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Abstract
Background and aims Long distance signals in xylem
from roots to leaves are important in plant response to
drought stress. Abscisic acid (ABA) plays a key role in
drought signaling in plants but apoplastic pH may mod-
ulate its effect by distributing ABA into various com-
partments in leaves. We aimed to reveal the dynamics of
changes in sap pH and its relationships with the trans-
port of inorganic and organic ions in eight herbaceous
plant species under continuously declining soil water
content. We tested several hypotheses related to the
mechanism of pH changes in xylem.
Methods We used a pressure chamber to collect xylem
sap and to measure of leaf/stem water potential at vari-
ous stages of soil drying. We measured pH and concen-
trations of the most abundant inorganic (NO3

−, SO4
2−,

PO4
3− and Cl−) and organic (malate and citrate) anions

in xylem sap.
Results Species differed considerably in the dynamics
of pH changes in xylem in drying soil. Changes in
xylem sap pH during drying did not relate to the nitro-
gen assimilation strategy but may be affected by sap
flow rate. Simultaneous changes in the concentrations of
inorganic and organic anions were highly species-
specific.
Conclusions High variability among species in the ob-
served relationships in response to drought indicates that
comparisons among different studies and the generali-
zation of results should be made with caution.
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Abbreviations
SWP Stem water potential
LWP Leaf water potential
SWC Soil water content
TR Transpiration rate

Introduction

Plants typically respond to reduced soil water availabil-
ity by closing stomata, slowing leaf expansion, and
senescing older leaves. These stress responses are initi-
ated by long distance hydraulic and chemical signals
transmitted from roots to leaves, usually in xylem
(Starck 2006). In many plant species, chemical signals
provide plants with an ‘early warning’ of increasing soil
water deficits. Typically, plants down-regulate their wa-
ter loss by decreasing stomatal apertures before any
changes in the leaf water status occur. Such an early
release of chemical signals may improve water use by
plants and, therefore, enhance plant water-stress toler-
ance (Goodger et al. 2005).

Among several signals in xylem related to drought,
abscisic acid (ABA) has a prominent position. The
production of ABA by dehydrated roots and its transport
to leaves in the xylem stream has frequently been pre-
sented as an important feature of the chemical signalling
of soil water availability (Sauter et al. 2001; Davies et al.
2005). ABA regulates a plant’s water status via effects
on the guard cells of stomata, leaf growth, and hydraulic
resistance, as well as by the induction of genes that
encode enzymes and other proteins involved in cellular
dehydration tolerance. However, the amount of ABA
transported in the xylem from roots to leaves at the early
stage of soil drying may be rather low in comparison to
concentrations of externally supplied ABA that typical-
ly trigger stomatal response in detached leaf transpira-
tion bioassays (Munns and King 1988).

Apoplastic pH may affect the distribution of ABA
into various compartments in leaves (Wilkinson 1999;
Jia and Davies 2007; Geilfus et al. 2015). It was pro-
posed that a more alkaline apoplastic pH would contrib-
ute to a sequestration of more ABA in the apoplast of
guard cells, thus promoting stomatal closure in the pres-
ence of ABA (Wilkinson and Davies 2008). Besides the
pH-regulated sequestration of ABA, stomatal sensitivity
to ABA should also be determined by the binding
between ABA and its receptor. The maximum binding

between ABA and its receptor was reported to occur
normally at a pH of between 6.0 and 8.0, depending on
the kind of plant or tissue; thus, a shift in pH from below
6.0 (normally detected in xylem sap) to neutrality may
promote stomatal sensitivity to ABA (Ren et al. 2007).
Also, the direct effect of apoplastic pH on the activity of
ion channels in the plasma membrane of guard cells
should be considered (Roelfsema and Hedrich 2002).
The change in pH of the apoplast of leaves has therefore
been acknowledged as an important part of the signal-
lingmechanism contributing to the efficient use of water
in plants.

The mechanisms responsible for the change in
apoplastic pH are, however, still not well understood.
It is also unclear why a change in pH was observed in
many plant species (Schurr et al. 1992; Wilkinson and
Davies 2002; Jia and Davies 2007) but not in all (Jia and
Davies 2007; Rodrigues et al. 2008; Sharp and Davies
2009). Unlike woody plants, herbaceous species fre-
quently respond to drying soil by a pH increase in
apoplast. There are several mechanisms proposed for
changes in xylem sap pH during soil drying and most
are connected with the altered transport of ions in xylem
sap. A decline in the activity of ATPases as a conse-
quence of drought has been suggested as a mechanism
of pH change in sap by Hartung and Radin (1989).
Another proposed mechanism involves changes in the
ionic composition of xylem sap that alter the ratio be-
tween strong anions and cations, known as the strong
ion difference (SID) (Gerendas and Schurr 1999).
Particularly the nitrate concentration in xylem may de-
cline under drought (Gollan et al. 1992) and, in this way,
increase the SID of the sap along with the pH. The
transport of organic acids (e.g. malate, citrate) can also
significantly contribute to pH changes in sap (Kirkby
and Armstrong 1980; Patonnier et al. 1999; Lopes-
Millan et al. 2000). Knowledge of interspecific differ-
ences in ion concentration in sap and their dynamics can
offer important clues to unravelling the mechanism of
apoplast pH change in plants under drought.

A large amount of nitrate can be assimilated in the
roots of some species (e.g. legumes L. corniculatus,
T. repens) and in the shoots of others (e.g. H. annuus,
T. aestivum) (Andrews 1986). As soil dries, nitrate up-
take and transport to shoots frequently declines and a
greater relative proportion of total absorbed nitrate is
assimilated in roots of both legume and non-legume
species (Andrews 1986; Lips 1997). An increased pro-
portion of nitrate assimilation in roots may then result
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(in some species) in increased production of organic
acids to maintain pH balance in root cells (Lips 1997;
Hinsinger et al. 2003). We aimed to reveal the relation-
ships between pH change and the transport of inorganic
ions and organic acids in selected plant species under
declining soil water content and clarify whether the
dynamics of changes in pH and other ions in xylem
show similar traits among herbaceous species and pos-
sibly depend on dominant site of nitrate assimilation.
The obtained relationships provided us with grounds for
discussing possible mechanisms responsible for the ob-
served pH changes in xylem.

Materials and methods

Plant material and growth conditions

Pre-flowering plants of eight herbaceous species from
different taxonomical groups and with different nitrogen
assimilation strategies were chosen for the experiments.
These included legumes (Pisum sativum L., Trifolium
repens L., Lotus corniculatus L and Phaseolus
coccineus L.) and non-legumes species (Helianthus
annuus L., Triticum aestivum L., Brassica napus L.,
Raphanus sativus L.). Seeds of all examined plants
(except T. repens and L. corniculatus) were soaked in
distilled water for 3 h and germinated on moistened
filter paper at room temperature. Young vegetatively
propagated plants of T. repens and L. corniculatus were
obtained from British Wild Flower Plants (Norfolk,
UK). Experimental plants were transplanted into pots
filled with John Innes No. 2 potting compost (John
Innes Manufacturers Association, Reading, UK). Some
chemical properties of the used substrate were as fol-
lows: pH (water), 7.06; loss on ignition, 10.2 %; total
nitrogen, 0.19% (Adam and Duncan 2001). Plants were
grown in a growth chamber with a 24/20 °C day/night
temperature, a relative air humidity of 60 %, a 16-h
photoperiod, and a photosynthetic photon flux density
of 450 μmol. m−2 s−1 supplied by metal-halide lamps.
Plants were watered every day with tap water (0.15 L
per L of soil) and every 5 days with a full Hoagland
nutrient solution (0.15 Lper L of soil). The nutrients
composition of the Hoagland’s solution used was:
603 μM Ca(NO3)2, 795 μM KNO3, 190 μM KH2PO4,
270 μM MgSO4, 40.5 μM EDTA-FeNa, 0.85 μM
ZnSO4, 0.15 μM CuSO4, 20 μM H3BO3, 0.25 μM
Na2MoO4, 2 μM MnSO4 (Steiner 1961). One week

before experimental measurements, plants were supplied
with a three-fold concentrated Hoagland nutrient solution
(0.1 L) in order to ensure high nitrogen availability. Then,
control plants were irrigated every day and water stressed
plants were left without irrigation. The soil water content
(SWC) in each pot wasmeasured by anML2x ThetaProbe
sensor connected to an HH2 Soil moisture meter (Delta-T
Devices Ltd., UK). The soil from each pot without roots
was sampled to estimate the gravimetric SWC. ThetaProbe
readings were converted to gravimetric SWC using a
calibration curve. The length of cultivation period of the
plants used in the experiments as well as volumes of
containers used for each species are listed in Table 1.
Visual inspection of roots at the end of cultivation did not
reveal any root nodules in legume species.

Collection of xylem sap and the measurement of water
potential and xylem sap pH

The collection of xylem sap and the measurement of leaf
/stem water potential (Boyer 1967) and xylem sap pH
were conducted every day for five to eight days.
Depending on the size and morphology of the plant,
xylem sap was collected from leaves (H. annuus,
T. aestivum, B. napus, R. sativus and P. coccineus) or
stems (P. sativum, T. repens and L. corniculatus)
(Table 1) from 9 a.m. till midday using a pressure
chamber (PWSC 3005, Soilmoisture corp., Santa
Barbara, CA, USA).We tested potential diurnal changes
in sap pH (Beis et al. 2009) for every species and we
found slight increase of pH of well-watered plants in the
afternoon. Random sampling of plants at various stages
of soil drying and measurements done within the first
half of light period eliminated potential errors arising
from this phenomenon. Sap was sampled from the 2nd
or 3rd fully developed leaf of H. annuus, B. napus,
R. sativus and P. coccineus and from the 1st fully
developed leaf of T. aestivum. After cutting, the cut
surface of the petiole/stem was rinsed with distilled
water to remove contaminants from the cut cells
and the petiole/stem was sealed into the pressure
chamber. The first drop of xylem sap was discarded
and the pressure was noted as the leaf/stem water
potential (LWP / SWP). Two small aliquots (5 to
30 μL each) of xylem sap were collected from each
leaf (or shoot) over approximately 10 min. The pH
of xylem sap in each aliquot was measured for
approximately 3 min by a pH microelectrode (Thermo-
Orion 9810BN) connected to an MP220 pH meter
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(Mettler Toledo, Switzerland). The aliquots were frozen
immediately after pH measurements and stored at
−20 °C for the subsequent determination of anion con-
centrations. The first aliquot was used for the determi-
nation of NO3

−, SO4
2−, PO4

3−, malate, and citrate; the
second aliquot was used for the determination of Cl−

because of the insufficient volume of sap for analysis
from the first aliquot.

Analysis of the concentration of inorganic and organic
anions

The concentration of NO3
− was determined in all

eight examined species, whereas the concentrations
of SO4

2−, PO4
3−, Cl−, malate, and citrate were

determined in four species that exuded larger vol-
umes of xylem sap and differed in sap pH response
in the course of soil drying. These were H. annuus,
T. aestivum, B. napus, and P. sativum. The concen-
tration of NO3

− in xylem sap was assayed by a
spectrophotometric method (Cataldo et al. 1975).
The analysis of SO4

2−, PO4
3−, malate, and citrate

in xylem sap was performed using an EA102
isotachophoretic analyzer (VillaLabeco, Spisska
Nova Ves, Slovakia) with a contact conductometric
detector with an FEP (fluoroethylenepropylene
polymer) analytical column (160 mm length,
0.3 mm inner diameter, for more details see
Korovetska et al. 2014). The analysis of each

xylem sap sample was made without any pretreat-
ment and was repeated twice. The analysis of Cl−

in sap was conducted by means of ion chromatog-
r aphy u s i ng an Advanc ed Compac t I on
Chromatograph 861 (Metrohm, Switzerland).

Determination of xylem sap pH at different sap flow
rates

Xylem sap was collected from well-watered P. sativum
plants between 3 and 6 h after the start of the photope-
riod. One hour before xylem sap collection, the whole
plant transpiration rate (TR) was determined gravimet-
rically. The whole shoot was then removed; the cut stem
was washed with distilled water and then blotted with
filter paper to remove any contaminating cell debris.
First, the root balancing pressure was determined.
Then sap was collected using a series of increasing
overpressures in pre-weighed Eppendorf tubes. The
range of pressures applied was typically 0.1–0.5 MPa
above the pressure when the first drop of xylem sap
appeared. Sap aliquots were then collected in 2 min.
intervals. Chamber was pressurized by nitrogen and we
have no evidence that this short pressurisation had any
effect on pH of collected sap. Root sap aliquots (typi-
cally 6) represented flux rates typically ranging from 10
to 150 % of the plant transpiration rate. The pH of sap
was determined shortly after collection by a pH micro-
electrode as described above.

Table 1 The length of cultivation of the plants prior to experi-
ments, the size of container for cultivation and plant part used for
xylem sap sampling. Nitrogen assimilation strategy of species is
presented by ability of N-fixation (Legumes) and dominant site of

nitrate assimilation (more than 80 % NR activity in shoot or root).
In intermediate species distribution of assimilation between shoot
and root typically varies between 40 and 60 % (Andrews 1986;
Wallace 1986)

Species Cultivation period Size of cultivation
container (L)

Dominant site of nitrate
reduction

Site of xylem sap
sampling

Non-legumes

Helianthus annuus five weeks 2.5 shoot Leaf

Triticum aestivum nine weeks 4 intermediate Leaf

Brassica napus four weeks 1.5 intermediate Leaf

Raphanus sativus four weeks 1.5 shoot Leaf

Legumes

Pisum sativum four weeks 1.5 intermediate Stem

Trifolium repens five weeks 2.5 root Stem

Lotus corniculatus three weeks 2.5 root Stem

Phaseolus coccineus four weeks 1.5 shoot Leaf
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Statistical analyses

Statistical analyses were performed using STATISTICA
10 (StatSoft Inc., Tulsa, USA). Regression analysis was
used to evaluate the significance of relationships be-
tween the measured parameters. Spearman’s correlation
analysis was used to evaluate the significance of corre-
lations between the measured parameters.

Results

Response of xylem sap pH and water potential to soil
drying

Among the eight tested plant species, linear rela-
tionships between xylem sap pH and SWC were
observed in T. aestivum, P. sativum, T. repens,
L. corniculatus, and P. coccineus plants (Figs. 1
and 2). The pH of xylem sap became more acidic
with decreasing SWC in P. sativum and T. repens,
whereas in T. aestivum, L. corniculatus and
P. coccineus, sap became more alkaline during all
stages of drying. The changes in sap pH in
B. napus and R. sativus in relation to SWC were
non-linear (Fig. 1). At the early stage of soil dry-
ing, sap pH was not affected in B. napus. However,
when SWC dropped below about 0.4 g g−1, sap pH
decreased. At the early stage of soil drying, sap pH
decreased in R. sativus plants. However, when
SWC dropped below about 0.4 g g−1, sap pH
increased. In H. annuus, xylem sap pH did not
change significantly during soil drying (Fig. 1).

A reduction in LWP was observed in H. annuus,
T. aestivum, B. napus, and R. sativus when SWC
dropped below about 0.5 g g−1, 0.45 g g−1, 0.5 g g−1,
and 0.4 g g−1, respectively (Fig. 1). A reduction in SWP
was observed in P. sativum and T. repens when SWC
dropped below about 0.4 g g−1 and 0.25 g g−1, respec-
tively. We did not find any significant change in SWP in
L. corniculatus or LWP in P. coccineus during drying
(Fig. 2). Among the examined species, L. corniculatus,
P. coccineus, and T. repensmaintained high shoot water
potential during soil drying much longer than other
species.

A correlation between xylem sap pH and leaf water
potential was found only in B. napus plants (r = 0.40,
P < 0.05, data not shown).

Response of ion concentrations in sap to soil drying

The concentration of NO3
− decreased linearly in the

xylem sap of H. annuus and T. aestivum plants
(Fig. 3), whereas in T. repens the concentration of nitrate
increased during soil drying (Fig. 4). In P. sativum,
relationships between the measured parameters were
non-linear with one maximum. The nitrate concentra-
tion increased until an SWC of about 0.5 g g−1 and
decreased when SWC was lower (Fig. 4). In B. napus,
R. sativus, L. corniculatus, and P. coccineus, nitrate was
not affected by soil drying (Figs. 3 and 4).

The concentrations of SO4
2−, PO4

3− and the sum of
the dominant anions did not change in all four examined
species during drying. The concentration of Cl− de-
creased only in H. annuus plants, whereas the other
three examined species were not affected by soil drying
(Tables 2, 3, 4, and 5).

The concentration of malate increased linearly in the
xylem sap of H. annuus, whereas the concentration of
citrate was not affected by soil drying (Fig. 5). In
T. aestivum plants, the concentration of malate increased
linearly, whereas relationships between citrate and SWC
were non-linear with one maximum (Fig. 5). Citrate
content increased until an SWC of about 0.4 g g−1 and
decreased when SWC was lower. In T. aestivum plants,
the concentration of citrate in sap was much higher than
the malate concentration. In B. napus, a relationship
between organic anions and SWC was found only for
malate (Fig. 5). The concentration of malate was not
affected at the early stage of soil drying (until an SWC
of about 0.5 g g−1) and increased when SWC was less
than approximately 0.5 g g−1. In P. sativum, relation-
ships between organic anions and SWC were also non-
linear: malate and citrate content increased until an
SWC of about 0.5 g g−1 and decreased when SWC
was lower (Fig. 5). In P. sativum, the malate concentra-
tion was the highest among the four examined species.

Correlations between pH (H+) of xylem sap and anions

A positive correlation between the concentrations of
xylem sap H+ and NO3

− in the sap was found only in
three of the eight examined species: B. napus, P. sativum
and T. repens (Figs. 3 and 4). Also, in B. napus and
P. sativum plants, a positive correlation was found only
between the concentrations of xylem sap H+ and organic
anions, whereas no correlation was found between the
concentrations of xylem sap H+ and inorganic anions in
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these plants (Tables 4 and 5). In H. annuus and
T. aestivum, no correlation was found between the con-
centrations of xylem sap H+ and organic as well as
inorganic anions in the xylem (Tables 2 and 3). A
positive correlation was found between the concentra-
tions of malate (as well as citrate) and nitrate in xylem
sap of B. napus and P. sativum plants (Tables 4 and 5).
Also, a positive correlation between nitrate and citrate
concentrations was found in T. aestivum (Table 3).

Changes in pH of xylem sap at different sap flow rates

When the sap flux was reduced in P. sativum plants, sap
pH gradually decreased. Therefore, we found a signifi-
cant positive correlation between sap flux and pH
(Fig. 6).

Discussion

Changes in the pH of xylem sap under drought have
previously been shown in several species (Schurr et al.
1992; Bahrun et al., 2002; Wilkinson and Davies 2002;

Sharp and Davies 2009; Li et al. 2011). Important infor-
mation revealed in our study relates to the dynamics of
such changes. In contrast to previous studies that
showed differences among a few time points during
drought progression, we collected continuous data on
pH changes during soil drying. Our study brings further
evidence to support the hypothesis suggested by Sharp
and Davies (2009) that an increase in xylem sap pH is
not a universal response among plant species and this
applies to both woody and herbaceous plants. Our study
of several herbaceous species from various taxonomic
groups provided an opportunity to identify the mecha-
nisms responsible for the observed changes in pH. Most
of the examined species in our experiments showed pH
changes in sap during soil drying, but there was great
variation in the pattern and direction of changes among
species. In addition, we showed that the relationship
between xylem sap pH and soil water content can also
be non-linear (Fig. 1). This finding may explain some
controversial results from the past, in which both an
increase and no change in sap pH were recorded under
drought in the same species. Gollan and co-authors
(1992) showed sap alkalization in H. annuus at the later

Fig. 1 Dynamics of changes in
xylem sap pH and leaf water
potential (LWP) in non-legume
species during soil drying. Each
point represents an independent
measurement on one plant.
Second-order polynomial and
linear regressions are shown with
95 % confidence intervals (dotted
lines). * P < 0.05; ** P < 0.01 and
*** P < 0.001
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stages of soil drying. In our experiments, H. annuus did
not exhibit significant changes in xylem sap pH during
soil drying; high variability in the data may have con-
tributed to this result (Fig. 1). Jia and Davies (2007) also
demonstrated that sap pH in H. annuus did not change
significantly under drought. We assume that differences
among experiments with respect to aerial microclimatic
conditions (vapour pressure deficit, light and tempera-
ture gradients across canopy etc.) may have contributed
to the differences in these results. Wilkinson and Davies
(2008) previously observed a significant effect of aerial
factors on xylem sap pH in the shoots of plants.

The changes in sap pH under soil drying observed in
our study did not show any pattern related either to
phylogeny or to nitrogen assimilation strategies;
P. sativum and T. repens exhibited xylem sap acidifica-
tion, whereas other Fabaceae, L. corniculatus and
P. coccineus, produced alkaline xylem sap during soil
drying (Fig. 2). Dominant site of nitrate assimilationwas
also considered as possible factor affecting pH changes
under drought. However, species with dominant nitrate
reduction in leaves showed increase of sap pH
(P. coccineus) as well as root reducing species

(L. corniculatus). Also among species with dominant
nitrate assimilation in roots we found both increase
(L. corniculatus) and decrease (T. repens) of pH under
drought.

The important physiological role of pH changes in
leaf apoplast for plants under stress has been previously
demonstrated (Wilkinson and Davies 2002; Wilkinson
et al. 2007). The change in pHmay occur very soon after
the initiation of stressful conditions, e.g. after a few days
(Bacon et al. 1998; Sobeih et al. 2004) or even hours
(Geilfus and Muhling 2012). The regulation of pH in
apoplast is the consequence of a complex interaction
between ion transport, H+-buffering, H+-consumption,
andH+-production (Felle 2005). The precisemechanism
of sap pH changes under drought stress is, however, not
yet fully understood.

Jia and Davies (2007) suggested that the reduction in
sap flow rate due to reduced transpiration may lead to an
increase in sap pH. Gloser and co-authors (unpublished
data) explored this effect in well-watered Vicia faba
plants and found that when the sap flow from roots
was reduced to less than 50 % of the natural transpira-
tion rate the root sap started to alkalize. We tested this

Fig. 2 Dynamics of changes in
xylem sap pH and leaf/stem water
potential (LWP/SWP) in legume
species during soil drying. Each
point represents an independent
measurement on one plant.
Second-order polynomial and
linear regressions are shown with
95 % confidence intervals (dotted
lines). * P < 0.05
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effect with P. sativum, which showed clear acidification
of sap under drought. It indicates, that a reduction in sap
flow is the mechanism contributing to sap acidification
in this species (Fig. 6). Other mechanisms involved in
pH change may include changes in the activity of H+-
ATPases in the cytoplasmic membrane of xylem paren-
chyma cells (Fromard et al. 1995). Alternatively, H+-
ATPases could regulate xylem sap pH by facilitating
secondary active H+/sugar transport (Alves et al. 2004).

Numerous studies have shown that xylem pH is
affected by the composition of dominant ions in xylem
sap (Gollan et al. 1992; Wang et al. 2012). Drought may
induce changes in the uptake and assimilation of inor-
ganic ions (Larsson 1992; Azedo-Silva et al. 2004;
Peuke and Rennenberg 2004). The uptake of nitrogen
as the mineral nutrient with the greatest abundance in
plants should make a significant contribution to these
processes and, consequently, may affect pH in xylem.
The concentration of sap nitrate decreased in H. annuus
and T. aestivum plants during drying; however, we did
not find any correlation between nitrate and sap pH in
these species (Fig. 3). In contrast, nitrate concentration

temporarily increased in xylem sap of P. sativum and
T. repens in response to soil drying (Fig. 4). Wilkinson
and co-authors (2007) found that nitrate concentration
temporarily increased in the sap of maize plants as soil
started to dry. When we explored the correlation be-
tween the concentrations of nitrate and protons in sap
we found significant positive relationships in three spe-
cies (B. napus, P. sativum and T. repens) (Figs. 3 and 4).
This effect may be the result of temporarily increased
nitrate uptake and transport from a temporarily concen-
trated soil solution as a consequence of drying. A rela-
tively lower uptake of anions in root cells along with
processes of nitrate export to apoplast may cause xylem
sap acidification. Despite the observed decrease in pH
with increasing nitrate in sap, we cannot exclude the
possibility that an elevated nitrate concentration causes a
pH increase only in leaf apoplast close to stomata, as
demonstrated by Jia and Davies (2007); our sampling
method did not allow us to measure these fine changes.

Anions of organic acids may be exported to the
apoplast and increase sap pH. This effect was previously
demonstrated in H. annuus (Gollan et al. 1992). Our

Fig. 3 Dynamics of changes in
xylem sap nitrate concentrations
in non-legume species during soil
drying (linear regressions are
shown) and correlations between
sap nitrate and H+ concentrations
(r – Spearman’s correlation
coefficient). Each point represents
an independent measurement on
one plant. The dotted lines
indicate 95 % confidence
intervals. * P < 0.05 and **
P < 0.01
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Fig. 4 Dynamics of changes in
xylem sap nitrate concentrations
in legume species during soil
drying (linear and second-order
polynomial regressions are shown
with 95 % confidence intervals
(dotted lines)) and correlations
between sap nitrate and H+

concentrations (r – Spearman’s
correlation coefficient). Each
point represents an independent
measurement on one plant. *
P < 0.05 and *** P < 0.001

Table 2 Correlations among the analyzed xylem sap constituents in H. annus plants (r – Spearman’s correlation coefficient, n – number of
replicates, P – level of significance). Significant coefficients are printed in bold

PO4
3− r 0.014 0.045 0.062

n 24 24 23

P 0.849 0.835 0.779

SO4
2− r 0.076 −0.352 0.206 0.359

n 24 24 23 23

P 0.726 0.092 0.345 0.092

Cl− r 0.415 −0.114 0.282 0.09 0.034

n 23 23 23 23 23

P 0.049 0.606 0.192 0.684 0.876

Malate− r Figure 5 −0.209 0.048 0.524 0.509 −0.082
n 24 22 23 23 23

P 0.326 0.832 0.01 0.013 0.709

Citrate− r Figure 5 0.202 0.022 0.486 0.054 0.015 0.552

n 23 22 23 23 23 23

P 0.356 0.924 0.019 0.806 0.945 0.006

∑ anions r 0.37 −0.214 0.952 0.200 0.309 0.304 0.213 −0.141
n 22 23 23 23 23 23 23 23

P 0.09 0.326 <0.001 0.359 0.152 0.158 0.329 0.521

Correlations SWC H+ NO3
− PO4

3− SO4
2− Cl− Malate− Citrate−
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Fig. 5 Dynamics of changes in
xylem sap malate and citrate
concentrations in legume and
non-legume species during soil
drying. Each point represents an
independent measurement on one
plant. Second-order polynomial
and linear regressions are shown
with 95 % confidence intervals
(dotted lines). * P < 0.05

Table 3 Correlations among the analyzed xylem sap constituents in T. aestivum plants (r – Spearman’s correlation coefficient, n – number of
replicates, P – level of significance). Significant coefficients are printed in bold

PO4
3− r 0.033 −0.282 0.57

n 20 20 19

P 0.89 0.229 0.011

SO4
2− r −0.095 −0.103 0.156 0.353

n 20 20 19 21

P 0.689 0.666 0.523 0.116

Cl− r −0.154 0.401 0.177 0.374 0.24

n 20 20 19 21 21

P 0.518 0.08 0.468 0.095 0.295

Malate− r Figure 5 0.11 0.472 0.448 0.577 0.483

n 22 17 21 21 21

P 0.628 0.056 0.042 0.006 0.026

Citrate− r Figure 5 −0.077 0.563 0.624 0.582 0.55 0.874

n 22 17 21 21 21 21

P 0.733 0.019 0.003 0.006 0.01 <0.001

∑ anions r 0.104 0.255 0.723 0.784 0.470 0.630 0.699 0.809

n 20 20 19 21 21 21 21 21

P 0.654 0.278 <0.001 <0.001 0.032 0.002 <0.001 <0.001

Correlations SWC H+ NO3
− PO4

3− SO4
2− Cl− Malate− Citrate−
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results with H. annuus, as well as with T. aestivum, also
show a decline in nitrate transport to the shoot with a

concomitant increase in organic acids (malate and cit-
rate) in xylem sap when soil starts to dry (Figs. 3 and 5).

Table 4 Correlations among the analyzed xylem sap constituents in B. napus plants (r – Spearman’s correlation coefficient, n – number of
replicates, P – level of significance). Significant coefficients are printed in bold

PO4
3− r −0.007 −0.098 0.406

n 27 27 28

P 0.971 0.625 0.032

SO4
2− r −0.132 0.37 0.880 0.300

n 27 27 28 28

P 0.215 0.058 <0.001 0.121

Cl− r −0.145 0.330 0.575 0.305 0.425

n 28 28 28 28 28

P 0.460 0.086 0.001 0.114 0.024

Malate− r Figure 5 0.524 0.754 0.466 0.624 0.573

n 25 24 28 28 28

P 0.007 <0.001 0.012 <0.001 0.001

Citrate− r Figure 5 0.495 0.580 0.301 0.705 0.265 0.552

n 25 24 28 28 28 28

P 0.012 0.003 0.119 <0.001 0.174 0.002

∑ anions r −0.098 0.592 0.976 0.477 0.880 0.656 0.803 0.677

n 28 26 28 28 28 28 28 28

P 0.633 0.001 <0.001 0.01 <0.001 <0.001 <0.001 <0.001

Correlations SWC H+ NO3
− PO4

3− SO4
2− Cl− Malate− Citrate−

Table 5 Correlations among the analyzed xylem sap constituents in P. sativum plants (r – Spearman’s correlation coefficient, n – number of
replicates, P – level of significance). Significant coefficients are printed in bold

PO4
3− r 0.033 0.352 0.529

n 20 23 25

P 0.89 0.1 0.007

SO4
2− r −0.095 0.365 0.405 0.750

n 20 23 25 25

P 0.689 0.087 0.045 <0.001

Cl− r −0.142 0.222 0.441 −0.086 0.055

n 25 25 25 25 25

P 0.500 0.285 0.027 0.683 0.796

Malate− r Figure 5 0.468 0.790 0.705 0.463 0.227

n 22 24 25 25 25

P 0.028 <0.001 <0.001 0.02 0.275

Citrate− r Figure 5 0.647 0.656 0.819 0.818 0.150 0.802

n 22 24 25 25 25 25

P 0.001 0.001 <0.001 <0.001 0.473 <0.001

∑ anions r 0.061 0.546 0.795 0.745 0.748 0.326 0.856 0.948

n 24 24 25 25 25 25 25 25

P 0.775 0.006 <0.001 <0.001 <0.001 0.112 <0.001 <0.001

Correlations SWC H+ NO3
− PO4

3− SO4
2− Cl− Malate− Citrate−
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On the other hand, we found a positive correlation be-
tween xylem malate (as well as citrate) and nitrate in
B. napus and P. sativum (Tables 4 and 5). A similar
relationship between malate and nitrate was also found
in tobacco plants grown under different nitrogen regimes
(Luttge et al. 2000). An increase in organic acids may be
a result of faster nitrate assimilation in roots and/or pro-
cesses that maintain charge balance in the xylem (Lips
1997; Hinsinger et al. 2003). Concentrations of organic
anions such as malate or succinate in xylem sap were
previously observed to increase under drought (Patonnier
et al. 1999; Goodger et al. 2005). Our results also showed
that malate concentration increased in H. annuus,
T. aestivum, P. sativum, and B. napus during soil drying
(Fig. 5). Anions of organic acids (e.g. malate) may
alkalize the pH of xylem sap more than inorganic anions
because of a higher value of pKa, and were proposed as
one of the main factors responsible for sap alkalization
under drought (Wilkinson and Davies 2002).
Additionally, the positive relationship between malate
and sap pH found in some studies was explained by the
indirect effect of malate on xylem sap alkalization
through calcium- and magnesium-malate complexes in
the xylem sap or by its transport with two protons from
the apoplast to the symplast (Schell 1997; Goodger et al.
2005; Wilkinson and Davies 2002). In contrast to these
results, we found a positive correlation between malate
(as well as citrate) and protons in B. napus and P. sativum
plants (Tables 4 and 5). A similar relationship between
malate and sap protons was also found in beech roots
(Schell 1997) and orange trees (Wutscher and
McDonald, 1986). We hypothesize that variations in
mean sap pH, total concentrations of organic acids, and
basic cations in sap among species may be responsible
for these contrasting results.

The balance between cation and anion uptake
also has a considerable effect on pH in plants.
When anion uptake exceeds cation uptake, the
increased efflux of OH− from cells may increase
the pH of root apoplast (Kirkby and Armstrong
1980, Haynes 1990). The effects of the balance
between strong cations and anions on pH in
plants, known as the strong ion difference, have
previously been discussed (Gerendas and Schurr
1999). Our results are in accord with previous
findings and indicate a negative correlation be-
tween the pH of xylem sap and the total concen-
tration of anions in B. napus and P. sativum
(Tables 4 and 5). Hence, it would be tempting to
hypothesise that the increased uptake of inorganic
anions into root cells and the subsequent decline
of their export into xylem is responsible for pH
increase. This may happen either directly by a
simple decline in the total ionic concentration in-
cluding H+ or indirectly via the synthesis of or-
ganic acids, which would compensate for the de-
clining concentration of inorganic anions in order
to maintain charge balance in xylem. In our ex-
periments, we found little evidence for a reduction
in total anion transport in xylem under drought
(Tables 2-5); thus, this mechanism seems unlikely.

In summary, the precise identification of the balance
between the most abundant inorganic and organic an-
ions that could potentially affect pH changes in xylem
sap under drought is challenging, even within the rela-
tively functionally homogeneous group of herbaceous
plants. The present study revealed high variability
among species in the changes and relationships among
variables that modulate plant response to drought. We
showed that changes in xylem sap pH during drying did
not relate to the nitrogen assimilation strategy. We also
showed that comparisons with other studies and inter-
pretations of results should be treated with caution,
particularly because of differences in sap sampling tech-
niques. Little is also known about the difference be-
tween the composition of xylem sap and that of apoplast
fluid in close proximity to stomata. Some previous
findings (Felle et al. 2000; Felle 2001) indicate that the
compositions of xylem sap and leaf apoplastic fluid may
differ considerably. Therefore, relationships based on
changes in the composition of xylem sap may not pre-
cisely match the conditions of leaf apoplast affecting the
response of stomata to drought and should therefore be
interpreted with caution.

Fig. 6 The effect of xylem sap flow rate on the pH of xylem sap of
P. sativum plants. Various flow rates were induced by increasing
the pneumatic pressure on the detached root system in soil. Data
sets of 6 examined root systems are presented. The dotted lines
indicate 95 % confidence intervals. * P < 0.05
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