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Background: Ecophysiological characteristics of Rosa rugosa were analyzed under dif-
ferent environmental factors from May to October 2022. Photosynthesis, chlorophyll fluo-
rescence, chlorophyll content, leaf water content (LWC), osmolality, carbohydrate content,
and total ion content were measured to compare the physiological characteristics of R.
rugosa at two study sites (i.e,, in large pots and in the Goraebul coastal sand dune area).
Results: When R. rugosa was exposed to high temperatures, photosynthetic parameters
including net photosynthetic rate (Py) and stomatal conductance (g.) in both experiment
areas declined. In addition, severe photoinhibition occurs when R. rugosa is continuously
exposed to high photosynthetically active radiation (PAR), and because of this, relatively
low Y(Il) (i.e, the quantum vyield of photochemical energy conversion in photosystem |I
[PSII) and high Y(NO) (i.e,, the quantum yield of non-regulated, non-photochemical ener-
gy loss in PSII) in the R. rugosa of the pot were observed. As the high Y(NPQ) (i.e, the quan-
tum yield of regulated non-photochemical energy loss in PSI) of R. rugosa in the coastal
sand dune, they dissipated the excessed photon energy through the non-photochemical
quenching (NPQ) mechanism when they were exposed to relatively low PAR and low tem-
perature. Rosa rugosa in the coastal sand dune has higher chlorophyll a and carotenoid
content. The high chlorophyll @ + b and low chlorophyll a/b ratios seemed to optimize
light absorption in response to low PAR. High carotenoid content played an important role
in NPQ. As a part of the osmotic regulation in response to low LWCs, R. rugosa exposed
to high temperatures and continuously high PAR used soluble carbohydrates and ions to
maintain high osmolality.

Conclusions: We found that F./F,, was lower in the potted plants than in the coastal sand
dune plants, indicating the vulnerability of R. rugosa to high temperatures and PAR levels.
We expect that the suitable habitat range for R. rugosa will shrink and move to north under
climate change conditions.

Keywords: climate change, coastal sand dune, environmental change, photosynthesis,
Rosa rugosa

2017; Thakur and Nayyar 2013). The intensity and frequen-
cy of abiotic stress varies with habitat. In coastal sand dune

Plants are exposed to various environmental factors
throughout their life span due to their sedentary life. Envi-
ronmental factors are divided into several categories, in-
cluding pathogen infection, biotic stress (e.g., herbivory),
and abiotic stress (e.g., drought, high temperature, nutrient
deficiency, and exposure to salt or heavy metals; Suzuki et
al. 2014). Of these factors, abiotic stress is a major threat to
plants that limits their growth and distribution and should
be overcome (Rajaniemi and Allison 2009; Rajkumar et al

habitats, abiotic stresses include temperature, light intensi-
ty and duration, wind, wind-driven sand movement, and
salinity, all of which occur at a higher intensity and fre-
quency than in other habitats (Frosini et al. 2012). These
stresses induce ionic imbalances in plant tissues and lead
to decreased photosynthetic efficiency due to reduced en-
zyme activities (e.g., rubisco) and increased leaf respiration
rates (Allakhverdiev et al. 2008; Chang et al. 2020; Medina
and Francisco 1997; Sudhir and Murthy 2004). Further-
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more, stress-generated reactive oxygen species (ROS) in-
duce negative effects, such as oxidative damage in plant
tissues (Chang et al. 2020; Singh and Thakur 2018).

Various abiotic stresses combine in outdoor environ-
ments to affect plants (Billings 1952; Suzuki et al. 2014).
The effects of such combined abiotic stresses on plants are
limited to the plant’s response to a single stressor, since
plants utilize specific mechanisms in response to abiotic
stresses that are dependent on specific stress combinations
in addition to their unique response mechanisms for single
stresses (Suzuki et al. 2014). The metabolic and signaling
responses of plants to multiple stresses are highly diverse
and include photosynthesis, osmolytes synthesis, and hor-
monal signaling mechanisms (Iyer et al. 2013; Prasch and
Sonnewald 2013; Suzuki et al. 2014). However, these mech-
anisms remain poorly understood.

Among the components of a plant, the leaf is the prima-
ry organ where photosynthesis, the key process that con-
verts light energy from photons into chemical energy us-
able by the plant, takes place. Leaves are also recognized as
a representative organ that can be used to assess physiolog-
ical traits, including plant growth and adaptation, can be
assessed (Ashraf and Harris 2013; Givnish 1987; Hohmann-
Marriott and Blankenship 2011). Photosynthesis occurs
through a complex interaction of structures (e.g., photosys-
tem II [PSII], PSI, and cytochrome b6f complex) and en-
zymes (e.g., rubisco and ATP synthase) inside chloroplast
thylakoids (Allen et al. 2011; Ashraf and Harris 2013; Jen-
sen and Leister 2014). In particular, PSII and the light har-
vest complex (LHC) catalyze water oxidation and harvest
and convert photons to electronic energy to initiate photo-
synthesis (Albanese et al. 2020; Kawakami and Shen 2018).
Since PSII is affected by a wide range of environmental
factors, including moisture, temperature, and day length,
there has been great interest in the relationship between
photosynthetic capacity and PSII activity to obtain a better
understanding of how plants respond to their environment
(Adams and Langton 2005; Ashraf and Harris 2013; Villar
et al. 2006). Abiotic stresses often cause osmotic pressure
changes within plants, to which lead plants to respond by
utilizing osmolytes such as soluble carbohydrates and ions
(Vicente et al. 2016). Soluble carbohydrates are products of
photosynthesis and are known to be primarily involved in
osmotic pressure regulation (Gil et al. 2013; Singh and
Thakur 2018). Thus, the accumulation of osmolytes can be
assessed to understand how plants respond to abiotic
stresses (Chapin et al. 1990).

The inability of plants to respond appropriately to abiotic
stresses results in photoinhibition, which limits photosyn-
thesis and the activity of the plant’s photosynthetic ma-
chinery. Photoinhibition causes photon energy to be cap-
tured rather than absorbed, leaving the remaining energy
as a potential threat to the PS, especially PSII (Takahashi
and Badger 2011). Plants have developed photoprotective
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mechanisms to overcome photoinhibition, prevent the in-
activation of PSII, restore an already closed PSII to an ac-
tive state (Takahashi and Badger 2011). Various morpho-
logical and physiological characteristics of plants are
involved in photoprotection, including non-photochemical
quenching (NPQ) mechanisms that utilize carotenoids,
such as xanthophylls, and D1 protein reconstitution (Kitao
et al. 2000).

Rosa rugosa is a representative native, coastal dune,
woody plant that grows in the outermost hinterland of
coastal dunes and is protected as a Phytosystematic Specif-
ic Plant Class II (National Institute of Ecology 2018). It is a
boreal plant adapted to relatively low temperatures on the
Korean Peninsula and is known to have a lower growth limit
at 37° 68'N in the central part of the peninsula, although
this limit is gradually moving northward due to climate
changes (Han et al. 2013). Various studies have focused on
this species as its conservation value increased,but these
studies have focused primarily on pharmacology (Choi et
al. 1997; Kim et al. 2001; Young 1990; Yu et al. 2014) and
horticulture (Joung et al. 2010; Lee et al. 2011). Only a few
studies have been conducted on its physiological and eco-
logical characteristics of the native Korean plant.

This study aimed to investigate the physiological and
ecological characteristics of R. rugosa in response to envi-
ronmental changes by analyzing its photochemical charac-
teristics under seasonal and diurnal variations. In addition,
its chlorophyll contents and leaf composition were ana-
lyzed under seasonal variations. This study provides basic
data for the establishment of coastal dune conservation
strategies to mitigate future climate change and coastal
dune disturbance in Korea and East Asia.

Study site and plant materials
Rosa rugosa was planted at two sites: (1) in a rear pine

windbreak forest (36°35°03.5"N, 129°24'41.4"E) of the Go-
raebul coastal sand dune (36°35°03.5"N, 129°24°41.4"E),
which is a representative coastal sand dune located on the
east coast of Gyeongsangbuk-do, Republic of Korea; and (2)
in large pots (R = 1.0 m, H = 0.9 m) in the biology building
of Kyungpook National University (35°53'12.0"N 128°36’
20.8"E), where they were allowed to settle for approximate-
ly 1 year. The soil used in the large pots was sandy soil
from the Goraebul coastal sand dunes, and the pots were
exposed to direct sunlight by removing the shielding struc-
ture. The soil moisture content was maintained above 5%
by periodic watering in the large pots, and a modified
Hoagland’s medium (0.5 mM NH,NO;, 0.5 mM MgSO,-
7H,0, 0.5 mM KH,PO,, 0.5 mM CaCl,2H,0, 0.5 mM K,SO,,
19 mM Fe-EDTA, and trace elements) was used to treat 2 L
per pot each every week.
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Photochemical characteristics of seasonal changes

Environmental factors and meteorological data

The environmental factors measured were leaf tempera-
ture, vapor pressure deficit based on leaf (VPDL) tempera-
ture (kPa), soil moisture content (%), and photosyntheti-
cally active radiation (PAR) (umol m~s"). Leaf temperature,
VPDL and PAR were measured using a portable photosyn-
thesis meter (Li-Cor 6400; LI-COR Biosciences, Lincoln,
NE, USA). Soil moisture content was measured using a soil
moisture meter (Theta Probe ML3; Delta-T Devices, Cam-
bridge, UK).

Meteorological data for the period May-October 2022 at
the Kyungpook National University, where the research
tree species is located, and at Goraebul coastal sand dunes,
Yeongdeok-gun, Gyeongsangbuk-do, Republic of Korea,
are presented in terms of daily average temperature (°C),
daily maximum temperature (°C), and daily minimum
temperature (°C), relative humidity (%), daily precipitation
(mm), maximum instantaneous wind speed (m/s), maxi-
mum wind speed (m/s), and average wind speed (m/s).
These data were collected from the Korea Meteorological
Administration Longitudinal Observation Data.

Photosynthetic metrics

A portable photosynthesis meter (Li-Cor 6400) was used
to measure photosynthetic metrics. For accurate measure-
ments, a reference CO, concentration of 400 ymol/mol and
a flow rate of 500 mmol/s were maintained using a 6400-
01 CO, mixer. In brief, fully grown leaves were combined
in a 6 cm’ leaf chamber to ensure stabilization of ACO,
and CO, reference, and then net photosynthesis rate (Py),
stomatal conductance (g,), transpiration rate (E), and inter-
cellular CO, concentration (C,) were measured. Instanta-
neous water use efficiency (WUE) was calculated as the ra-
tio of Py and E (P,/E). Instantaneous carboxylation
efficiency (CE) was calculated as the ratio of Py and C; (Py/
Ci).

Chlorophyll fluorescence

Chlorophyll fluorescence was measured using a portable
chlorophyll fluorometer (PAM-2500; Heinz Walz GmbH,
Pfullingen, Germany) to determine Y(II) (i.e., the quantum
yield of photochemical energy conversion in PSII), Y(NPQ)
(i.e., the quantum yield of regulated non-photochemical
energy loss in PSII), and Y(NO) (i.e., the quantum yield of
non-regulated, non-photochemical energy loss in PSII) in
tully grown leaves exposed to light. After a dark adaptation
period of more than 25 minutes, the minimum fluores-
cence yield of the dark-adapted state (F,) and the maxi-
mum fluorescence yield of the dark-adapted state (F,,) were
measured, and the F /F ratio (i.e., the maximum photo-
chemical quantum yield of PSII) was calculated using the
formula (F, — F,) / F,.
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Physiological characteristics of Rosa rugosa
under diurnal variation

Environmental factors and meteorological data

Leaf temperature, VPDL, and PAR were measured using
a portable photosynthesis measuring device (Li-Cor 6400)
in large pots at Kyungpook National University in June
and August 2022, and in the corresponding dune at Go-
raebul coastal dunes in August 2022. Soil moisture content
was measured using a soil moisture meter (Theta Probe
ML3).

Photosynthesis indicators

To measure the diurnal variations in photosynthetic in-
dicators, Py, g,, E, chloroplast C;,, WUE, and CE were mea-
sured using a portable photosynthesis measurement device
at 3-hour intervals (i.e., five times a day from 06:00-18:00
hour) in June and August 2022.

Chlorophyll fluorescence

To measure the diurnal variation in chlorophyll fluores-
cence, F /F_, Y(II), Y(NPQ), Y(NO), and F,, and F,, were
measured using a portable chlorophyll fluorescence mea-
surement device at 3-hour intervals (i.e., five times a day
from 06:00-18:00 hour) in June and August 2022.

0>

Analyzing leaf composition over the season

Chlorophyll content

A certain area of the leaves of the collected target plant
was separated and extracted by immersion in 5 mL of di-
methyl sulfoxide for 48 hours at 30°C. The extract was
subjected to absorbance measurements using a UV/VIS
Spectrophotometer (OPTIZEN 2120; Mecasys Co. Ltd.,
Daejeon, Korea) at wavelengths of 665 nm, 649 nm, and
480 nm. The absorbance measurements were calculated as
follows (Wellburn 1994):

C,= 1247 Ages— 3.62 Ago

Cy=25.06 Agpy— 6.5 Ay

Ciy=C,+GC,

C.y=C /G

Carotenoid = (1,000 A, — 1.29 C, — 53.78 C,) / 220

Leaf water content, osmolarity, total ion content, and
soluble carbohydrate content

The corresponding leaves were collected and fresh
weight (FW) of the collected leaves was measured, and
then the leaves were dried at 70°C for 72 hours using a des-
iccator (Forced Convection Oven, JSOF-150; JS Research
Inc., Gongju, Korea). Next, their dry weight (DW) was
measured, and the leaf water contents (LWCs) was calcu-
lated using the following equation.
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LWC (%) = [(FW - DW) / FW] x 100

Leaf extracts were prepared by grinding dried plant
leaves into a homogeneous powder using a grinder (Poly-
mix Laboratory Dry Mill Drive Unit, Polymix" PX-MFC
90 D; Kinematica AG, Luzern, Switzerland), and then plac-
ing taking a constant weight aliquot and placing it in a 25
mL measuring flask in a 90°C water bath for 1 hour. After
allowing to cool at room temperature for sufficient time,
the final volume was adjusted to 25 mL and extracted by
filtering through a 0.45 ym GF/C filter (Whatman, Maid-
stone, UK). Osmolality was measured with an osmometer
(Micro-Osmometer; Precision System Inc., Natick, MA,
USA) using the principle of freezing point enhancement
method by taking 50 yL of the extracted sample liquid. To-
tal ion content (TIC) was determined using a conductivity
meter (Mettler Check Mate 90; Mettler Toledo, Columbus,
OH, USA) by diluting 1 mL of the extracted sample with
4 mL of distilled water, and was calculated as the Na" and
CI ion equivalents (NaCl equivalent). The soluble carbohy-
drate content was determined by adding 400 uL of 5%
phenol solution and 2 mL of crude H,SO, to a solution of
20 uL of plant extract and 780 uL of distilled water, mixing
well after 10 minutes, cooling at room temperature for 30
minutes, and measuring the absorbance at a wavelength of
490 nm using a UV/VIS Spectrophotometer. Glucose (20-
800 uL in 1,000 pL) was used as a standard solution and
the sugar content was quantified based on this (Pazur
1994).

Statistical analysis
T-test was performed using SPSS 26.0 (IBM Co., Ar-

monk, NY, USA) to determine whether there were a signif-
icant differences between the measurements (p < 0.05).
Measurements were expressed as mean with standard de-
viations.

Seasonal changes in photochemical indicators

Meteorological and environmental factors during the
seasonal change measurement period

To investigate the changes in physiological characteris-
tics of R. rugosa due to seasonal changes, the study was
conducted from May 2022, when the leaves grew suffi-
ciently and reached a size (6 cm” <) where photosynthesis
could be measured, to October, when the leaves molted.
The weather conditions at Kyungpook National University
and Goraebul coastal sand dunes, the two study sites se-
lected for this research, were different (Figs. 1 and 2).
During the study period, the average daily temperature at
both locations increased until August and then decreased,
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but the lowest daily temperature at Kyungpook National
University was recorded in late June and the highest daily
temperature was recorded in early August. At Goraebul
coastal sand dunes, the minimum temperature was record-
ed in early August and the maximum temperature was re-
corded in late June, indicating that leaf temperature was
related to the mean temperature at both sites (Figs. 1A, 24,
and 3B). In addition, at Kyungpook National University,
where the maximum temperature in June was 37.1°C, the
leaf temperature was the highest at 42.0°C. On the other
hand, at Goraebul coastal sand dunes, the leaf temperature
was 34.8°C when the maximum temperature was 36.6°C,
showing a clear difference between the regions. Consider-
ing that the measurement time for this study was 12:00-
14:00 hour, when photosynthesis is most active and the
temperature is the highest of the day, it can be seen that
the maximum temperature is closely related to the leaf
temperature (Figs. 2A and 3B).

The difference in wind speed between the two areas is
related to geographical characteristics, as the coastal dunes
of Goraebul, adjacent to the sea, are known to have higher
average and instantaneous peak wind speeds and more fre-
quent gusts compared to Kyungpook National University
(Figs. 1C and 2C).

Soil moisture content also appears to be influenced by
the time of measurement (Fig. 3C), and July and August,
which recorded high soil moisture content, were periods of
intensive precipitation during the study period, suggesting
that the high soil moisture content measurements during
these months were due to precipitation (Figs. 1C, 2C, and
3C). There was no significant seasonal difference in soil
moisture content between the large pots at Kyungpook Na-
tional University and the coastal dunes at Goraebull, where
moisture was continuously supplied. This is likely due to
the mulching effect of the undecomposed pine needles in
the windbreak forest at the far end of the coastal dune
where the plant grows, which suppresses the evaporation of
soil moisture. Therefore, neither site appears to have been
affected by severe water stress.

The VPDL, which is known to be influenced by tem-
perature and relative humidity, was highest in June at both
sites, but was 29.5% higher at Kyungpook National Univer-
sity than at Goraebul coastal sand dunes (Fig. 3D), indicat-
ing that the atmosphere was drier at Kyungpook National
University. PAR, a measure of photon density in the wave-
length bands available to plants for photosynthesis, was
lower at Kyungpook National University than at Goraebul
coastal sand dunes for most of the study period, which is
likely due to frequent sun flecking by the pine tree crowns
(Fig. 3A).

Photosynthetic indicators
Seasonal changes in environmental factors affect the
photosynthetic metrics of lichens, and these effects are
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shown in Fig. 4. The net photosynthetic rate (Py) of R. ru-
gosa in large pots showed a 33.9% decrease in June, when
leaf temperatures were at their highest, compared to May.
On the other hand, the corresponding decrease in Py in
the coastal dunes was 27.2%, indicating a significant de-
crease in Py in the large pot (Fig. 4A). In addition, both
sites showed a steady increase in Py until August, when leaf
temperature decreased. This suggests that Py is closely re-
lated to leaf temperature. In general, tree species have an
optimal temperature range for growth, and when the tem-
perature is lower or higher than the optimal range, photo-
synthesis is inhibited (Yamori et al. 2014), and the August
leaf temperature (ca. 30°C) is considered to be the optimal
temperature for the most active photosynthesis.

In addition, photosynthetic indicators such as CE and
stomatal conductance (g,) also show a similar trend to net
photosynthetic rate (Py), decreasing with increasing leaf
temperature (Fig. 4B and 4F). However, in the case of tran-
spiration rate (E), the correspondence of coastal sand dune
shows a similar trend to stomatal conductance (g,) and
does not show a significant change in transpiration rate (E),

indicate the measured period.

while R. rugosa in large pots showed the highest transpira-
tion rate (E) in June when the leaf temperature was highest
and then decreased (Fig. 4C). When foliar temperature in-
creases, plants tend to either decrease foliar temperature by
increasing transpiration (E) by increasing stomatal con-
ductance (g,) or maintain LWC by decreasing stomatal
conductance (g,) (Ball et al. 1988; dos Santos et al. 2022;
Gates 1964; Wang et al. 2021).

Water use efficiency can determine how much carbon a
plant gains through photosynthesis while losing water
through transpiration, and is known to be directly linked
to physiological processes that regulate the gradient of CO,
and H,O at the leaf level (Hatfield and Dold 2019; Stanhill
1986). Large pot R. rugosa had the lowest WUE in June
and coastal dune R. rugosa in July, with a steady increase
through October with decreasing leaf temperature (Fig.
4E).

Chlorophyll fluorescence
We investigated the seasonal response of chlorophyll flu-
orescence, which can identify the activity of photosynthet-
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Seasonal variations in (A)
average air temperature (°C), low-
est air temperature (°C), highest
air temperature (°C), (B) maximum
instantaneous wind speed (m/s),
maximum wind speed (m/s), aver-
age wind speed (m/s), (C) daily pre-
cipitation (mm), relative humidity
(%) during the study period (May—
October 2022) in Yeongdeok-gun
where the Goraebul coastal sand
dune is located. Light grey box in-
dicate the measured period.

Seasonal variations in envi-
ronmental factors in the Goraebul
coastal sand dune (solid line) and
the pot (dashed line). (A) Photo-
synthetically active radiation (PAR)
(umol m=2s), (B) leaf temperature
(°C), (C) soil moisture content (%),
(D) vapor pressure deficit based on
leaf (VPDL) (kPa).
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ic machinery, and found differences in chlorophyll fluores-
cence indicators among the study areas (Fig. 5). Light is the
driving force of PSIIL, but it interferes with electron trans-
fer, damages reaction centers including protein D1 in PSII,
and causes photoinhibition, which inhibits the entire pho-
tosynthetic process (Aro et al. 1993a; Aro et al. 1993b). The
proportion of Y(II) that processes the energy of photons in
PSII was relatively low in most seasons in R. rugosa in
large pots that were continuously exposed to high PAR
compared to coastal dunes (Fig. 5A and 5B). High PAR ap-
pears to have caused photoinhibition of R. rugosa, which is
primarily caused by light but can also be caused by a com-
bination of various environmental factors including tem-
perature (Aro et al. 1993a; Takahashi and Murata 2008).
The lowest Y(II) values were common in July, when high
leaf temperatures were observed.

In general, when plants are exposed to high PAR, they
release excess photon energy in the form of heat through
the NPQ mechanism to avoid photodamage, and a relative-
ly small proportion is used for photosynthesis (Chen et al.
2016). Rosa rugosa is thought to adequately regulate pho-
toinhibition by high PAR and leaf temperature through the

Month

instantaneous water use efficiency
(WUE), (F) instantaneous carboxyl-
ation efficiency (CE).

Aug  Sep Oct

NPQ mechanism. Mean Y(NPQ) over the seasons was
higher for R. rugosa in coastal dunes than in large pots.
This probably indicates that R. rugosa in Goraebul coastal
dunes effectively regulates light stress, including sun fleck
in windbreak forest, through the NPQ mechanism (Fig.
5B). On the other hand, R. rugosa in large pots showed rel-
atively low Y(NPQ) and high Y(NO), indicating that under
continuous exposure to strong light, the excess energy over
photochemical reactions is passively released in the form of
heat and fluorescence with PSII largely inactive, rather
than through the NPQ mechanism (Fig. 5A).

The F /F, ratio is referred to as the maximum quantum
yield and is an important indicator of the physiological
state of a plant, which can be used to diagnose whether
stress is occurring (Parkhill et al. 2001; Sharma et al. 2015).
The F,/F,, ratio measurements showed that compared to
the coastal dunes, the R. rugosa in the large pots had lower
values in all seasons, indicating that the R. rugosa in the
large pots exposed to high light intensity and high tem-
perature were under higher stress conditions (Fig. 5C).
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Changes in photochemical properties during
diurnal variations

Meteorological and environmental factors during diur-
nal variation

To understand the physiological response of R. rugosa to
changes in environmental factors within a short period of
time, diurnal variation in large pots and Goraebul coastal
dune correspondents was measured in June, when the high-
est leaf temperature was recorded, and in August, when net
photosynthetic rate (Py) recovered in response to decreas-
ing leaf temperature. Leaf temperature was generally high-
er in June than in August (Fig. 6B), and VPDL followed a
similar trend to leaf temperature, indicating that the atmo-
sphere became drier with increasing leaf temperature (Fig.
6C). PAR was highest at 12:00 hour, indicating that the
Goraebul coastal dunes had lower light intensity compared
to the large pots, and R. rugosa in large pots compared to

the coastal dunes were affected by strong light from the
morning (Fig. 6A).

Photosynthetic properties

The photosynthetic characteristics of the diurnal varia-
tion showed different patterns depending on the time of
measurement (Fig. 7). The June net photosynthetic rate (Py)
of R. rugosa in large pots showed the highest value at 09:00
hour and tended to decrease with increasing leaf tempera-
ture. It has been reported that Py is affected not only by
various environmental factors, including temperature and
PAR, but also by physiological factors within the plant
body, such as leaf age and hormones, and that the younger
the leaf age, the higher the Py tends to be (Bozarth et al.
1982; Weis and Berry 1987). In general, changes in stoma-
tal conductance (g,) affect the CO, concentration (C;) in
mesophyll cells. In June, the stomatal conductance (g,)
peaked at 09:00 hour and decreased thereafter, resulting in
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a steady decrease in CO, concentration (C,) from 06:00
hour to 12:00 hour or 15:00 hour, as stomatal conductance
(g,) restricted gas movement into the leaf, reducing the
amount of CO, supplied to the leaf compared to the CO,
used for photosynthesis. The resulting decrease in photo-
synthetic activity led to an increase in chloroplast CO,
concentration (C;) again (Fig. 7D). Unlike the case in June,
the net photosynthetic rate (Py) in August showed the
highest value at 12:00 hour and then tended to decrease,
which is thought to be due to the lower temperature of the
corresponding leaves in August compared to June (Fig.
7A). Comparison of PAR and net photosynthetic rate (P,)
in August showed that the coastal dune R. rugosa had a
similar Py to the large pots despite the relatively low PAR,
which is likely a result of the highly efficient photosynthe-
sis of the coastal dune R. rugosa. Stomatal conductance (g,)
and transpiration rate (E) were lower in August compared

to June (Fig. 7B and 7C). In particular, transpiration rate
(E) was lower at all time points than in June, suggesting
that transpiration rate (E) may be regulated by leaf tem-
perature and VPDL independently of stomatal conduc-
tance (g,).

In August, the WUE of the two sites showed the highest
value at 12:00 hour and then decreased, which was related
to the change in CE (Fig. 7E and 7F). This is believed to be
a result of the inability to assimilate carbon effectively even
with sufficient moisture supply, as the increase in leaf tem-
perature under high temperatures leads to stomatal closure
in addition to an increase in transpiration (E), which af-
fects photosynthetic activity.

Chlorophyll fluorescence characteristics
Y(II), an indicator of using the energy of photons for
photochemical reactions, showed the lowest rate at 12:00



Kim et al.

Journal of Ecology and Environment (2023)47:09

Page 10 of 18

500 A ---m--- Pot(Jun) ---&--- Pot(Aug) —e— Coastal sand dune(Aug)
=~ 150 |
Nm
£ 10.0 |
©
E so0 |
2
& 00 |
-5.0
6:00 9:00 12:00 15:00 18:00
Time(h)
B ---m--- Pot(Jun) ---4&--- Pot(Aug) —e— Coastal sand dune(Aug)
0.25
£ 0.15
©°
€
£ o005 |
S
-0.05
6:00 9:00 12:00 15:00 18:00
Time(h)
C ---m--- Pot(Jun) ---&--- Pot(Aug) —e— Coastal sand dune(Aug)
8.0
—~ 60 |
£ 40
E
£ 20
“o00
-2.0 -
6:00 9:00 12:00 15:00 18:00
Time(h)
D ---®--- Pot(Jun) ---4&--- Pot(Aug) —e— Coastal sand dune(Aug)
600
Diurnal variations in the
N photosynthetic parameters of Rosa
‘T‘E 400 | rugosa measured in July in the pot
= (quadrangle), August in the pot (trian-
£ gle), August in the Goraebul coastal
_,:_‘- 200 | sand dune (circle). (A) Net photosyn-
() thetic rate (Py), (B) stomatal conduc-
tance (g), (C) transpiration rate (E),
0 . (D) intercellular CO, concentration
6:00 9:00 12:00 15:00 18:00 (Q, (E) instantaneous.water use ef-
ficiency (WUE), (F) instantaneous
Time(h)

hour and the lowest Y(II) in June when the leaf tempera-
ture was the highest (Fig. 8).

The Y(II) value at 15:00 hour, when the temperature re-
mained as high as 12:00 hour, recovered to the level at
09:00 hour. It is known that a combination of environmen-
tal factors such as high leaf temperature and PAR induce
reversible inactivation of PSII. The recovery of Y(II) values

carboxylation efficiency (CE).

suggests that R. rugosa can restore a portion of the inacti-
vated PSII to an active state within a few hours, despite the
persistence of negative environmental factors such as high
leaf temperature and PAR.

Various mechanisms, including the NPQ mechanism,
are utilized to protect PSII from degradation, and differ-
ences in photoprotective mechanisms are known to occur
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depending on the time of year of measurement (Long et al.
1994). June measurements of Y(NPQ), which represents the
proportion of NPQ mechanisms, decreased by 27.3% from
12:00 hour to 15:00 hour, whereas August measurements of
large pots increased by 54.6% from 12:00 hour to 15:00
hour and August measurements of coastal dunes increased
by 70% from 12:00 hour to 15:00 hour (Fig. 8). High foliar
temperatures in June may inhibit the activity of the NPQ
mechanism, and other mechanisms are utilized to prevent
photoinhibition, including increased production of D1 pro-
tein, increased activity of photosynthetic enzymes used for
carbon fixation, and activation of ROS scavenging systems
(Aro et al. 1993b; Demmig-Adams and Adams 1992; Jahn-
ke et al. 1991).

In August, R. rugosa on the coastal dunes had higher
Y(NPQ) values than the large pots (Fig. 8B and 8C). Based
on the high Y(NO) values of the large-pot R. rugosa, it
seems that when R. rugosa is exposed to high light intensi-
ty within a short period of time, PSII shifts to a closed state
and dissipates excess energy in other forms in a passive
manner rather than through the NPQ mechanism path-
way. This behavior is known to be more prevalent in
shade-adapted plants than in light-adapted plants (Dem-
mig-Adams 1998). R. rugosa in coastal dunes appears to
utilize the NPQ mechanism for photoprotection effectively
at lower light levels.

As a result, the F /F ratio, which indicates the physio-
logical state of the plant, had the lowest value at 15:00 hour
in R. rugosa in large pots compared to the coastal dunes
(June), showing that high foliar temperature and strong

PAR negatively affect the physiological state of the plant
(Fig. 9). In addition, the low Y(NO) ratio in August in the
Goraebul coastal dune suggests that a large number of PS-
sII were active and maintained a high F /F ratio, suggest-
ing that R. rugosa is well adapted to the pine forest behind
the coastal dune.

Analyzing leaf composition over the season

Chlorophyll content

Chlorophyll plays a pivotal role in the photosynthesis
process by transferring the energy of photons to the reac-
tion center of PSII (Taiz and Zeiger 2010). In general, chlo-
rophyll content can reflect the amount of photon energy
absorbed per unit area and is a well-known indicator of
physiological characteristics such as plant productivity
(Anderson 1967; Zhang et al. 2021). Measurements of chlo-
rophyll content over the season showed that R. rugosa in
the Goraebul coastal dunes had higher chlorophyll a and
carotenoid content, while there was no significant differ-
ence between the two habitats for chlorophyll b (Fig. 10).
The high chlorophyll content of R. rugosa in the Goraebul
coastal dune windbreak forest is likely a response to low
light and frequent photoperiod events, while the relatively
low chlorophyll content of the large pots is attributed to
chlorophyll destruction by high temperatures (Larkindale
and Huang 2004). The higher chlorophyll a + b values mea-
sured in the Goraebul coastal dune environment are be-
lieved to be due to the low PAR inside the Goraebul coastal
dune windbreak forest, and under these conditions, R. ru-
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gosa increases its pigment density per unit leaf area, result-
ing in efficient photon capture (Dai et al. 2009; Dale and
Causton 1992; Kappel and Flore 1983; Wittmann et al.
2001). The relatively low chlorophyll content in large pots
is thought to be a mechanism to protect against excess
photon energy through increased activity of chlorophyllase
and Chl-degrading peroxidase under high temperature

sand dune in August (circle).

conditions (Hu et al. 2020).

The chlorophyll a/b ratio indicates the size of the PSII
antenna and the amount of LHC protein; a decrease in the
chlorophyll a/b ratio leads to an increase in the antenna
size and the amount of LHC protein, and conversely, an
increase in the chlorophyll a/b ratio leads to a decrease in
the antenna size and the amount of LHC protein (Pfiindel
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et al. 2008; Tanaka et al. 2001). The high chlorophyll a/b
ratio in the coastal sand dune R. rugosa means that the an-
tenna size of PSII is relatively small, and reducing the an-
tenna size may be a factor in increasing photosynthetic ef-
ficiency under conditions of high frequency of sun fleck
(Shin et al. 2016).

In general, environments with continuous cycles of
strong and weak light, such as sun fleck, can induce inhi-
bition of PSII as much as exposure to continuous strong
light (Adams et al. 1999). The NPQ mechanism, the pri-
mary photoprotective response to PSII degradation, re-
quires carotenoids such as violaxanthin, zeaxanthin, and
antheraxanthin, which are utilized in the xanthophyll cycle
(Gilmore 1997). The relatively high carotenoid content in
the Goraebul coastal dune environment appears to be a
mechanism for photoprotection of R. rugosa against pho-
totoxicity.

Analyzing leaf water content, osmolarity, total ion con-
tent, and soluble carbohydrate content

Leaf water content, leaf osmolarity, TIC, and soluble car-
bohydrate content in June, when temperatures were at their
highest, are shown in Table 1. Rosa rugosa in large pots ex-

Chlorophyll a+b (ug/ml)

May  Jun Jul Aug Sep  Oct
Month

Fig. 10 Seasonal variations in the chlorophyll contents of Rosa
rugosa in the Goraebul coastal sand dune (black box) and the pot
(grey box). (A) Chlorophyll a (ug/ml), (B) chlorophyll b (ug/ml), (C)
carotenoid (ug/ml), (D) chlorophyll a + b (ug/ml), (E) chlorophyll a/b.

posed to high leaf temperatures and high PAR had relative-
ly low water content and high osmolarity. High osmolarity
is known to be part of an osmotic adjustment that increas-
es the amount of solute content per unit cell under water
deficit conditions, reducing osmotic potential (Flowers and
Yeo 1986; Munns et al. 1979). Increased transpiration(E)
due to high leaf temperatures can also cause water stress,
and soluble carbohydrates and ions are used to regulate
leaf water potential (Flowers and Yeo 1986; Hessini et al.
2009). Rosa rugosa in large pots maintained high osmolar-
ity by increasing the TIC and soluble carbohydrate content.
The accumulation of soluble carbohydrates is an osmotic
adaptation response to a decrease in LWC. In addition,
they are known to act as osmoprotective substances to dis-
sipate ROS generated by inhibition of enzymes and metab-
olism due to stresses caused by high temperature and high
insolation, and to prevent cell degeneration caused by abi-
otic factors such as high temperature (Blum 2005; Fedotova
2019; Girija et al. 2002; Hasanuzzaman et al. 2013; Silva et
al. 2013). Rosa rugosa in large pots contained 82.0% higher
soluble carbohydrates than coastal dunes, suggesting that
R. rugosa actively utilizes soluble carbohydrates for osmot-
ic adjustment to overcome water stress conditions.
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Water content and solute contents in Rosa rugosa leaves in the Goraebul coastal sand dune and the pot
Parameter Number Mean Standard deviation t (p-value)
LWC
Coastal sand dune 6 63.1 1.5 -5.983 (<0.001)"**
Pot 6 57.7 2.1
Osmolality
Coastal sand dune 6 310.1 10.4 ~11.062 (<0.001)™**
Pot 6 393.7 15.2
TIC
Coastal sand dune 6 219.9 1.1 -12.934 (<0.001)"**
Pot 6 235.4 2.7
Carbohydrate
Coastal sand dune 6 98.3 14.5 -5.306 (<0.001)"**
Pot 6 178.9 31.0
LWC: leaf water content; TIC: total ion content.
***p <0.001.

When summarizing the results of the meteorological
and environmental factors of the two regions, the biggest
difference between the two regions is temperature and
sunlight, with Kyungpook National University’s environ-
ment having a high temperature and strong light, while
Goraebul coastal sand dunes has a relatively low sunlight
and low temperature.

Rosa rugosa in large pots in environments with high air
temperatures and rapidly increasing VPDL do not appear
to respond effectively to high temperatures by showing a
decrease in transpiration (E) due to high stomatal conduc-
tance (g,) despite a decrease in stomatal conductance (g,).
Therefore, the decrease in water content, which is essential
for photosynthesis, caused a decrease in net photosynthetic
rate (Py) and carbon fixation efficiency. Rosa rugosa of
Goraebul coastal sand dunes did not show a significant de-
crease in LWC due to a concomitant decrease in stomatal
conductance (g,) and transpiration rate (E) in June, when
the highest leaf temperature was recorded, and carbon fix-
ation efficiency did not decrease significantly despite a de-
crease in net photosynthetic rate (Py).

Water use efficiency of R. rugosa decreases when R. ru-
gosa is exposed to high temperatures, which is thought to
be part of a mechanism to counteract high leaf tempera-
tures (Sinclair et al. 1984). In particular, R. rugosa in large
pots showed a decrease in WUE in June compared to May,
which was attributed to an increase in transpiration (E)
due to an increase in VPDL (Hatfield and Dold 2019; Sin-
clair et al. 1984). The increase in WUE with decreasing
temperature is thought to be due to a decrease in transpi-
ration rate (E) due to a decrease in stomatal conductance
(g,) (Sinclair et al. 1984) or to more efficient utilization of
water at lower cost in colder environments (Jiang et al.
2022). Thus, it can be seen that R. rugosa is more favorable
to growth in low temperature environments than in high
temperature.

In R. rugosa, high leaf temperature is known to indirect-
ly affect protein synthesis and inhibit the repair system of
PSII by inactivating Rubisco activase, which is essential for
Rubisco activity, accelerating the production of ROS (Mu-
rata et al. 2007; Takahashi and Murata 2008). An adequate
level of ATP must be maintained for the smooth operation
of the PSII repair system after photoinhibition. However,
as shown in Fig. 4B and 4D, high leaf temperature seems
to have restricted the Calvin circuit by decreasing stomatal
conductance (g,) and CO, concentration (C,) in the chloro-
plasts, thereby inhibiting the synthesis of PSII components
such as D1 protein. Thus, it is thought to have negatively
affected the PSII repair system (Murata et al. 2007; Taka-
hashi and Murata 2008).

The decrease in Y(NPQ), the ratio of the NPQ mecha-
nism, which is known to be one of the photoprotective
mechanisms, is not only due to inhibition by strong light,
but also to inhibition of the entire photosynthetic process.
In order for the NPQ mechanism to operate, a ApH gradi-
ent must be established through the low pH of the thyla-
koid lumen (Ruban 2016; Tyystjarvi 2013). For this to oc-
cur, an adequate amount of ATP must be available.
However, due to the high leaf temperature, the stomatal
conductance (g,) was reduced, the Calvin’s circuit was lim-
ited, and a large number of PSsII were inactivated. The en-
tire photosynthesis process is thus inhibited and the
amount of ATP synthesized is reduced (Gilmore 1997; Lu
et al. 2017).

In plants, ions, like soluble sugars, contribute to osmotic
regulation and play a variety of roles, including redox reac-
tions, energy storage, and carbon compound organization
(Flowers and Yeo 1986; Taiz and Zeiger 2010). Thus, R. ru-
gosa appears to overcome the stress of high temperatures
by increasing the content of ions or soluble carbohydrates
when exposed to stressful conditions.
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In order to analyze the physiological and ecological
characteristics of R. rugosa, a species native to the Korean
Peninsula, classified as a boreal plant and designated as a
plant systematic class II, according to environmental fac-
tors, photochemical characteristics, chlorophyll content,
LWC, osmolarity, soluble carbohydrate content, and TIC
according to seasonal and diurnal changes were measured
and analyzed during the study period (May 2022-October
2022).

The results of the photochemical characterization of R.
rugosa showed that both the corresponding plants in both
environmental conditions exhibited a significant decrease
in photosynthetic indicators, including net photosynthetic
rate (Py) and stomatal conductance (g,), during the period
of exposure to high leaf temperature, and the decrease in
photosynthetic indicators with decreasing leaf temperature
was closely related to leaf temperature. Furthermore, it ap-
pears that R. rugosa suffers from severe photoinhibition
when exposed to high light levels continuously. This ex-
plains why it exhibits relatively low Y(II) and high Y(NO).
On the other hand, in the coastal dune environment, R.
rugosa was found to be degraded due to its high Y(NPQ).
Therefore, the low F,/F,, ratio of R. rugosa in large pots in-
dicates that R. rugosa is constantly exposed to high light
intensity and high temperature stress.

The coastal dune R. rugosa showed significant differenc-
es between chlorophyll a and carotenoid content, which
appears to be an adaptation to low light intensity and sun
fleck effects, the higher chlorophyll a + b values measured
were a result of negative resistance to efficient photon cap-
ture by increasing pigment density per area in response to
low light intensity, while the chlorophyll a/b ratio was low-
er in the coastal dune R. rugosa, which appears to be a fac-
tor that increases photosynthetic efficiency under condi-
tions of high frequency of sun fleck effects.

In addition, R. rugosa in large pots exposed to high tem-
peratures and sustained high light levels utilizes soluble
carbohydrates and ions to maintain high osmolarity, which
appears to be part of osmotic regulation in response to low
LWG; specifically, R. rugosa maintains its osmotic poten-
tial by increasing its soluble carbohydrate content.

Based on the analysis of the photochemical characteris-
tics of R. rugosa and the physiological characteristics of its
leaves in this study, it is expected that exposure to high
temperatures and continuous and intense light intensity
will inhibit the photochemical characteristics of R. rugosa,
limiting its growth and distribution, due to the physiologi-
cal and ecological characteristics of R. rugosa that prefer
somewhat lower temperatures to higher temperatures.
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