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Photosynthetic responses of two mangrove species to
salinity immersion and C3-CAM conversion
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Abstract

Mangrove ecosystems are vulnerable to rising sea levels. When the sea level rises,
plants are exposed to increased salinity as well as tidal submergence. In this study, Kan-
delia obovata Sheue, Liu & Yong and Rhizophora stylosa Griffith were subjected to dif-
ferent salinity (20%o0 and 40%o) and immersion treatments to understand their photosyn-
thesis responses to salinity immersion in mangroves and adaptability to different tidal
elevations, gas exchange, and chlorophyll fluorescence parameters. K. obovata adapted
to immersion stress and outperformed R. stylosa under these conditions, indicating that
the colonization ability of K. obovata took place in the immersive conditions. Immer-
sion and low CO, concentration stresses might enable R. stylosa to adapt to darkness
for CO, absorption and exhibit leaf acidity in the early morning. Accordingly, R. stylosa
exposed to immersion and low CO, concentration for one week could adapt to darkness
and successfully absorb CO,. This phenomenon was consistent with that observed in
crassulacean acid metabolism (CAM)-type plants, which fix CO, at night and exhibit
leaf acidity in the early morning. Our results demonstrate that R. stylosa displays distinct
CAM characteristics under 40%o of salinity and immersion stress.

Keywords: mangrove species, crassulacean acid metabolism, leaves pH, gas exchange,

photoinhibition
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Introduction

Mangroves are a diverse group
of 70 species that grow in saline and
tidal wetlands along tropical and sub-
tropical coastlines (Lugo and Snedaker
1974; Odum et al. 1982, Hutchings and
Saenger 1987; Alongi 2002). Mangrove
habitats are typically characterized by
high salinity, tidal influence, strong
winds, high temperatures, and muddy
anoxic soils (Kathiresan and Bingham
2001). Micro-tidal wetlands show strong
seasonal soil salinity variation ranged
from 0 ~ 1,709 mM of NaCl that are
likely to increase in amplitude according
to climate prediction models. This may
affect the morphology and physiology
of mangrove seedlings, and the growth
and species composition of mangrove

swamps as well (Bompy et al. 2014).
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Globally, mangrove communities
are experiencing changing flood depths
and durations due to sea level rise
(Woodroffe 1999). The halophytic na-
ture of mangroves creates challenges for
scientists to investigate the potential ef-
fects of altered hydroperiods. Freshwater
inundation alone probably biases flood
assessments because optimal growth and
physiological activity are attained under
saline conditions (Ball 1996, 2002). The
effect of increased salinity on mangroves
remains unknown. Salinity and fluctua-
tions in flooded elevation are important
factors that influence the distribution,
niche patterns, and succession of man-
grove species (Sabine ef al. 2011). Man-
groves generally have an optimal salinity
range of 8—18%o (Sabine et al. 2011) or

an optimal seawater concentration range
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of 5-75% (Krauss et al. 2008). In saline
environments, Rhizophora mangle exhib-
its crassulacean acid metabolism (CAM)
characteristics (Werner and Stelzer
1990), but mangrove species are widely
considered to be C3 plants (Venkatesalu
et al. 2008). Furthermore, photosynthesis
and related physiological responses of
mangrove species under high salinity are
still not unveiled.

C3/CAM shifting requires the in-
duction of certain stress factors. The
major ecosystems with CAM plants
submerged in aquatic sites have been
described by Keeley (1996). The earliest
evolution of CAM might have occurred
in submerged plants. CAM is advanta-
geous for surviving abiotic stress, rather
than for dominance and high biomass
production in poor oligotrophic sites
(Littge 2004). Underwater photosynthe-
sis in submerged aquatic plants is often
limited by carbon dioxide availability
and thus requires the development of

CO,-concentrating mechanisms (CCMs)
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that increase carbon fixation of enzymes
used by CAM and C4 carbon fixation
through the induction of phosphoenolpy-
ruvate carboxylase (PEPC), such as in
submerged Otteliaalismoides (Huang et
al. 2020) and Hydrilla verticillata (Hola-
day and Bowes 1980).

Certain plant species can switch
from C3 metabolism to CAM either
during ontogenetic development or under
stress conditions, such as drought (Winter
and Holtum 2007, Minardi et al. 2014,
Holtum et al. 2017). In C3—CAM inter-
mediate species, oxidative stress appears
to be necessary for triggering a metabol-
ic switch, although oxidative stress alone
is insufficient to drive the C3—CAM
shift (Liittge 2004, Niewiadomska and
Miszalski 2008). This view is supported
by studies in which the C3—CAM plant
Mesembryanthemum crystallinum was
treated with O; and SO, (Hurst et al.
2004, Surowka et al. 2007). Osmond
(1978) described four distinct stages of

CAM in the diurnal cycle. In stage IV,



when the malate pool is exhausted at the
end of the day, a decrease in the internal
CO, level promotes stomatal opening,
which enables the direct fixation of
atmospheric CO, by Ribulose-1,5-bis-
phosphate carboxylase/oxygenase (Ru-
BisCO). However, toward the end of
Stage IV, RuBisCO activity declines, and
PEPC is activated. Therefore, when the
C3—CAM shift occurs, the main physio-
logical indicators are an increase in leaf
acidity in the early morning and a de-
crease in leaf acidity at sunset (Cushman
and Bohnert 1999, Maxwell et al. 2002,
Dodd et al. 2003).

The C3-CAM transition correlates
with the transcriptional expression of
PEPC genes (Ppcl and GapCl) and
increased abscisic acid (ABA) during
CAM induction (Cushman and Bohnert
1999). ABA accumulation has been
proposed to be involved in CAM in-
duction (McElwain and Bohnert 1992).
The switch to CAM is determined by

age-dependent development owing to its

38

B AT MY BT BB IR VY & B EE C3-CAM #E1E

genetic program (Cushman and Bohnert
1999). Adversity increases physiological
leaf age and enhances the rate of ABA
catabolism (Cornish and Zeevaart, 1984).

The objectives of our study were to
(1) develop an easy, rapid, and nonintru-
sive method for instantaneous assessment
of dynamic photochemical efficiency
based on photosynthesis and chlorophyll
fluorescence parameters, and (2) measure
the pH of leaves with minimal destruc-
tive sampling. These parameters reflect
a physiological response that could be
used to evaluate tidal stress in Kandelia
obovata and Rhizophora stylosa. The
obtained data can serve as indicators of
plant survival strategies. The hypothesis
of our study was that K. obovata could
adapt to tidal stress, whereas R. stylo-
sa would be adversely affected by tidal

stress.

Materials and methods

Plant materials and treatments: The



BIEEYZERMENAI TW J. of Biodivers.25(3):34-53, 2023

seedlings of Kandelia obovata Sheue,
Liu & Yong and Rhizophora stylosa
Griffith in the Tainan Shuangchun Es-
tuary (23°17'38.8"N, 120°06'42.3"E)
were collected in 2015 and planted in
the Endemic Species Research Institute
(23°49'43.0"N, 120°48'04.7"E). The
cultivation medium was estuarian sea
sand and the seedlings were cultivated in
round plastic buckets (diameter, 20 cm;
height, 20 cm). Salinity treatment was
initiated when the seedlings were two
years old, seedling height was 50-60 cm,
and ground diameter was 3-4 cm in July,
2017. We prepared two kinds of salinity
solutions (20%o and 40%o) with 20 pots
(five for dark period measurements and
15 for standard measurements) of seed-
lings for each species. The treatment was
performed weekly to ensure that salinity
was maintained at 20%o and 40%o until
six months. Moreover, we measured pho-
tosynthesis and chlorophyll fluorescence

parameters described in detail below.
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Whole plant flooding treatment:
Flooding treatments were performed for
seven days from April to June, 2018.
Two year-old plants were exposed to
intermittent flooding for four hours each
morning (06:00-8:00 h) and afternoon
(16:00—-18:00 h) to simulate tidal influ-
ences. The flooding treatment container
was a plastic bucket with a diameter of
56 cm and height of 75 cm. The salin-
ity of the flooding solution remained
constant throughout the treatment. The
control group received no flooding treat-
ments. During the flooding treatment, we
studied the effects of reducing CO, sup-

ply and salt concentration of the leaves.

Low-CO,-concentration treatment
of leaves: From April to June, 2018,
soda-lime was used as a CO, absorber
or absorbent in the low-CO, treatment
(0—10 ppm) of leaves for seven days
each morning (06:00-8:00 h) and after-
noon (16:00-18:00 h) during this inter-

mittent treatment period, the mangrove



leaves were exposed to low [CO,] for
four hours to decrease CO, supply during
tidal flooding and the influence of no-salt
on leaf blades during flooding. Control
plants were not flooded, and CO, supply
to these plants was not reduced. In addi-
tion, the no-salt leaves were not affected

by salt during flooding.

Photosynthesis and chlorophyll fluo-
rescence parameters with a fixed light
source:

We divided K. obovata and R. stylo-
sa seedlings into four groups according
to the treatment: (1) 20%o of salt without
immersion, (2) 20%o of salt with immer-
sion, (3) 40%o of salt without immersion,
and (4) 40%o0 of salt with immersion,
with five replicates per treatment and
species. From April to June, 2018, the
seedlings were measured using a gas ex-
change and fluorescence photosynthesis
analyzer (GFS-3000FL; Walz, Effeltrich,
Germany). After flooding, photosynthet-

ic parameters were measured at 10:00 h
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each day.

During the experiment, the gas flow
rate was set to 750 pmol s, gas-mixer
speed to the 7-level, assimilator tem-
perature to 25°C, and relative humidity
to 75%, and the photosynthetic photon
flux density (PPFD) was adjusted to 800
umol photons m~ s™'. Photosynthesis,
gas exchange, and chlorophyll fluores-
cence parameters were measured for 90
min of irradiation and then during dark
adaptation for 30 min. We recorded one
data point every minute for the first 30
min and one data point every 2 min for
the final 90 min to measure the photo-
synthesis, gas-exchange, and chlorophyll
fluorescence parameters, and then cal-
culated the following two parameters
(Demmig-Adams and Adams 1996,
Johnson and Ruban 2011):

Fv/Fm = (Fm —Fo)/Fm, where Fv, Fm,
and Fo are values of the minimal (Fo),
and maximal ChIF (Fm) of dark-adapted
samples were determined using modulat-

ed irradiation of a weak light-emitting di-



BIEEYZERMENAI TW J. of Biodivers.25(3):34-53, 2023

ode beam (measuring light) and saturat-
ing pulse, respectively. Photoinhibition
of dark recovery = (Fv/Fm — Fv/Fmy)
/ Fv/Fm, where Fv; and Fm, are values
measured at 2 and 30 min, respectively,
after dark recovery (Wang et al. 2022)

measurements.

CO, absorption measurement in dark
period: From April to June, 2018, five
seedlings of K. obovata and R. stylosa
were subjected to (1) immersion, (2) low
[CO,], and (3) no immersion for the mea-
surement of CO, absorption in the dark
period under 40%o salinity treatment. A
gas-exchange analyzer was used after the
leaves submerged in water and treated
with low [CO,] daily. The [CO,] uptake
and gas-exchange parameters were mea-
sured in the dark period at 18:00 h every
day and recorded every 2 min with a to-

tal of 250 records.

Leaf pH measurement: The leaf pH of

K. obovata and R. stylosa seedlings sub-
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jected to (1) immersion, (2) low [CO,],
and (3) no immersion were also mea-
sured under 40%o salinity treatment from
April to June, 2018. Measurements were
performed daily at 06:00 h and 18:00 h.
The leaves were ground into powder and
mixed with deionized water (10 mL of
water per 1 g of sample). After mixing,
the samples were vortexed for 5 min.
The pH of the mixed solution was mea-
sured using a portable pH meter (HQ11d,
Hach, USA).

Statistical analysis: Statistical analyses
were performed using PASW Statistics
18 and SigmaPlot 10.0 software. Gas
exchange and chlorophyll fluorescence
were analyzed using a single-factor anal-
ysis of variance to check for significant
differences between the two species.
Multiple comparisons were performed
using the least significant difference
(LSD) method. A Pearson correlation co-
efficient analysis between gas exchange

and chlorophyll fluorescence parameters



was also performed.

Results
CO, absorption in the dark period and

leaf pH

R. stylosa exhibited a night dark-adapted
state for CO, uptake within 250 min in
both low [CO,] and immersion treat-
ments (Fig. 1). The maximum CO, ab-
sorption rates under night dark measured
for R. stylosa were 9.27 umol CO, m™
s”', which was similar to the rate of CO,
fixed at night for photosynthesis in CAM
plants, as well as the rate in the fourth
stage of CAM. Moreover, the pH of the R.
stylosa leaves measured at 06:00 h was
significantly (P < 0.05) lower than that
at 18:00 h under a dark-adapted state for
CO, uptake after four hours of treatment
with CO, supply reduction and daily im-
mersion for one week (Fig. 2). Therefore,
R. stylosa is characteristically similar to

those of CAM plants.

Photosynthesis rate and fluorescence re-
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sponse of photoinduction

In this experiment, 800 pmol photon m™
s PPFD was used to induce the photo-
synthesis rate (Py) in K. obovata and R.
stylosa and explore the photosynthetic
physiological response. Due to the de-
layed reaction of the Py, photosynthesis
and stomatal conductance (gs) were ex-
amined over three time periods: 30 min,
60 min, and 90 min. Figure 3 shows that
the Py and gs values of K. obovata and
R. stylosa seedlings during the 30 min
period were relatively lower than both 60
min and 90 min. Regardless of the low
[CO,] or immersion treatment, the Py and
gs of K. obovata significantly increased
after 60 and 90 min of irradiation. The
low [CO,] and immersion treatment
seedlings under 40 %o salinity showed
significantly higher rates compared to no
immersion seedlings (P < 0.05). How-
ever, in R. stylosa, the Py and gs with no
immersion treatment increased signifi-
cantly after 90 min of irradiation, and the

seedlings under 20%o salinity treatment
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exhibited significantly higher values than
those under the 40%o salinity treatment
(P < 0.05). Meanwhile, low [CO,] and
immersion seedlings under 40 %o salinity
still exhibited low values after 90 min of
irradiation, and the values were signifi-
cantly lower than those of the no immer-
sion seedlings (P < 0.05), indicating that
low [CO,] and immersion at high salinity
had negative effects on R. stylosa.

As shown in Fig. 44, after 40%o
salinity treatment, K. obovata seedlings
were negatively affected by high salinity.
Before irradiation, Fv/Fm values of K.
obovata seedlings under no immersion,
low [CO,], and immersion treatment
were 0.76 £ 0.06, 0.80+ 0.01, and 0.78 £
0.05, respectively. After 800 pmol photon
m” s irradiation for 90 min followed by
acclimation for 30 min in the dark peri-
od, the Fv/Fm values of K. obovata seed-
lings under no immersion, low [CO,],
and immersion treatment decreased to
0.61 £0.09, 0.69 + 0.03, and 0.69 £ 0.04,

respectively (Fig. 4A), but the photoin-
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hibition ratio was approximately 20%
(Fig. 4C). These results demonstrate that
decline rate of K. obovata was larger in
no immersion seedlings compared to low
[CO,] and immersion treated seedlings.
The photoinhibition ratio of no immer-
sion K. obovata seedlings treated with 20
%o salinity was approximately 10%, sug-
gesting that the decline rate of K. obova-
ta seedlings in 20 %o salinity treatment
was greater than that in 40 %o salinity
treatment.

Fv/Fm values of 40%o0 salini-
ty-treated R. stylosa seedlings exposed to
no immersion, low [CO,], and immersion
before irradiation were 0.73 = 0.009, 0.69
+ 0.06, and 0.74 £+ 0.02, respectively
(Fig. 4B), demonstrating that R. stylosa
was affected by stress in a high salinity
environment. When the irradiation was
adjusted in the dark period, all Fv/Fm
values of R. stylosa seedlings exposed to
no immersion, low[CO,], and immersion
dropped to 0.60 = 0.03, 0.49 +£.055, and
0.60 = 0.03, respectively (Fig. 4B), but



the photoinhibition ratio was approxi-
mately 20% (Fig. 4D). After 20 %o salin-
ity treatment, the decrease in Fv/Fm after
irradiation was small, whereas the neg-
ative effect of flooding was large. These
results show that the long-term exposure
of K. obovata and R. stylosa to high-sa-
linity environments had a negative im-
pact. In addition, significant photoinhibi-
tion occurred when the irradiation time
exceeded 90 min under 800 pmol photon

2 -l
m S .

Discussion
C3/CAM shifting is induced by

certain stress factors, such as CO, con-
centration reduction due to inundation
(Huang et al. 2020), drought (Holtumet
al. 2017), salinity (Gawronskaet al.
2013), and high light (Hurst e al. 2004).
Oxidative stress appears to be necessary
to induce adaptation to CO, uptake in the
dark in C3/CAM shifting species; how-
ever, stress alone is insufficient to drive

C3/CAM shifting, among which need to
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be induced by other stresses, such as sa-
linity (Liittge 2004, Niewiadomska and
Miszalski 2008).

In our study, dark-adaption in R.
stylosa induced CO, uptake after four-
hour treatment of flooding and low [CO,]
treatment daily for one week (Fig. 4B).
Furthermore, CO, absorption under
night-dark adaptation in R. stylosa was
similar to the rates at which CO, was
fixed at night for photosynthesis in CAM
plants at Stage IV (Osmond 1978). When
malic acid is depleted at the day-end (Os-
mond 1978), a decrease in internal CO,
levels promotes stomatal opening, which
enables RuBisCO to fix atmospheric
CO, directly. Gawronska et al. (2013)
reported that M. crystallinum must be
treated under saline conditions to gener-
ate factors that induce CAM traits. When
R. stylosa was exposed to 40%o salinity
treatment for four hours at low [CO,] and
flood for a period of one week, the plant
experienced multiple stresses from salin-

ity, oxidation, and excessive light, which
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enabled it to absorb CO, in the dark pe-
riod. The pH of the leaves measured at
06:00 h was significantly lower than that
at 18:00 h. Gawronska et al. (2013) treat-
ed M. crystallinum with 0.4 M NacCl for
12 days and found that transformed pho-
tosynthetic system from the C3 system to
a CAM system.

Delayed activation of CAM plants
was associated with levels of RuBisCO
activase protein, which reached a max-
imum at midday, and may account for
this pattern of RuBisCO activation, such
as under drought stress or incubation
of leaves overnight in an oxygen-free
atmosphere, releasing RuBisCO from
inhibition early in the light period (Max-
well et al. 2002). This is comparable to R.
stylosa, where Py and gs remained near 0
under low CO, and immersion for 40%o
salinity treatment (Figs. 3B and D).

The photoinhibition shown in Fig.
4 suggests that photosynthesis was in-
hibited by the increased photoinhibition

under high salt concentrations. Py and

gs of R. stylosa were almost completely
inhibited under low CO, and immersion
for 40%o salinity treatment. Compared
with the experimental results of Huang et
al. (2020), in our study, Fv/Fm decreased
when plants switched from C3 to CAM,
suggesting that environmental stress af-

fects the results of seedlings.
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Fig.1. CO2 absorption under night-dark adaptation in Kandelia obovata (A) and Rhizophora stylosa.
K.obovata (B) subjected to no immersion, low [CO2], and immersion treatments at 40%o salinity.

The figure shows the changes in CO2 absorption under night dark adaptation. Error bar = standard
error (SE); n=5.
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Fig.2. Kandelia obovata and Rhizophora stylosa subjected to 40%o salinity treatment with no immersion,
low [CO2], and immersion provided with daily supply of CO2 for four hours. Changes in leaf pH (1
2/10 mL) were measured at 06:00 h and 18:00 h after one week. Error bar = SE; n = 5. *P < 0.05.
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Net photosynthesis rate (PN) and stomatal conductance (gs) of leaves of Kandelia obovata (A, C)
and Rhizophora stylosa (B, D) seedlings. Plants were subjected to no immersion at 20%o and 40%o
salinity, low [CO2] at 40%o salinity, and immersion at 40%o salinity treatments under 800 pmol
photon m-2 s-1 PPFD after 30, 60, and 90 min of irradiation.

Error bar = SE; n = 5. * Different letters indicate significant differences in the LSD analyses
between treatments at different salinity and immersion at the same time (P < 0.05).
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Fig. 4. Fv/Fm and photoinhibition (%) of Kandelia obovata (panels A and C) and Rhizophora stylosa

(panels B and D) were measured after 90 min of 800 umol photon m-2 s-1 irradiation and

dark period exposure for 2 min (D2), 10 min (D10), 20 min (D20), and 30 min (D30) under no

and immersion at 40%o salinity

%0 and 40%o salinity, low [CO2] at 40%o salinity,
Y.

t 20
treatments. Error bar = SE;

immersion a

n = 5. *Different letters indicate significant differences in the LSD

analyses between treatments at different salinity and immersion at the same time (P < 0.05).
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