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Correlation Between the Carbon Isotope
Composition (6'*C) of Puccinellia ciliata
and Balansa Clover in Duel Stresses
of Waterlogging and Salinity (NaCl)

A. Mostajeran* and Z. Rengel'

Theoretically, plants growing under stress conditions, such as in saline or waterlogged conditions,
should behave with ¥CO, discrimination and have different §'3C values. Therefore, this
experiment was conducted to evaluate the effect of factors such as salinity and hypoxia in
affecting delta values of Puccinellia ciliata and Balansa clover ( Trifolium michelianum Savi.
Var balansae boiss). This study reveals that these two species (C3 plants) behave differently and
B. clover has more positive §'3C values (7.6%) compared to P. ciliata. The overall average of
613C were -28.85 and -26.66 /o, respectively, for P. ciliata and B. clover. The 6'3C values
for the shoots and roots of the two species also have different values (more positive values
in roots compared to shoots). Waterlogging and salinity have a significant affect on 13CO,
discrimination and, statistically, these effects on §'2C values are significant (p < 0.001). This
means that environmental factors, such as salinity and waterlogging, create a situation for plants
in which the discriminate rate against §'3C would be changed (less discrimination for hypoxia and
more for salinity conditions). The combined effects on species and plant parts of waterlogging
and salinity are not statistically insignificant on §'3C values, however, each factor separately
has a significant effect on 6'3C values. P. ciliata was grown in different seasons (summer and
winter) and showed significant differences in §'3C values (by almost 4%). The carbon content

(%) of the two species was different, but, were not related to §'2C, respectively.

INTRODUCTION

Elements can exist in both stable and unstable (ra-
dioactive) forms. Most elements of biological interest
(including C, H, O, N and S) have two or more stable
isotopes, with the lightest of these present in much
greater abundance than the others. Among stable
isotopes, the most useful as biological traces are the
heavy isotopes of carbon. This element, found in
the earth, the atmosphere and all living things, has
a heavy isotope (13C) with a natural abundance of 1%
or less and a light isotope (12C) that makes up all of
the remainder (carbon also has a radioactive isotope,
ey ).

Studies examining stable isotopes at or near natu-
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ral abundance levels are reported as delta, a value given
in parts per thousand or per mil (°/g). Delta values
are not absolute isotope abundances but differences
between sample readings and one or another of the
widely used natural abundance standards which are
considered to be 6*C = zero (e.g., for C, at %'3C
= 1.1112328, based on Pee Dee Belemuite, PDB) [2].
Absolute isotope ratios (R) are measured for sample
and standard, and the relative measure, 6'3C, is
calculated as follows:

Rsam e Rs
§C %/govs. std = <M) 1000 6° /g0,

Rstd

where R = [at%'3C/at%'2C].
The isotopic ratio of 13C to '2C in plant tis-
sue is less than in the atmosphere, indicating that
plants discriminate against '*C during photosynthesis.
Terrestrial plants fix atmospheric CO2 by two main
photosynthesis reaction pathways: The Calvin-Benson,
or Cz and the Hatch-Slack, or C4. Cs plants convert
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atmospheric CO; to a phosphoglycerate compound
with three-C atoms, while C4 plants convert COs to
dicarboxylic acid, a four-C compound. Carbon isotopes
are strongly fractionated, with the result that Cy plants
have higher §'3C values, ranging from -17 9/4g to -
9 9/40, with a mean of -13 /g relative to PDB [2],
while C3 plants show delta values ranging from -32 ° /¢
to -20 /g9, with an average value of -27 ©/qg.

Variation in discrimination against *CO, during
photosynthesis is due to both stomata limitations and
enzymatic processes [3,4].

In C; plants, the total tissue §'3C value is
largely determined by discrimination against 2CO,
by ribulosebisphosphate carboxylase, the expression
of which is dependent upon the diffusion gradient
of CO, into the leaf [5]. The rate of diffusion of
13C0, across the stomata pore is lower by a factor of
4.4 °/40. Additionally, there is an isotope effect caused
by the preference of ribulose bisphosphate carboxylase
(Rubiso) for 2C0O, over 13CO; by a factor of 27 9 /.
In both cases, the processes discriminate against the
heavier isotope [6,7], thus, within limits, the §3C
values of Cs plants do vary [8].

In C, plants, Carbonic Anhydrase (CA) facili-
tates both the chemical and isotopic equilibration of
atmospheric CO» and bicarbonate (HCO3™) in the
mesophyll cytoplasm. The CA-catalyzed reaction is
essential for C4 photosynthesis and the model of carbon
isotope discrimination (§'3C) in C4 plants predicts that
changes in CA activity will influence §*3C [9].

A strong correlation between discrimination or
613C and different factors, such as water use efficiency,
salinity and temperature etc., has been reported for
numerous crop and tree species [10-13]. For example,
Zhang et al. [14] found that discrimination was signif-
icantly (P =< 0.0001) correlated with transpiration
efficiency (R = —0.85) and instantaneous water use
efficiency (R = —0.7) in Larix occidentalis Nutt.

It has been reported that large amounts of salt
induced shifts in ¢'3C values of two Cs plant halo-
phytes, native to salt sloughs in western Canada [15].
The greatest effects were seen in the graminaceous gly-
cohalophyte (i.e., non-salt-accumulating) Puccinellia
nuttalliana (Schults) Hitch., in which a close correlation
between §'3C and water-use efficiency was demon-
strated by gas exchange analysis [8]. A less dramatic
response was evident in the succulent euhalophye (i.e.,
salt-accumulating) Salicornia europaea L. ssp. Rubra
(Nels.) Brietung. Similar results have been reported
for Bisphyma austrate [16] and Spinach [17].

P. ciliata is well suited to saline-waterlogged
conditions; in contrast, the B. clover ( Trifolium miche-
lianum Savi. Var balansae boiss) is less tolerant to
waterlogging and salinity [18]. Although they are two
of the best known and most widely used legumes and
grasses in Australia, there has been a small amount of
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research undertaken on these plants [18]. Therefore,
these two species (C3 plants) have been selected to
compare for (a) discrimination against *CO, using
6130, (b) to correlate these values with plant carbon
content and (c) to evaluate the effects of salinity and
waterlogged conditions on §'3C.

METHODS AND MATERIALS

Two experiments were conducted at different seasons
in a glasshouse (temperature: Day, 2242, night 18+2),
at UWA, Australia. In the first experiment, Puccinel-
lia ciliata and Balansa clover ( Trifolium michelianum
Savi. Var balansae boiss) were grown in summer 2002.
Special pots (40 cm in height and 10 cm in diameter)
were filled with 3 kg of Lancilin sandy soil collected
from Lancilin in Western Australia (soil was sieved
and then the basal nutrient was added to the soil in
each pot). The final number of plants per pot, before
salinization, was 5 and 3 for P. ciliata and B. clover,
respectively (after having been tined twice to have
uniform plants). A factorial experiment, using a split-
split plot design, was conducted, using waterlogging
as the main plot and salinity as the sub plot, with
3 replicates. Waterlogging treatments were aerated
(controlled), versus 10 and 20 days of waterlogging
for P. ciliata and 7 and 14 days of waterlogging for
B. clover. Sodium chloride was used as the salinity
treatment at different rates for different species (0, 0.87,
1.75, 3.5 g NaCl kg~ ! soil, respectively, for P. ciliata
and 0, 0.58, 1.17, 2.34 ¢ NaCl kg~ ! soil, respectively,
for B. clover).

The application of NaCl started gradually on day
30 (for P. ciliata) and day 25 (for B. clover), mixed
with DI water as daily needed water. Waterlogging
was applied to the pots from the bottom at day 50
for P. ciliata and day 40 for B. clover, using the Ny
bubbling procedure for deoxygenating the water. The
waterlogged condition was continued for 10 days in the
P. ciliata pots and for 7 days in the B. clover pots and
was then stopped for half of the waterlogged plants
(water was drained from the bottom of these pots).
The P. ciliate and B. clover plants in the drained pots
were taken care of for 10 or 7 days more, respectively,
under aerated conditions (or recovery time). The
collected water was reused during recovery days in the
related pots.

When 20 days (P. ciliata) or 14 days (B. clover)
of waterlogging were ended in the second portion of the
waterlogged pots, the plants were harvested for the two
species (P. ciliata at day 70 and B. clover at day 55).

During the experiment, the redox potential (Eh,
mv) was measured as the O» indicator in the water-
logged pots and, at the same time, the EC of the
waterlogged pots were measured using an EC meter.

In winter 2003, the second experiment was con-
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ducted, using higher NaCl levels for the salinity treat-
ment and Puccinellia ciliata as the plant species. The
B. clover was eliminated because of less tolerance to
higher salinity. In this experiment, P. ciliata was grown
as mentioned in the first experiment, except that the
level of salinity was increased to 4.67 g NaCl kg™!
soil. The salinity levels were 0, 1.17, 2.34, 3.51 and
4.67 g NaCl kg=! soil (this is almost equal to the
range of ECs of 1.5 to 24 dS m™! in the waterlogged
pots). Plant samples were obtained (the whole plant)
at four different stages of growth, namely: Before
salinity commenced, before waterlogging was applied
(after salinization finished), after the first 10 days of
waterlogging (before recovery time started) and at the
end of the growing season.

At harvest time, the whole plants were removed
and then the roots were washed carefully. The plant
parts (shoot and root) for each treatment were oven
dried separately for 6 days at 65°C and then ground to
a fine powder using a ball mill grinder. Then, almost
5 mg of shoot or root were weighed into tin capsules
(5 x 9 mm) and sealed for further analysis. Isotope
Ratio Mass Spectrometry (Robopreb and Tracer Iron
Mass Spectrometer, Manufactured-Europa PDZ) was
used for 1*C and total C analysis of the plant parts.
The §'3C values were calculated according to:

Rsam e Rs
§'3C /49 vs. std = <#> 1000,

Rstd

the results are expressed per mill (6°/gp), relative to
the PDB standards.

Carbon Isotope discrimination (A) can be calcu-
lated as:

A = (ba —6p)/(1 + ép),

where da and ép are the isotope compositions of air
and plant material, respectively, relative to PDB. The
average values reported for da were -8.4 (°/go) for the
glasshouse [7,19].

RESULTS
Symptom

Observed symptoms of salt-waterlogging damage in
B. clover began with chlorosis and necrosis (usually
marginal) of the older leaves, which spread all over the
leaves after waterlogging started. The chlorosis was
soon followed by the death of the old leaves and damage
to the growing tip in some plants under high saline-
waterlogged treatment. No symptoms were observed in
P. ciliata plants up to the end of waterlogging, neither
in the first experiment (grown in summer) nor in the
second experiment (grown in winter).
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Carbon Content (% DW) of the Species

The amount of carbon content (% dry weight) of the
shoots and the roots of Puccinellia ciliata and B. clover
grown in summer are presented in Tables 1 and 2. The
results indicate that, although the carbon content in
the shoots of the two species shows higher values than
for the roots, B. clover contains less carbon (by 5.1%)
in its plant parts compared to Puccinellia ciliata. The
difference comes from the carbon content of the shoots
of the two species (P. ciliata, 43.53% DW and B. clover,
40.82% DW). The roots have almost the same amount
of carbon in dry weight (37.13% DW and 37.76% DW,
respectively). From a statistical point of view, the
difference in the mean values of the carbon content
of the roots is not statistically significant for the two
species, but, the difference in the shoots of the two
species is statistically significant (p =< 0.001).

Although there are some differences in the mean
values of the carbon content under the saline or
waterlogged treatments in P. ciliata, these differences
are not statistically significant for the shoots or the
roots. However, the differences under aerated vs.
waterlogged conditions for the roots are statistically
significant (p =< 0.05).

The clover shoot shows significant differences in
carbon content, due to a hypoxic condition, but,
the difference is not significant for the salinity effect.
The carbon content of the clover shoots in a hypoxic
condition (14 days) was 8.9% lower, compared to those
in the aerated pots. In contrast, the waterlogged roots
of the clover had 5.1% more carbon content than those
under aerated conditions.

The P. ciliata grown in the winter (Table 3) had
a lower carbon content in the shoots than in the plants
that were grown in the summer. This is true for aerated
or waterlogged treatments. In contrast, the roots had
a higher total carbon content.

Not only did the amount of carbon content change
in different seasons in P. ciliata, but also, the stage of
growth affected carbon content. The carbon content of
the shoots of P. ciliata grown in winter was 42.2% DW
at an early stage of growth (day 30) which, then,
reduced to an average of 39.5% DW, due to salinity,
and which, finally, reached an average of 42.5% DW in
aerated pots at day 60. However, root carbon content
at the early stage of growth was lower (35.6% of DW)
and which, then, increased by application of NaCl
and/or waterlogging to almost 40% DW.

Discrimination Against 12CO-

The overall mean §'3C of the two species grown in
summer was -28.82 and -26.73 /gy for P. ciliata
and B. clover, respectively, which means that less
discrimination (by 7.2%) occurred in B. clover against
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Table 1. Carbon content (% dry weight) for Puccinellia ciliata shoots and roots grown in summer in controlled conditions
(temperature: day 22 + 2 and night 18 & 2°C). Waterlogging treatments were aerated, 10 days of hypoxia plus 10 days of

recovery and 20 days of hypoxia.

Shoot Root
g NaCl Aerated Waterlogged Aerated Waterlogged
kg™ Soil 10 Days | 20 Days 10 Days | 20 Days
0 43.64 43.64 43.63 37.24 39.29 37.62
0.87 43.06 42.83 42.69 35.73 37.59 36.18
1.75 44.75 42.80 42.67 37.40 36.85 35.73
3.51 45.07 42.82 44.71 34.22 39.13 38.55

Table 2. Carbon content (% dry weight) of the Balansa clover shoots and roots grown in summer under controlled

conditions (temperature: day 22 &+ 2 and night 18 £ 2°C). Waterlogging treatments were aerated, 7 days hypoxia plus 7

days of recovery and 20 days of hypoxia.

Shoot Root
g NaCl Aerated Waterlogged Aerated Waterlogged
kg~! Soil 7 Days | 14 Days 7 Days | 14 Days
0 43.79 39.26 41.52 36.26 37.45 38.46
0.58 42.68 41.92 41.94 35.14 35.52 37.61
1.17 43.59 40.20 39.32 38.24 40.36 39.75
2.34 43.51 36.81 35.31 37.58 37.83 38.88

Table 3. Carbon content (% dry weight) for Puccinellia ciliata shoots and roots grown in winter in glasshouse under
controlled conditions (temperature: day 22 + 2 and night 18 &+ 2°C). Waterlogging treatments were aerated, 10 days of

hypoxia plus 10 days of recovery and 20 days of hypoxia.

Shoot Root
g NaCl Day 30" | Day 50" Day 60" Day 30 | Day 50 Day 60
kg~! Soil Aerated | 10 Days Aerated | 10 Days

0 42.21 39.80 43.38 40.29 35.56 39.47 40.64 38.90
1.17 40.28 45.09 39.45 40.03 41.06 39.07
2.34 38.68 41.52 40.43 40.68 40.22 38.52
3.51 39.10 41.62 39.43 40.65 41.80 38.67
4.67 41.04 40.58 41.19 39.55

* Day 30: Salinization started; day 50: Waterlogging started and day 60: The first 10 days of waterlogging terminated.

13C0,, compared to P. ciliata (Tables 4 and 5). The
difference is statistically significant (p =< 0.001) and
might be due to less tolerance of B. clover to salinity
and waterlogging compared to P. ciliata. Lichtfouse
et al. [10] reported that grasses growing near a major
highway in Paris, France, have strikingly depleted §'3C
values, averaging -35.08 °/¢, versus rural grasses that
show an average of -30.59 ° /0.

The shoots and roots of each species also have
different §'3C values. The difference in the mean values
of §13C of the shoots and roots for both species are
statistically significant (p =< 0.001). Not only are the
613C values of plant parts different in different species,
but also, the values of 6'2C in the roots are lower,
compared to the shoots, by almost 2%. When a linear

regression was plotted for shoot §'3C values vs. root
§13C values (Figure 1), the result indicated that a linear
relation exists between root §'*C and shoot §'3C (R =
0.968). In other words, as the plant leaves absorbed
more 3CO,, more of this component was expected in
the root, however the rate of discharge into the roots is
less compared to the shoots in different species under
different conditions. Guy and Reid [8] reported that
the roots were about 1°/p more positive than shoots
in P. nuttalliana. Kao and Tsai [20] indicated that,
regardless of water treatment, the leaves of Glycine
soja always had significantly more negative §'3C values
than those of G. tomentella and G. tabacina (p < 0.05).
However, there is no significant difference between G.
tomentella and G. tabacing in §'3C values, during
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Table 4. Mean §'*C (°/00) values for Puccinellia ciliata shoots and roots grown in summer in glasshouse under controlled
temperature (18 & 2 night and 22 + 2 day) and humidity. Waterlogging treatments were aerated, 7 days hypoxia plus 7

days of recovery and 20 days of hypoxia.

Shoot Root
g NaCl Aerated Hypoxia Aerated Hypoxia
kg™ Soil 10 Days | 20 Days 10 Days | 20 Days
0 -29.32 -29.33 -29.72 -28.58 -28.68 -29.24
0.78 -29.12 -29.34 -29.62 -28.69 -28.51 -28.83
1.5 -29.08 -28.85 -29.60 -28.12 -28.33 -28.69
3.0 -28.55 -28.79 -28.59 -27.78 -27.91 -27.93

Table 5. Mean §'C (°/g9) values for Balansa clover shoots and roots grown in summer in glasshouse under controlled
temperature (18 & 2 night and 22 £ 2 day) and humidity. Waterlogging treatments were aerated, 7 days hypoxia plus 7

days of recovery and 20 days of hypoxia.

Shoot Root
g NaCl Aerated Hypoxia Aerated Hypoxia
kg~! Soil 7 Days | 14 Days 7 Days | 14 Days
0 -27.92 -27.41 -27.11 -27.20 -27.02 -26.86
0.68 -27.47 -27.01 -26.88 -26.82 -26.73 -26.37
1.32 -26.46 -26.65 -26.48 -26.23 -25.95 -26.33
2.5 -26.06 -26.02 -26.24 -26.08 -25.83 -25.77
-25.0 2.8%, respectively. All of the above differences are
-25.5{[¢ P cliata (summer) ot A " statistically significant (p =< 0.001).
-26.0 1[4 P. ciliata (winter) Pk — It has been reported that P. ciliata is highly
. 265 r : o - tolerant to salinity (can tolerate sea water salinity)
= e L] .
£ 20 . i . v and, therefore, it can be concluded that there was less
5 275 S salinity stress for this species, due to the application of
I I : — 3.5 g NaCl Kg~! soil (almost 24 dS/m in waterlogged
5 P . .
"28.51 : ¢ R2— 0848 pots). Guy and Reid [8] also reported that, at typical
'_")9'[3 - salinities, §'3C changed linearly with salinity in P.
'29_';0_0 200 250 70 o0 250 nuttaliana, however, trends in §13C with salinities were
5196 shoot the same in all plant parts. Poss et al. [11] proposed

Figure 1. The relation between 6§'3C (°/q0) of the root
versus shoot in two species (Puccinellia ciliata and
Balansa clover) grown in different seasons under controlled
conditions (temperature: Day 22 &+ 2 and night 18 £+ 2°C).

either water treatment (p => 0.05).

The 6'3C values of shoots and roots in each
species were affected significantly by salinity and wa-
terlogging. As salinity increases, the discrimination
against '*COy decreases, but, with different severity
for different species. The difference between the overall
mean of the §'3C values of the shoot and root of
B. clover is statistically significant (p =< 0.001) and
affected (more positive), due to salinity, by 3.13% and
4.07%, respectively. These differences were less (more
discrimination) in P. ciliata shoots and roots (p = 0.01)
compared to B. clover, due to salinity, by 2.6% and

stable carbon isotope discrimination as an indicator
of cumulative salinity and boron stress in FEucalyptus
camaldulensis.

The waterlogged condition affects the two species
differently. When the §'3C values for waterlogged pots
(14 or 20 days) were compared with those for aerated
conditions, the P. ciliata showed more discrimination
against 3CO, under waterlogged conditions (more
negative §'3C), than B. clover which, in contrast,
showed less discrimination against '*CO, under the
same conditions. It can be concluded that the plants,
which are less sensitive to waterlogged conditions,
may have more discrimination against 3CO,. P.
ciliata grown in waterlogged conditions had higher dry
matter production compared to that of aerated pots,
however, B. clover’s dry matter was less in waterlogged
conditions, compared to that of aerated pots. There are
different conclusions related to water limitation in plant
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response. However, plants grown under water deficit
behave differently in regard to water use efficiency and
613C values [12,13,20-24].

Comparison between the 6'3C values of P. ciliata
grown at different seasons (summer, -28.65 and winter,
-26.95 °/¢0) under aerated conditions (Tables 4 and 6)
shows that the difference (5.93%), due to different
seasons, is also statistically significant. The important
point is that, although 6'3C values for the control
pots (aerated and non-saline) are the same in different
seasons, the values of §'2C belonging to different
levels of salinity or waterlogging, either in shoots or
roots, in winter, are more positive (less discrimination
against 13CO3) compared to summer. Consistently,
despite “identical” growth conditions, values were more
positive in the winter than in the summer. This is an
indication of the effect of environmental factors, such
as daylight and amount of radiation etc. rather than
temperature and relative humidity. This conclusion is
not the same as indicated for P. nuttalliana [8].

As salinity increases from 0 to 4.67 g NaCl
per kg soil, the discrimination against '3CO; severity
decreased in the aerated pots (9.39% in shoot, 5.26%
in root) compared to summer (decreased by 0.77%
in shoot, 2.8% in root). This means that one may
have an interaction of season (temperature, day length,
etc) and salinity. This is one of the differences in
the behavior of P. ciliate, with regard to the summer
or winter season. However, in plants grown under
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controlled conditions, the dry matter production in
winter is lower compared to summer.

Although the difference in season has a significant
affect on '*COy discrimination, the stage of growth also
has a significant effect on §'3C values. At an early
stage of growth (day 30), the §'3C values of the shoot
and root of P. ciliata in the aerated pots, which were
-30.09 and -28.5 %/gg, respectively, changed to -28.25
and -26.62 /gy (day 50) and, then, again, changed
to -29.49 and -28.04 0/00. These changes indicated
that 6'C varies due to changes in environment fac-
tors. These variations, due to environmental factors,
especially temperature, have been reported by [8] for
P. nuttalliana.

When 6'3C values of the roots or shoots of P.
ciliata were correlated linearly vs. plant parts, such as
shoot, root, total dry weight and shoot to root ratio,
the results indicated (Table 7 and Figure 2) that the
shoot’s 6'3C values linearly correlated (R = 0.749)
with the shoot and root dry weight in P. ciliata. This is
the same for the roots of P. ciliata (root’s §*3C values
correlated only with shoot dry weight).

The linear regressions for shoot or root’s 6'2C
values for B. clover vs. plant parts (Table 8) indicated
that shoot’s §3C values were linearly correlated sig-
nificantly with plant part indexes (p =< 0.001). In
contrast, none of the linear regressions for the root §'3C
values and other plant parts were statistically signifi-
cant. This might be an indication of less discrimination

Table 6. Mean §'3C (°/g9) values for Puccinellia ciliata shoots and roots grown in winter in glasshouse under controlled
condition temperature (18 £ 2 night and 22 £ 2 day). Waterlogging treatments were aerated, 7 days hypoxia plus 7 days of

recovery and 20 days of hypoxia.

Shoot Root
g NaCl Day 30" | Day 50 Day 60" Day 30 | Day 50 Day 60
kg~! Soil Aerated | 10 Days Aerated | 10 Days

0 -30.09 -28.25 -29.49 -29.73 -28.5 -26.62 -28.04 -27.86
1.17 -27.56 -27.81 -29.34 -26.16 -26.69 -27.33
2.34 -26.62 -27.23 -28.27 -25.87 -26.05 -28.61
3.51 -26.47 -26.52 -28.49 -25.47 -25.43 -26.10
4.67 -26.25 -26.73 -27.53 -25.22 -25.48 26.25

* Day 30: Salinization started, day 50: Waterlogging started and day 60: The first 10 days of waterlogging terminated.

Table 7. Linear regression analysis for Puccinellia ciliata §*>C of the shoot and root vs. plant index.

6'3C (°/o0) of the Shoot vs. Plant Index

6'3C (°/o0) of the Root vs. Plant Index

Plant Index R P Plant Index R P
Shoot dry weight | 0.75* 0.050 Shoot dry weight | 0.93" 0.001
Root dry weight | 0.25"° 0.435 Root dry weight 0.28"¢ 0.380
Total dry weight | 0.26™° 0.413 Total dry weight | 0.35"° 0.264
Shoot: root ratio | 0.36"° 0.255 Shoot: Root ratio | 0.46™° 0.133
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Table 8. Linear regression analysis for B. clover 6'2C of the shoot and root vs. plant index.

6'3C (°/o0) of the Shoot vs. Plant Index | §'3C (°/o0) of the Root vs. Plant Index
Plant Index R P Plant Index R P
Shoot dry weight | 0.897** 0.001 Shoot dry weight | 0.67"° 0.017
Root dry weight | 0.827"* 0.001 Root dry weight | 0.59"° 0.043
Total dry weight | 0.885** 0.001 Total dry weight | 0.65%° 0.210
Shoot: Root ratio | 0.827** 0.001 Shoot: Root ratio | 0.61™° 0.360
@ Total W Root AShoot any type of COs absorbed by the leaves may stay
-28.4 in the shoots or move to the roots. Regarding the
-28.6 s = 2 o @ rate of photosynthesis, the allocation of photosynthetic
-28.8 = A Py products into roots or shoots may be different for
D a0 12C and C components. This would create different
T s A s 6'3C values for the roots and shoots of plant species
‘g sl mm  aa JURN (F%gure 3).. In this experiment, the allo.cation Qf the
@ C-isotope into roots and shoots were different in P.
-20.6 o ‘IT"O’—_ ciliate and B. clover, however, P. ciliate moves less 13C-
-29.8 ] A * compounds into roots compared to B. clover.
-30.0 : . : - Although the depression of growth by NaCl was
00 05 10 15 20 25 30 3.5 - . .

Plant parts (g plant-1) sm.mla?r fog the two species, B. clover dlsplayed a greater
shift in §'3C, relative to controls. The difference can
be concluded on the basis of less tolerance of B. clover

& Total @ Root AShoot to salinity compared to P. ciliata. If this is the case,
276 one may expect lower changes in §3C values (less
278l m U R— discrimination) of the species, which is less tolerant to

-28.0 L A e saltiness.
O 282 e A o At a high concentration of NaCl, Na™ can displace
PR _ I A . o Ca?® from the plasma membrane of root hair (e.g.
g 286 . o ®e cotton), resulting in a net positive charge in plasma
& ea r ‘:__’.0__ ) membrane permeability that can be detected as a
N - ] leakage of Kt from the cell [30]. Under non saline
0.9 - . - conditions, the cytosol of higher-plant cells contains
0.4 - ¢ 100 to 200 mM Kt and 1 to 10 mM Na®, an
0.0 1.0 2.0 3.0 4.0 ionic environment, in which many enzymes function

Plant parts (g plant™!)

Figure 2. §'3C (°/o0) values of P. ciliata shoots and the
roots vs. plant dry matter (g plant™').

against BC0, and less allocation of '3CO4 into the
roots of B. clover.

CONCLUSION

Although the mangroves Awvicennia marina and
Aegiceras corniculatum do not show a clear 6%C
response to chronic salinity stress [5], P. ciliata and
B. clover presented different §'3C values under saline
or waterlogged conditions. The authors results are
similar to other reports, which indicate changes in
613C for different species under different environmental
conditions [8,10,25-29].

The COs is absorbed by leaves, synthesized and,
then, the product moves to stems and roots. Therefore,

optimally. An abnormally high ratio of Nat to K+
and high concentrations of total salts and inactivated

|0 P.ciliate(shoot) & P, ciliata(root) aclover (shoot) m:l-_wor(mur.)l

255
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Figure 3. Relation between C content (%) and §**C
(°/00) of the shoots and roots of two species (Puccinellia
ciliate and Balansa clover.
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enzymes may inhibit protein synthesis [30]. Change
in Na content of leaves and, also, the high Na: K
ratio of the shoot of B. clover compared to P. ciliata
can be the reason for optimal enzyme activity, such
as ribulosebisphosphate carboxylase and, also, the
diffusion gradient of CO, into the leaf [5].

Salinity is reported that has an effect on §'3C
values. In Phaseolus vulgaris L., salinity changes the
613C, due to stomata conductivity, diffusion limitation
and activity of ribulosebisphosphate carboxylase [4,31].
Poss et al. [29] proposed to use §'3C values for evalua-
tion of the salinity effect in Fucalyptus camaldulensis.
Poss et al. also reported that salinity decreases
the discrimination against '*CO,. However, different
cultivars of Pistashio behave differently, relating to
irrigation with different salinity, some cultivars dis-
criminate less against '3COy compared to others [32].
Poss et al. also reported that differences due to the
time of measurement are not statistically significant.
Although roots and shoots discriminate differently
against 13CO,, in some cultivars, the difference in
discrimination rates is not significant.

Waterlogged conditions affect the §'3C values of
different species, differently. B. clover is less tolerant
to waterlogged conditions and, therefore, the values
of §13C are more positive (less discrimination against
13C0,). However, P. ciliata, which are not sensitive
to waterlogged conditions, presented more negative
values. This may be because of an increase in stomata
conductance of P. ciliata. The magnitude of the
CO- diffusion gradient can be increased by either a
lower stomata conductance or a greater capacity for
carboxylation (or any combination of the two). More
positive salt-induced shifts in §'3C values are largely
due to decreased stomata conductance and, under
waterlogged conditions, are largely because of increases
in stomata conductance.

When the supply of oxygen is insufficient for
aerobic respiration, roots begin to ferment pyruvate
(formed in glycolysis) and to lactate through the action
of lactate dehydrogenase (LDH). The accumulation of
lactic acid lowers the cellular pH. As the intercellular
pH drops, fermentation switches from the production
of lactic acid to ethanal because of the different pH
optima of the cytosolic enzymes involved [30]. In
healthy cells, the vacuole contents are more acidic
(pH 5.8) than the cytoplasm (pH 7.4). But, under
conditions of extreme O deficiency, protons gradually
leak from the vacuole into the cytoplasm, adding to
the acidity generated in the initial burst of lactic acid
fermentation.

The difference in §'3C values at different stages
of growth indicated that P. ciliata, at an early stage
of growth and under no stresses, such as salinity or
hypoxia, discriminates more against '>*CO,. Later, the
effect of different stresses caused higher values. Poss et

A. Mostajeran and Z. Rengel

al. [30] also reported the same results.
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