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Abstract: In Citrus, flower induction represents the transition from vegetative to reproductive growth.
The regulation of flower induction is mainly triggered by exposure to low temperatures and water-
deficit stress, which activates the signaling cascade leading to an increased expression of the citrus
orthologs of the FLOWERING LOCUS T (CiFT). In this study, the relationship between rootstock
and flower induction under Mediterranean field conditions was investigated by monitoring the
expression levels of the floral promoter CiFT2 in leaves of the pigmented sweet orange “Tarocco
Scire” grafted onto “C35” citrange and “Swingle” citrumelo rootstocks. The latter two are known to
confer, respectively, high and low yield efficiency to the scion. In both rootstock/scion combinations,
CiFT2 showed a seasonal expression with a peak during the inductive period in January triggered by
cold temperature. The “Tarocco Scire”/”C35” citrange combination showed the highest expression
levels for CiFT2; this increased expression was correlated with yield and a higher number of flowers
in the following spring, suggesting a significant effect of rootstocks on flower induction mediated by
the overexpression of the CiFT2 gene.

Keywords: reproductive biology; endogenous factor; gene expression; “C35” citrange; “Swingle”
citrumelo; Citrus sinensis (L.) Osb

1. Introduction

Sweet orange is one of the most important fruit crops in the world in terms of
both production and harvested area: in 2018, the annual world production was equal
to 75,413,374 tons with a corresponding harvested area of 4,469,719 hectares [1]. The most
important countries in terms of production were Brazil, China and India (22%, 12% and
11% of the total production; [1]). Sweet orange cultivation strongly characterizes many
Mediterranean countries. The Mediterranean countries with the highest production of
sweet orange are Spain and Italy with 3.6 and 1.5 million tons, respectively [1]. Sweet
orange is particularly prized for its fruit quality, especially for the organoleptic properties
as well as for the nutraceutical value of the fruit (e.g., high content in antioxidant molecules
and vitamins).

In Citrus, the reproductive phase occurs after a long juvenile period (approximately
6 years) during which the flower development is inhibited [2]. At maturity, citrus plants
do not show a true dormancy; this reflects their original nature as tropical-subtropical ever-
green species [3]. Furthermore, several works have indicated that floral induction in citrus
occurs independently of the photoperiod [4]. Low temperatures (10-18 °C day/5-13 °C
night) and water-deficit stress are recognized as the main factors involved in the induction
of flowering in citrus [4-7].
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In recent years, several studies have been carried out to elucidate the mechanisms
and the complex network of genes underlying florigen signaling [8]. In Arabidopsis, several
flowering-related genes have been characterized [9-11], and further sequence homology
studies evidenced that such genes are highly conserved in many other species, including
citrus [12]. Among these genes, the citrus FLOWERING LOCUS T homologs (CiFTs)
showed a close correlation with floral induction [13] as demonstrated by transformation
studies highlighting the correlation between early flowering and the overexpression of
the CiFTs in Citrus species such as trifoliate orange (Poncirus trifoliata L. Raf) and sweet
orange [14-16].

At first, three CiFTs were characterized in Satsuma mandarin using a cloning ap-
proach: CiFT1, CiFT2 and CiFT3. All three CiFTs showed a putative function in flow-
ering induction [17]. Then, the availability of the reference genome of C. clementine
(http:/ /www.phytozome.org/, accessed on 22 January 2020) allowed a finer characteriza-
tion of such transcripts, revealing that CiFT1 and CiFT2 were indeed alleles of the same
gene (Ciclev10013731m) renamed CiFT1; meanwhile, CiFT3 was encoded by a different
gene (Ciclev10012905m) renamed CiFT2 [18]. In the same work, Samach detected a third
CiFT homolog gene (Ciclev10012629m) named CiFT3. Among these CiFT's homologs, CiFT2
was the only gene expressed during the flower inductive period in citrus. Transcriptomic
studies performed on different Citrus species (i.e., mandarins, sweet orange, pummelo)
highlighted the interplay between CiFT2 endogenous expression and the floral inductive
signals [17,19-21]. In short, the inductive signals are perceived in leaves triggering the
expression of the FT gene, and then the product of the FT gene, florigen, moves by the
phloem to the shoot apical meristem inducing the flowering response via the activation of
meristem identity genes such as LEAFY (LFY) and APETALA1 (AP1) [22-25]. In this model,
an important role in influencing CiFT2 expressions is played by environmental factors such
as cold temperature and water-deficit stress. Exposure to both stimuli, low temperature
and water-deficit stress, has been associated with an increase in expression levels of CiFT2
in sweet orange and Satsuma mandarin [17,20,21].

Although the environmental stimuli described above certainly play a key role in
controlling citrus flowering, there is much evidence suggesting that the flowering response
to inductive conditions could also be influenced by endogenous factors such as fruit load,
nutritional status and hormonal balance. In citrus, the flowering inhibition is strictly related
to juvenility and alternate bearing with direct repercussions on the productive volumes.
Alternate bearing mainly results from suppression of flowering by heavy fruit production
and late harvest, determining a reduction in the flower number (thus the number of fruits
on the tree) in the following year [26]. In citrus, the high fruit load during the floral
inductive period (affecting flowering in the following spring) is correlated with a reduction
in the expression levels of the CiFT2 gene [27,28]. Low flowering intensity, determined
by high fruit load, is often accompanied by a nitrogen shortage in leaves [29]. Several
works have reported the active role of the hormone balance in modulating changes in
CiFT gene expression. Exogenous applications of gibberellins (GAs) in citrus during the
flower bud induction period inhibit flowering by repressing CiFT expression in buds and
leaves [30,31]. In contrast, endogenous accumulation of abscisic acid (ABA) in mandarin
shoots during the floral induction period under low temperatures (15 °C) was correlated
with the accumulation of CiFT transcripts and eventually with flowering intensity [32].

While several studies are available on the effect of the above-mentioned factors on
flower induction, few reports have focused on the role of other factors such as the choice of
the rootstock, even though it is well known that hormonal signaling is strictly related to
rootstock—scion communication [33].

This aspect is of particular interest for many crops, including all Citrus species, which
are routinely grafted since the choice of the rootstock can greatly influence traits of eco-
nomic interest such as plant architecture, yield, fruit quality and tolerance to biotic and
abiotic stress [34]. It has already been demonstrated in other perennial fruit tree crops
(apple, mango and avocado) that flowering can be influenced by different factors including
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rootstock [35,36]. Similar studies were conducted in sweet cherry and pear, in which it
was observed that rootstock affects the scion precocity, the abundance of flowering and
the attitude of flowers to set fruit [37]. For centuries, the cultivation of sweet orange relied
on the application of grafting; in the Mediterranean area, in particular, the most widely
used rootstock was sour orange (C. aurantium L.). The reasons behind the wide use of sour
orange relied on its positive influence on fruit yield and on its wide adaptability to different
environmental conditions and the tolerance to many biotic diseases. Unfortunately, the
high susceptibility to Citrus Tristeza Virus (CTV) hampers its use in new plantings [38]. To
overcome this problem, citranges (C. sinensis (L.) Osb. x Poncirus trifoliata (L.) Raf.) and
other intergeneric hybrids (i.e., “Swingle” citrumelo) tolerant to CTV have been used [39].
However, CTV-tolerant rootstocks cannot be safely employed in all environments since
they suffer from specific limitations due to either abiotic or biotic stress. In light of this,
the development of novel rootstocks and their evaluation in different environments is still
an essential step for the development of novel genotypes able to both adapt to different
environmental conditions and to confer optimal fruit quality characteristics to the fruit [40—43].
Beside this, the evaluation of potential rootstocks must also consider their agronomic
performance in combination with different scions. Recently, the fruit quality and yield of
the pigmented sweet orange variety “Tarocco Scireé” grafted onto nine different rootstocks
showing CTV tolerance were evaluated over several years. Even though “C35” citrange
and “Swingle” citrumelo were characterized by similar canopy volume, the former regis-
tered the highest cumulative yield among the rootstocks tested while “Swingle” citrumelo
was characterized by one of the lowest productions [39].

The effect of the rootstock on the flowering intensity suggests that the choice of
the rootstock could greatly influence the expression levels of CiFT genes, with direct
repercussions on flowering and fruiting intensity. To test this hypothesis, the expression
patterns of the CiFT2 gene were evaluated in the leaves of “Tarocco Scire” sweet orange
grafted onto “C35” citrange (TS/C35) and “Swingle” citrumelo (TS/SC) to investigate their
correlation with the flower bud induction period in relation to the temperature regimes,
and the correspondence between the CiFT2 expression and the flowering intensity and
fruit load.

2. Materials and Methods
2.1. Plant Material

The study was performed on 7-year-old “Tarocco Scire” pigmented sweet orange
(C. sinensis (L.) Osb.) trees grafted onto two rootstocks, “C35” citrange (C. sinensis (L.)
Osb. x Poncirus trifoliata (L.) Raf.) (TS/C35) and “Swingle” citrumelo (C. paradisi Macf. x
Poncirus trifoliata (L.) Raf.) (TS/SC) growing in the experimental field of Lentini (Siracusa
province, south Italy, 37°17/04” N, 14°53'16"" E; at an altitude of approximately 57 m above
sea level). Trees were planted 5 x 3 m apart and drip-irrigated, fertilized and grown
according to standard cultural practices.

2.2. Harvest Data and Sampling

Four trees with similar canopy volume were used for each rootstock/scion combina-
tion (TS/C35 and TS/SC). Twenty-eight fully developed mature leaves per thesis were
collected from non-fruiting branches monthly from September 2017 to July 2018. For each
rootstock/scion combination, the collected leaves were quickly frozen in liquid nitrogen
and stored at —80 °C until RNA extractions performed in three replicates. The flowering
intensity was evaluated in spring (April 2018) by selecting three branches per tree with
similar size and having an equal number of nodes (approximately 300). The branches were
chosen from different sides of the tree at about 2 m above the soil level. The number of
flowers per sprout was counted and expressed as the number of flowers per 100 nodes
to normalize the differences in the size of the selected branches. Fruits were harvested at
commercial maturity in March in both years of assessment (2018 and 2019). The yield was
evaluated at harvest during the seasons 2017/2018 and 2018/2019 by measuring the fruit
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weight and the number of harvested fruits per tree. Temperature data during the sampling
period were provided by the Servizio Informativo Agrometeorologico Siciliano (SIAS)
(http:/ /www.sias.regione.sicilia.it/, accessed on 25 January 2020).

2.3. Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from frozen leaves using Spectrum™ Plant Total RNA
Kit (Sigma-Aldrich, Saint Louis, USA) and treated with DNase I (On-Column DNase
I Digestion Set, Sigma-Aldrich, Saint Louis, USA) following the protocol described by
Distefano et al. [44]. RNA concentration and purity were assessed by the OD549/ODxg
ratio using a spectrophotometer (NanoDrop-2000, Thermo Scientific, USA), while RNA
integrity was verified by 1% agarose gel electrophoresis. cDNA was synthesized from
1 pg of total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, USA) according to the procedure indicated by the manufacturer.

2.4. Real Time-PCR

The Real Time-PCR (RT-PCR) assays were performed on the Rotor-Gene Q thermocy-
cler (Qiagen, Hilden, Germany) in 20 uL total reaction volume containing 1 x PCR buffer II,
2 mM MgCl,, 0.2 mM dNTPs, 0.3 uM of forward and reverse primer (Eurofins Genomics),
1.5 uM SYTO9 (Life Technologies, UK), 50 ng of the synthesized cDNA and 1U of MyTaq
DNA polymerase (Bioline, UK). The CiFT2 was amplified using the following primers
reported by Nishikawa et al. [17]: 5-CAACAAAATTTCATCACTTGAATAGTC-3' and
5-AAACACTCAACAACACTTAGCACAAA-3'. The housekeeping gene used for rela-
tive quantification of CiFT2 abundance was citrus Elongation Factor 1-alpha (EF-1«, accession
AY498567) [45] amplified using the following primers: 5'-ATTGACAAGCGTGTGATTGAGC-3'
and 5-TCCACAAGGCAATATCAATGGTA-3'.

Thermal cycling conditions included an initial denaturation at 95 °C for 5 min, fol-
lowed by 35 cycles at 95 °C for 5 s, 58 °C for 20 s and 72 °C for 2 min. The threshold cycle
(Ct) values were used to calculate the expression level of CiFT2 relative to EF-1a transcript
using the Rotor-Gene Q software (v2.1.0).

2.5. Statistical Analysis

The graphs and the statistical analysis (t-test and ANOVA) were performed using
the “stat” package of the R software [46]. The ANOVA test was employed to detect
significant differences among more than two groups (p-values < 0.05); post-hoc Tukey
test was then applied to detect which pairwise comparison showed significant differences
(adjusted p-value < 0.05). T-test was applied to test differences in means among two groups
of observations.

3. Results

In this study, the effect of rootstock on flower induction was investigated through
the assessment of CiFT2 expression in leaves of “Tarocco Scire” sweet orange grafted onto
“C35” citrange and “Swingle” citrumelo, two rootstocks characterized by high and low
yield efficiency, respectively. The mRNA expression levels were monitored from September
2017 to July 2018, and results were then correlated with temperature trends, flowering
intensity and yield production.

Seasonal changes were observed in the expression levels of CiFT2 throughout the
experimental period (Figure 1). From September to December 2017, the CiFT2 expression
remained relatively low, and then both combinations showed an increase in January 2018
(with TS/C35 showing a significantly higher CiFT2 expression compared with TS/SC).
From February to the spring season 2018 (June), the expression level remained low in both
combinations with a second peak registered in July 2018 (Figure 1).
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Figure 1. Changes in CiFT2 expression levels in leaves of “Tarocco Scire” scion grafted onto “C35”
citrange (TS/C35) and “Swingle” citrumelo (TS/SC) rootstocks from September 2017 to July 2018.
Each value is the mean of three technical replicates &+ standard deviation. Different letters for
the same sampling date indicate significant difference between rootstocks using Student’s -test
(p-value < 0.05).

Even though both rootstock/scion combinations showed an increased CiFT2 expres-
sion during the inductive period (January 2018), the expression level in TS/C35 was
three-fold higher than TS/SC (p-value = 0.02) (Figure 1). A significant difference in gene
expression between the two rootstock/scion combinations was also observed in July
(p-value = 0.04) and October 2018 (p-value = 0.03); in both cases the expression level of
CiFT2 was significantly higher in TS/SC, whilst in May 2018 a significantly higher expres-
sion (p-value = 0.03) was recorded in TS/C35 (Figure 1).

The average maximum and minimum temperatures (°C) registered throughout the
experimental period are shown in Figure 2. The temperatures showed a marked decrease
in autumn, reaching the minimum value (5.0 °C) in December 2017 (Figure 2); then, tem-
peratures began to increase throughout the spring season reaching their highest maximum
value (35.4 °C) in July 2018 (Figure 2).
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Figure 2. Average maximum and minimum temperature (°C) registered during the sampling period
(source SIAS; http:/ /www.sias.regione.sicilia.it/, accessed on 25 January 2020).

The flowering intensity was estimated in spring (April 2018) by counting the number
of flowers per 100 nodes (Figure 3). Results revealed significant differences among the
two rootstock/scion combinations, with TS/C35 showing the highest number of flowers
compared with TS/SC (p-value = 0.01).
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Figure 3. Number of flowers per 100 nodes recorded on “Tarocco Sciré” scion grafted onto “C35”
citrange (TS/SC, dark gray box) and “Swingle” citrumelo (TS/SC, light gray box) rootstocks in
April 2018. Each value is the mean of four trees per rootstock. Different letters indicate significant
difference between rootstocks (p-value < 0.05).

The fruit yield (resulting from the blooming of the previous year) was evaluated at har-
vest in two consequent years in 2018 and 2019 (Figure 4a,b). In both years, TS/C35 showed
both the highest fruit production (Figure 4a, p-value = 0.00 in 2018 and p-value = 0.01 in
2019) and highest number of fruits (Figure 4b, p-value = 0.00 in 2018) compared with TS/SC;
in the latter case no significant difference was shown in 2019 (Figure 4b, p-value = 0.37).
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Figure 4. Yield expressed as kg/tree (a) and number of fruits/tree (b) recorded on “Tarocco Sciré” scion grafted onto “C35”
citrange (TS/C35, dark gray boxes) and “Swingle” citrumelo (TS/SC, light gray boxes) for two subsequent years: 2018
(blooming 2017) and 2019 (blooming 2018). Each value is the mean of four trees per rootstock. Different letters indicate
significant difference between rootstocks using ANOVA test followed by Tukey post-hoc test (adjusted p-value < 0.05).

4. Discussion

Flowering induction is regulated by a complex interaction of environmental factors
and endogenous genetic regulation systems [47]. In recent years, several studies have
been carried out to unravel the mechanisms of florigen signaling in plants, elucidating the
complex genetic network involved in the regulation of flowering [8]. In Citrus, low temper-
atures (1520 °C) and water-deficit stress are recognized as the main factors involved in the
induction of flowering [21,48]. Likewise, the flowering response could also be influenced
by endogenous factors such as fruit load [27,28], altered nutritional and carbohydrate
metabolism, or increased levels of gibberellin (GA) [30,49] and abscisic acid (ABA) [32].

In this study, the effect of rootstock on flower induction was investigated through the
analysis of CiFT2 expression in leaves of “Tarocco Scire” sweet orange, grafted onto two
rootstocks: “C35” citrange and “Swingle” citrumelo, characterized by a marked difference
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in yield [39]. The expression of this gene was monitored from September 2017 to July 2018
and correlated with temperature trends, flowering intensity and yield production.

Previous reports have highlighted the tight connection between temperatures and
flower-gene expression: an increased expression of CiFT genes during the transition from
winter to spring was observed in Satsuma, suggesting a strong association between CiFT
expression levels and floral induction triggered by low temperature [17,50,51]. Similarly in
“Washington” navel orange, low-temperature treatments promoted flowering by increasing
the expression of CiFT in leaves [19,20].

Temperatures registered during the experimental period (Figure 2) showed a marked
decrease in autumn, reaching their lowest value (5 °C) in December 2017, just before the
increase in CiFT2 expression levels, suggesting a direct effect of low temperature on the
flower induction and the expression levels of CiFT2.

This phenomenon is particularly evident for TS/C35, while the CiFT2 expression
levels detected on TS/SC reached the maximum in July; such increased expression is
not reported in Satsuma mandarin, in which floral induction and expression of CiFTs
occurred only during early winter (in accordance with what was detected for TS/C35) [51].
The increase in expression levels of CiFT2, observed in TS/SC from May to July (when
flowering is finished and the temperature has increased), could be linked to the interplay
between endogenous and other environmental factors rather than temperature. In kumquat
and trifoliate orange, an increase in the expression levels of CiFT2 was observed during
early summer, during (or just before) the onset of the flower organs [48]. Similar results
were observed in pummelo (C. grandis Osbeck) and “Pineapple” sweet orange by Pajon
et al. [52], suggesting that the increase in CiFT gene expression soon after flowering is
probably associated with changes in light conditions or internal signal regulation. Other
factors could have played a role in the high expression levels recorded in July for TS/SC;
among these are the increased solar radiation availability and the water-deficit stress
induced by the very high evaporative demand during summer, even in irrigated plants.
Both high levels of solar radiation and water-deficit stress have been demonstrated to exert
an effect on the expression of CiFT transcripts in sweet orange by Chica and Albrigo [20,21].

It has been reported that CiFT expression during floral induction in citrus trees is
closely correlated with the number of flowers in the following spring [53,54]. This is further
confirmed by our analysis in which TS/C35 plants showed a significantly higher flowering
intensity compared with TS/SC (p-value = 0.0163, Figure 3), supporting the hypothesis
that rootstock affects floral induction in sweet orange by regulating the expression pattern
of CiFT2.

Among the factors involved in flowering, fruit load is known to act as a repressive
stimulus [27,28,55] for the CiFT2 expression in the following year. To test this assumption,
fruit yield was evaluated at harvest in 2018 and 2019 (Figure 4a,b). In both years, TS/C35
had a higher yield than TS/SC (Figure 4a,b). Interestingly, the low fruit yield in TS/SC
measured in March 2018 was not associated with an increased expression level of CiFT2
during the inductive period (January 2018), and similarly, the higher production of TS/C35
in March 2018 did not act as a repressive stimulus for the CiFT2 expression in January 2018.

This result indicates that the relation between fruit load and CiFT2 expression could
be actively influenced by the rootstock through complex mechanisms (which are still
largely unclear).

Rootstock controls many of the physiological aspects of the scion through the reg-
ulation of the gene expression in the scion. For example, it has been reported that the
superoxide dismutase (SOD) activity in the leaves of the lemon cv. “Verna” grafted onto
C. macrophylla or C. reticulata rootstocks was mainly influenced by the rootstock rather
than by the different salt concentrations tested [56]. Jensen et al. [57] observed signifi-
cant differences in the expression of genes potentially involved in photosynthesis, tree
size, stress tolerance and flowering of the apple cultivar “Gala” grafted onto dwarfing
and semi-dwarfing rootstocks. In particular, “Gala” grafted onto the dwarfing rootstock
showed higher expression of several genes related to photosynthesis and cell division,
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while plants grafted onto the semi-dwarfing one showed increased stress-related gene
expression. Prassinos et al. [58] used cDNA-AFLP and microarray approaches to examine
the gene expression in multiple tissues from sweet cherry “Bing” scions on dwarfing and
semi-dwarfing rootstocks. Results revealed a differential expression of several transcription
factors and genes in the scion and in the graft union.

The short- and long-distance transport of mRNA, small RNA and proteins from the
rootstock to the scion has been reported, but little is known on how these molecules can
modulate important phenotypic traits in the scion [34]. Several studies have speculated on
the possibility that FT proteins or m-RNAs are able to move across a graft junction affecting
flowering in the scion [59]. This hypothesis was demonstrated in tomato, Arabidopsis
and cucurbits [25,60-62]. In Jatropha, the use of transgenic rootstocks overexpressing FT
genes determined early flowering in the scion [63]. In apple, RNA sequencing indicated
that flowering genes including FT-like genes (MdFT1 and MdFT2) are upregulated in
the vascular tissue of dwarfing rootstocks and are responsible for the early flowering
of the scion [35]. No information about the translocation of FT products from rootstock
to scion has been reported for citrus; however, different citrus rootstocks significantly
affect the expression of genes involved in auxin signal transduction and GA biosynthesis
pathways in grafted mandarins [64]. The role of GAs in the control of flowering in citrus
by the regulation of CiFT expression in leaves is known [30,31]. Tang and Lovatt [65]
suggested that floral inhibition in “Washington” navel orange, caused by GAj application,
is independent of FT expression in buds; however, the possibility that GA3 regulates floral
induction through FT cannot be excluded. This hypothesis is also confirmed by Collani
et al. [66] who evidenced the role of the bZIP transcription factor FD (known to interact
with FT at the shoot) in the regulation of GA metabolism. Recently, it was observed that
transgenic Carrizo rootstock lines expressing the C. clementina FT gene under the control of
the Arabidopsis thaliana phloem-specific SUCROSE SYNTHASE 2 (AtSUC2) promoter induce
precocious flowering in non-transgenic “Valencia” scion [67]. The analysis of FT gene
expression in non-transgenic scion leaves grafted onto FT transgenic rootstocks showed an
increase of two-fold higher compared with shoots emerging from non-transgenic rootstocks
at the fully open flower stage [67]. These results suggest an important role of rootstocks in
the control of flowering by regulation of FT gene expression in the scion.

5. Conclusions

In citrus, environmental factors such as low temperature and water-deficit stress
as well as endogenous factors, including fruit load, nutritional status and hormonal
metabolism, regulate flower induction by the expression of CiFT2. It is known that root-
stock controls many aspects of vegetative vigor and fruit yield in the scion; however, its
effects on flower induction in the scion have been investigated less. Our results showed
that rootstocks affect floral induction in sweet orange and that this effect is mediated by
the regulation of CiFT2 expression in scion leaves during the inductive period. Under our
conditions (Mediterranean climate), a higher expression level for CiFT2 was recorded in
TS/C35 as compared with TS/SC, associated with an increased flowering intensity in the
following spring. Interestingly, this expression pattern was independent of the fruit yield
level, suggesting that complex mechanisms underlying the rootstock effect in modulating
different physiological behavior are still unclear. The interaction between rootstock and
cultivar seems to play a key role to enhance genetic expression involved in flowering
induction. The overall results provide insights into the regulation of flower induction in
citrus, which could guide the choice of rootstocks combining fruit crop yield and quality.
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