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Abstract Maintenance of ion homeostasis, particularly
the regulation of K* and Na* uptake, is important for all
plants to adapt to salinity. Observations on ionic response
to salinity and net fluxes of K*, Na* in the root exhibited
by plants during salt stress have highlighted the need for
further investigation. The objectives of this study were to
compare salt adaptation of two Chinese Iris (Iris lactea
Pall. var. chinensis (Fisch.) Koidz.) populations, and to
improve understanding of adaptation to salinity exhibited
by plants. Plants used in this study were grown from seeds
collected in the Xinjiang Uygur Autonomous Region (X))
and Beijing Municipality (Bj), China. Hydroponically-
grown seedlings of the two populations were supplied
with nutrient solutions containing 0.1 (control) and
140 mmol-L ' NaCl. After 12 days, plants were harvested
for determination of relative growth rate and K", Na™*
concentrations. Net fluxes of K", Na* from the apex and
along the root axis to 10.8 mm were measured using non-
invasive micro-test technique. With 140 mmol-L™' NaCl
treatment, shoots for population Xj had larger relative
growth rate and higher K* concentration than shoots for
population Bj. However, the Na®™ concentrations in both
shoots and roots were lower for Xj than those for Bj. There
was a lower net efflux of K* found in population Xj than
by Bj in the mature zone (approximately 2.4—10.8 mm
from root tip). However, no difference in the efflux of Na™
between the populations was obtained. Population Xj of 1.
lactea continued to grow normally under NaCl stress, and
maintained a higher K*/Na* ratio in the shoots. These
traits, which were associated with lower K* leakage, help
population Xj adapt to saline environments.
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1 Introduction

NaCl stress in plants can cause inhibition of essential ion
uptake. When plants are transferred to a saline culture
solution, there will be a reduction in plant K* content with
an increased in external Na'/K" ratio. Therefore, the
tolerance of many plants to NaCl stress may rely on
controlled uptake of these ions (i.e. capacity for Na*
exclusion or K* inclusion) [1].

The study of K* and Na* fluxes along roots in plants
could be important for understanding the strategies plants
use to survive in a saline environment. Fluxes of ions can
be measured using the non-invasive micro-test technique
(NMT), a promising method to calculate fluxes from the
measured difference in electrochemical potential. Using
this technology, differences in net ion fluxes has been
obtained from several plant species. For example, a net K*
efflux was observed in salt-sensitive wheat, showing that
the ability to retain K™ is relevant to their salt-tolerance [2].
Similar results have been found in studies on barley, in
which the reduction in dry mass was attributed to higher
K™ leakage [3]. This net Na™ efflux in roots contributed to
adaptation of barley in a saline environment [4] and the
K*/Na* ratio could be an indicator of salt tolerance.
Additionally, a higher ability for Na* exclusion was
retained by Poplar euphratica roots, especially under long-
term salinity stress [5].

Chinese Iris (Iris lactea Pall. var. chinensis (Fisch.)
Koidz., F. Iridaceae) (Fig. 1), a monocotyledonous
halophyte, is considered an important salt-tolerant species
in areas where salinity is increasingly problematic [6—8]. In
China, it is grown in arid deserts or saline areas, and widely
distributed in the northern and western provinces,
suggesting that the species has great potential for
cultivation in areas where salinity and drought is becoming
a serious problem. It can be used for animal feed,
landscaping, water and soil conservation, papermaking
etc. The cultivation of this species can be of considerable
ecological and economical value. However, I lactea
populations may exhibit different adaptation to salinity
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or drought, as ionic responses to salinity vary between
plant populations. For example, plant accessions from the
inland zone of China (e.g. western provinces) have often
been found to be relatively drought-resistant because the
environments from which they come are significantly more
adverse than conditions in the eastern provinces [9].
There has been limited research on the salt tolerance of
different 1. lactea populations, so ionic responses to
salinity and net fluxes of K*, Na* in the root exhibited
by I lactea during salt stress warrant further investigation.
Thus, the relative growth rate of, ion content in, and net K*
and Na* efflux from, roots of two 1. lactea populations was
determined in this study, with the aim of enhancing
understanding of ionic relation in this species.

Fig. 1 Photos of wild Chinese Iris (Iris lactea Pall. var. chinensis
(Fisch.) Koidz.)

2 Materials and methods

Seed of I. lactea var. chinensis were collected randomly
from the arid zone (E93°30°, N42°48, 740m) in the
Xinjiang Uygur Autonomous Region (Xj) and from the
semi-arid zone (N40°34, E116°10° 540 m) in northern
Beijing Municipality (Bj). Xingjiang has an average
annual precipitation and evaporation of 34.9 mm and
2800 mm, respectively, whereas Beijing has 580 and 1830
mm, respectively. In Xingjiang and Beijing the average
temperature are 10.0 and 8.5°C, respectively. After
collection, the seeds were stored at 4°C to minimise loss
of viability.

Seedlings of two populations (Bj and Xj) were supplied
with the following nutrient solutions: 0.75 mmol-L™
K5SO0,, 0.65mmol-L ' MgSOy, 0.1 mmol-L"' KCI, 2.0
mmol-L™ Ca(NOs),, 0.25 mmol-L™' KH,PO,, 0.01 mmol
‘L' H3BO3, 0.001 mmol-L' MnSO,4, 0.0001 mmol-L'
CuSO,, 0.001 mmol-L™' ZnSO4, 5 x 10 ®mmol-L!
(NH4)sMo0,04, 0.1 mmol-L™' Fe-EDTA. The pH was
adjusted to 6.0+0.1 with KOH and H,SO,. Nutrient
solutions were renewed every 2 d. Day/night temperatures
and average relative humidity were (24+2)°C /(21£1)°C

and 60%/85%, respectively.

When the hydroponically-grown seedlings were about
75 mm, they were treated with the nutrient solutions
containing either 0.1 (control) or 140 mmol-L' NaCl,
which was applied gradually by adding 70 mmol-L "' d".
Shoots and roots of the plants were sampled at the
commencement of treatment to allow for determination of
relative growth rate. After final salinity concentrations
were reached, stress treatment was started and applied for
12 days. At the end of stress periods, one seedling from
each treatment was collected. Relative growth rate (RGR)
was calculated using the equation:

RGR = (ln Wz*ll’l Wl)/(T27T1)’

where W; and W, represent shoot dry weight at the
beginning of treatments and at the end of the experiment,
respectively, and 7; (first day of treatment) and 7, (final
day of treatment), time in days.

Seedlings were harvest for determination of K* and Na*
content. K* and Na* content in shoots and roots was
measured using the inductively coupled plasma (ICP)
method. In this study, ion concentrations were calculated
as mole per dm® tissue water to provide a more
physiologically relevant interpretation in halophytes such
as I lacteal [8].

Net fluxes of K* and Na® were measured with a
non-invasive micro-test technique (NMT; BIO-IM system,;
Younger USA Sci. and Tech. Corp., Amherst, MA, USA)
as described by Sun et al. [5] and Chen et al. [10], at Xuyue
Sci. and Tech. Corp., Ltd..

One hour prior to measurement, three or four seedlings
were taken from the growth chamber, the roots were
immediately rinsed with redistilled water and equilibrated
for 30 min in the measuring solution for ion flux
measurements. K* or Na™ were monitored in the following

solutions: 0.1 mmol-L' KCI, 0.1 mmol-L' CaCl,,
0.1 mmol-L™" MgCl,, 0.5 mmol-L™" NaCl, 0.3 mmol-L™
MES, 0.2mmol-L™' Na,SO,, pH 6.0. First,

0.05-0.50 mmol-L' KCI and 0.5-5.0 mmol-L' NaCl
were used to calibrate the ion-selective electrode. Liquid
ion exchangers were XY-SJ-K (Sigma #6003 1, Xuyue Sci.
and Tech. Corp., Ltd.) and XY-SJ-Na (Sigma #71178,
Xuyue Sci. and Tech. Corp., Ltd.), respectively. The roots
were placed in a perspex measuring chamber containing
15 mL of a fresh measuring solution and restrained at the
bottom of the chamber. After restraining the roots,
scanning at 0.6 mm increments commencing from the
apex continued along the root axis until 10.8 mm (where
ionic flux responses become less variable). The measuring
zone was 0—10.8 mm from the root apex with the root cap
zone (<0.6mm from root tip), the elongation zone
(0.6-1.8 mm from root tip), and the mature zone
(> 1.8 mm from root tip). The ion-selective microelec-
trodes were moved between two positions (30 pum
amplitude) close to the plant material in a pre-set excursion
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at an adjustable programmable frequency of 0.2 Hz by a
computerized micromanipulator (Fig. 2).

From the measured difference in electrochemical
potential of these ions between two positions, ion fluxes
were calculated using MageFlux software (Xuyue Sci. and
Tech. Corp., Ltd., http://xuyue.net/mageflux/make new.
php) by Fick’s law of diffusion as described [5].

Statistical analysis was performed with the SPSS
statistical program (Versionll.5, SPSS Inc., 2003), and
treatment means were compared by least significant
differences at P = 0.05.

3 Results
3.1 Plant growth status

Figure 3 shows that the shoots of 1. lactea under controlled
conditions had a higher RGR than the roots, but no
difference between the two populations was observed.
When the NaCl concentration in the medium increased to

140 mmol-L™, there was a 1.2-fold larger RGR for shoots
of population Xj than for population Bj, whereas RGR of
roots in two populations was similar (Fig. 3).

3.2 Concentrations of K™ and Na*

Table 1 shows the concentrations of K™ and Na™, and the
K*/Na* ratio in shoots and roots of two I lactea
populations. The results indicated that /. lactea populations
did not differ in K* concentration either in the shoots or the
roots under controlled conditions. The same trend in Na™*
concentration and K*/Na™ ratio was observed. The NaCl
concentration of 140 mmol-L™" caused the K™ concentra-
tion in the two 1. lactea populations to decline, especially
in roots. Also, the K* concentration was slightly higher in
shoots of population Xj than in those of Bj, and lower in
roots of population Xj than in those of Bj. It can be seen
from Table 1 that roots of population Xj transport K* more
than roots of Bj. In NaCl treatment, population Bj had a
higher Na* concentration than was recorded in Xj, and the
effect (1.4 times) was more pronounced in roots. More-
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Fig. 2 Microelectrode ion flux estimation technique (MIFE) in root of 1. lacteal
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Fig. 3 Relative growth rate in shoots (a) and roots (b) of two Iris lactea populations. Seedlings were subjected for 12 days to 0.1 and
140 mmol-L ' NaCl. For each group of two bars, means with different letters are significantly different at P < 0.05 using least significant

differences (LSD) test.
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Table 1 Concentrations (mmol-g 'DW) of K, Na™ and K™/Na™ ratio in shoots and roots of two Iris lactea populations

. Shoot Root
NaCl/(mmol-L™) Provenance
K* Na* K*/Na* K" Na* K*/Na*
0.1 Xj 0.81a 0.11a 7.39 1.03a 0.19a 5.35
0.1 Bj 0.82a 0.15a 5.31 1.19a 0.19a 6.30
140 Xj 0.64a 0.62b 1.03 0.27b 0.74b 0.36
140 Bj 0.44b 0.70a 0.63 0.48a 1.03a 0.46

Note: Seedlings were subjected for 12 days to 0.1 and 140 mmol- L' NaCl. Values marked with different letter represent significant difference at P < 0.05 between two

populations at a given NaCl level.

over, there was a higher K*/Na*t ratio in shoots of conditions, a higher K* efflux in population Xj was
population Xj than in shoots of Bj, which showed recorded in the elongation zone, which was less than
population Xj had a higher ability to maintain K*/Na* 3.2 mm from the tip. However, K* efflux in the mature

ratio. zone was the same for the two populations. For plants
grown at 140 mmol-L™" NaCl, a lower K* efflux in
3.3 Net fluxes of K™ and Na* in roots population Xj was recorded in the mature zone. These

results indicate that population Xj retained more K™ under

Figure 4 illustrates the effect of NaCl on net K* flux in  NaCl stress.

roots of two I lactea populations. Under controlled Figure 5 indicates the effect of NaCl on net Na* flux in
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Fig. 4 Net K' flux in roots of two Iris lactea populations. Seedlings were subjected for 12 days to 0.1 and 140 mmol-L ™' NaClL K*
fluxes were measured at 0.6 mm intervals, starting from the root tip. Each point is the mean of 3—4 individual plants. Vertical bars represent
standard error. (a) Control; (b) salt.
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Fig. 5 Net Na* flux in roots of two Iris lactea populations. Seedlings were subjected for 12 days to 0.1 and 140 mmol-L ' NaCl. Na™
fluxes were measured at 0.6 mm intervals, starting from the root tip. Each point is the mean of 3-4 individual plants. Vertical bars represent
standard error. (a) Control; (b) salt.
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roots of two . lactea populations. There was a low Na™
efflux in the two populations, which was due to the very
low Na* concentration in the control. Na* efflux increased
as Na® concentration in the medium was raised to
140 mmol-L'. Notably, no difference between the two
populations was detected, with the Na* effluxes both about
700 pmol-cm™2-s™'. The two populations had the same
capacity for Na™ exclusion at 140 mmol-L™" NaCl.

4 Discussion

In population Xj, the proportion of dry mass from shoots
was high, which resulted in a slight reduction in shoot
RGRs. In contrast, population Bj, had a relative low shoot
RGR, indicating NaCl had an adverse effect on its growth.
This was consistent with the result obtained for
sorghum [11]. The above result shows that Xj is better
adapted for saline environments.

Potassium is an essential nutrient for higher plants, but
K* leakage can be induced by salinity. Thus, the ability to
retain K™ is essential for plant to be adapted to salinity. The
K* leakage for /. lactea was highest in the elongation zone,
and declined in the mature zone. However, the rate of
decline was less than in barley as found in earlier work,
which showed a 90% reduction in K* leakage in the
mature zone [12]. This difference may depend on genotype
and the intensity of NaCl stress. At 140 mmol-L™' NaCl, a
lower K* efflux in population Xj was found in the mature
zone, suggesting that this root zone is important for
retaining K*. Therefore, the greater ability to retain K*
appears to contribute to the adaptation of population Xj to
salinity.

In addition, capacity for Na* exclusion contributes to
salt-tolerance, especially in Na* excluders, as was found
for I lactea. Na* efflux increased as external Na*
concentration was raised to 140 mmol-L ', indicating
that both populations adapted to salinity by Na™* exclusion.
However, there was no difference between the two
populations, and it was evident that Na* concentration in
the shoots (0.13 —0.17 mmol-L™) had not accumulated to
toxic level. Therefore, Nat exclusion may not help
population Xj adapt to 140 mmol-L™" NaCl stress. From
the result of K™ leakage in roots of . lactea, we can infer
that better adaptation to salinity in populations (i.e.
population Xj) was associated with the process of K*
inclusion rather than Na™ exclusion.

The two populations did not differ in K concentration
under controlled conditions. However, under NaCl stress,
population Xj retained K* in the shoots. Nevertheless,
there was no difference in Na* concentration between the
two populations, indicating population of Xj preferentially
retained K* in the shoots, when the two populations were
under the same ionic stress induced by 140 mmol-L"
NaCl. Flowers and Colmer suggested that the net Skx.na
by monocotyledonous halophytes was high at low

salinity [13], which was why the monocotyledonous
halophyte, 1. lactea, was used in this study. Numerous
studies have revealed that the K*/Na* ratio rather than Na*
concentration could be a good indicator of plant stress.
This study demonstrated that the higher growth in saline
environments exhibited by population Xj may be attributed
to its ability to maintain the K*/Na™ ratio.

5 Conclusions

Population Xj of I lactea continued to grow normally
under 140 mmol-L ! NaCl stress, which exhibited a better
adaptation compared with population B;j. Its greater ability
to maintain the K*/Na™ ratio in shoots could be associated
with lower K* leakage in this population. These traits help
population Xj adapt to saline environments. The findings
in this paper, however, are based only on the experiments
involving 140 mmol-L™" NaCl stress. The ion flux and
absorption characteristics of ions by Chinese Iris with
higher salt levels and the relationship of various influen-
cing factors need further studies.
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