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Control of Na+ and K^ transport in Spergularia marina
1.11:*anspiration effects

John M. Cheeseman and Linda K. Wickens

Cheeseman, J. M. and Wickens, L. K. 1986. Control of Na* and K* transport in Sper-
gularia marina. I. Transpiration effects. - Physiol. Plant. 67: 1-6.

In this paper we begin our study of factors controlling Na* and K* uptake in the ha-
lophyte Spergularia marina (L.) Griseb., with emphasis on plants growing at moder-
ate salinity (0.2x sea water). The involvement of transpiration was considered first
because of its potential to account for much or all of the transport of ions, and par-
ticularly of Na*, to the shoot under these growth conditions. Transpiration was con-
stant with time through most of the light period, quickly dropping to 6% of the day
time rate at night. ^Na* uptake, on the other hand, showed much less day/night vari-
ation, and relative transport to the shoot was constant. After establishing that trans-
piration was linearly related to leaf weight, possible transpiration effects were further
considered as correlations between leaf weight and transport to the shoot. Under
constant, day-time conditions, with linear effects of time and plant size removed, to-
tal transport of ^Na* to the shoot (per plant) was not correlated to leaf weight. A
similar result was found when transport was expressed per gram of root, and when
partitioning of total label to the shoot was considered. Finally, the correlation was
considered between leaf weight and a Na*/K* enrichment factor defined as the Na*/
K* ratio in the leaves divided by that in the roots. This correlation was also insig-
nificant. The results indicate that analysis of control of Na* and K* uptake and trans-
port in this experimental system need not consider effects of transpiration.

Additional key words - Halophyte, intact plants, salinity tolerance, symplastic trans-
port.
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Introduction

In the study of ion uptake by atid distribution within
platits there are two tnajor questions to he resolved.
First, what are the actual hiochemical and biophysical
tnechanistns of transport, and second, how are those
tnechanisms controlled stich that the plant acquires nu-
trients at the required rates? The latter question, which
will be addressed in this and in the folfowing papers, is
particularly interesting, for in spite of the numerous
complexities involved in plant nutrient strategies, it is
hroadly true that an increment of growth requires an in-
crement of nutrients (Clarkson and Hanson 1980). It is
aiso clear from recent reviews which consider control of
ion transport, largely based on work with young seed-

lings (Pitman 1982, Glass 1983) as well as from reviews
emphasizing the broader, ecological aspects of nutrition
(Chapin 1980) that there are major deficiencies in our
understanding of the control problem.

In the present paper, we begin a study of the control
of Na* and K* transport which wiil consider severa! fac-
tors - transpiration, root ion contents, root:shoot ratio
(RSR), plant size, age and relative growth rate - either
alone or, when interactions are likely, in combinations.
The experimental system is intact, fully autotrophic,
vegetative Spergularia marina plants, S. marina is a
small, annual, coastal halophyte which is faced with
many of the same nutrient acquisition problems as
agronomic and ruderal species, but which also shows a
high degree of sahnity tolerance. In previous papers we
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have reported its characteristics with regards to growth,
to Na* and K* contents, and to Na*, K* and H* trans-
port by roots of intact plants (Cheeseman and Enkoji
1984, Cheeseman et al. 1985a,b). Because of its poten-
tial to account for much or all of the transport of Na*
and K*, we begin our consideration with analysis of the
role of transpiration with emphasis on the effects at
moderate salinity (0.2x sea water).

Abbreviations - EF, enrichment factor; RSR, root-shoot ratio;
p, reflection coefficient.

Materials and methods

Seeds of Spergularia marina (L.) Griseb. (Caryophylla-
ceae) were collected from plants in our growth cham-
bers and were germinated on vermiculite. Approxi-
mately 2 weeks after germination, seedlings were trans-
ferred to solution culture. The initial growth medium
was Na*-free, O.lx sea water solution containing (in
mol m ' ) : KNO,, 0.75; KHCO,, 0.265; CaClj, 1.05;
MgSO,, 3.2; MgCl,, 2.3; (NHJHjPOj, 0.5; Hoagland's
micronutrients and Fe. This basal medium is designated
Na-0. Salinization, if any, began 10 days after transfer
to solution culture with addition of 45 mol NaCl m ' .
All concentrations were doubled on day 11 to give 0.2x
sea water. Except as noted, all solutions were continu-
ously aerated. For the experiments to be discussed in
this paper, the plants used were grown either in Na-0
medium continuously, or in 0.2x sea water after day 11.

With the exception of the experiments in which rela-
tive humidity was altered, all studies were performed in
the chamber used for plant growth. Chamber tempera-
ture was 22°C day and 15°C night with a 14 h photo-
period. Light intensity at plant height was ca 500 (unol
m"- s~' supplied by a bank of fluorescent tubes (West-
inghouse F96T12/D/SHO). Humidity experiments were
performed in a chamber equipped with humidification
capability, all other conditions being carefully adjusted
to those of the primary chamber.

Transpiration was estimated by weight loss. Plants,
with styrofoam collars around the root/shoot interface
for support, were placed individually in plastic scin-
tillation vials with ca 22 ml of growth medium. Vials
were weighed immediately and at intervals thereafter.
Control vials with collars but without plants were used
to correct for non-transpirational evaporation. To mini-
mize this evaporation and to keep the correction factor
to a relatively small portion of the totai water loss, solu-
tions were not aerated during the measurements. With
the concentrations of Na* and K* used in these experi-
ments, the lack of solution mixing was probably not an
impoitant factor limiting uptake. The linear rates to be
reported here were typical of other experiments with
vigorous aeration (Cheeseman and Wickens 1986,
Cheeseman et al. 1985b). Lack of aeration does not ap-
pear to hinder the growth of 5. marina (J. M. Cheese-

man unpublished data). For long-term studies (Fig, 1)
the medium was renewed periodically.

Isotope uptake experiments using -̂ Na* and *-K*
were conducted and analyzed as described in detail in
Cheeseman et ai. (1985b). To assure that leaf data con-
tain no contribution due to contamination or to root
bases, the stem below the rosette leaves and the tran-
sition zone to the root (root/shoot interface) was re-
moved and discarded. This interface contained less than
5% of the plant weight and was not active as a site of
Na* sequestering (Cheeseman et al. 1985b).

The Na* partitioning for Fig. 6 was determined by
growth analysis using frequent small harvests (Hunt
1982). Five plants were harvested individually each day,
beginning 24 h after saiinization (day 11 after transfer to
solution culture) until day 20, and at days 22 and 25.
Branch elongation began at day 22 and first flowering
was at day 35 (Cheeseman et al. 1985a). Curves were fit
using the program of Hunt and Parsons (1981) trans-
lated for use on the Cyber 175 mainframe cotnputer at
the Univ. of Illinois by Dr W. E. Wilhams of this de-
partment. All other statistical analyses were performed
using the BMDP statistical packages (Dixon 1981). De-
grees used in polynomial regressions were chosen based
on significance of the increase in r.

Results

Though in some cases solution depletion techniques are
suitable for continuous determination of total ion up-
take, measurement of the course of ion delivery to the
shoot requires destructive harvesting. Thus, continuous
direct comparison of the rates of transpirational water
loss and of delivery of ions to the shoot is not possible.
In preliminary experiments using plants grown in 0.2x
sea water, single point measurements of totai water loss
and of ^̂ Na* and '"'K* delivery to the shoot from the
start of the experiment until harvesting, indicated that
the measures were negatively correlated, though the
correlations were not significant at the 5% level. Per-
haps reflecting the adverse effects of the additional
plant manipulations, Na* uptake values in those studies
were substantially less than were observed in routine
uptake experiments such as those previously described
(Cheeseman et al. 1985a). Because of the potential im-
portance of transpiration as a controlling factor in ion
uptake and transport, we extended the study using less
direct techniques.

Indirect comparisons depend entirely on the suffi-
ciency of some parameter in the uptake portion of the
experiment to indicate accurately the rate of water flux.
Thus, we first established that transpiration rate was
constant with time for some extended period, and that
the rate of transpiration was linearly related to leaf
weight. Figure 1 shows the time dependence of transpi-
ration through a 24 h cycle for an experiment using 0,2 x
sea water plants. Transpiration was constant from about
15 min after the start until about 90 min before the end
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Fig. I. The relationship between transpiration, measured as
the rate of weight loss (corrected for evaporation), and time-
of-day in vegetative S. marina on 0.2x sea water medium.
Night is indicated by shaded region; 100% relative transpi-
ration is 0.510 g H,O g'l,,, h ^ Solutions were renewed as re-
quired to prevent large changes in solution levels.
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Fig. 2. The relationship between transpiration and ieaf weight
in vegetative S. marina plants on D.2x sea water medium.
Transpiration was measured as weight loss corrected for evapo-
ration, each point representing a 30 min period. Least squares
regression and 99% confidence interval (dotted lines) are
shown.

of the photoperiod. Night-time water loss was atx>ut 6%
of the day-time rate, and tratisitiions were abrupt be-
tween the two.

The relationship between leaf weight and transpi-
ration for plants grown in 0.2x sea water is shown in
Fig. 2, Both the linearity with time and the high correla-
tion between leaf weight and transpiration were also
found for other growth conditions from Na-0 to O,4x
sea water. These results indicate that, at least within a
single experinient, leaf weight should serve as a reliable

indicator of relative transpiration rates. Table 1 sum-
tnarizes representative water fluxes per unit leaf and
root in Na-0 and 0.2x sea water grown plants. Conver-
sions of weights to surface area and root length were
based on previously reported factors (Cheesetnan et al.
1985a). Though transpiration was reduced in the more
saline medium, the stomata were clearly not completely
closed. Transpiration rates similar to those shown for
plants in 0.2x sea water were found in plants grown in
0.4 X sea water (data not shown).

Figure 1 suggests that light intensity could be used to
manipulate transpiration. Such a manipulation would,
however, also alter photosynthesis and possibly supply
of photosynthate to the roots. A potential alternative
manipulation to alter transpiration is that of relative hu-
midity (Pitman 1965, Jeschke 1984). However, in 5. ma-
rina, within the range of oonditiotis achievable with
available facilities (maintaining air flow, light intensity
and temperature), sensitivity of transpiration to humid-
ity was very low (Tab, 2).

At the rates of water flow indicated in Tabs 1 and 2,
transpiration could explain a substantial portion of the
total K* transported to the shoot in the absence of apo-
plastic barriers (i.e. a reflection coefficient, g, of 0), as
well as the observed Na* fluxes at low Na^ levels (Tab.

Tab. I. Mean water fluxes in vegetative S. marina plants grow-
ing on either Na-0 or 0.2x sea water medium. Each value is the
mean ± SEof 235 (Na-0) or 300 (0.2x sea water) 30 min meas-
urements from 50 plants. For comparison to other studies,
means are converted to surface area and root length bases us-
ing conversion factors in Cheeseman et ai. (19S5a). Root hairs
were included in estimates of root surface area.

Growth medium Units Transpiration (g HjO h ')
per unit

Leaf Root

Na-0

0.2x sea water

gleaf
m^ surface
m root length

gleaf
m̂  surface
m root length

0.97±0.01
413

0.49±0.01
210

3.72±0.06
155

0.098

].74±0.03
72

0.046

Tab. 2. The effects of relative humidity on transpiration in S.
marina growing on 0.2x sea water medium, expressed per
gram leaf and root. Humidity was increased in 2 steps at 180
min intervals maintaining all other growth chamber parameters
constant. Each value is the nuean ± SE of 30 to 35 measure-
ments using 10 plants. Means for the diHerent faiimidities are
not statistically different at the 5% level.

Relative
humidity (%)

40
60
85

Transpiration (g H^O h ')
per gram

Leaf

1.01 ±0.08
1.00±0.06
0.83±0.06

Root

5.27±0.75
5.25 ±0.67
4.37±0.56
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Tab. 3. Observed and potential rates of ^ a * and "K' transport to the shoot in S. marina growing on either Na-0 or 0.2 x sea wa-
ter medium. Na-0 solution was supplemented with 1 mol NaCl m"' for the experiments. Potential delivery is given for 2 reflection
coefficients, a=0 and 0.98. "K* rates are based on linear rates of uptake and transport between 120 and 480 min from the start of
the experiment (Cheeseman et al. 1986).

Medium Ion Concentration
(mol Bi"')

Observed rate Potential rate

0 = 0 •• 0 . 9 8

Na-0

0,2x sea water

1.0
1.0

90
2

4.10
4.49

10.7
5.9

3.7
3.7

445
9.9

0.2
0.2

22
0.5

3). Clearly, under more saline conditions the very high
potential delivery of Na* implies that there is in fact a
substantial barrier to such movement. Using a reflection
coefficient of 0.98 that would allow only 2% of the total
transpiration water and ions to bypass all barriers (Pit-
man 1982, Hanson et al. 1985), direct effects of transpi-
ration on apoplastic ion flows will be of no significance
except, possibly, in the case of Na* at high external lev-
els. Further analysis will therefore be restricted to Na*
at 0.2 X sea water.

In an experiment comparable to the transpiration
time course of Fig. 1, total uptake and transport to the
shoot of "Na* were considered in a series of 2 h meas-
urements over a 24 h day/night cycle (Fig. 3). Total up-
take varied by a factor of 2.7 (maximum/minimum),
small by comparison to variations in transpiration. Tran-
sitions in rate of uptake were not abrupt. In contrast,
the relative distribution between roots and shoots, also
shown in Fig. 3, was nearly constant with about 60% of

I
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Fig. 4. The time course of "Na* transport to the shoot in S. ma-
rina on 0.2x sea water medium. Transport was linear from 20
min to 8 h; least squares regression and 95% confidence inter-
val (dotted lines) are shown. Humidity was increased at 180
and 360 min as indicated in Tab. 2.
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Fig. 3. The relationship between ^ a * uptake (solid bars), rel-
ative ieaf accumulation (hatched bars) and time of day in vege-
tative S. marina plants on 0.2x sea water medium. Night is in-
dicated by the shaded region. All uptakes were 2 h, centered at
the times indicated. Error bars denote SE (n = 10). Relative
leaf accumulation is defmed as percentage of the total label in
the shoot at harvest.

the total label being recovered in the shoot after the 2 h
period, regardless of time of day or total uptake. This
suggests that partitioning of total uptake between roots
and shoots was determined by some factor other than
tratispiration.

The possibility of an interaction between transpira-
tion and transport under constant, day-time conditions
was considered by statistical analysis of the relationship
between "Na* transport to the shoot and leaf weight (as
an indicator of relative transpiration) in a single time
course experiment. The particular difficulty in this ana-
lysis lies in the fact that total uptake and transport were
also reiated to plant size, i.e. with or without a transpi-
ration effect, there would be a strong positive correla-
tion between any measure of plant size and total ^Na*
in the shoot. Two techniques were used to eliminate this
problem. First, root weight was used as the independent
measure of plant size, and with the linear effects of time
and root weight removed, the partial correlation be-
tween transport and leaf weight was analyzed by multi-
ple linear regression. Second, with transport expressed
per gram root, delivery was analyzed for correlation to
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leaf weight, again with the linear effects of time re-
moved.

In the first case, the partial correlation coefficient, r',
for leaf weight and transport was insignificant (r' =
0.13, P> 0.2) indicating that there was no leaf size
(transpiration) effect heyond that simply related to
overall size.

Total ^Na* in the shoot, expressed per gram root, is
shown in Fig. 4 as a function of time (the same experi-
ment was used for Tab. 2; vertical dashed lines denote
times at which relative humidity was increased).
Clearly, humidity had no effect on ^̂ Na* transport
either. With the linear effects of time removed, the par-
tial correlation of !eaf weight with transport was signifi-
cant but negative (r' = -0.461, P < 0.001). This analy-
sis indicates a general decrease in uptake rate per unit of
plant with increasing size (see Cheeseman and Wickens
1986), but again fails to indicate a complicating effect of
transpiration.

The corresponding partitioning of total label to the
shoot is shown in Fig. 5. With the effects of time re-
moved using a cubic polynomial, the partial correlation
with leaf weight was again insignificant, further contra-
dieting the hypothesis of a positive transpiration effect
on transport.

Our final analysis of the possibility that transpiration
influences Na* or K* movements considered a possible
influence on Na*/K* selectivity. Such an effect has been
suggested by reports of Pitman (1965, 1966) that se-
lectivity was altered by transpiration at high external ion
levels. S. marina, like other halophytes, transports pro-
portionately more Na* than K* to the shoots. There-
fore, in order to make selectivity values greater than
1.0, and to make it clear that internal selectivity was be-
ing considered, we defined the NaVK* enrichment fac-
tor. EF. as

360 480

Time (min)

Fig. 5. The partitioning of ^ a * to the shoot as a function of
time in the same experiment as that used for Fig. 4. Cubic poly-
nomial regression line and 95% confidence interval (dotted
lines) are shown. Note again that root/shoot interfaces were re-
moved prior to analysis and, thus, that this graph does not re-
flect contamination or root base contributions. Relative leaf
accumulation is defined as in Fig. 3.

15 20 25
Days after Transfer

Fig. 6. The partitioning of total plant Na* to the shoot as a
funaion of age in vegetative 5. marina from 24 h after the be-
ginning of salinization until the beginning of branch elongation
at 25 days after transfer to solution culture. Regression line is a
cubic polynomial with 95% confidence interval (dotted lines).
Relative leaf accumulation is defmed as in Fig. 3.

EF = (1)

We then considered the correlation between EF and
leaf weight. Again using single time courses such as that
in Figs 3 and 4, and restricting data to times greater than
120 min to eliminate the effects of the lag period in K*
uptake (Cheeseman et al. 1985b), we found a mean EF
= 1.73 ± 0.04 for plants grown in 0.2x sea water. EF
was not significantly correlated to leaf weight (P >
0.25). Similar lack of correlation was found in plants
growing on media of other salinities, from Na-0 (supple-
mented with 1 mol Na* m'' for the uptake period) to
0.4x sea water.

Though these results involve relatively short-term
considerations and possible direct effects of transpi-
ration, similar results were found in the longer term.
Figure 6 shows that partitioning of Na* to the shoot was
also constant within a narrow range when considered on
a total Na* content basis from 24 h after the beginning
of salinization to the beginning of branch elongation. At
the onset of flowering (day 35) the shoot content had
decreased to 75 ± 1% of the total Na*, reflecting the in-
creased proportion of the shoot biomass invested in the
stem component at that stage. Ion contents per unit of
stem weight were somewhat lower than contents per
unit leaf (Cheeseman et al. 1985a).

Discussion

Transpiration is one of the most obvious factors with the
potential to influence ion transport in plants. Numerous
studies of the transpiratioti/transport interaction have
been done over the years and, as reviews by van den
Honert et al. (1955) and Pitman (1977, 1982) have
shown, the results depend on the plant species, age, the
ion in question and the growth conditions. In short, the
question is not (and perhaps cannot be) resolved for a
general case, and needs to be assessed independently
for each experimental system.

An interaction between ion transport and water flow
could be direct, the water dragging the ions through an
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apopiastic (or possibiy sympiastic) route to the xylem.
Alternately it cotild be indirect, the water flow increas-
ing the net trans-root flow of ions by reducing the xylem
concentration and favoring unloading from the root
symplasm. Pitman (1982) discussed these relationships,
indicating that if ion movement from the xylem back to
the root symplast, 0,^ were not negligible but de-
pended on the concentration of ions in the xylem, then
as water fiow, J,, increased, Ĵ , or total solute flow to the
shoot, would increase to a maximum ievel of ($)„.
Clearly, systems more complex than simple diffusion
firom the symplast down a concentration gradient are
probable, though not yet well understood (Hanson
1978, Pitman 1982, De Boer et al. 1983, Clarkson et al.
1984). Presumably, however, such controls would in-
volve the xylem solution through pH and ion concen-
tration effects, so limiting conditions would still be ex-
pected at high water flows.

Regardless of the biochemical and biophysical mech-
anisms involved, the results presented here indicate that
in .S. marina, day-time xylem Na* and K* concentra-
tions are relatively low (< 7 mol m"') even at moderate
salinity levels (Tabs 1 and 3). The lack of significant al-
teration of partitioning at times of low transpiration
(Fig. 3) also suggests that back flux from the xyiem to
the root symplast was negligible.

Even more indirect effects of transpiration may exist,
as factors which promote transpiration also promote
growth or "vigor" in general. Such effects are likely re-'
fleeted in studies such as that of Bowling and Weather-
ley (1965) who found an increase in total K* uptake by
Ricinus communis 7.5 h after an increase in transpi-
ration. Complex and poorly understood ititeractions
may also be represented in results such as those of
Jeschke (1984) using very young barley seedlings with
low maximal transpiration rates per se, and significant
guttational water movement driven by root pressure. In
analyzing control of ion uptake and transport in fully
autotTophic vegetative plants, such effects are of sec-
ondary concern, and the results of this study question
that transpiration plays any significant role in that con-
trol. With this complication removed, we will consider
other aspects ofthe control problem in the following pa-
pers.
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