Fe stress conditions
(Zheng et al., 2009). Moreover, the expression data were also
supported by observations of the root architecture (Fig. 1); the
secondary roots of SC were more highly developed than those
of CC. It has been reported that auxin may play a role as an
upstream signal in the modulation of Fe-deficiency responses in
dicots (Chen et al., 2010), and morphological alterations that
resemble developmental responses to Fe deficiency (Schmidt
et al., 2003) have been well documented.

Among the down-regulated genes in SC, with respect to CC,
under chlorotic stress conditions, the most interesting genes
were NADH glutamate dehydrogenase (NADH-GDH,
id_6450) and calmodulin (CaM, id_3325), which were included
in the Transport category (Fig. 3A). The reduced expression of
NADH-GDH, which is part of the tricarboxylic acid cycle
(Tables 5 and 7), could be considered an indication of the dif-
ficulties that the sensitive rootstocks have in relation to energetic
metabolism under stress conditions (Robinson et al., 1991). The
role of NADH-GDH under stress conditions could play an
alternative role in ammonium assimilation during Fe deficiency,
as described in bean [Phaseolus vulgaris (Slatni et al., 2008)]. In
particular, ammonium assimilation through the GDH pathway
occurs under conditions of metal deficiency such as aluminium
and phosphorous as an adaptive response to environmental stress
(Melo-Oliveira et al., 1996; Srivastava and Singh, 1987).

CaM is a calcium sensor that mediates intracellular Ca**
signaling and regulates various cellular processes. CaM in-
duction under Fe deficiency is poorly documented. The down-
regulation of CaM under Fe-deficient conditions might
suggest a direct involvement of CaM in the transduction of
the Fe deficiency signal or in the induction and regulation of
the metabolic changes that accompany the responses induced
by Fe deficiency, as suggested by Vigani et al. (2012).
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Fig. 3. Functional classification of differential expressed genes in Swingle citrumelo compared with Carrizo citrange in calcareous soil (A) and in a volcanic one (B).

Although Table 7 shows that the RT-PCR ratio generally
correlates with the microarray fold change data, there were two
genes, id_1208 and id_6141, that were identified as overex-
pressed in the microarray analysis and were identified as down-
regulated in the real-time RT-PCR experiment. Although both
microarray and real-time RT-PCR technologies are sensitive
and specific in the isolation of the differentially expressed genes,
it is possible a no correspondent expression. This may be attrib-
utable to cross-hybridization among the genes in the microarray
analysis; however, this situation is not likely to occur during real-
time RT-PCR analysis, suggesting that the RT-PCR data may be
more accurate (Klok et al., 2002).

DIFFERENTIAL GENE EXPRESSION PROFILES SPECIFIC TO
voLcANIC SoIL. The volcanic soil, as the control condition,
activated the expression of genes (Table 6) that were not
directly responsible for the sensitivity or tolerance to the Fe
deficiency. These genes could be specific to the genotype such
as oxalate oxidase and germin-like, which were also overex-
pressed in the previous comparison. The only gene that could
be considered interesting is aconitase (id_1806), which is
involved in the acidification process of the roots, and this gene
is usually expressed under conditions of Fe deficiency. The
real-time RT-PCR (Table 7) confirmed the down-regulation of
this gene in the sensitive rootstocks even in the volcanic soil.

Table 6. Distribution of differentially expressed genes switched on after hybridization of custom 90K microarray (CombiMatrix; CustomArray,
Bothell, WA) in Swingle citrumelo (SC) with respect to Carrizo citrange (CC) under volcanic (v) conditions.”

Sequence Functional Coordinate sweet orange genome
Comparison Expression  FC P value ID probe description category Locus name e-value
SCv vs. CCv Up 1.784 0 1d_1958_31_36_X6 No annotation / orangel.1g019373m.g 3.0e-137
1.367 0 id_408_458 38_S Oxalate oxidase Oxidative stress orangel.1g041063m.g 5.7e-169
response
1.343 0 id_4207_273_38_X4 Germin-like Oxidative stress orangel.1g048538m.g 8.3e-113
protein response
1.234 0.00013 id_202_929 _37_X2 High-affinity Transport orangel.1g036249m.g 0
nitrate
transporter
1.074 1.00E-05 1id_4563_652_35_X2 Serine-threonine Regulation orangel.1g006112m.g 0
protein kinase
1.035 0 id_1554_44 40_X4 No annotation / / 3.1e-77
Down —1.034 0.00039 id_7656_605_35_X2 No annotation / / 0
—1.126 0.00017 id_7220_93_36_X4 No annotation / / 2.8E-33
—2.147 4.00E-05 id_1806_622_35_X2 Aconitase Tricarboxylic orangel.1g010403m.g 0
cycle

“Expression comparison, fold change (FC), corresponding probability value, probe identification (ID probe), sequence description, and relative
functional category deduced by Blast2GO software (Conesa et al., 2005), and coordinates on the sweet orange genome (with the locus name and

the correspondent e-value) are indicated.

J. AMER. Soc. Hort. Sci. 138(6):487—498. 2013.
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Table 7. Transcripts modulated in iron-deficiency sensitive Swingle citrumelo (SC) and tolerant Carrizo citrange (CC) rootstocks in response to

calcareous (c) and volcanic (v) soil.”

Comparison ID probe Sequence description FC microarray Real-time RT-PCR ratio

SCc vs. CCc id_2509_5_39_X4 Glutathione peroxidase 2.977 3.397
id_7406_25_35_X2 Asparagine synthetase 1.541 2.059
id_6938_400_35_X4 12-oxophytodienoate reductase 1.333 1.147
id_2189_759_36_X2 Small auxin up RNA (SAUR) family protein 1.258 1.438
id_408_458_38_S Oxalate oxidase 1.245 2.513
id_1208_167_40_X3 Predicted protein 1.074 -1.105
id_6141_76_40_X5 No annotation 1.03 -1.007
id_4207_273_38_X4 Germin-like protein 0.969 1.243
id_6450_367_37_X3 NADH glutamate dehydrogenase -1.002 -2.713
id_4258_807_35_S No annotation —-1.065 -2.326
id_3576_1275_35_8S Cystathionine gamma-synthase -1.161 -2.050
id_3325_512_35_X2 Calmodulin -1.187 -1.236
id_1693_296_35_X2 No annotation —-1.209 -1.221
id_4331_227_35_X2 No annotation -1.317 -2.769
id_1994_298_35_X3 Serine-threonine protein kinase -1.519 -1.907
id_3363_371_38_X2 Predicted protein -1.614 -2.284

SCv vs. CCv id_1958_31_36_X6 No annotation 1.784 1.169
id_408_458_38_S Oxalate oxidase 1.367 2.734
id_4207_273_38_X4 Germin-like protein 1.343 1.311
id_202_929_37_X2 High-affinity nitrate transporter 1.234 1.935
id_4563_652_35_X2 Serine-threonine protein kinase, plant-type 1.074 1.043
id_1806_622_35_X2 Aconitase -2.147 -1.701

“The comparison, probe identification (ID probe), sequence description, fold change (FC) related to the expression level after the microarray
hybridization, and real-time reverse transcription (RT)—polymerase chain reaction (PCR) ratio are indicated.

YTranscripts in bold described in the “Results” and “Discussion.”

Further investigations are needed to clarify this unexpected
behavior.

Trees growing in the field trials

EXPRESSION ANALYSES OF A SELECT GROUP OF GENES. Table 2
shows the different Fe sensitivity of the selected rootstocks
(Reforgiato Recupero et al., 2009). Sour orange was also in-
cluded in this list, because it was the most commonly grown
rootstock in Italian citriculture, until the appearance of CTV, as
a result of its tolerance of cold, salinity, and calcareous soils.
The standard rootstocks SC and CC were used to compare the
behavior of the field-grown plants and the pot-grown plants.
Physiological parameters were evaluated to determine the plant
status. In particular, FCR activity in the roots was higher in the
tolerant rootstocks than in sensitive ones (Table 8). The

observed lower FCR values in the sensitive rootstocks could
be the result of a greater requirement for Fe3+ reduction to
Fe2+ to use the Fe present in the soil. POD activity analyses,
SPAD index quantification, Fe level analyses, and total chlo-
rophyll analyses were also performed on the leaves, and higher
values were observed in the tolerant rootstocks compared with
the sensitive rootstocks (Table 8).

An expression analysis of a select group of genes involved in
the response to Fe deficiency was performed using real-time
RT-PCR on the roots from the selected stocks. The genes
encoding GPX (id_2189) and SAUR (id_2509) family proteins
were considered because they were included in the overex-
pressed genes found in SC in the previous experiment,
particularly when grown in calcareous conditions (Table 5).
Root gene expression analysis (Fig. 4) confirmed the observed

Table 8. Analysis of parameters to evaluate the effect of seven citrus rootstocks in the field under natural chlorotic conditions.”

Roots
FCR [Fe** Leaves
Rootstock (umol-g-h™' FW)] POD (U-g' FW) Chl (mg-g' FW) Fe (mg-kg ' DW) SPAD index
Swingle citrumelo 0.099 ABC 6.733 A 0.605 A 32.900 AB 29.400 A
Citrus latipes X Poncirus 0.095 AB 4.428 A 0.374 A 32.333 AB 21333 A
trifoliata 5-3
C. latipes X P. trifoliata 6-17 0.073 A 4.297 A 0.430 A 27.166 A 25.600 A
Citrus aurantium Cassibile 2 0.195D 17.024 B 2.862 B 49.066 B 78.500 B
Carrizo citrange 0.137 BC 16.148 B 3.007 B 48.266 B 76.333 B
C. latipes X C. aurantium 13-23 0.127 BC 16.241 B 2.630 B 47.000 B 77.633 B
C. latipes x C. aurantium 14-37 0.145 CD 16.032 B 2576 B 40.233 AB 78.266 B

“Ferric-chelate reductase (FCR) was determined on roots; peroxidase (POD), total content of chlorophyll (Chly), iron (Fe) content, and SPAD
index on scion leaves. Analysis of variance and mean separation was performed with Tukey’s honestly significant difference test (P = 0.001).

FW = fresh weight.
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The overexpression of the SAUR
gene in SC plants, as compared with
CC plants, could indicate an attempt
to increase the root length. Plants
have evolved mechanisms to facil-
itate Fe uptake in response to Fe-
deficiency. Because of this, Romheld
and Marschner (1981) reported that
Fe-deficient sunflower roots pro-
duced higher levels of auxin than

Swingle
citrumelo

C. aurantium  Camizo
Cassibile 2 citrange

C. latipesx  C. latipes %
P. trifoliata  P. trifoliata
3-3 6-17

SAUR (id_2189)

Sensitive
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Tolerant

Fe-sufficient ones. Moreover, it was
suggested (Wu et al., 2012) that the
primary perception of the Fe de-
ficiency signal is determined by the
roots, and auxin acts as a signal for
long-distance transmission.
Among the down-regulated
genes in SC, with respect to CC, under
calcareous conditions in the pot ex-
dly periment, we chose to validate NADH
GDH (id_6450), and we confirmed
¥ its down-regulation in all the sensi-
tive rootstocks with respect to the
tolerant ones.

C. latipes»  C. latipes*
C. aurantium C. aurantium
13-23 14-37

T T T

C aurantium  Camizo
Cassibile 2 citrange
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Real-time expressionlevel (fold change)
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T T 1

Generally, there was no trend in
gene expression among the sensitive
and tolerant rootstocks, and this
could be the result of the different
genetic backgrounds associated
with the different crosses.

EVALUATION OF ACONITASE
ISOFORM EXPRESSION IN THE ROOTS
AND JUICE. Aconitase is known to be
involved in the acidification process
I in both citrus roots and fruits (Forner-
I Giner and Ancillo, 2011; Shlizerman
et al., 2007). Aconitase belongs to a
family of enzymes that catalyze the

C. latipesx  C. latipes*
C. aurantium C. aurantium
13-23 14-37

Tolerant

CaANWEOO N WO
1

[

Swingle
citrumelo

C. qurantium Camizo
Cassibile 2

C. latipes*  C. latipes*
P rwifoliata  P. trifoliata
33 6-17

Rootstock sampling

Fig. 4. Real-time reverse transcription (RT)-polymerase chain reaction (PCR) expression data related to

glutathione peroxidase (GPX), small auxin up RNA (SAUR) family gene

dehydrogenase (GDH) on roots of seven sensitive and tolerant Citrus and Poncirus rootstocks on the field.

increase in gene expression levels in the sensitive SC vs. the
tolerant CC despite the lack of a regular expression trend among
the other sensitive and tolerant rootstocks. GPX expression
levels were associated with the effects of Fe deficiency-related
oxidative damage. Therefore, together with the antioxidants
ascorbic acid and glutathione, ROS-scavenging enzymes such
as superoxide dismutase, ascorbate peroxidase, catalase, and
GPX work to detoxify O, and H,0O,. The correct balance
among the scavenging enzymes in cells prevents the formation
of the highly toxic HO™ radical. In this sense, the overexpres-
sion of GPX results in abiotic stress tolerance in various crop
plants as a result of its ROS-scavenging capacity (Yousufet al.,
2012).

J. AMER. Soc. Hort. Sci. 138(6):487—498. 2013.

citrange C. qurantium C. aurantium

conversion of citrate to isocitrate, and
these enzymes require Fe for activa-
tion (Forner-Giner and Ancillo,
2011). The aconitate hydratase fam-
ily has been described in Citrus
(Terol et al., 2010), and a phyloge-
netic analysis clarified the evolution-
ary history of this protein family in
plants. Moreover, the role of the citrus
aconitase genes in acid homeostasis
has been investigated in several acidic
and acidless genotypes (Terol et al., 2010). Two isoforms of
aconitase have been detected: the mitochondrial form, which is
involved in the tricarboxylic acid cycle, and the cytosolic form,
which participates in cytosolic citrate metabolism (Cercos
et al., 2006) and in the glyoxylate cycle (Hayashi et al.,
1995). Real-time RT-PCR was performed to evaluate the
expression of id_1806, which encodes an aconitase, and the
results showed higher expression levels in the CC roots than in
the SC roots despite the lack of expression trends in other
sensitive and tolerant rootstocks (Fig. 5). These data confirmed
the analysis performed with Aco3 in the field trial (Fig. 5).
Reduced aconitase levels in sensitive rootstocks have also been
documented by Hortschansky et al. (2007). Shlizerman et al.

C. latipes*  C. latipes

13-23 14-37

protein, and NADH glutamate
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Fig. 5. Expression data performed using the real-time reverse transcription (RT)—polymerase chain reaction (PCR) on the aconitase (id_1806) and cytosolic isoform
of aconitase (Aco3) on roots of seven sensitive and tolerant Citrus and Poncirus rootstocks grown in the field. The expression data of mitochondrial isoform of
aconitase (Aco2) were associated to acidity content of juice taken from fruits of scion grafted on same rootstocks.

(2007) discussed the reduction in cytosolic aconitase levels
in response to limited Fe availability; this reduction results in
slower rates of citrate breakdown and a concomitant increase in
citrate levels. When the Fe supply is limited, aconitase activity
is reduced (Shlizerman et al., 2007) as a result of the reduced
levels of available Fe for aconitase activation. Real-time

496

RT-PCR analysis of the juices from plants grafted onto
different rootstocks revealed the overexpression of Aco2 in
SC, with respect to CC, which correlated with the levels of fruit
acidity (Fig. 5). These data agree with previously described
results from Terol et al. (2010). As reported in Shlizerman et al.
(2007), we postulated that Fe deficiency induced an increase in

J. AMER. Soc. Horr. Sci. 138(6):487—498. 2013.
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the citric acid content of the juice and in mitochondrial
aconitase (Aco2), which was associated with the inhibition of
cytosolic aconitases such as Aco3 and id_1806.

Concluding Remarks

In most studies concerning the identification of genes
involved in Fe deficiency, the plants were grown hydroponi-
cally or on in vitro substrates and were irrigated with Hoagland
solution with or without EDTA-Fe. Our intent was to use nat-
ural growth conditions (in pots and in the field) to identify
changes in gene expression that were representative of the
conditions in which citrus rootstocks are normally grown.

The experimental design was constructed to permit the
identification of genes specifically related to the genotype and
Fe deficiency. The use of rootstocks in the field, in addition to
those grown in pots, allowed us to hypothesize a more complex
mechanism for Fe deficiency rather than a generalized expla-
nation for the stress response. In particular, the rootstocks used
in the field test were derived from a cross in which the female
parent (Citrus latipes) was different from that of the CC (C.
sinensis) or SC (C. paradisi). This observation supports the
hypothesis that a different genetic background might be re-
sponsible for the various mechanisms involved in Fe defi-
ciency. The validation of the pivotal genes in the field-grown
plants revealed changes in gene expression that did not
correlate well with their tolerant or sensitive phenotypes. These
findings support the hypothesis that the genetic background
determines the involvement of specific genes in the response to
Fe restriction. Furthermore, our data could suggest that pathways
involved in Fe deficiency tolerance in citrus are rather numerous
and that different adaptation mechanisms become more or less
relevant depending on the particular genetic background. The high
number of unannotated genes in both of the comparisons should
be investigated, perhaps using a proteomic approach.
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