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abstract
     Chloride and sodium concentrations and gas exchange parameters were measured on leaves of ‘Valencia’ orange 
scions grafted onto the rootstocks Cleopatra mandarin (CM), Poncirus trifoliata (PT) and their hybrids Forner-
Alcaide 5 (FA-5) and Forner-Alcaide 13 (FA-13), grown in pots with different concentrations of NaCl in the external 
medium. Scions on CM accumulated less Cl- in their leaves than scions on PT. However, Na+ concentrations were 
lower in scions on PT than on CM. Leaf Cl- exclusion appears to be transmitted to F1 hybrids FA-5 and FA-13. 
Also, the limited transport of Na+ from rootstock to scions on PT was transmitted to FA-5. Leaf gas exchange 
parameters in salt-treated plants were reduced to different extents, depending on the rootstock. The decreases in net 
CO2 assimilation and transpiration were more pronounced in CM, followed by PT and FA-13. The lowest reductions 
in both parameters occurred in scions on FA-5. The results indicate that, both in terms of saline ion exclusion and 
gas exchange parameters, FA-5 was the most tolerant genotype to salinity of the four studied, followed by FA-13.

  Citrus is a salt-sensitive crop (21), which 
suffers physiological disturbances and growth 
reduction even at low to moderate salinities (2, 
7, 23, 26). It is generally accepted that salinity 
effects are induced by factors such as salt-
specific toxicity and ionic imbalance resulting 
from the accumulation of saline ions (7, 12, 
24, 25, 27), as well as altered gas exchange 
parameters and adverse water relations due to 
the decrease in soil solution osmotic potential 
(5, 16, 17, 18, 19, 27) or combinations of 
these factors.
  Rootstocks largely control the uptake and/
or transport of salts to scions, and salt sen-
sitivity is associated with the accumulation 
of excessive concentrations of chloride, and 
sometimes sodium, in leaves (7, 12). The 
main salts causing injury are chlorides, and 
the salt tolerance of some citrus rootstocks 
is determined by their capacity for chloride 
exclusion (1, 22, 25, 27).
  In 1974, a program began at the Valencian 
Institute for Agricultural Research (IVIA) to 
breed citrus rootstocks by hybridizations, in 

which more than 500 hybrids were evaluated 
to determine their agronomic performances. 
Among them, two hybrids of Cleopatra man-
darin (Citrus reshni Hort. ex Tan.) x Poncirus 
trifoliata (L.) Raf., specifically Forner-Alcaide 
nº5 (FA-5) and Forner- Alcaide nº13 (FA-13), 
were selected since both are semi-dwarfing, 
and induce high productivity and good fruit 
quality on the scion cultivar (8, 9). Moreover, 
these rootstocks are resistant to citrus tristeza 
virus (CTV) and display good resistance to 
Phytophthora spp. (8) In addition, FA-5 is 
resistant to the citrus nematode (Tylenchulus 
semipenetrans Cobb.) and appears to be tol-
erant to calcareous soils (8). FA-5 has been a 
commercial rootstock in the European Union 
since 2005 and FA-13 since 2008.
  The aim of our study was to test the per-
formance of FA-5 and FA-13 on exposure to 
salinity, studying chloride and sodium uptake, 
and leaf gas exchange parameters, compared 
with their parents, Cleopatra mandarin (CM) 
and P. trifoliata (PT).
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Materials and Methods
  Plant material. Eighteen-month-old grafted 
plants of ‘Valencia’ orange (C. sinensis (L.) 
Osb.) scions on four rootstocks (CM, PT, 
FA-5 and FA-13) were used in this experiment. 
Plants were cultured under greenhouse con-
ditions with supplementary light (<50 mmol 
m-2s-1, 400-700 nm) to extend the photoperiod 
to 16 h. Temperatures ranged between 16-18ºC 
at night and 24-28ºC by day. Relative humidity 
was maintained at approximately 80%. Plants 
were grown individually in 5 L pots filled with 
coarse sand. All plants were irrigated once 
weekly until the beginning of the experiment 
with the following nutrient solution: 3 mM 
Ca(NO3)2, 3 mM KNO3, 2 mM MgSO4, 2.3 
mM H3PO4, 17.9 mM Fe-EDDHA and trace 
elements as prescribed by Hoagland and Ar-
non (14). Nutrient solution pH was adjusted 
to 6.0 with 1M KOH or 1M H2SO4. The water 
contained 3.80 mM Cl and 2.4 mM Na. When 
the experiment started, plants were given 
the above nutrient solution to which either 0 
(control), 20, 40 or 60 mM NaCl was added. 
Salt treatments were maintained for 8 wk. The 
plants were irrigated twice weekly using 2 L 
of solution per pot at each watering event. 
Excess solution (approximately 1L) drained 
out of the pot, thereby avoiding salt accumu-
lation in the sand. Plants growing as a single 
shoot were selected for uniformity of size at 
the beginning of the experimental treatments. 
Six plants were used for each treatment. The 
plants were randomized over the experimental 
area and analysed individually. 
  Gas exchange. Photosynthesis and tran-
spiration of attached leaves were measured 
outdoors at the end of the experiment between 
10:30 h and 14:30 h. Only fully expanded 
mature leaves were used for determinations of 
gas exchange parameters. Two leaves for each 
of the six plants per treatment and rootstock 
were used. Photosynthetically active radiation 
(PAR) at the leaf surface was adjusted to 1000 
mmol m-2 s-1, which exceeds the saturating 
value for citrus (15). A closed gas exchange 
Li-Cor LI-6400 portable Phosynthesis System 
(Li-Cor, Lincoln, Nebr. USA) was used for 

the measurements. Laminae of leaves were 
totally enclosed within a fan-stirred cuvette 
and maintained at 25 ±0.5 ºC, with a leaf-to-air 
vapour deficit of about 1.7 Pa. The air flow rate 
through the cuvette was 0.5-1.5 L min-1. The 
CO2 analyser was calibrated daily with a series 
of standard CO2/air mixtures. Ten consecutive 
measurements were taken at 3 s intervals.
  Harvesting and chemical analysis. After 8 
wk salinization, plants were harvested, divided 
into root and aerial components, washed and 
weighed. The fractions were then dried in a 
forced-draft oven at 60ºC for 48 h and re-
weighed. For analysis of chloride and sodium, 
roots and aerial components were crushed in a 
hammer-mill and stored at room temperature. 
Sodium was determined by atomic absorption 
spectrophotometry with a Perkin-Elmer 4100 
(Perkin-Elmer, Salem, Mass., USA) after ex-
traction in nitric acid at 70ºC for 20 min. (6). 
Chloride was determined by silver ion titration 
with a Corning 926 chloridometer (Corning, 
Halstead, Essex, UK) (10).
  Statistical analysis. The data presented 
correspond to the mean of at least six in-
dependent plants. Statistical analyses were 
performed with Statgraphics Plus version 5.1 
(Statistical Graphics, Englewood Cliffs, NJ). 
Relationships between parameters were fit-
ted to linear and nonlinear regressions. Main 
treatment effects were evaluated by analysis 
of variance (ANOVA).

Results
  Chloride and sodium concentrations in 
leaves and roots of all scion-rootstock com-
binations increased when the NaCl treatment 
was increased from 0 to 60 mM (Fig. 1A). 
Leaves from scions grafted onto PT accu-
mulated more Cl- than leaves from scions 
on CM, FA-5 and FA-13 rootstocks, which 
showed much lower chloride concentrations. 
Comparison of the Cl- contents of the roots 
of individual scion-rootstock combinations 
shows that FA-5 had the highest concentration 
of Cl- followed by CM, whereas FA-13 and 
PT showed lower Cl- levels (Fig. 1B). Total 
uptake of Cl- per unit weight of whole plants 
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was lower in plants grafted on CM, FA-5 and 
FA-13 than in plants on PT (Table 1). 
  Figure 2 represents the distribution of Cl- 
between the different plant parts in all scion-
rootstock combinations growing at 40 mM salt 
concentration, as the percentage contribution 
of the scion and the rootstock relative to the 
total ion content. There appears to be a marked 
influence of the rootstock on the relative dis-
tribution of the Cl- between the different plant 
parts. Plants grafted on FA-5 accumulated 
relatively more Cl- in the rootstock (73.08%) 

than on FA-13 and CM (47.62 and 48.15%, 
respectively), whereas plants grafted on PT 
showed the lowest amount (31.81%).
  Comparison of the Na+ contents of the 
leaves of individual scion-rootstock combina-
tions (Fig. 3A) indicates that FA-5 and FA-13 
accumulated by far the smallest concentra-
tions. PT presents an intermediate concentra-
tion, although this effect could not be detected 
when external NaCl concentrations were 
higher than 40 mM. Leaves from scions on 
CM had the highest Na+ concentrations. Roots 

Figure 1. Effects of different NaCl treatments on chloride concentration in leaves (A) and roots (B) 
of plants grafted onto different rootstocks: Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-
Alcaide 5 (FA-5) and Forner-Alcaide 13 (FA-13).
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Figure 2. Fractional contribution of the rootstock and the scion to the total chloride content of plants 
grafted onto different rootstocks: Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-Alcaide 5 
(FA-5) and Forner-Alcaide 13 (FA-13). All plants were growing in 40 mM NaCl.

Table 1. Chloride uptake (in mg/g total plant dry weight) by plants grafted onto different rootstocks: 
Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-Alcaide 5 (FA-5) and Forner-Alcaide 13 (FA-
13). Data are means (n ≥ 6) ± std.dev. 

NaCl treatment (mM)	     CM	     PT	    FA-5	   FA-13

           0	 2.6±0.7az	 3.1±0.3a	 2.9±0.7a	 2.9±0.4a

         20 	 3.3±0.4b	 7.2±1.4a	 4.3±0.4b	 4.6±0.6b

         40 	 4.3±0.6b	 10.4±1.1a	 5.7±0.6b	 5.5±0.6b

         60 	 5.1±0.8b	 11.8±2.9a	 6.2±0.5b	 6.8±1.0b
z Means within a row with the same letter are not significantly different (P>0.05) 

of FA-13 had the lowest Na+ concentrations, 
whereas the highest root concentrations were 
recorded from PT (Fig. 3B).
  All scion-rootstock combinations showed 
similar uptake of Na+ per unit weight of whole 
plants (Table 2), but the relative distribution of 
Na+ (the percentage contribution of each plant 
component relative to the total ion content) 
between the scion and the rootstock, appears 
to differ for each combination. Figure 4 shows 
the distribution of Na+ between the different 
plant parts in all scion-rootstock combina-
tions treated with 40 mM salt solution. Plants 
grafted on CM and FA-13 accumulated more 
Na+ in scions (75% and 60%, respectively) 

than plants grafted on PT and FA-5 (50 % 
and 36.4%, respectively). Consistently, plants 
grafted on PT and FA-5 accumulated more Na+ 
in rootstock (50% and 63.6%, respectively) 
than plants grafted on CM and FA-13 (25% 
and 40%, respectively).
  Net CO2 assimilation and leaf transpiration 
rates were reduced by NaCl during the 8 wk 
treatment period (Fig. 5). After this period, 
net CO2 assimilation rates decreased between 
29.5% (for plants on FA-5) and 47.6% (for 
plants on CM) in plants treated with 60 mM 
NaCl. Plants on FA-13 and PT rootstocks 
showed intermediate values (34.4% and 
36.4%, respectively). Control plants on FA-5 
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and FA-13 showed higher rates of net CO2 
assimilation (6.11 and 7.57 mmol m-2s-1, re-
spectively) than controls on CM and PT (3.49 
and 4.18 mmol m-2s-1, respectively). Also, treat-
ment with 60 mM NaCl over 8 wk resulted in 
reductions in leaf transpiration rates for scions 
on all tested rootstocks. The lowest decrease 
in leaf transpiration rate corresponded to FA-5 
(44.3%), followed by FA-13 (58.3%), CM 
(66.9%) and PT (80.2%).

Discussion
  Our work has confirmed that marked differ-
ences exist between CM and PT rootstocks in 
their ability to exclude saline ions, as observed 
previously (22, 27). Leaf chloride concentra-
tions were lower in plants on CM than in plants 
on PT. This is the result of a reduced uptake of 
Cl- by roots and a restricted ability to transport 
Cl- from rootstock to scion in plants on CM 
(3, 25) Typically, salt tolerance of citrus has 

Figure 3. Effects of different NaCl treatments on sodium concentration in leaves (A) and roots (B) 
of plants grafted onto different rootstocks: Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-
Alcaide 5 (FA-5) and Forner-Alcaide 13 (FA-13).
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Table 2. Sodium uptake (in mg/g total plant dry weight) by plants grafted onto different rootstocks: 
Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-Alcaide 5 (FA-5) and Forner-Alcaide 13 (FA-
13). Data are means (n ≥ 6) ± std.dev. 

NaCl treatment (mM)	       CM	       PT	      FA-5	    FA-13

             0	 0.5±0.01cz	 0.61±0.20c	 0.54±0.050c	 0.52±0.17c
           20 	 2.42±0.39bc	 2.77±0.69b	 2.10±0.25bc	 2.12±0.56bc
           40 	 2.93±1.6b	 3.26±0.4b	 2.91±0.98b	 2.71±1.10b
           60 	 4.2±0.15a	 6.82±2.60a	 3.62±0.89ab	 5.73±0.26a
zMeans within a row with the same letter are not significantly different (P>0.05) 

Figure 4. Fractional contribution of the rootstock and the scion to the total sodium content of plants 
grafted onto different rootstocks: Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-Alcaide 5 
(FA-5) and Forner-Alcaide 13 (FA-13). All plants were growing in 40 mM NaCl.

been characterized by the absence of leaf toxic 
symptoms associated with a reduced accumu-
lation of chloride ions in shoots and, therefore, 
CM is widely accepted as a salt-tolerant citrus 
rootstock.
  On the other hand, plants on CM rootstocks 
showed higher concentrations of Na+ in leaves, 
but lower concentrations in roots, compared 
to plants on PT. These data confirm CM as a 
relatively poor sodium excluder rootstock as 
previously reported (24, 27). There were no 
significant differences between plants on CM 
and PT in terms of total Na+ uptake by the 
whole plant, indicating that the two rootstocks 
appear not to differ markedly in their ability 
to regulate Na+ uptake at moderate salinities. 
However, the data on distribution of Na+ be-

tween the scion and the rootstock suggests that 
in PT there was a limited transport of Na+ from 
root to shoot, as is evidenced by the notable 
increase in Na+ concentration in the roots. 
Therefore, PT can partially exclude Na+ from 
leaves by accumulating Na+ in the basal stem 
and roots (24).
  The results clearly show that the accumula-
tion of saline ions in leaves is mainly control-
led by the rootstock, and suggest the existence 
of barriers in roots that restrict the entry of 
saline ions and also an ability to restrict root-
to-shoot transport. Both mechanisms appear 
to have been transmitted to the F1 hybrids of 
Cleopatra mandarin x P. trifoliata studied here 
(FA-5 and FA-13). The restricted uptake of Cl- 
ions by roots of CM appears in both hybrids 

Citrus Rootstocks
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and the reduced ability to transport Cl- from 
roots to shoots of CM is also present in FA-13, 
and to a greater extent in FA-5. Furthermore, 
the limited transport of Na+ from rootstock to 
scion of PT was transmitted to FA-5.
  Leaf gas exchange of citrus plants on all 
four tested rootstocks was impaired by exter-
nal NaCl. However, there were differences 
between rootstocks in the reductions of net 
CO2 assimilation and transpiration observed in 

scion leaves of the salinized plants. The reduc-
tions in both parameters were less pronounced 
in plants on FA-5. The results presented here 
are in agreement with previous reports (3, 
4, 27), which indicate that reductions in gas 
exchange parameters are not directly depend-
ent on saline ion concentrations in leaves. It 
has been previously reported that, under salt 
conditions, stomatal conductance and net CO2 
assimilation shows a highly significant corre-

Figure 5. (A) CO2 assimilation (umol m-2s-1) and (B) leaf transpiration rate (mmol m-2) of plants grafted 
onto different rootstocks: Cleopatra mandarin (CM), Poncirus trifoliata (PT), Forner-Alcaide 5 (FA-5) 
and Forner-Alcaide 13 (FA-13). All plants were growing in 40 mM NaCl. Vertical bars show the maximal 
standard deviation.
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lation, which indicates that stomatal closure 
drives, at least in part, gas exchange reductions 
in salinized plants (2, 20).
  The different responses of citrus rootstocks 
to salinity indicates that, in these plants, the 
effects of salt on gas exchange parameters 
might be induced by a root-specific mecha-
nism, probably modulated by a hormonal 
intermediate. It is generally accepted that 
abscisic acid (ABA) regulates stomatal con-
ductance (13) and, in a previous work (11), it 
was reported that salt increases ABA levels 
in roots and leaves of citrus. It has also been 
shown that root to shoot transport of ABA 
increases under saline conditions, suggesting 
that ABA may function as a hormonal stress 
signal generated by the root system (11, 28, 
29). Thus, ABA might act a modulator of the 
gas exchange responses to salt stress mostly 
through its involvement in stomatal processes. 
In conclusion, the data presented here indicate 
that, both in terms of saline ion exclusion from 
leaves and gas exchange parameter reductions, 
FA-5 was the most tolerant genotype to salin-
ity of all four studied, followed by FA-13.
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