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elongating leaves of wheat under saline soil conditions
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Abstract. In this study, we quantified the spatial distributions of Fe, Mn and Zn and their net deposition
rates in the elongating and mature zones of leaf 4 on the main stem of spring wheat (Triticum aestivum L.)
on a millimetre scale during its linear growth phase under saline soil conditions. Plants were grown in an
illitic-chloritic silty loam with 0 and 120 mm NaCl in growth chanibers. The sampling was conducted on
the 3rd day after leaf 4 emerged during the photoperiod. The patterns of spatial distributions of Fe, Mn
and Zn concentrations (mmol kg~' FW) in the growing leaves were distinct. Salinity affected the distri-
bution pattern of Fe concentration on the FW basis, whereas it did not affect those of the Zn and Mn. The
distribution patterns of Fe and Mn differed from those for N, P, K, Ca and Mg found in a previous study,
whereas the distribution pattern of Zn was similar to those of Mg, P and N. The spatial distribution of the
net deposition rates (mmol kg™! FW h™!) in both treatments demonstrated the strongest sink for the
micronutrients in the elongation zone, and their net deposition rates were enhanced by 120 mm NaCl at
the middle of the elongation zone. From the results, we conclude that the inhibition of leaf growth of
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Spatial distributions and net deposition rates of Fe, Mn and Zn in the

wheat is probably not due to the effect of salinity on Fe, Mn and Zn in lcaves.

Keywords: elongating leaf, micronutrients, net deposition rate, saline soil, Triticum.

Introduction

The vegetative stage, which establishes the final yield
potential in wheat plants, is most sensitive to salinity (Munns
and Termaat 1986; Maas and Poss 1989; Arif and Tomos
1993; Hu et al. 1997). In the vegetative stage, leaf develop-
ment largely determines the rate of wheat growth. Our earlier
study (Hu 1996) showed that the final length and the aver-
aged width of leaves on the main stem of wheat plants treated
with 120 mM NaCl were both reduced by more than 20% as
compared with those in control conditions.

The elongation of a growing leaf of grasses is restricted to
a small region at the base of the blade enclosed by sheaths of
older leaves (Kemp 1980). Along the leaf elongation zone,
there is a gradient of cell development, which causes spatial
distributions of nutrients along the leaf axis. The studies have
shown that water-soluble carbohydrates (sucrose, glucose,
fructose and fructan) and macronutrients (N, P, K, Ca and
Mg) are spatially distributed along the grass leaves
(Schnyder and Nelson 1987; Meiri et al. 1992; Bernstein et
al. 1995; Hu and Schmidhalter 1998a). They also show that
the elongation zone is a strong sink for nutrients. Therefore,
the leaf growth of grasses under control and stress conditions
should be much more closely associated with
metabolic/nutritional changes within the most actively
growing tissues than the whole or non-growing tissues.
Although previous studies reported the effect of salinity on
macronutrients along the elongation zone of sorghum leaves
(Bernstein et al. 1995) and along the growing leaves of wheat
(Hu and Schmidhalter 1998a), there is no information avaii-

able for the spatial distributions of micronutrient in the
growing leaves of grasses under saline conditions.

Many studies have reported micronutrients and their
uptake rates within plants, but most studies have only
focused on whole plants or non-growing tissucs. Moreover,
the results from previous reports were not always in agree-
ment. For example, salinity increased Fe concentration in the
shoots of pea (Dahiya and Singh 1976), tomato (Maas ef al.
1972), and rice (Verma and Neue 1984), but decreased 1ts
concentration in the shoots of barley and corn (Hassan et al.
1970a, b). Salinity also increased the Mn and Zn concen-
trations in the shoots of barley (Hassan et al. 1970a), tomato
{(Maas et al. 1972) and rice (Verma and Neue 1984), but
decreased them in corn (Hassan et al. 19705). Interestingly,
only a few studies dealt with the micronutrients in the leaves
of grasses affected by salinity, but in the non-growing regions
of leaves at seedling stages or at final harvest (corn, Hassan
et al. 1970b; Sorghum, Francois ef al. 1984; wheat, Y. Hu and
U. Schmidhalter, unpublished data).

The continuity equation is a statement of the law of mass
conservation. This equation can be used to calculate the local
net deposition rate of substances in growing leaves of
grasses, and thus to investigate sink and source relationships
(Gandar 1980; Silk 1984). This type of analysis was used to
study the effects of salinity on the net deposition rates of
macronutrients in the elongation zone of sorghum and wheat
(Meiri et al. 1992; Bernstein et al. 1995; Hu and
Schmidhalters 1998a). However, there is no information
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available on the net deposition rates of micronutrients in the
growing leaves of wheat plants under saline conditions.

The objective of this study was to quantitatively evaluate
the spatial distribution of micronutrients, e.g. Fe, Mn and Zn,
and their net deposition rates in the elongating and mature
zones of wheat leaf 4 of the main stem during its linear
growth phase in soil treated with 0 or 120 mM NaCl.

Materials and methods

Growth conditions

Six seeds of spring wheat (Zriticum aestivim L. cv. Lona) in each pot,
pre-germinated for two days on filter paper moistened by tap water at 20°C,
were sown in a 1.5 L pot (10 cm diameter x 20 ¢m height; soil bulk density
1 kg dm™) containing an illitic-chloritic silty loam (fine, mixed, mesic Aquic
Ustifluvent) (Schmidhalter et al. 1994). The soil was initially watered to
0.25 g H,0O g dry soil (soil matric potential: ¥, = —0.03 MPa, which
allowed for an optimum aeration) with full strength Hoagland solution for
macronutrients and by adding 0.5-strength micronutrients as recommended
by Epstein (1972). Because the soil has a very high affinity for absorption
of P, especially for the calcareous soil used in this study, the Hoagland solu-
tion for macronutrients was modified by increasing the phosphate concen-
tration 10-fold to provide optimum phosphate concentration based on the
study by Studer (1993). The composition of the modified Hoagland nutrient
solution was (in mM): 6.05 K, 15.0 N, 5.0 Ca, 2.0 Mg, 10,0 H,PQ, and
2.0 8O,. The salt level of 120 mm NaCl was obtained by adding NaCl to the
nuirient solution. The soil was mixed thoroughly and kept in tightly closed
plastic boxes for one week to facilitate equilibrium. Thereafter, the soil was
sieved and put into pots. Soil moisture content was maintained at the initial
water content by daily replacing the water loss. In order to avoid water loss
by evaporation, the pots were covered with a perforated plastic film; plants
grew through small holes in the film. One week after sowing, the seedlings
were thinned to four plants per pot. The experiment was conducted in the
growth chambers with a 16-h light period per day. The photosynthetic
photon flux density (PPFD) was approximately 550 pmol photon m= s7'; air
temperature was 20°C (day/night), and the relative humidity was maintained
at 55-65%.

Tissue sampling

Three days after emergence of leaf 4, the sampling started at 3 h (0900 h)
and 13 h (1900 h) into the 16-h photoperiod. Two replicates were harvested
successively; all sampling was finished within 1 h. In order to ensure sam-
pling in the linear growth phase, the leaf blades between 12 and 14 ¢m long
were selected for sampling. The elongation zone was carefully freed from
surrounding leaf sheaths and then cut with a razor blade from the stem at the
leaf base into six segments 5 mm long followed by three 10 mm and three
20 mm long. About 120 leaf segments from the same position were com-
bined into a sample. After fresh weight (FW) was determined, the samples
were dried at 65°C for 48 h and dry weight (DW) was dctermined. Dry plant
material was stored for the analysis of ion concentration.

Analysis of Fe, Mn and Zn concentrations

Dry samples from different positions in the leaf 4 of the main stem were
ground by hand with a glass rod into test tubes. The total and water-soluble
concentrations of ions were measured by the following methods:

Total concentrations of Fe, Mn, and Zn: approximately 25-mg plant
samples were ashed at 560°C for 6 h and digested with 1 mL 20% HC] at
65°C for 5 min and then diluted to 25 mL. Water-soluble concentrations of
Fe, Mn, and Zn: 20-mg ground samples were extracted with 2 mL distilled
water at 100°C for 5 min, shaken for about 1 min and then filtered with a
Millex-HV ; filter unit.

Y. Hu et al.

The concentrations of Fe, Mn, and Zn were determined with an induc-
tively coupled plasma emission spectrometer (ICP model Liberty 200;
Varian Australia Pty. Ltd., Mulgrave Victoria, Australia).

Numerical methods

Local net deposition rates (D, mmol kg™ FW h™!) of micronutrients like
Fe, Mn and Zn were calculated according to the one-dimensional version of
the continuity equation as described by Silk (1984):

D =(JPA8)+ V- (OPIK) + (R, - P)

where P is substance density (e.g. mmol kg™ FW); ¢is time (h); x is distance
(mm) from the base of the leaf blade, R; is the relative segmental growth rate
(mm mm™ h') and Vj is the displacement velocity of a segment (mm h™)
(integration of R). P in the terms of V; - (JP/dx) and R, - P was obtained from
averaging the two harvests. The calculation of the dP/df, Vy - (dP/dx), and
R, - P on the right-hand side of the continuity equation was described in -
details in our previous study (Hu and Schmidhalter 19985).

Statistical analysis

A randomised complete block design was used. Effects of salinity,
harvest time (0900 h and 1900 h) and their interactions were evaluated by
analysis of the variance for each location along the leaf axis. Due to the
larger number of plants and homogeneous growing conditions, the block
effect was never significant. Hence, we assumed that the different batches of
plants harvested within the treatments did not differ except for a change
among treatments, and included the distance from the leaf base and the inter-
action with salinity and harvest time as subhierarchical effects in the model
of analysis of the variance. Because parameters such as P, ¥y and R, in the
equation were from the experiments with different replicates, the variance
for the net deposition rates of substances was in terms of a maximum stan-
dard error, This was estimated from a method described by Precht and Kraft
(1992) and Precht et ol (1994). For example, if y is a function of x,, X3, ...,
Xy, 1.6, ¥ = (X1, X, ..., X), and x; (i=1, 2, ..., n) has a standard error Ax; (i=1,
2, ..., i), then the maximum standard crrox for y is:

dy dy

ay I3
Ax; + | =2 |Axs+ .o | | Ax, =
axJ' X; |ax2| X 'ax,, >
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Av =
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Because the partial differentiation (dy/dx;, i=1, 2, ..., n} can bc ncgative,
absolute values must be applied. Terms were considered significant at
P <0.05.

Results

Spatial distributions of total Fe, Mn and Zn concentrations

Iron concentration (mmol kg! FW) at 0 mmM NaCl slightly
decreased with distance to reach a minimum at the end of the
elongation zone and then increased with distance (Fig. 14).
On the other hand, at 120 mm NaCl this remained unchanged
from the leaf base up to the end of the elongation zone and
then increased with distance again. In general, the Fe concen-
tration within the whole leaf was higher at 120 mM NaCl than
at 0 mM NaCl. Time did not affect the Fe concentration along
the leaf axis regardless of the treatments.

The spatial distribution of Mn concentration along the leaf
axis and the effect of salinity on the pattern of the distribu-
tion was similar to those for Fe (Fig. 18). There was no time
effect on those patterns in the two treatments.

Zinc concentration decreased with distance from the leaf
base to reach a minimum at the end of the elongation zone
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and then slightly increased or remained unchanged in both
treatments (Fig. 1C). Zn concentration was consistently
higher at 120 mm NaCl than at 0 mm NaCl.

Because the width of leaf 4 varied with leaf distance, and
the averaged width was reduced by about 20% due to 120 mM
NaCl (Hu 1996), Figs 1D-F show that there were different
patterns of micronutrient distributions in the growing leaf 4
on a millimetre basis from those on the FW basis. On the DW
basis, the patterns of spatial distribution for all three
micronutrients were generally similar to those on the FW
basis in both treatments at two harvests (data not shown). The
concentration of Mn was consistently higher at 120 mm NaCl
than at 0 mm NaCl on the DW basis. However, there was no
difference in the concentrations of Fe and Zn (mmol kg™
DW) between the control and salinised treatments.

Spatial distributions of water-soluble Fe, Mn and Zn
concentrations

The concentration of water-soluble Fe started to increase
with distance except that at S mm above the leaf base at
120 mm NaCl (Fig. 24). The water-soluble Fe concentration
between the two treatments differed only at the locations of
about 5 mm and at 120 mm above the leaf base. The water-
soluble Mn concentration increased with distance in the two
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Fig. 1. Spatial distributions of total iron (4), manganese (B) and zinc (C)

concentrations on the FW basis (mmol kg™' FW) and total iron (), man-
ganese (F) and zinc (F) contents on a millimetre basis in the growing leaf 4
of the main stem of wheat plants grown in soil with 0 and 120 mm NaCl at
two harvest times (0900 and 1900 h). Error bars represent standard errors.
Error bars (n = 2; each replicate consisted of 120 subsamples from different
plants) fit within the plot symbol if not otherwise shown. The first arrow
indicates the end of the elongation zone and the second shows the end of the
leaf sheath.
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treatments. Salinity affected the water-soluble Mn concen-
tration from 15 mm to the leaf tip (Fig. 2B). No time effects
on the water-soluble Fe and Mn concentration were observed
in both treatments.

The water-soluble Zn concentration decreased with dis-
tance from the leaf base to about 15 mm and then increased
with distance up to the end of the leaf elongation zone in the
non-salinised treatment and up to 50 mm above the leaf base
at 120 mmM NaCl (Fig. 2C). Beyond the elongation zone at
0 mmM NaCl and beyond 50 mm above the leaf base at 120 mm
NaCl, the water-soluble Zn concentration decreased slightly
with distance except that at 0 mm NaCl at 0900 h.

008+ 0 120 mM NaCl A
® @ O 0900h
(.
P g 0oog} 4 & 1900h
=
- h
3 = 004
= O
QL E
= £ o
0.00
0.20
=
© E 0.15
=h
_ N
S =< 010
L O
& E
S E
; = 005
0.00
0.06
N
LT
5%, 004
3 =
¥
& E o0
= E

0.00
0 20 40 60 80 100 120

Distance from leaf base (mm)

Fig. 2. Spatial distribution of water-soluble iron (4), manganese (B), and
zinc (C) concentrations (mmol kg'! FW) in the growing leaf 4 of the main
stem of wheat plants grown in soil with 0 and 120 mM NaC] at two harvest
times (0900 and 1900 h). Error bars represent standard errors. Error bars
(n = 2; each replicate consisted of 120 subsamples from different plants) fit
within the plot symbol if not otherwise shown. The first arrow indicates the
end of the elongation zone and the second shows the position of the end of
the leaf sheath.
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Since there was no significant difference between the two
harvest times (Fig. 2), the percentages of water-soluble Fe,
Mn and Zn to their total concentrations in leaf tissue along
the leaf axis were calculated from the averaged results of
both harvests, and are presented in Fig. 3. Except the fraction
of water-soluble Fe at 0 mM NaCl at the base and at 120 mM
NaCl in the region between 20 and 60 mm, the fraction
remained nearly unchanged in the growing leaf, The percent-
ages of water-soluble Mn and Zn generally increased with
distance in the elongation zone, whereas they did not change
or decreased with distance beyond the elongation zone. In
this study, salinity decreased the fractions of water-soluble Fe
and Mn in the region between 20 and 60 mm above the base
and the fraction of water-soluble Zn in the elongation zone.
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Fig. 3. The fractions of the water-soluble to total iron (4), manganese (B),
and zinc (C) concentrations in the growing leaf 4 of wheat. Error bars (n =2)
represent maximum standard errors and fit within the plot symbol if not
otherwise shown.
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Net deposition rates of total Fe, Mn and Zn

The spatial distribution of the net deposition rates for all
three elements in leaf 4 of the main stem in both treatments
had a similar pattern in the elongation zone that demon-
strated the strongest sink for the micronutrients, while the
distribution patterns varied among three elements in the
more mature region of the leaf (Fig. 4).

The maximum net deposition rates of Fe, Mn and Zn
(mmol kg™ FW h™!) occurred at about 15 mm above the leaf
base and reached a minimum at about the end of the leaf
elongation zone (Fig. 4). Net deposition rate of Fe increased
again from 30 to about 50-60 mm above the leaf base and
then decreased up to the leaf tip with distance, whereas net
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Fig. 4. Spatial distributions of net deposition rates of iron (4), manganese
(B) and zine (C) (mmol kg'! FW h'!) in the growing leaf 4 of wheat plants
grown in the soil with 0 and 120 ;M NaCl. Error bars (n = 2 to 14) represent
maximum standard crrors and fit within the plot symbol if not otherwise
shown.
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deposition rates of Mn and Zn in the mature zone slightly
increased or remained unchanged.

The greatest effect of salinity on the net deposition rate of
Mn occurred in the region between 10 and 25 mm above the
leaf base (Fig. 4B). The differences in the net deposition rates
of Fe and Zn in the elongation zonc between the two treat-
ments were not significant. The net deposition rates of these
three elements from the end of the elongation zone to the
distal of the leaf were not affected by 120 mm NaCl (Fig. 4).

Discussion

The vegetative stage, which establishes the final yield
potential in wheat plants, is the most sensitive to salinity
(Munns and Termaat 1986; Maas and Poss 1989; Arif and
Tomos 1993; Hu et al. 1997). In the vegetative stage, leaf
development largely determines the rate of plant growth of
wheat. As a gramineous leaf, the leaf elongation of wheat is
restricted lo a small region near the base and enclosed by
sheath (Kemp 1980). Our early study (Hu 1996) showed that
the elongation rate of wheat leaves on the main stem was
reduced by about 20-30% at 120 mm NaCl. The elongation
rate of gramineous leaves is related to their length of the
elongation zone and relative elemental growth rate (REGR).
The REGR of wheat leaves was reduced by salinity, but the
length of the growth zonc was not affected (Hu 1996).
Salinity did not only reduce the leaf length, but it also
reduced the width of wheat lcaves. For leaf 4 of wheat, for
cxample, the averaged width was reduced by also about 20%
at 120 mm NaCll, and 90% of the reduction in the leaf width
occurred at the base (Hu 1996). Because the growth reduc-
tion of leaves occurs in the elongation zone, the effects of
salinity or other stresses on growth of wheat should be much
more closely associated with metabolic / nutritional changes
within the growing tissues of leaves than in whole or non-
growing leaf tissues. Moreover, the REGR of grass leaves is
spatially distributed within the elongation zone (Kemp
1980). For example, our study (Hu 1996) showed that the
REGR of wheat leaves was maximum at the middle of the
elongation zone and minimum at the base and at the end of
the elongation zone. Thus, the study of spatial distribution of
nutrients in the growing leaves will contribute to our under-
standing of the physiological roles in gramineous leaf
growth. To our knowledge, this is the first report about the
spatial distributions of micronutrients in the elongating and
maturation regions of the growing leaves.

Although a few studies dealt with the micronutrients in
gramineous leaves under saline conditions (corn, Hassan

et al. 1970b; sorghum, Francois ef al. 1984; wheat,Y. Huand

U. Schmidhalter, unpublished data), there are no reports
about the effect of salinity on micronutrients in the growing
region of leaves. Although these studies demonstrated that
there were consistently significant decreases in the leaf
growth, Fe, Mn and Zn concentrations in leaves were
increased, decreased or not changed by salinity. For example,
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salinity decreased Fe, Mn and Zn in mature leaves of corn
(Hassan et al. 1970b4), whereas salinity increased the concen-
tration of those ions in wheat leaves at final harvest (Y. Hu
and U. Schmidhalter, unpublishcd data). Francois et al.
(1984) reported that salinity increased Mn and Zn concen-
trations in the non-growing tissues of sorghum leaves, but did
not affect the Fe concentration,

In this study, the results show spatial distribution of Fe,
Mn and Zn concentrations along the leaf axis. Salinity did
not affect the pattern of distribution of Mn and Zn concen-
trations on the FW basis, whereas it altered that of Fe (Fig. 1).
Because there was no difference between the two treatments
in the elongation zone on the DW basis (data not shown), the
increased Fe and Zn concentrations in the clongation zone
may be due to the lowered relative water content (RWC)
under salme conditions. However, the increased Mn concen-
tration in the elongation zone at 120 mm NaCl may result
from the high net deposition rate of Mn in the elongation
zone (Fig. 4B). According to the optimal ranges of Mn
concentration (0.4~-5.5 mmol kg~' DW) in the leaves gener-
alised for various plant species (Jones 1991; Bennett 1993),
however, the level of Mn in the leaf at 120 mm NaCl, ¢.g.
about 0.6 mmol kg™' DW at the leaf base and 1.5 mmol kg™!
DW at the leaf tip, did probably not reach toxic levels.
Furthermore, as compared with the effect of salinity on NO;,
Cl, and K in the growing leaves of wheat in our early study
(Hu and Schmidhaiter 1998a), the Fe, Mn and Zn concen-
trations in leaves were less affected by salinity. Therefore, we
conclude that limitation of leaf expansion is probably not due
to the effect of salinity on the micronutrients in the elonga-
tion zone and mature regions.

The distributions of micronutrients in the growing grami-
neous leaves present distinctive patterns, which are probably
related to their biochemical and physiological functions in
the different regions of a growing leaf. The two major pat-
terns of spatial distributions of nutrient concentrations in the
elongating gramineous leaves have been found: i) ionic
concentrations were lower at the leaf base and reached their
maximum at the end of the elongation zone and then
decreased with distance (Cl and NOs) and ii) ionic concen-
trations were higher at the leaf base and reached the
minimum at the end of the ¢longation zone and then
remained nearly unchanged with distance (Mg, P and total N)
(Meiri et al. 1992; Evéquoz 1993, Gastal and Nelson 1994;
Bernstein ef al. 1995; Hu and Schmidhalter 1998a). The first
pattern of spatial distribution may be due to these ions that
are preferentially localised in the vacuoles, because vacuoles
are relatively small at the leaf base compared with the larger
volume of vacuoles at the end of the elongation zone; the
decrease beyond the clongation zone might be due to the
increase in the retranslocation rate of Cl and in the reduction
of NO; (Hu and Schmidhalter 19984). The second pattern of
spatial distributions may be due to the small cells at the leaf
base that contain a large proportion of proteins and nucleic
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acids in contrast to more distal cells. In this study, the spatial
distributions of Fe and Mn concentrations showed the dif-
ferent pattern from those for the elements reported in previ-
ous studies (Meiri er al. 1992; Evéquoz 1993; Gastal and
Nelson 1994; Bernstein et al. 1995; Hu and Schmidhalter
19984) (Figs 14 and B). Iron and Mn concentrations slightly
decreased or remained unchanged in the elongation zone and
increased consistently with distance beyond the elongation
zone. However, the pattern of the spatial distribution of Zn
concentrations showed a similar pattern to the second one
(Fig. 1C), which is related to the large proportions of proteins
and nucleic acids.

The spatial distributions of Fe and Mn concentrations are
probably associated with their function in the chloroplasts.
The growing gramineous leaves contain a complete age
sequence of cells from the base to the tip and within these
tissues all stages of chloroplasts could be developed.
Although chloroplasts develop progressively along the leaf
axis, a marked increase in number of thylakoids per granum,
in chloroplast volume, and in chlorophyll concentration
started beyond the end of the elongation zone of Avena leaves
before the leaf emerges above the sheath (Nakamura and
Hashimoto 1988). This is coincident with the change in Fe
and Mn concentrations with distance. It has been reported
that 80% of Fe is located in the chloroplasts (Marschner
1995). A pool of tightly bound Mn is found in the chloro-
plasts where amounts of 6 atoms per 400 molecules of
chlorophyll are required (Burnell 1988). Thus, the increase in
the chlorophyll content with distance is probably a main
reason why the Fe and Mn concentrations increased sharply
with distance beyond the elongation zone. The increase in the
concentrations of Fe and Mn continued beyond the end of the
leaf sheath. The highest concentration of Fe and Mn in the
leaf tip may suggest that within the leaf Mn and Fe are not
readily retranslocated against the transpiration stream.

Since the small cells at the base contain a large proportion
of the protein, RNA, and nucleic acid, the high Zn concen-
tration near the leaf base indicates that Zn like N, P and Mg
may be related to the compounds of protein, RNA and
nucleic acids (Fig. 1C). A remarkably high concentration of
Zn is required in meristematic tissucs of rice leaves where
cell division as well as synthesis of nucleic acids and proteins
occurs (Kitagishi and Obata 1986). The sharp decline in the
Zn concentration with distance within the elongation zonc
may be due to taking up water more rapidly than Zn to the
tissues.

Because a proportion of Fe, Mn and Zn in leaves is not
physiologically available, e.g. due to the precipitations (van
Goor and Wiersma 1974; Cakmak and Marschner 1987,
Mengel and Geurtzen 1988), the total concentration of these
ions may actually not reflect their active ions in leaves. It has
been reported that the fractions of Fe in leaves extracted with
dilute acids or chelators (Mengel and Biibl 1983) and of the
water-soluble Mn and Zn (Horst and Marschner 1978;
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Cakmak and Marschner 1987) could be considered to be a
better indicator for the physiologically active part compared
with their total concentrations. In this study, the water-
soluble Fe, Mn and Zn concentrations were determined.
Although data of the extraction of Fe content with diluted
acid and chelators is not available in this study, the greatest
fraction of water-soluble Zn and the lowest fraction of water-
soluble Fe in the growing leaves may reflect their different
mobility, i.e. Zn may have higher mobility than Mn and Fe in
leaves (Fig. 3). However, further study may be required on
what causes the different patterns of spatial distributions of
the fractions of water-soluble Fe, Mn and Zn in the growing
leaves of grasses.

In conclusion, the patterns of spatial distributions of Fe
and Mn and Zn concentrations in growing leaves prescnt two
different patterns that are probably related to their physiolog-
ical functions in wheat leaves. The patterns of spatial distri-
butions of Fe, Mn and Zn concentration (mmol kg™! FW) in
the growing leaves were distinct. Salinity atfected the distri-
bution pattern of Fe concentration on the FW basis, whereas
it did not affect those of the Zn and Mn. The elongation zone
was the strongest sink for micronutrients in the leaf tissues.
Net deposition rate of Mn (mmol kg ' FW h™) in the most
actively elongating zone was significantly enhanced by 120
mm NaCl. Although salinity increased the Fe, Mn and Zn
concentrations in wheat leaves, the decrcased leaf growth is
probably not duc to the effect of salinity on these micro-
nutrients in the growing leaves of wheat.

References

Arif H, Tomos AD (1993) Control of wheat leaf growth under saline condi-
tions. In ‘Towards the rational use of high salinity tolerant plants’. (Eds
H Lieth and A Al Masoom) Vol. 2, pp. 45-52. (Kluwer Academic
Publishers: Dordrecht)

Bennett WF (1993) (Ed.) ‘Nutrient deficiencies and toxicities in crop
plants.” (The American Phytopathological Society: St. Paul, Minnesota)

Bernstein N, Silk WK, Liuchli A (1995) Growth and development of
sorghum leaves under conditions of NaCl stress: possible role of some
mineral elements in growth inhibition. Planta 196, 699 - 705.

Burnell J (1988) The biochemistry of manganese in plants. In ‘“Manganese
in soils and plants’. (Eds RD Graham, RJ Hannam and NC Uren} pp.
125-137. (Kluwer Academic Publishers: Dordrecht)

Cakmak I, Marschner H (1987) Mcchanism of phosphorus-induced zinc
deficiency in cotton, IT1. Changes in physiological availability of zinc in
plants. Physiologia Plantarum 70, 13-20.

Dahiya 8S, Singh M (1976) Effect of salinity, alkalinity and iron applica-
tion on the availability of iron, mangancse, phosphorus and sodium in
pea (Pisum sativum 1.) crop. Plant and Soil 44, 697-702.

Epstein E (1972) ‘Mineral nutrition of plants: principles and perspectives.’
{John Wilcy & Sons: New York)

Evéquoz M (1993) Adaptation Osmotique et Propri¢tés Rhéologiques des
Parois Cellulaires: Critéres pour la Selection du Mais a la Sécheresse.
PhD thesis Nr. 10234, Swiss Federal Institute of Technology at Zurich.

Francois LE, Donovan T, Maas EV (1984) Salinity effects on seed yield,
growth, and germination of grain sorghum. Agronemy Journal 76,
741-744.

Gandar PW (1980) Growth in root apices. I. The kinematic description of
growth. Botanical Gazette 141, 131-138.



Distribution and deposition of Fe, Mn and Zn in wheat

Gastal F, Nelson CJ (1994) Nitrogen use within the growing leaf blade of
tall fescue. Plant Physiology 105, 191-197.

Hassan HAK, Drew JV, Knudsen D, Olson RA (19704) Influence of soil
salinity on production of dry matter and uptake and distribution of nutri-
cnts in barley and corn. L. Barley (Hordeum vuigare 1..) Agronomy
Journal 62, 43-45. _

Hassan HAK, Drew JV, Knudsen D, Olson RA (19704) Influcnee of soil
salinity on production of dry matter and uptake and distribution of nutri-
ents in barley and corn. 11, Corn (Zea mays 1.} Agronomy Journal 62,
4648,

Horst WJ, Marschner H (1978) Einfluss von silizium auf den
Bindungszustand von Mangan in Blattpewcbe von Bohnen (Phaseolus
vulgaris). Zeitschrift fiir Pflanzenerndhrung und Bodenkunde 141,
487-497.

Hu Y (1996) Growth Response of Wheat to Salinity in Hydroponics and
Soil. PhD thesis Nr. 11619, Swiss Federal Institute of Technology at
Zurich.

Hu Y, Schmidhalter U (19984} Spatial distribution of mineral elements and
their net deposition rates in the elongating wheat leaf under saline soil
conditions. Planta 204, 212-219.

Hu Y, Schmidhalter U (19985) Spatial distributions of inorganic ions and
sugars contributing to osmotic adjustment in the clongating wheat leal’
under saline soil conditions. Australian Journal of Plant Physiology 25,
591-597.

Hu Y, Oertli J, Schmidhalter U (1997) Interactive effects of salinity and
macronutrient level on wheat: Part I. Growth. Journal of Plant Nutrition
20, 1155-1167.

Jones Jr JB (1991) Plant tissue analysis in micronutrients. In
‘Micronuttients in agriculture’. (Eds IJ Mortvedt, FR Cox, LM Shuman
and RM Welch) pp. 492-521. (Soil Science Society of America Inc.:
Madison)

Kemp DR (1980) The location and sizc of the extension zone of emerging
wheat leaves. New Phytologist 84, 729-737.

Kitagishi K, Obata H (1986) Effects of zinc deficiency on nitrogen
metabolism of meristematic tissues of rice plants with reference to
protein synthesis. Soil Science and Plant Nutrition 32, 397405,

Maas EV, Poss JA (1989) Salt sensitivity of wheat at various growth stages.
Irrigation Sciences 10, 2940,

Maas EV, Ogata G, Garber MJ (1972) Influence of salinity on Fe, Mn, and
Zn uptake by plants. Agronomy Journal 64, 793-795,

59

Marschner H (1995) “Mineral nutrition in higher plants.” pp. 313-363.
(Academic Press: London)

Meiri A, Silk WK, Liuchli A (1992) Growth and deposition of inorganic
nutrient clements in developing teaves of Zea mays L. Plant Physiology
99, 972-978.

Mengel K, Biibl W (1983) Verteilung von ¢isen in blittcrn von weinrcben
mil HCO; induzierter chlorose. Zeitschrift fiir Pflanzenerndhrung und
Bodenkunde 146, 560 571.

Mengel K, Geurtzen G (1988) Relationship between iron chlorosis and
alkalinity in Zea mays. Physiologia Plantarum 72, 460 - 465.

Munns R, Termaat A (1986) Whole plant responses to salinity. dustralian
Journal of Plant Physiology 13, 143-160.

Nakamura Y, Hashimoto H (1988) Characteristics of photosynthate parti-
tioning during chloroplast development in Avena leaves. Plant
Physiology 871, 458-462.

Precht M, Kraft R (1992) ‘Bio-statistik 1.” pp. 22—41. (R Oldenbourg
Verlag GmbH: Miinchen) '
Precht M, Voit K, Kraft R {1994) “Mathematik 2 fiir nicht mathematiker’.

pp. 209-230. (R. Oldenbourg Verlag GmbH: Miinchen)

Schmidhalter U, Selim HS, Oertli JJ (1994) Measuring and modelling toot
water uptake based on **Cl discrimination in a silt loam soil affected by
gsroundwater. Soil Science 158, 97-105.

Schnyder H, Nelson CJ (1987) Growth rates and carbohydrate fluxes
within the clongation zone of tall fescue leaf blades. Plant Physiology
85, 548-553.

Silk WK (1984) Quantitative descriptions of development of cxpansive
growth, Annual Review of Plant Physiology 35, 479-518.

Studer C (1993) Interactive Effects of N-, P-, K-Nutrition and Water Stress
on the Development of Young Maize Plants. PhD thesis Nr. 10174, Swiss
Federal Institute of Technology at Zurich.

van Goor BJ, Wiersma D, (1974) Rcdistribution of potassium, calcium,
magnesium and manganese in plants. Physiologia Plantarum 31,
163—168.

Verma TS, Neue HU (1984) Effect of soil salinity level and zinc application
on growth, yield and nutrient composition of rice. Plant and Soil 82,
3-24.

Manuscript received 1 June 1999, accepted 19 October 1999

http://www.publish.csiro.au/journals/ajpp



