; i Taylor & Francis
E:.*:' g i -.lE’,? Tav\n?v/&Fraanroup
Plant E-f-' [ . .
Egaaer Lwed | Plant Production Science
e - -f\
et LS
‘-
bi‘ Sw
Y
f: i 1:. ; .l
i
= 1 ¥
= ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tpps20

Sago palm (Metroxylon sagu Rottb.) response to
drought condition in terms of leaf gas exchange
and chlorophyll a fluorescence

Aidil Azhar , Daigo Makihara , Hitoshi Naito , Koki Asano , Mai Takagi, Saeka
Unoki, Rena Tomita , Barahima Abbas & Hiroshi Ehara

To cite this article: Aidil Azhar , Daigo Makihara , Hitoshi Naito , Koki Asano , Mai Takagi , Saeka
Unoki , Rena Tomita , Barahima Abbas & Hiroshi Ehara (2020): Sago palm (Metroxylon sagu
Rottb.) response to drought condition in terms of leaf gas exchange and chlorophyll a fluorescence,
Plant Production Science, DOI: 10.1080/1343943X.2020.1794914

To link to this article: https://doi.org/10.1080/1343943X.2020.1794914

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 17 Aug 2020.

N
C)/ Submit your article to this journal

||I| Article views: 251

A
& View related articles '

oy

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tpps20


https://www.tandfonline.com/action/journalInformation?journalCode=tpps20
https://www.tandfonline.com/loi/tpps20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1343943X.2020.1794914
https://doi.org/10.1080/1343943X.2020.1794914
https://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tpps20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1343943X.2020.1794914
https://www.tandfonline.com/doi/mlt/10.1080/1343943X.2020.1794914
http://crossmark.crossref.org/dialog/?doi=10.1080/1343943X.2020.1794914&domain=pdf&date_stamp=2020-08-17
http://crossmark.crossref.org/dialog/?doi=10.1080/1343943X.2020.1794914&domain=pdf&date_stamp=2020-08-17

PLANT PRODUCTION SCIENCE
https://doi.org/10.1080/1343943X.2020.1794914

Taylor & Francis
Taylor & Francis Group
8 OPEN ACCESS '.) Check for updates

Sago palm (Metroxylon sagu Rottb.) response to drought condition in terms of
leaf gas exchange and chlorophyll a fluorescence

Aidil Azhar>®, Daigo Makihara (¢, Hitoshi Naito?, Koki Asano?, Mai Takagi?, Saeka Unoki? Rena Tomita?,
Barahima Abbas® and Hiroshi Ehara“f

aGraduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan; ®Vocational School of IPB University, Bogor, Indonesia;
“International Center for Research and Education in Agriculture, Nagoya University, Nagoya, Japan; “College of Life Science, Kurashiki
University of Science and The Arts, Kurashiki, Japan; ¢Faculty of Agriculture, University of Papua, Manokwari, Indonesia; fApplied Social System
Institute of Asia, Nagoya University, Nagoya, Japan

ABSTRACT ARTICLE HISTORY
Sago palm (Metroxylon sagu Rottb.) photosynthetic performance was evaluated under drought Received 15 January 2019
conditions through leaf gas exchange and chlorophyll a fluorescence measurement. Drought has Revised 6 September 2019

an impact on sago palm’s leaf gas exchange parameters and its chlorophyll fluorescence of PSIl.  Accepted 16 March 2020
Stomatal limitations were found to be the main factor limiting photosynthetic activities of sago KEYWORDS
palm under drought conditions. Photosynthetic rate decreased following the inhibition in the PSII Chlorophyll a fluorescence;
reaction center. Early detection of interference upon the efficiency of the PSIl reaction center due drought stress; leaf gas
to drought stress was recorded by chlorophyll a fluorescence measurement. exchange; Metroxylon sagu
Rottb
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Abbreviations: CF/I-light response curve of chlorophyll a fluorescence, G-intercellular CO, con-
centration, E-transpiration rate, E,-—optimum irradiance, ETR-electron transport rate, ETRmax—
maximum electron transport rate, g,—stomatal conductance, /.,,—maximum irradiance, NPQ-
non-photochemical quenching, Py-net photosynthetic rate, Py//-light response curve of net
photosynthetic rate, Py gmax—maximum value of Py obtained at maximum irradiance, WUE-
water use efficiency, Y (Il)-effective quantum yield of PSII, a—asymptotic photosynthetic efficiency,
O(comp-2ooy—quantum yield at the range between light compensation point and 200 pmol m2s'
irradiance.

Introduction . . .
in swampy, alluvial, and peaty soils where almost no other

Sago palm occupies 2.2 million hectares in the Malay major crops can grow without drainage or soil improve-
Archipelago and a part of Melanesia (Flach, 1997). It grows ~ ment (Jong, 1995; Sato et al,, 1979). Sago palm is a C3 plant
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in which the initial product of the assimilation of carbon
dioxide through photosynthesis is 3-phosphoglycerate,
which contains 3 carbon atoms. As with banana and taro,
it has long been cultivated as a carbohydrate resource
(Takamura, 1990) with potential starch content extractable
through pith production estimated at 310 kg per palm
(Ehara, 2006). As such sago palm remains a staple food
source with potential to produce high yields of starch in
problem soils. Consequently, cultivation has expanded
from tidal, high soil water levels, wetlands into peat areas
that have been artificially drained to regulate the water
level for large-scale sago plantations and upland areas
where plants depend upon precipitation for water. In cer-
tain periods of the year, water availability in these areas may
be limited due to low rainfall. A depletion of soil moisture
occurs when evapotranspiration is higher than rainfall,
increasing tension in the xylem sap trigger stomatal closure
and other physiological responses (Wagner et al., 2012).

In general, the physiological activities of plants
respond negatively to drought stress, with the degree
depending on the duration of the drought and the
plant’s genetic capacities (Chaves et al., 2002). Plants
have been found to respond to drought in several
ways: osmotic adjustment, and changes in cell turgidity,
stomatal conductance, transpiration, photosynthesis,
respiration, antioxidant activity, and light absorption
capture (Falqueto et al., 2017; Hsiao et al.,, 2010; Lawlor
& Cornic, 2002; Silva et al., 2013; Velazquez-Marquez et
al., 2015).

Among these, photosynthesis is the main process
immediately influenced by drought stress (Eberhard et
al., 2008). Yet no studies of sago palm photosynthetic
performance under water shortage conditions have
been reported. As the typical habitat of sago palm is in
lowland areas with a high soil water level, this research
aimed to use chlorophyll a fluorescence to determine
the sensitivity of its photosynthetic performance when it
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Figure 1. Average diurnal change of photosynthetic photon flux

density (PPFD) (bar) and air temperature (line) in phytotron on
May 19-22, 2018 in Aichi, Nagoya, Japan.

is exposed to the type of water shortage conditions that
may be experienced in upland areas.

As a rapid, non-destructive method to monitor plant
performance under environmental stress conditions,
chlorophyll a fluorescence is a useful tool to detect
inhibition in photosystem Il (PSIl) photochemistry due
to extended water shortage (Sousa et al, 2014).
Chlorophyll a fluorescence measurement indicates
enhanced protection of PSIl and PSI photochemistry
under drought stress through adjustment of the energy
distribution across the photosystem and by activating
alternative electron sinks (Zivack et al., 2013).

In this experiment, we hypothesized that the leaf gas
exchange and PSIl photochemistry of sago palm would
be immediately suppressed under drought stress.

Materials and methods
Experiment location and materials

The experiment was undertaken in an air conditioned
glass house (phytotron) at Nagoya University, Japan
from April to May, 2018. During the experiment, daytime
air temperature ranged from 24 to 36°C, and maximum
irradiance flux density inside the phytotron was around
1000 pmol m™2 s™' (Figure 1). Average relative humidity
was 60% during the day time. The plants were exposed
to no artificial light source during the experiment.

Two-year-old sago palm seedlings were grown indi-
vidually in 5 L pots filled with commercial black soil.
Once a week all the plants were watered with 1 liter
50% Kimura B culture solution before drought treatment
began. Two different water conditions were applied to
the sago seedlings: no water application (drought con-
ditions) and daily water application used as a control.
The water application was done every morning until the
soil reach a saturated condition. Soil water potential was
measured at 10 and 20 cm soil depths from the surface
using a tensiometer (Daiki Rika Kogyo Co., Ltd. Saitama,
Japan) (n = 5). The data was recorded a day before the
beginning of drought treatment, on the 2"%, 4™ and 6™
day of drought. All measurements were conducted with
the same sago seedlings.

Leaf gas exchange

Measurements of leaf gas exchange (n = 5) such as net
photosynthetic rate (Py), stomatal conductance (gy), inter-
cellular CO, concentration (C), transpiration rate (E) and
water use efficiency (WUE) were conducted on the third
uppermost leaf position of each plant between 09:00 AM
and 01:00 PM using a portable photosynthesis system, Li-
6400XT (LiCor Inc., Lincoln, NE, USA) with 6 cm? leaf



chamber. WUE was calculated from the ratio of Py to E.
The CO, concentration was set at 400 pumol and photo-
synthetic photon flux density (PPFD) was set at 1000 umol
m~2 s7'. The CO, flow rate was adjusted to 500 umol,
relative humidity in the leaf chamber ranged from 50 to
60%, and leaf temperature was set at 25°C. The measure-
ment was conducted from May 19 to 22 May 2018.

Light response curve of net photosynthetic rate (Py/I)

Pn/I data (n = 4) were measured individually on each
sago palm leaf sample of all replicates and fitted using a
rectangular hyperbola model following the procedure of
Lobo et al. (2013). The sequence of light intensity began
from 1500, 1250, 1000, 800, 500, 250, 100, 50, 25, and O
pmol m™2 s™'. The photosynthetic value at each irradi-
ance level was recorded approximately two minutes
after the value had stabilized (Azhar et al. 2020).
Measurements in several parameters were obtained,
including maximum irradiance at the point beyond
which no significant change in Py occurred (/ynay), Max-
imum value of Py obtained at /nax (PN ¢max), and the
linear portion in the curve’s slope representing ‘the max-
imum quantum yield" (®comp-r200)-

Chlorophyll fluorescence and light response curve
of chlorophyll fluorescence (CF/I)

Chlorophyll fluorescence (n = 5) was measured using a
photosynthesis yield analyzer (MINI-PAM, Heinz Walz,
Effeltrich, Germany). The minimum fluorescence in the
dark-adapted state (F,) was measured using weak
modulated light of <0.15 pmol m™2 s~ after dark adap-
tation for 30 minutes. Measuring conditions of chloro-
phyll fluorescence were set as follows: actinic light:
55 umol m™ s7'; 30 seconds, measuring light:
0.30 pmol m™2 s™'; 30 micro seconds, and saturation
pulse: >5500 pmol m™2 s™"; 0.8 seconds. Effective quan-
tum yield photosystem Il (Y(Il)) was calculated as Y
(I) = (Fm’-F)/Fm’. Electron transport rate (ETR) was cal-
culated by ETR = Y(Il) x PAR x 0.5 x ETR-factor (0.84),
photochemical quenching (qP) and non-photochemical
quenching (NPQ) were defined as qP = (Fm’' _ F)/(Fm’ _
Fo) and NPQ = (Fm -Fm’)/Fm’. The non-photochemical
quenching (NPQ), parameter corresponds to the loss of
potential energy through heat dissipation, also referred
to as thermodynamic loss.

A rapid light response curve of chlorophyll fluorescence
(n = 5) was constructed after 30 minutes dark adaptation
with nine irradiance levels: 0, 91, 136, 221, 351, 552, 845,
1100 and 1300 pmol photon m™ s™', with each irradiance
having an interval of 20 seconds. Due to the short time of
adaptation between each measurement (20 seconds), it is
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possible that photosynthesis of the leaves was not in a
steady state at each light intensity. The PAM parameters
were calculated with WinControl software (Walz, Effeltrich,
Germany) using the standard settings for rapid light curve
protocols provided by the Walz soft-ware. The measure-
ment of light-response curve data pairs was conducted and
fitted following Ritchie (2008) as described in Azhar et al.
(2018). ETR data was fitted using non-linear least squares
model calculated as:

ETRmoxPPFD
PPFDopt

ETR — 1—PPFD/PPFDypt

The function in Microsoft Excel for fitting Waiting-in-Line
curves was utilized to fit the ETR vs. several levels of irra-
diance. Several variables derived from the fitted light curve
were obtained, including optimum irradiance (E,) defined
as no significant increase in photosynthetic rate with an
increase of irradiance, maximum electron transport rate
(ETRmax), and asymptotic photosynthetic efficiency (a). a is
the initial slope of the curve where at very low light inten-
sities photosynthesis is directly proportional to irradiance.

Statistical analysis

Data from each parameter is presented as mean + SE. To
test for differences in all parameters under normal and
drought conditions, a Student t-test was performed
using MS excel (Microsoft Windows).

Results
Leaf gas exchange

The soil water potential value was recorded at -5, —40
and —70 kPa on the 2"%, 4™ and 6" day of drought. Leaf
gas exchange values were affected by drought and
drought duration. Under drought conditions, reduction
of net photosynthetic rate (Py) occurred, accompanied
by reduction in stomatal conductance (g,) and leaf tran-
spiration rate (E). On the fourth day under drought con-
ditions, the C; value was lower than in the control plants.
However, by the last day of drought (day 6), the value
tended to increase. Py, g; and E were gradually sup-
pressed after three days in the water holding conditions
and Py sharply decreased by 43.33 and 96.51% between
days four and six under drought conditions. The plants
tended to maintain water use efficiency (WUE) on the 4th
day of drought and started a downward trend on the 6"
day under drought conditions (Figure 2). The results on
the light response curve of net assimilation rate (Py/l)
revealed that /,,x values trended down after day two of
drought conditions and were significantly lower in day
four. The reduction trend in /,,, was followed by a
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Figure 2. Net photosynthetic rate (Py) (a), % reduction in Py (b), stomatal conductance (gs) (c), intercellular CO, concentration (C) (d),
leaf transpiration rate (E) (e), and water use efficiency (WUE) (f) of sago palm seedlings growing under normal conditions (open circle)
and drought conditions (closed circle). * and *** indicate significant difference at the 0.05 and 0.001 probability level, respectively
according to Student t-test. Data corresponds to the mean value and standard error (n = 5).

reduction in Pngmaxy and Ogcomp-200) Which gradually
decreased with extension of the drought period
(Figure 3).

Chlorophyll fluorescence

The quantum yield of PSII (Y(Il)) was not affected by
drought conditions. However, drought significantly
affected ETR, gP and NPQ values. Drought conditions
also caused an increase in F, and NPQ values from day
4 to day 6 of the treatment. The F, and NPQ increased
under drought conditions following a reduction in ETR
and gP. The reduction of ETR was detected from the
second day under drought conditions, although only
slight reduction occurred in the course of the treatment.
The gP value followed the same downward trend as ETR.
However, significant reduction in the qP value occurred
on the last day under drought conditions (Figure 4). No
significant effect on optimum irradiance (E,y) for elec-
tron transport was found under drought stress.
However, ETR.x Showed a reduction trend when the
plants were exposed to drought conditions. The

reduction trend of ETR,,ax was followed by a. The nega-
tive response of a was detected from day two under
drought conditions and constantly decreased over the
course of the treatment (Figure 5).

Discussion

Photosynthesis is affected by stomatal limitations and
non-stomatal mechanisms (Damatta et al., 2002). The
reduction in stomatal aperture causes an increase in
stomatal resistance, which suppresses g, and conse-
quently inhibits CO, fixation, contributing to a reduction
in net photosynthetic rate (Chaves & Oliveira, 2004).
While some studies have assumed that photosynthesis
plays a role in CO, regulation of stomatal apertures by
lowering the intercellular CO, concentration (G) in
leaves (Roelfsema et al., 2006), other studies indicate
that mesophyll cells play a key role by directly sensing
CO, (Messinger et al., 2006). In this study, the photosyn-
thetic performance of sago palm under drought stress
was mainly affected by stomatal limitations. It showed
that under drought conditions, reduction of leaf gas



exchange parameters and Py/I began after 3 days,
declining to zero by day 6 of water deficit. However,
intercellular CO, concentration (G) did not show a direct
response to net photosynthetic rate (P\) and stomatal
conductance (g;). Stomatal conductance does not
always respond to intercellular CO, as mesophyll tissue
in leaves plays an important role in CO, sensing (Mott,
2009). According to Flexas et al. (2008) and Terashima et
al. (2011), the level of CO, diffusion resistance in the
mesophyll (r,,) will correspond to that of CO, diffusion
resistance through the stomata (r,+rs). In this experi-
ment, g, decreased in the treated plants, however, the
extent of C; decrease in the treated plants was compara-
tively small compare to g.. Miyazaki and The Society of
Sago Studies (2015) supposes that photosynthesis may
be mainly controlled by the stomatal factor based on the
fact that the extent of rate-limiting by the stomata was

ImaX
(umol (photon) m2s?)

PN(imax)
(umol (CO,) m2s?)

O 1 1 1 1
0 1 2 3 4

Drought period (Days)

Figure 3. Changes in Inax (@), PN gmax) (B), Qycomp-i200) (€) Of sago
palm seedlings in normal conditions (open circle) and under
drought conditions (closed circle). *** indicates significant dif-
ference at the 0.001 probability level according to Student t-test.
Data corresponds to the mean value and standard error (n = 4).
Data of Figure a, b, and c are variables obtained from Py/I.
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Figure 4. Effectively quantum yield photosystem I (Y(Il)) (a),
electron transport rate (ETR) (b), photochemical quenching coef-
ficient (gP) (c), non-photochemical quenching (NPQ) (d), mini-
mum chlorophyll fluorescence yield in the dark-adapted state
(Fo) (e) of sago palm seedlings growing under normal conditions
(open circle) and drought conditions (closed circle). ™ and ***
indicate significant difference at the 0.05, 0.01 and 0.001 prob-
ability level, respectively according to Student t-test. Data cor-
responds to the mean value and standard error (n = 5).
Irradiance flux density during measurement range from 600 to
1000 pmol m™2s™".
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Figure 5. Changes in Eqp (a), ETRmax (b), a (c) of sago palm
seedlings in normal conditions (open circle) and under drought
conditions (closed circle). * ** and *** indicate significant levels
at the 0.05, 0.01 and 0.001 probability level, respectively accord-
ing to Student t-test. Data corresponds to the mean value and
standard error (n = 5). Data of Figure a, b, and c are variables
obtained from CF/I.

substantial (30% or more) because the transpiration rate
and the stomatal density were low at the seedling stage
(Uchida et al., 1990) and the photosynthesis rate after
trunk formation showed a strong correlation with meso-
phyll conductance rather than stomatal conductance
(Miyazaki et al., 2007). Although we did not measure r,
+rs and r,,, directly, considering these results, r,, might
decrease as per the decrease in ry+r;.

The reduction in the non-stomatal limitation mechan-
isms of the light harvesting system center was not as
severe as the reduction in the stomatal limitation. This

suggests photosystem Il is more resistant to water defi-
cit. However, negative impact on PSIl has previously
been found to occur under prolonged water shortage
conditions leading to extreme drought (Lauriano et al.,
2006).

The results for Py/I and CF/I indicated that drought
negatively affected sago palm’s leaf gas exchange para-
meters and chlorophyll a fluorescence PSIl photochem-
istry. Nevertheless, the immediate response of plants to
drought stress was detected by chlorophyll fluorescence
measurement. In the early stage of drought, the reduc-
tion of CO, uptake due to stomatal closure might be
partially responsible for a reduction in leaf photosynth-
esis. Concerning the physiological response of sago
palm under salt stress, Ehara et al. (2008) reported that
the stomatal aperture might be small and lead to a
decrease in the photosynthetic rate; however, the
remarkable decrease in the transpiration rate with NaCl
treatment could be interpreted as one of the mechan-
isms maintaining the water status in the plant body by
restricting the water loss in sago palm. As Pirasteh-
Anosheh et al. (2016) explained, although CO, assimila-
tion rate and net photosynthesis are reduced due to
stomatal closure, attainment of a low transpiration rate
and inhibition of water loss from leaves can be a useful
trade-off, in exchange for growth, serving survival.
Since stomatal closure has negative effects on CO,
uptake, photosynthesis, transpirational cooling, as
well as water and nutrient uptake, it is important to
close the stomata only when the benefit of water reten-
tion outweighs the negative effects (Pirasteh-Anosheh
et al., 2016). Under water shortage conditions the
reduction of the stomatal aperture within a certain
range could also be recognized as the result of a
trade-off for water retention for a while after the sago
palm has faced drought conditions. Further investiga-
tion of the relationship between stomatal closure and
water status in the plant body of the sago palm may
provide better understanding of the role of stomata in
growth performance under conditions of compara-
tively low water supply.

Non-invasive indicators provided by chlorophyll fluor-
escence can tell us the status of the photosynthetic
reaction center in harvesting light energy (Calatayud et
al., 2006). Under drought conditions, disturbance in ETR
was detected from the 2" day of drought treatment
(Figure 4b). The allocation of light energy for photoche-
mical quenching (gP) was also suppressed under
drought conditions as more irradiance was dissipated
as NPQ. The reductions in ETR and gP values were asso-
ciated with an increase in F, which began on the 3" day
under drought conditions and had significantly
increased by day 6 (Figure 4e). The increase of F, is



related to reduction in the efficiency of energy trapping
in PSIl which consequently inhibits the electron flow
from Q4 to Qg in PSII (Falqueto et al., 2017). The increase
in F, is also associated with rapidly reversible damage to
the D1 protein linked to PSII (Strasser & Strasser, 1995).

The above results for Py/I and CF/I clearly indicated
that other photosynthetic processes likely work in con-
junction with the co-limit Py in drought-stressed sago
palm. Further understanding of sago palm photosyn-
thetic performance was gleaned by analyzing Py/I and
CF/I (Figs. 3 & 5). Photosynthetic performance was mon-
itored from before the introduction of drought condi-
tions until the 4™ day. Py had decreased by 96.51% by
day 6. The negative effect of drought on photosynthetic
ability was reflected in the reduction of light saturation
Point (/may)- Imax iS the point above which an increase in
photon flux produces no further increase in photosynth-
esis. After the saturation point, photosynthesis is
referred to as CO, limited, due to the inability of the
Calvin cycle enzymes to keep pace with the absorbed
light energy. A reduction of /,,,,, leads to reduction in net
photosynthetic rate at maximum absorbed irradiance
(Pngmaxy)- It indicates an inhibition of maximum light
energy utilization for CO, fixation. Through CF/I mea-
surement, we found that the light saturation point for
electron transport (Eqpr) was not influenced by drought
with in the time-frame of this experiment. However, the
electron transport rate at maximum irradiance (ETRax)
was significantly lower under drought conditions,
although the reduction was not as low as Pyymax-

Drought stress also caused interference to the effi-
ciency of light energy utilization for CO, fixation and
electron transport of sago palm. ®(comp-r200) is the linear
portion of the Py/I curve in the range of approximate
light compensation point to 200 umol (photon) m™2 s,
representing the ‘maximum quantum yield'. The light
compensation point is the value of irradiance where
CO, fixed by photosynthesis is equal with the CO,
released through light respiration and photorespiration,
resulting in Py equaling zero. A supposed linear response
of Py to irradiance is obtained when irradiance reaches
approximately 200 umol (photon) m™2 s™' (Lobo et al,,
2013). a is the condition where photosynthesis is directly
proportional to irradiance. It also explains the maximum
photosynthetic efficiency at the initial slope of the curve
at very low irradiance intensities (Ritchie, 2008).

In conclusion, stomatal limitations were the main factor
limiting photosynthetic activities of sago palm under
drought conditions. However, early interference upon the
efficiency of the PSIl reaction center due to drought stress
was recorded by chlorophyll fluorescence measurement.
In addition, the light response curve of chlorophyll a fluor-
escence (CF/I) provided more information on the optimal
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and efficient light energy utilization for photosynthesis.
Photosynthetic inhibition may cause a reduction in starch
accumulation in the trunk of sago palm. However, further
experimentation using sago palm growing in the field is
needed, as photosynthesis may show a different response
to that in the pot experiment due to the roots being better
able to access water in a deeper soil layer.
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