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Abstract

Eleocharis vivipara Link is a unique amphibious leafless plant of the Cyperaceae. The terrestrial form develops culms
with Kranz anatomy and C,-like traits, while the submerged form does culms with non-Kranz anatomy and Cj traits. The
submerged form develops new culms with C,-like mode when exposed to air or exogenous abscisic acid. In this study, we
investigated whether salt stress (0.05-0.3 M NaCl) has a similar effect. When the submerged form was grown for one month
in solutions of 0.1 M NaCl and more, culm growth was strongly suppressed. However, these plants slowly developed new
culms that had Kranz anatomy with chloroplast-abundant Kranz bundle sheath cells. Although the culms of the submerged
form had only few stomata, culms grown in the NaCl solution had many stomata. The NaCl-grown culms also accumulated
large amounts of C, photosynthetic enzymes (phosphoenolpyruvate carboxylase and pyruvate Pi dikinase), and the cellular
localization patterns of these enzymes and ribulose 1,5-bisphosphate carboxylase/oxygenase were similar to those in ter-
restrial culms. Accumulation of C, enzymes increased in mature culms of the submerged form (with non-Kranz anatomy)
when exposed to 0.2 M NaCl solution for one week. These results suggest that salt stress induces development of Kranz
anatomy and expression of C, photosynthetic enzymes in the submerged C; form of E. vivipara, whereas the anatomical and
biochemical traits of C, photosynthesis appear to be regulated independently.
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Abbreviations PEPC Phosphoenolpyruvate carboxylase
ABA Abscisic acid PPDK  Pyruvate Pi dikinase
BS Bundle sheath PS Parenchyma sheath
GA Gibberellic acid Rubisco Ribulose 1,5-bisphosphate carboxylase/
LSU Large subunit oxygenase
MS Mestome sheath
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and the released CO, is re-fixed by Rubisco. This bio-
chemical process concentrates CO, around Rubisco, sup-
pressing the oxygenase activity (Hatch 1987; von Caem-
merer and Furbank 2003; Langdale 2011; Schliiter and
Weber 2020). C, plants have higher photosynthetic capac-
ity than C; plants under high light, high temperature and
water deficiency, i.e., in conditions which tend to acceler-
ate photorespiration (Sage et al. 2018).

While C, photosynthesis generally involves cooperation
of the two types of photosynthetic cells, C; and CAM pho-
tosynthesis each occurs within a single photosynthetic cell.
This difference may influence the flexibility of the photosyn-
thetic mode in response to changing environments. There are
many facultative CAM plants, which shift from C; to CAM
mode in response to reduced soil water availability (Liittge
2004; Winter 2019). However, plants that shift from C; to C,
mode are very rare, likely because the change requires sub-
stantial anatomical and biochemical changes in the leaves.
The exceptions are some submerged aquatic plants, such as
Hydrilla verticillata (L. F.) Royle, that perform C, photo-
synthesis in a single cell, and can shift from C; to C, mode
under CO,-limited water conditions (Bowes 2011).

Aquatic and amphibious plants can develop either land-
or water-form leaves, depending on whether the shoot apex
is emergent from or submerged in water. This phenome-
non is called heterophylly (Minorsky 2003; Li et al. 2019).
The amphibious leafless sedge, Eleocharis vivipara Link,
expresses C,-like mode under terrestrial conditions and Cs
mode under submerged conditions, accompanied by perti-
nent structural changes in the photosynthetic cells (Ueno
et al. 1988; Ueno 2001). Since E. vivipara lacks leaf blades,
the culm functions as the photosynthetic organ, and it is
the culm that exhibits heterophylly (Ueno et al. 1988). The
culms of the terrestrial form have Kranz anatomy, character-
ized by well-developed Kranz BS cells and tightly arranged
mesophyll cells; the culms of the submerged form have
non-Kranz anatomy with poorly developed Kranz cells con-
taining few organelles and relatively well-developed meso-
phyll cells (Ueno et al. 1988; Ueno 1996a). The culms of
the terrestrial form have high activities of C, enzymes and
show 14CO2-ﬁxation pattern of C, mode (Ueno et al. 1988).
However, the following studies suggested that functionally
active Rubisco distributes in the mesophyll cells as well as
the Kranz cells, differing from true C, mode (Ueno 1996b;
Ueno and Ishimaru 2002). Thus, the terrestrial form per-
forms C,-like mode of photosynthesis (Ueno and Ishimaru
2002) that is situated as a stage in C, evolution just before
full C, photosynthesis (Cheng et al. 1988; Sage et al. 2012;
Tashima et al. 2021). In contrast, the culms of the sub-
merged form have only lower activities of C, enzymes and
show *CO,-fixation pattern of C; mode (Ueno et al. 1988).
The change of photosynthetic metabolism in E. vivipara is
accomplished by cellular regulation of the expression of C,
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and C, photosynthetic enzymes, accompanied by anatomical
modifications (Agarie et al. 1997, 2002; Ueno 2001).

Osmotic stress is the main environmental factor caus-
ing heterophylly in amphibious plants (Deschamp and
Cooke 1984; Goliber and Feldman 1989; Li et al. 2019),
and expression of heterophylly is triggered in this manner
in E. vivipara. However, E. vivipara is quite unique because
the conversion of photosynthetic mode occurs together with
anatomical changes of the photosynthetic organ. Plant hor-
mones including abscisic acid (ABA) and gibberellic acid
(GA) are involved in the expression of heterophylly (Ander-
son 1978; Hsu et al. 2001; Minorsky 2003; Wanke 2011;
Li et al. 2019). Treatment of the submerged C; form of E.
vivipara with ABA induces development of new culms with
C,-like mode and Kranz anatomy (Ueno 1998). Treatment of
the terrestrial form with GA induces the formation of unu-
sual culms with non-Kranz anatomy but C,-like biochemi-
cal traits (Suizu et al. 2021). Thus, E. vivipara provides an
intriguing system to examine the regulatory mechanisms of
C; and C, development (Ueno 2001). Recently, transcrip-
tome analyses have been used to elucidate the regulatory
mechanism of C;/C, conversion in E. vivipara (Harada et al.
2018) and in the related species, Eleocharis baldwinii (Torr.)
Chapm. (Chen et al. 2014). These studies have suggested
that transcription of the components of the glycolysis path-
way, citrate acid metabolism, protein synthesis, and trans-
porters as well as those of the C, pathway is modified during
the C, development.

The environmental and hormonal regulation of the shift
from C; to C,-like mode in E. vivipara is reminiscent of
that from C; to CAM mode in facultative CAM plants. Both
osmotic stress and ABA induce the C,-like mode (Ueno
1998; Agarie et al. 2002) and the CAM mode (Chu et al.
1990; Taybi et al. 2002). Salt stress can induce the shift from
C; to CAM mode in some facultative CAM plants (Winter
and von Willert 1972; Cushman et al. 1989; Winter 2019).
Salt stress causes osmotic stress in the plant body, and ABA
mediates this signaling pathway (Yang and Guo 2018; van
Zelm et al. 2020). This suggests that salt stress may also
cause the change from C; to C4-like mode in E. vivipara.

In this study, we investigated the effects of NaCl treat-
ment on anatomical and biochemical traits of photosynthetic
tissues in newly formed and mature culms of E. vivipara.

Materials and methods

Plant materials and growth conditions

Eleocharis vivipara plants examined in this study were
originally collected in Florida, USA (Ueno et al. 1988), and

have been propagated in a greenhouse at Faculty of Agricul-
ture, Kyushu University, Fukuoka, Japan. The methods for
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cultivation and NaCl treatment are schematically shown in
Supplementary Fig. S1. Small shoots of the terrestrial form
of E. vivipara were transplanted into 500 mL pots that were
filled with a commercial soil mix formulated for growing
vegetables (Iseki Co. Ltd, Tokyo, Japan). The plants were
grown in a growth chamber under natural sunlight (photon
flux density at midday of about 1000 umol m~2s™1) at 25 °C
and 70% relative humidity, for about two months. They were
watered daily and half-strength standard Hoagland nutrient
solution was applied weekly. To induce the submerged form,
the culms of the terrestrial plants were pruned off, and the
pots were submerged under 50 cm of water in aquaria. These
plants were grown in the aquaria for at least two months. The
water in the aquaria was overflowed by addition of tap water
(pH 7.8) at a slow rate to suppress the growth of epiphytes.
After the culms of the submerged-form plants were cut off,
the plants were grown in 8 L water tanks (2 pots per tank)
in the growth chamber for about 2 months. The water in the
tanks was changed weekly.

NaCl treatment

Plant growth and anatomy of newly developed culms were
investigated at 0.05, 0.1, 0.2, and 0.3 M NaCl concentra-
tions. Three plants (1 pot per tank) were examined for each
treatment. All culms of submerged-form plants were cut off
at 0.5-1 cm above the soil surface; the plants were sub-
merged in 8 L tanks filled with one of the NaCl solutions and
grown for one month (Supplementary Fig. S1). The NaCl
solution in the tanks was changed weekly. Control plants
were also grown exactly like salt-treated plants but in water.
The culms of E. vivipara have the growing region in the
basal part. Thus, after culms were cut, they often developed
new tissues (elongated culms). As a result, the plant had
elongated culms together with true new culms developed
from the culm primordia. However, it was easy to distin-
guish these culms, because the elongated culms had cut end
at the apex. In this experiment, true new culms were used.
The same NaCl concentrations except 0.05 M were used for
analyses of new culms by immunohistochemistry and west-
ern blotting. Submerged-form plants with preserved mature
culms (non-Kranz anatomy) were exposed to 0.2 M NaCl
solution for one week and analyzed by immunohistochem-
istry and western blotting.

Culm anatomy

Samples taken from the middle of culms were fixed in 3%
(v/v) glutaraldehyde in 50 mM sodium phosphate buffer
(pH 6.8) at room temperature for 2 h. The fixed culms were
washed with distilled water and transversely sectioned with
a razor blade using a Micro Slicer (DTK-1000 N, Dosaka
EM, Kyoto, Japan). The Sections (10 um thickness) were

examined under a light microscope (Eclipse Ci-L, Nikon
Instech Co. Ltd., Tokyo, Japan).

Stomatal frequency was determined at the midpoint of the
upper and basal parts of each culm. It was difficult to exactly
estimate the surface area of the culms, because transverse
sections of most culms did not have an outline of complete
ellipse. Therefore, the stomatal frequency was measured
using transverse sections of culms that had similar diameter,
and was defined as the number of stomata observed per sec-
tion. Although this method of measurement does not reflect
actual stomatal frequency such as stomatal number per unit
surface area, it is possible to compare relative stomatal fre-
quency in culms (Suizu et al. 2021). For stomatal frequency,
the data from five culms per plant were averaged to give one
value for a plant. Then, mean + SE was calculated using the
individual values from three plants.

Antisera forimmunochemistry and western blots

The same antisera as in Ueno (1996b, 1998) and Suizu et al.
(2021) were used: maize leaf PEPC and pyruvate Pi diki-
nase (PPDK) antisera (courtesy of T. Sugiyama, RIKEN,
Yokohama, Japan) and pea leaf Rubisco large subunit
(LSU) antiserum (courtesy of S. Muto, Nagoya University,
Nagoya, Japan). Antiserum dilutions were 1:500 for PEPC
and PPDK, and 1:1000 for Rubisco LSU for immunohisto-
chemistry and western blotting.

Immunohistochemistry

Samples taken from the middle of culms were fixed in 3%
(v/v) paraformaldehyde with 0.2% (v/v) glutaraldehyde in
50 mM sodium phosphate buffer (pH 6.8) on ice for 5 h, and
then washed in sodium phosphate buffer. The fixed samples
were dehydrated using an ethanol-tertiary butyl alcohol
series and embedded in Paraplast Plus (Sigma-Aldrich Inc.,
St Louis, Missouri, USA). Transverse Sections (10 um thick-
ness) were cut on a rotary microtome (PR-50, Yamato Kohki
Industrial Co. Ltd., Saitama, Japan) and mounted on slides
coated with poly-L-lysine (Sigma-Aldrich Inc.). The slides
were dried for 1 day at 42 °C and then immunostained for
PEPC, PPDK, and Rubisco LSU as described by Hatakey-
ama and Ueno (2016), using the antiserum specific to each
enzyme. For controls, the antiserum was replaced by non-
immune serum. Anti-rabbit goat antibody conjugated with
horseradish peroxidase (American Qualex, San Clemente,
California, USA) was used as secondary antibody. Locali-
zation of these enzymes in the sections was visualized by
use of peroxidase-stain-DAB (3,3-diaminobenzidine tetrahy-
drochloride) Kit (Nacalai Tesque, Inc., Kyoto, Japan) and
investigated under the light microscope.
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Western blot analysis

Culms were sampled, frozen immediately in liquid nitro-
gen, and stored at — 80 °C. These culms (0.3 g fresh weight)
were ground using a pestle and mortar with 0.25 g sea
sand and 25 mg insoluble polyvinylpyrrolidone in 1 ml of
grinding medium on ice. The grinding medium contained
50 mM Hepes—KOH (pH 7.5), 5 mM dithiothreitol, 0.2 mM
Na,-EDTA, 1 mM phenylmethylsulfonylfluoride, 0.1 mM
leupeptin, 0.2% (v/v) Triton X-100. Homogenates were fil-
tered through gauze, and the filtrates were centrifuged at
10,000 g for 10 min at 4 °C. The quantity of soluble pro-
tein in the supernatants was determined by the method of
Bradford (1976). Western blot analysis was performed as
described by Ueno (1992). Polypeptides were separated by
sodium dodecyl sulfate (SDS)—polyacrylamide gel electro-
phoresis and electroblotted onto nitrocellulose sheets. The
nitrocellulose sheets were probed with antisera and horse
radish peroxidase-conjugated goat anti-(rabbit)IgG antibod-
ies (Bio-Rad Laboratories Inc., California, USA). Soluble
proteins (10 ug for PEPC and PPDK and 2.5 ug for Rubisco
LSU) were loaded in each lane. The SDS—polyacrylamide
gels were stained with 0.25% (w/v) Coomassie brilliant blue.

Statistical analyses

The data of stomatal frequency were analyzed using
Statce14 software (OMS Publishers, Tokorozawa, Saitama,
Japan). The significance of differences was tested by one
way analysis of variance (ANOVA), followed by Tukey and

Fig.1 Gross morphology of
Eleocharis vivipara. a The ter-
restrial form; b the submerged
form; ¢ plant that developed in
0.1 M NaCl solution. PC pri-
mary culm, SC secondary culm.
Bars=10 cm

@ Springer

Kramer post hoc tests. P values less than 0.05 were consid-
ered statistically significant.

Results
Effects of salt stress on growth of submerged form

Eleocharis vivipara plants developed secondary slender
culms on the tips of the primary thick culms by proliferation,
which were especially conspicuous in the submerged form
(Fig. 1a, b; Ueno 1996a). NaCl treatment of the submerged
form inhibited the growth of culms, and very few second-
ary culms were formed (Fig. 1c). Therefore, only primary
culms of the terrestrial, submerged forms, and NaCl-treated
plants were used in further analyses. Inhibition was weakest
at 0.05 M NaCl (data not presented). Mature culms on the
submerged form gradually became chlorotic when exposed
to 0.2 M NaCl, and died within several weeks. New culms
developed in NaCl solution did not show such symptom.

Anatomical structure of culms

The culms of the terrestrial form had Kranz anatomy
(Fig. 2a, d) and those of the submerged form had non-Kranz
anatomy (Fig. 2b, e). In the terrestrial culms, the vascular
bundles were surrounded by three layers of BS cells: an
innermost layer of Kranz cells, a middle layer of mestome
sheath (MS) cells, and an outermost layer of parenchyma
sheath (PS) cells (Fig. 2d). This unusual Kranz type-anat-
omy is called fimbristyloid anatomy (Ueno 1996a; Edwards
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Terrestrial

Fig.2 Anatomical structure of culms of Eleocharis vivipara. a and d
The terrestrial form; b and e the submerged form; ¢ and f new culms
produced by submerged-form plants in 0.2 M NaCl solution. Unla-

and Voznesenskaya 2011). The Kranz cells were dense
green due to abundant chloroplasts, whereas the MS cells
lacked chloroplasts and the PS cells contained only a few
chloroplasts (Fig. 2d). Elongated mesophyll cells tightly
surrounded the BS cells and vascular bundles (Fig. 2a, d).
However, the mesophyll cells were absent on the xylem side.
Although the vascular bundles of the submerged form were
also surrounded by the three layers of BS cells, the Kranz
cells were much smaller than those in the terrestrial form,
and contained only a few chloroplasts (Fig. 2e). The meso-
phyll cells were round and well developed in comparison
with the Kranz cells, and formed a continuous layer beneath
the epidermis (Fig. 2b). Air cavities were more developed in
culms of the submerged form than in culms of the terrestrial
form (Fig. 2a, b).

In approximately half of the new culms developed in
0.05 M NaCl solution, the non-Kranz-like anatomy was
similar to that of the submerged form but Kranz cells were
somewhat larger (Supplementary Fig. S2a). The remaining
culms had an intermediate anatomy between the non-Kranz
and Kranz types (Supplementary Fig. S2b). In 0.1 M NaCl
solution, new culms with Kranz anatomy and those with
intermediate anatomy were found. In 0.2 M NaCl (Fig. 2c, f)
and 0.3 M NaCl (data not shown) solutions, most culms had
Kranz anatomy. Culms with Kranz anatomy had large Kranz
cells containing abundant chloroplasts (Fig. 2f), as seen in
the terrestrial form (Fig. 2d). The arrangement of mesophyll
cells was similar to that of the terrestrial form. However,

beled arrows in (a, ¢, d) indicate stomata. AC air cavity, KC Kranz
cell, MC mesophyll cell, MSC mestome sheath cell, PSC parenchyma
sheath cell. Bars =50 pm

the mesophyll cells were essentially round in culms grown
in the NaCl solution (Fig. 2¢). The size of air cavities in
culms grown in the NaCl solution (Fig. 2c) was similar to
those in the terrestrial form (Fig. 1a). E. vivipara plants had
elongated culms together with true new culms developed
under NaCl treatment, as mentioned in Materials and Meth-
ods. The elongated culms also showed similar anatomical
responses for NaCl treatment (data not shown).

The culms of the terrestrial form had many stomata, but
culms of the submerged form had only few stomata (Figs. 2,
3). In the terrestrial form, the stomatal frequency was higher
in the upper part than in the basal part of culms. In new
culms developed in 0.1 or 0.2 M NaCl solution, the stomatal
frequency in the upper part was intermediate between those
in the terrestrial and submerged forms (Fig. 3). In the basal
parts, the stomatal frequency was similar to that in the sub-
merged form in culms from 0.1 M NacCl solution, but was
like that in the terrestrial form in culms produced in 0.2 M
NaCl (Fig. 3).

Cellular expression of photosynthetic enzymes

When the culm sections of the terrestrial and submerged
forms and NaCl-treated submerged plants were incubated
in non-immune serum, no staining was observed (data not
shown).

In the first experiment, new culms developed in 0.2 M
NaCl solution were analyzed (Fig. 4). When the culm
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Fig.3 Stomatal frequency of culms of the terrestrial and submerged
forms of E. vivipara and new culms produced by submerged-form
plants grown in 0.1 and 0.2 M NaCl solutions. Black bar, basal part
of culms; white bar, upper part of culms. Data are means+ SE of 3
plants. The same lowercase letters above bars indicate no significant
difference at P <0.05

Terrestrial

— - A
5 ] N

Rubisco LSU

Fig.4 Immunohistochemical localization of C; and C, photosyn-
thetic enzymes in culms of E. vivipara. a—¢ PEP carboxylase (PEPC);
d-f pyruvate Pi dikinase (PPDK); g-i large subunit of ribulose
1,5-bisphosphate carboxylase/oxygenase (Rubisco LSU). a, d, and
g The terrestrial form; b, e, and h the submerged form; ¢, f, and i
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Submerged

sections of the terrestrial form were incubated in the anti-
serum of PEPC, dense staining for PEPC was observed
in the mesophyll and PS cells but not in the MS or Kranz
cells (Fig. 4a). The staining was darker in the PS cells than
in the mesophyll cells. In culms of the submerged form,
almost no PEPC staining was observed (Fig. 4b). In new
culms developed in 0.2 M NaCl solution, PEPC staining was
dense in the mesophyll and even more dense in the PS cells
(Fig. 4c). PPDK staining was observed in both mesophyll
and PS cells in the culms of the terrestrial form (Fig. 4d),
whereas it was very weak to undetectable in the culms of the
submerged form (Fig. 4e). In new culms developed in 0.2 M
NaCl solution, PPDK staining was dense in both mesophyll
and PS cells (Fig. 4f), as in the terrestrial form. In all three
types of culms, Rubisco LSU staining was dense in all pho-
tosynthetic cells; i.e., in the mesophyll, PS, and Kranz cells
(Fig. 4g—i). In the culms of the submerged form and new
culms developed in 0.2 M NaCl solution, the degree of stain-
ing for PPDK and Rubisco LSU more or less varied among
chloroplasts (Fig. 4f, h, i). This was probably due to the
difference in the amount of starch grains accumulated in the
chloroplasts. Some non-specific cell staining, which is likely

new culms of submerged-form plants grown in 0.2 M NaCl solution.
An arrowhead in (a) indicates non-specific cell staining. KC Kranz
cell, MC mesophyll cell, MSC mestome sheath cell, PSC parenchyma
sheath cell. Bars =50 pm
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attributable to accumulated polyphenolic compounds, was
also observed (Fig. 4a).

In the second experiment, mature culms of the submerged
form exposed to 0.2 M NaCl solution were analyzed (Fig. 5).
In the culms of the submerged form grown in fresh water
(control), the staining pattern of the three enzymes was simi-
lar to that found in the first experiment: almost no staining
for PEPC and PPDK was observed in mesophyll, PS, and
Kranz cells, whereas staining for Rubisco LSU occurred in
these cells (Fig. 5a, c, €). In mature culms exposed to 0.2 M
NaCl, PEPC and PPDK were densely stained in mesophyll
and PS cells, but was absent in the Kranz cells (Fig. 5b, d).
Staining for Rubisco LSU was observed in all photosynthetic
cells (Fig. 5f). Despite their non-Kranz anatomy, these culms
had a C,-like pattern of cellular accumulation of enzymes.

Accumulation of photosynthetic enzymes

Dense bands for PEPC and PPDK were observed in culms of
the terrestrial form, whereas almost no band for PEPC and a
weak band for PPDK were found in culms of the submerged
form (Fig. 6). In new culms developed in NaCl solutions,
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Fig.5 Immunohistochemical localization of C; and C, photosyn-
thetic enzymes in mature culms of the submerged-form E. vivipara
plants that were exposed to 0.2 M NaCl solution. a and b PEPC; ¢
and d PPDK; e and f Rubisco LSU. a, ¢, and e Culms of submerged
form grown in fresh water (control); b, d, and f Mature culms
exposed to 0.2 M NaCl. Arrowheads in (b, ¢) indicate non-specific
cell staining. KC Kranz cell, MC mesophyll cell, MSC mestome
sheath cell, PSC parenchyma sheath cell. Bars =25 um

99
"
&
9 > S
g o o & 29
& S S g ¢
& S S S QGG ’s?s
€8 v &5 7§ o
o Q () < Q kDa
PEPC o e - — 974
PPDK ey o e — 974
Rubisco (s a—
Lsu i — 150

Fig.6 Western blots of PEPC, PPDK, and Rubisco LSU in culms
of the terrestrial and submerged forms and NaCl-treated submerged
plants of E. vivipara. New culms 0.2 and 0.3 M NaCl, new culms
produced by the submerged form in 0.2 and 0.3 M NaCl solutions,
respectively; Mature culms 0.2 M NaCl, mature culms of the sub-
merged form exposed to 0.2 M NaCl solution

the density of the bands for PEPC and PPDK was higher
at 0.3 M NaCl than 0.2 M NaCl. In mature culms of the
submerged form that were exposed to 0.2 M NaCl solution,
the PEPC band was similar to and the PPDK band was con-
siderably weaker than those in the terrestrial form (Fig. 6).
Dense bands for Rubisco LSU were observed in all of the
culms tested (Fig. 6).

Discussion

This study indicated that salt stress induces both Kranz anat-
omy and expression of C, photosynthetic enzymes in the
submerged C; form of E. vivipara. Growth of the submerged
plants was suppressed by NaCl, and the degree of suppres-
sion strengthened with increased concentrations of NaCl. In
the field, E. vivipara usually occurs in freshwater marshes
and at pond edges but has been recorded occasionally in
brackish marshes (Ward and Leigh, 1975). This implies that
the plant has some tolerance to salt stress.

The development of anatomical traits was affected by the
concentration of NaCl. The culms of the terrestrial form
had much higher stomatal frequency than culms of the sub-
merged form (Fig. 3; Suizu et al. 2021). This reflects dif-
ferences in obtaining CO, under terrestrial and submerged
aquatic conditions (Deschamp and Cooke 1984). The new
culms produced in 0.1 and 0.2 M NacCl solutions had sto-
matal frequency values intermediate between those of the
terrestrial and submerged forms, and the stomatal frequency
was higher in 0.2 M than in 0.1 M NaCl. This indicates that
salt stress induces development of the structural feature of
the terrestrial form.

In about half of new culms produced in 0.05 M NaCl
solution, the anatomical features were intermediate between
those of the terrestrial and submerged forms (Supplementary
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Fig. S2). Most of the culms produced in 0.2 and 0.3 M NaCl
solutions had Kranz anatomy similar to that of the terres-
trial form, although the mesophyll cells remained somewhat
round in shape. Kranz cells in these culms were dense green
due to abundant chloroplasts, as in the terrestrial form. In
E. vivipara, the chloroplasts of the Kranz cells are larger in
the terrestrial form than in the submerged form, whereas
those of the mesophyll cells show the opposite trend (Ueno,
1996a). The terrestrial form expresses C, biochemistry of
NAD-malic enzyme type, and the Kranz cells contain abun-
dant mitochondria (Ueno 1996b). A quantitative analysis of
chloroplasts and mitochondria in the photosynthetic cells
will be required for the culms developed in NaCl solution.
It is interesting to note that the anatomical features of new
culms that developed in 0.05 and 0.1 M NaCl solutions var-
ied considerably, even within individual plants. Although
this reason is unknown, it may be partially due to the caespi-
tose habit of E. vivipara plants; i.e., culm primordia of dif-
ferent developmental stages were present in plants at the
start of the NaCl treatment.

The pattern of cellular accumulation of C; and C, pho-
tosynthetic enzymes observed in new culms produced in
0.2 M NaCl solution was similar to that of culms of the ter-
restrial form (Fig. 4). Both PEPC and PPDK were localized
in the mesophyll and the PS cells. Denser accumulation of
PEPC in the PS cells than in the mesophyll cells has been
previously observed in the terrestrial form (Ueno 1996b;
Suizu et al. 2021). It is thought that this cellular pattern of
PEPC accumulation may contribute to the re-fixation of CO,
leaked from the Kranz cells (Ueno 1996b). Rubisco was pre-
sent in the mesophyll, PS, and Kranz cells. In true C, plants
Rubisco is localized only in the Kranz BS cells (Hatch 1987;
Schliiter and Weber 2020), although the unusual cellular
accumulation of Rubisco observed in E. vivipara has been
found in C,-like plants (Cheng et al. 1988; Sage et al. 2012;
Tashima et al. 2021). The western blot analysis revealed that
the amounts of PEPC and PPDK were higher in new culms
produced in NaCl solutions than in culms of the submerged
form (Fig. 6). These data imply that salt stress induces both
the development of Kranz anatomy and the expression of
PEPC and PPDK in newly formed culms of the submerged
C; form.

Salt stress induces osmotic and/or ionic stress in plants
(Allakhverdiev et al. 2000; Allakhverdiev and Murata 2008;
Yang and Guo 2018). In land plants, salt stress is first sensed
at the root surface in soil, and salts taken up by the roots are
transported to the leaves (Munns and Tester 2008). In the
submerged form of E. vivipara, salt stress would be sensed
at the entire surface of the plants. Salt stress generally trig-
gers the osmotic stress signaling and ABA pathway (Yang
and Guo 2018; van Zelm et al. 2020), and the concentration
of ABA in plant tissues increases under salt stress (Geng
et al. 2013; Wang et al. 2017b). In amphibious plants,
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osmotic stress caused by exposure of the submerged form
to air increases endogenous ABA concentration, resulting in
the development of land-form leaves (Goliber and Feldman
1989; Hsu et al. 2001). However, the details of the signaling
pathways in salt and osmotic stresses in plants are not yet
fully understood (Yang and Guo 2018; van Zelm et al. 2020).
The submerged form of E. vivipara exposed to an ABA
solution produces new culms with both Kranz anatomy and
C,-like biochemical traits (Ueno 1998; Agarie et al. 2002).
Salt stress could be expected to cause osmotic stress and an
associated increase in endogenous ABA in the submerged
form. This may trigger the regulatory network leading to
development of the Kranz anatomy in culms, together with
enhanced expression of C, photosynthetic enzyme genes.
Recently, some molecular regulators involved in the devel-
opment of structural traits constituting Kranz anatomy have
been identified in Zea mays L. (Slewinski et al. 2012, 2014,
Wang et al. 2017a; Sedelnikova et al. 2018). It is tempting
to speculate that there may be a master switch in E. vivipara
that leads to the formation of Kranz anatomy. On the other
hand, the enhanced accumulation of PEPC and PPDK in
mature C; culms with non-Kranz anatomy in submerged
plants exposed to salt stress (Fig. 5) suggests that the ana-
tomical and biochemical traits of C, photosynthesis are inde-
pendently regulated in E. vivipara. Independent regulation
of these traits in E. vivipara has also been observed in the
transitional stage from the terrestrial form to the submerged
form (Uchino et al. 1998), in mature culms of the submerged
form treated with ABA (Agarie et al. 2002), and in the ter-
restrial form treated with GA (Suizu et al. 2021).

Some C, plants require small amounts of Na* for growth
(Brownell and Crossland 1972); in particular, Na*-coupled
pyruvate transport in chloroplasts is involved in C, pho-
tosynthetic metabolism (Furumoto et al. 2011). However,
excessive salt is generally harmful for the growth and pho-
tosynthesis of C, plants (Leisner et al. 2010; Omoto et al.
2012), as it is for C; plants (Allakhverdiev and Murata 2008;
Wang et al. 2017b). Salinity is thought to be one of the envi-
ronmental factors that promote the evolution of C, plants
(Sage et al. 2012), because salt stress reduces stomatal con-
ductance through osmotic stress, decreasing leaf intercel-
lular CO, concentrations, as occurs with water deficiency
(Chaves et al. 2009; Wang et al. 2017b). In the single-cell
C, chenopod Bienertia sinuspersici Akhani, treatment with
0.2 M NacCl increases PEPC and PPDK amounts (Leis-
ner et al. 2010). In maize plants, treatment with 3% (ca.
0.5 M) NaCl increases PEPC and PPDK activities (Omoto
et al. 2012). It is unknown whether similar increases in the
amounts or activities of the C, photosynthetic enzymes also
occur in the terrestrial form of E. vivipara in response to
NaCl. It is noteworthy that the submerged aquatic macro-
phyte H. verticillata shows an increase in PEPC activity
when exposed to 0.5% (0.09 M) or 1.5% (0.26 M) NaCl
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solution (Rout and Shaw 1998). This suggests that a signal-
ing pathway that induces expression of C, photosynthetic
enzymes under salt stress may also exist in H. verticillata.
However, the reason why PEPC activity in H. verticillata
increases in response to salt treatment is unknown (Rout
and Shaw 1998). At present, it would be difficult to evalu-
ate whether the development of Kranz anatomy and C,
biochemical traits in E. vivipara by NaCl has some physi-
ological and adaptive significance for survival under saline
aquatic environments. On the other hand, some facultative
CAM plants, such as Mesembryanthemum crystallinum L.,
shift from C; mode to CAM mode in response to salt stress
(Winter and von Willert 1972; Cushman et al. 1989). In M.
crystallinum, ABA application also enhances PEPC expres-
sion and induces CAM (Chu et al.1990; Taybi et al. 2002).
Comparison of the mechanisms regulating the induction of
CAM mode in the facultative CAM plants and the induction
of C, mode in E. vivipara may be worthy of future study.
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