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its accumulation in the leaves to
a toxic level (Story and Walker, 1999).
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Fig. 1. The appearance of severe salt stress in a commercial grapefruit orchard
is shown. The 7-year-old trees were grafted on salt-sensitive rootstock Troyer
citrange, and their average leaf chloride content (before defoliation) was about
1.95% (dry weight).
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This article reviews the


use of leaves, fruit, xylem sap,
and roots for assessing chlo- Fig. 2. Leaf chloride was accumulated in 6ride stress. Although infor- month-old Rangpur lime (Rang) and Etrog citron
mation regarding the effect (Etrog) seedlings over time. Plants were estabof salinity on leaves, fruit, lished in a sand culture and transferred to aerated
stem, and roots chloride nutrient solution for 2 weeks before the sodium
content has been partially chloride (NaCl) in the nutrient solution was in

SUMMARY. Chloride stress in commercial citrus is predominantly a result
of increased osmotic pressure in the
plant as a result of excess chloride.
The source of the chloride is usually from the soil solution, where it
is absorbed by the roots. After being
absorbed, chloride ﬂows through the
xylem in the transpiration stream to
the shoot, where it is accumulated by
transpiring tissues such as leaves and
fruit. Monitoring chloride concentration along any of these steps can be
used to assess potential stress in the
tree. Since some of these tissues tend
to accumulate chloride (fruit and
leaves) while others do not (root and
xylem), analyses should be interpreted
within the context of these differences. Having high chloride concentration in roots or xylem-water at a
speciﬁc sampling time does not necessarily mean that leaves have already
accumulated chloride to a toxic level,
while having high chloride concentration in fruit or leaf analysis does not
necessarily mean that the trees are still
being exposed to high salinity in the
soil solution. The advantages of the
various analyses, as well as their difﬁculties, are discussed. It was concluded
that a combination of xylem sap chloride analysis and leaf chloride analysis
are the most useful tools for assessing
potential chloride stress in citrus trees.

creased to 50 mM (adapted from Storey, 1995).
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Fig. 3. The relationship between leaf chloride (Cl–) content and
fruit yield of a 7-year-old grapefruit orchard grafted on Troyer
citrange is depicted. Tree history, growth conditions, irrigation, and fertilization were as described by Levy et al. (2000).
Irrigation salinity treatments ranged from 230 to 800 mg·L–1
(ppm) chloride. Values are mean ± SE (E. Raveh and Y. Levy,
unpublished data); 1 kg = 2.2 lb.

transpiration history of the leaf (Moya
et al., 2003; Story, 1995). Hence, leaf
chloride content does not directly
reﬂect the current chloride uptake
by the tree and represents only the
total amount of chloride that has accumulated in the leaf from the time it
ﬁrst emerged to the time of chloride
analysis. For instance, leaves of a tree
that was already exposed to salt stress,
but whose soil was leached, will not
show a decrease in leaf chloride concentration even though chloride uptake
rate was decreased. Leaves achieving
toxic concentrations will abscise and
be replaced by new ones.
Despite the disconnection between immediate threat of chloride
uptake and slow accumulation of
chloride in leaves, leaf analysis is the
most common method for assessing
chloride in citrus. Leaf chloride analysis
is easy to perform and is correlated
with toxicity symptoms; high leaf
chloride levels are always associated
with reductions in yield (Fig. 3). Based
on “The Citrus Industry” (Embleton
et al., 1973), standard leaf chloride
assessments are conducted on 5- to
7-month-old spring ﬂush leaves. This
method limits sampling to a very narrow period each year. Yet leaf chloride
content increases constantly with time
(Moya et al., 2003; Story, 1995), and
there is no established procedure to
assess leaf chloride during the rest of
the year.
Exposing trees to saline condi●
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Fig. 4. The effect of salinity and three different rootstocks on chloride accumulation in spring leaves was
assessed 6 months after ﬂush. Seven-year-old grapefruit
trees, grafted on Troyer citrange (Troy), sour orange
(SO), and Cleopatra mandarin (Cleo), were irrigated
with saline water containing 230 to 800 mg·L–1 (ppm)
chloride. Regression lines were YTroy = 0.09 + 8.87X, R2
= 0.96; YSO = 0.13 + 3.77X, R2 = 0.69; YCleo = 0.12 +
2.60X, R2 = 0.79 (adapted from Levy et al., 2000).

tions leads to increases in leaf chloride
content. The response depends on
rootstock performance (Fig. 4). Trees
grafted on Troyer citrange (Citrus
sinensis x Poncirus trifoliate), a saltsensitive rootstock, will accumulate
more chloride in their leaves than trees
grafted on Cleopatra mandarin (C.
reshnii), a salt-insensitive rootstock.
Leaf chloride accumulation is also
affected by the presence of biotic and
abiotic stresses (Levy and Syvertsen,
2004). Growth conditions that increase
the evaporative demand (e.g., high
temperature, low humidity, wind, or
drought) (Mass, 1993) or the presence of citrus nematode (Tylenchulus
semipenetrans) (Willers and Holdmen,
1980) can enhance chloride accumulation by leaves. More detailed information regarding the interaction between
salinity and rootstocks, as well as biotic
and abiotic stress, is available in other
papers in this workshop.

Juice analysis
Juice analysis can be conducted
as soon as juice-sac cavities are ﬁlled,
starting at the end of Stage II of fruit
development (Spiegel-Roy and Goldschmidt, 1996). Of the four techniques
presented in this review, juice analysis
is the simplest. It has fewer contamination problems than leaf or root analysis,
and is less subject to errors from differences in physiological age; however, it
also has major limitations as described

below. Sample preparation involves two
main steps: squeezing and centrifuging the juice to remove particles such
as cell walls, etc. After centrifugation,
juice chloride can be analyzed, and the
results are usually presented on a molar
basis (Levy and Shalhevet, 1990).
The juice analysis technique has
mainly been employed for ranking
the salt tolerance of citrus rootstocks
(García et al., 2002; Levy and Shalhevet, 1990). As with leaves, juice
chloride content is strongly affected by
soil salinity and can be inﬂuenced by
rootstock (Fig. 5). Typically, increasing salinity in the soil solution causes
an increase in juice chloride content.
The magnitude of this increase will be
more pronounced in trees grafted on
salt-sensitive rootstocks, such as Troyer
citrange, than in trees grafted on salt-insensitive ones, such as Cleopatra mandarin and Rangpur lime (C. limonia).
There is a positive correlation between
juice chloride content and leaf chloride
content (Levy and Shalhevet, 1990).
However, chloride is accumulated
in leaves and fruit at different rates.
While leaf chloride concentration can
reach ~500 mM (Story, 1995; Walker,
1986), juice chloride concentration
can reach only ~10 mM (García et al.,
2002; Levy and Shalhevet, 1990; Levy
et al., 2000). As a result, at any point in
time (once fruit juice can be extracted)
the correlation between leaf and juice
chloride concentration might be differ105
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Fig. 5. The effect of salinity and three
different rootstocks on juice chloride
content is depicted. Seven-year-old
grapefruit trees grafted on Troyer
citrange (Troy), sour orange (SO),
and Cleopatra mandarin (Cleo) were
irrigated with saline water containing
230 to 800 mg·L–1 (ppm) chloride.
Regression lines were YTroy = 1.23 +
4.27X, R2 = 0.98; YSO = 0.99 + 2.74X,
R2 = 0.97; YCleo = 1.15 + 4.53X, R2 =
0.43 (adapted from Levy et al., 2000).

ent. Indeed, in the work presented by
Levy and Shalhevet (1990), trees of an
individual rootstock
rootstock/scion combination in the same experiment sometimes
have similar leaf chloride content, or
vice versa [e.g., in ‘Marsh’ grapefruit
(C. paridisi), seedless trees grafted
on rough lemon (C. jambhiri), juice
chloride content ranged between 5.6 to
6.6 mM but leaf chloride concentration
ranged from 0.5% to 1.7%]. As a result,
juice chloride analysis does not reﬂect
the exact toxicity level of the leaves.
As in leaves, fruit chloride content
continues to accumulate throughout
development, and therefore may not
reﬂect the current chloride uptake by
the tree.

Xylem sap analysis
Xylem sap analysis has been used
for many years to monitor mineral
uptake status of plants (Osonubi et
al., 1988; Stark et al., 1985). Sap mineral concentration usually reﬂects the
balance between uptake and internal
cycling within the plant. Unlike minerals such as sodium, chloride concentration does not change along the stem
(Grieve and Walker, 1983; Raveh and
Levy, 2000), and there is no evidence
of basipetal transport of chloride in
the stem (Story and Walker, 1999, and
references therein). Yet, its concentra106
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to about 20 mM, and its concentration
is affected by rootstock performance
and growth conditions (Moya et al.,
2003; Storey, 1995). Stem sap ﬂow
measurements (Cohen, 1991; Cohen
and Naor, 2002) indicate that xylem
sap is completely replaced several
times a day as new water is taken up
by the roots (depending on transpiration conditions and water status of
the soil). Hence, xylem sap analysis
should reﬂect the current chloride
uptake by the tree. Indeed, leaching
the soil in a salinity-stressed orchard
is followed by an immediate decrease
in xylem sap chloride content (Raveh
and Levy, 2000). In contrast to leaf
chloride levels, xylem sap chloride
concentration is correlated with the
current chloride uptake, but not necessarily with leaf chloride levels, which
will be reﬂected in overt symptoms of
toxicity. Nevertheless, it is quite clear
that maintaining high chloride in xylem
sap for a long period will result in high
leaf chloride content.

Root chloride analysis
Roots are the ﬁrst tissue to be
exposed to any variation in soil solution salinity. The analysis procedure
is similar to the procedure used for
leaf chloride analysis: rinse roots with
deionized water, dry in a forced-draft
oven at 50 to 70 °C (122.0 to 158.0
°F), grind, and extract. The results

where Pr is water column pressure at
distance rr(Pa) during the extraction, p
is the water density (kg·m–3), ω is our
angular velocity (rad/s), and r is the
sample distance from axis of
rotation
(m). Since the centrifuge
extraction technique is
conducted at low tem
peratures, the concentration of chloride in the

xylem sap is less affected
by evaporation than in
the Scholander pres
sure bomb technique.
Moreover, the centri
fuge technique enables
simultaneous extraction

of a number of stem segments.
Xylem sap chloride







concentration is positively

correlated to current soil
  
salinity (Fig. 6). Increases
in soil salinity are followed
by an increase in sap Fig. 6. The relationship between soil saturation
(ECe) and daytime
chloride concentration. extract electric conductivity
xylem sap chloride (Cl–) concentration in 7-year-old
Under high salinity, xygrapefruit trees grafted on Troyer citrange is shown.
lem sap chloride content Soil samples were taken from the upper 80 cm (31.5
reaches a plateau. The inches). Stem segments were sampled between 0900
average daily xylem sap and 1000 HR. Growth conditions, irrigation, and
chloride concentration fertilization were as described by Levy et al., 2000
ranges from about 0.5 mM (E. Raveh, unpublished data).




tion often varies diurnally (high values
at the beginning and the end of the
day and low values at noon; Chapin
and Van Cleve, 1992). As a result, to
develop a method of assessing threat of
chloride toxicity, sampling time should
be consistent. Sap collection can be
done by peeling back the bark and the
phloem from a stem segment, placing
it in a Scholander pressure bomb, and
using a micropipette to collect the sap
that exudes (Chapin and Van Cleve,
1992). Sap can also be extracted by
centrifugation, which has previously
been reported for cavitation experiments (Alder at al., 1997). Mature stem
segments [about 1.5 cm (0.59 inch)
in diameter and 12 cm (4.7 inches) in
length] in which the bark and phloem
have been removed, leaving the core
xylem, are centrifuged under low temperature [0 to 1 °C (32.0 to 33.8 °F )]
at a speed that will generate the desired
extraction pressure. The extraction
pressure should be within the natural
range of pressure that exists within the
stem (Chapin and Van Cleve, 1992)
and can be calculated as described by
Alder et al. (1997):
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Fig. 7. The effect of salinity on sour orange seedling
root chloride (Cl–) concentration is shown. Seedlings
were grown in nutrient solution containing 1, 10, 20,
30, or 60 mM sodium chloride (NaCl). Data present
the chloride analysis from root segments, taken 15 to
45 mm (0.59 to 1.77 inch) from distal end of root, as
measured on day 14 (adapted from Fernández-Ballester
et al., 2003).

can be presented on a molar basis or
on a dry weight basis (Cerezo et al.,
1999; Storey, 1995). The results of
such extraction, however, reﬂect both
symplast and apoplast chloride content.
If we are interested in measuring only
symplast chloride concentration, the
apoplast chloride should ﬁrst be leached
(Altman and Mendel, 1973).
Similar to leaf, juice, and xylem
sap, root chloride content is correlated
with soil salinity (Fig. 7) (FernándezBallester et al., 2003). Increasing soil
salinity is followed by an increase in
root chloride content. However, unlike
leaves, root chloride concentration will
not continually increase; after several
days it will reach a plateau and stabilize
(Fernández-Ballester et al., 2003; Storey, 1995; Storey and Walker, 1987).
As a result, like xylem sap analysis, root
chloride content correlates only with
the current chloride uptake and may
not reﬂect leaf toxicity levels. Zekri
and Parsons (1992) also concluded
that there is no relationship between
root and leaf chloride concentration.
Root chloride content might also be
affected by rootstock performance;
roots of salt-sensitive rootstocks will
usually be characterized by higher
chloride concentration than roots of
salt-tolerant rootstocks (Bañules et al.,
1990; Storey and Walker, 1987). However, some exceptions can be found
(Moya et al., 2003). As in leaves, root
age (distance from root tip) may also
●
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Fig. 8. Changes occurred in chloride (Cl–) concentration in distal
[2 to12 mm (0.08–0.47 inch)] (Dist) and proximal [40 to 50
mm (1.57–1.97 inch)] (Prox) root segments of Rangpur lime
during acclimation to 50 mM sodium chloride (NaCl). Sequential increases in NaCl of 10 mM per day were made from day 0 to
day 4 (arrows) (adapted from Storey and Walker, 1987).

affect root chloride equilibrium and
content (Fig. 8). Distal roots (younger
roots) will reach the plateau earlier
than proximal roots (older roots), and
will be characterized by lower chloride
concentration (Fernández-Ballester
et al., 2003; Storey, 1995; Storey and
Walker, 1987). The effect of decreasing
soil salinity on root chloride content has
not been appropriately studied.
Unlike potted plant experiments,
where soil solution salinity around the
root system is relatively uniform, soil
salinity around the roots of orchard
trees is characterized by heterogeneity
between and within soil layers (Xu et
al., 2000). While heterogeneous soil
salinity distribution can be overcome
by extensive soil sampling, the relative
contribution of roots of the different soil sections to the total chloride
uptake remains unknown. As a result,
root analysis in orchard trees cannot
serve as a reliable tool for monitoring
the average current chloride uptake
of the tree.

Conclusions
Potential chloride stress depends
on both the current leaf chloride content and the current chloride uptake by
the tree. Leaf chloride content, which
is the traditional means of assessing
citrus chloride status, does reﬂect
the current toxicity level of the tree
(how much chloride has already been
accumulated by leaves), but does not

reﬂect the current chloride uptake status, which is better measured by xylem
sap and root analysis, and indicates the
future potential increase in leaf chloride
content. Juice analysis neither reﬂects
the leaf chloride toxicity level nor the
current chloride uptake status. Since
root analysis under ﬁeld conditions is
more difﬁcult and may be heterogeneous due to spatial variability in soil
chloride content, we propose that a
combination of xylem sap chloride
analysis and leaf chloride analysis is
the most useful analysis for assessing
potential chloride stress in citrus trees.
A model that integrates these two
parameters, along with seasonal transpiration rates, should be developed
for more accurately monitoring and
controlling potential chloride toxicity
in citrus trees.
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