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Investigation of morphological, photosynthetic traits,
and arbuscular mycorrhizal fungi root infection in sago
palm (Metroxylon sagu Rottb.) under saline conditions
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Abstract: This study investigated the response of sago palms to saline conditions, focusing on their morphological and
photosynthetic performance. The photosynthetic traits were evaluated using OJIP chlorophyll fluorescence transient. The
plants were exposed to a saline condition of 224 mM NaCl, and their ability to form associations with arbuscular mycorrhi-
zal fungi (AMF) was also assessed. We tested both commercial AMF products, containing spores from multiple genera, and
isolated AMF spores from Glomus etunicatum and Glomus grape, to determine their ability to infect sago palm roots under
high salt conditions. The results showed that sago palms can maintain efficient photosynthesis even at high salt levels. This
is likely due to their ability to prevent excessive salt uptake in shoots and water loss from roots by forming lignin deposits
in cell tissues. Furthermore, the study found that sago palm roots can form associations with AMF under saline conditions.
These findings indicate that sago palms exhibit tolerance to saline environments, making them a promising crop option for
areas with low soil quality where other carbohydrate-producing crops cannot tolerate the conditions.
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Plants have evolved mechanisms to cope with envi-
ronmental stress conditions, including increased soil
salinity. Nevertheless, soil salinity poses significant
challenges to the growth of terrestrial plants. Research
has shown that even moderate increases in soil salinity,
around 40 mM NacCl, can disrupt plant growth due
to osmotic stress caused by elevated sodium (Na*)
and chloride (Cl7) ions (Julkowska, Testerink 2015;
Munns, Gilliham 2015; Byrt et al. 2018).

Soil salinity can lead to reduced crop yields by in-
hibiting leaf photosynthesis. This inhibition occurs
due to the inactivation of photosystem II (PSII)
reaction centres, caused by electron transport dis-
ruption (Cigek et al. 2018). Additionally, increased
salinity triggers the release of abscisic acid (ABA)
in guard cells, leading to stomatal closure (Geilfus
et al. 2015; Hnili¢ckova et al. 2017). This closure
is further exacerbated by short-term alkalinisation
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of the apoplast (Geilfus 2017), resulting in osmotic
effects that activate enzymes involved in carbon
dioxide (CO,) reduction (Xu, Zhou 2008), ulti-
mately affecting the carbon reduction cycle.

Saline conditions can occur naturally, arising
from underground sources or the use of brack-
ish irrigation water. However, unsustainable land
clearing and irrigation practices have exacerbated
the problem, particularly when marginal lands are
converted into agricultural and plantation produc-
tion areas. To mitigate the impact of saline soils
on global carbohydrate production, researchers
are exploring agronomic solutions. One approach
is to cultivate carbohydrate-rich plant species that
are tolerant of saline conditions.

Cultivating sago palm (Metroxylon sagu Rottb.)
on saline soils affected by brackish water is a po-
tential agronomic solution for utilising marginal
lands to support global carbohydrate production.
Sago palm, a high-starch plant species, exhib-
its high adaptability to grow in marginal lands,
including peatlands and saline areas, without
requiring special cultivation treatments like
fertiliser applications (Ehara 2005; Azhar et al.
2020). Soil microorganisms, such as arbuscular
mycorrhizal fungi (AMF), play a crucial role
in facilitating the availability of soil nutrients,
particularly phosphate, for sago palm growth.
A previous study found that various AMF spe-
cies in Thai sago palm habitats infect sago palm

50 yum

(E) (F)

roots growing on peatlands. However, the im-
pact of saline conditions due to brackish water
on AMF colonisation and infection in sago palm
roots remains unreported.

This study explores how sago palms respond
to saline conditions, examining their morphological
and photosynthetic traits using OJIP chlorophyll
fluorescence transient methods. The goal is to
understand the strategies sago palms use to thrive
in saline environments. Additionally, the study in-
vestigates how AMF infect sago palm roots under
saline conditions.

MATERIAL AND METHODS

This experiment was conducted in a greenhouse
of PT INAGRO in West Java, Bogor Regency, In-
donesia. Four-month-old sago palm seedlings were
transplanted individually from a 473 mL plastic
cup into a 30 x 30 cm polybag filled with medium
size zeolite as the growing medium. During trans-
planting, 5 g of zeolite containing spores of AMF
were added to the seedlings in the experimental
plots. The AMF spores came from three sources:
Glomus etunicatum, Glomus grape, and a commer-
cial AMF fertiliser called MZ2000. The MZ2000
fertiliser contains a mix of spores from Glomus
grape, Glomus manihotis, Glomus etunicatum, and
Acaulospora, as shown in the photomicrograph
in Figure 1.

(@)

Figure 1. Arbuscular mycorrhizal fungi (AMF) spore of (A) Glomus grape, (B) Glomus maniholtis, (C) Glomus etunica-
tum, (D) Acaulospora, (E) crashed Glomus grape, (F) crashed Glomus manihotis, and (G) crashed Glomus etunicatum

contained in MZ2000 (commercial mycorrhizal fertiliser)
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Figure 2. (A) Number of spores from 5 g isolated mycorrhizal inocula from Glomus etunicatum, Glomus grape, and co-

mmercial mycorrhizal inocula MZ2000 (commercial mycorrhizal fertiliser) which consisted of Acaulospora, and Glomus

maniholtis (n = 6), (B) surface area of different arbuscular mycorhyzal fungi (AMF) spores (1 = 4)

Data correspond to the mean value and standard error (1 = 4); *>different letters indicate significant difference at the P < 0.001

level for each according to Tukey honest significant difference

Figure 2 shows the species and number of AMF
spores present in 5 g of zeolite. All the seedlings
were placed into a plastic bucket filled with Kimu-
ra-B culture solution up to half part of the poly-
bag (root zone) submerged with water. After two
months, the sago palm seedlings were exposed
to Kimura-B culture solution mixed with 224 mM
NaCl for salinity treatment for two months. There
was no NaCl treatment for the control plots.

The sago palm morphological traits. Observa-
tions of plant morphological traits, such as plant
height and leaflet area, were taken every two weeks
from the beginning to the end of the experiment.
Plant height was measured from the base of the
trunk to the tip of the longest leaf. Leaflet area was
measured by photographing each leaf from each
plant sample and analysing the images using Im-
age] software (version 1.0, 1997). At the end of the
experiment, the dry matter weight of leaves and
roots was measured after drying all plant biomass
in an oven at 70 °C for four days. Leaf greenness
was measured at the second leaf position from
the top using a chlorophyll meter (SPAD-502Plus,
Konica Minolta, Japan).

Lignin deposition in the roots. The main and
secondary roots of the seedlings from each treat-
ment were collected for lignin analysis. A cross-sec-
tion of the roots was soaked in a clearing solution
containing chloral hydrate, glycerin, and milli-Q
water for an hour. Next, the root cross-section was
placed on a microscope slide and stained with 3%
phloroglucinol for 10 minutes. The sample was
then treated with 6N HCI before being examined
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under a microscope. The resulting pink coloration
of the root tissue indicated lignin deposition.

AMEF infection in the roots. Fine root samples
were collected from the control and 224 mM NacCl
treatment plots of Glomus etunicatum, Glomus
grape, and MZ2000 (n = 4) to assess the status
of AMF infection. All root samples were washed
and then soaked in a 10% KOH solution for two
days, until the root colour became clear. After soak-
ing, the roots were thoroughly cleaned to remove
the KOH solution. Next, the root samples were
dipped in a 2% HCl solution. The roots were then
immersed in a staining solution for 6-24 hours.
The staining solution consisted of 0.5 mL of try-
pan blue diluted with 200 mL of distilled water,
400 mL of glycerin, and 400 mL of lactic acid.
Finally, root infection by AMF was observed under
a microscope.

Leaf chlorophyll fluorescence. Chlorophyll
fluorescence measurements were taken between
9:00 and 12:00 to assess the photosynthetic per-
formance of sago palms under saline conditions.
Using a portable fluorometer (Pocket PEA, Hansat-
ech Instruments Ltd., Norfolk, England), O-J-I-P
fluorescence transients were recorded at the end
of the experiment. Leaf samples were taken from
the second leaf position from the top of the branch.
To ensure dark adaptation, the middle portion
of the leaf’s adaxial surface was covered with a leaf
clip provided by Hansatech Instruments for at least
20 minutes. A saturation pulse of 3 000 pmol was
then applied to the leaf to induce maximum fluo-
rescence (Fm).
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Figure 3. The trend of plant height, new developed leaflet area, and leaves greenness (SPAD), of sago palm under normal

(O) and saline conditions (H)

***significant levels at the 0.001 probability level, respectively, according to Student’s ¢-test; data correspond to the mean value

and standard error (n = 20); ns — not significant
RESULTS

Two months of salt treatment did not signifi-
cantly impact the height of sago palm seedlings.
However, salt stress significantly affected the
emergence of new leaves. Under salt stress, sago
palms exhibited slower leaf growth, as evidenced
by lower leaflet area values (Figure 3).

Interestingly, salt stress did not affect leaf green-
ness, with no significant difference in SPAD values
between treatments. Visual observations of leaf
greenness are shown in Figure 4.

Although the SPAD values did not differ sig-
nificantly between treatments, a trend emerged
where the SPAD values were higher in sago palms
treated with 224 mM NaCl than in the control plot
without NaCl treatment.

Sago palm seedlings treated with 224 mM NaCl
exhibited lignin deposition in their roots. The pres-
ence of lignin in root tissues is evident from the red
staining observed in cross-sections of both main
and secondary roots. In main root cross-sections,
high lignin formation was observed in the exocarp
tissue, extending to the outer layer of the cortex
tissue (Figures 5B and 5D). Lignin also covered
the stele area, which includes endodermis, pith,
and vascular tissues such as phloem and xylem.

Salt stress caused rapid death of cortex tissues,
as indicated by dark coloration, particularly in the
inner layer adjacent to the stele and the middle
layer, leading to increased aerenchyma formation.
Similar lignin deposition was observed in cross-
sections of secondary roots (Figure 5E). In contrast,
cross-sections of sago palm roots grown in the
control plot without NaCl treatment (Figure 5A
and 5C) showed no red coloration, indicating
negligible lignin deposition.

The 224 mM NaCl treatment also had a det-
rimental effect on the root growth of sago palm
seedlings (Figure 6). Under saline conditions, root
growth was inhibited, leading to rapid root mortal-
ity, as evidenced by the darker, rotten root colour.
In contrast, sago palm seedlings grown under non-
saline conditions exhibited robust root growth.
Additionally, saline conditions accelerated necrosis
and increased mortality in older leaves, particularly
those located in lower positions (Figure 4).

Control

Figure 4. The saline condition reduced root growth and
enhanced leaf necrosis in the lower leaf positions (older
leaves) specified by the black arrows

The middle and uppermost leaves were not affected by the

saline conditions
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Figure 5. Sago palm main root cross sections grown under
(A) and (C) normal and (B) and (D) saline conditions and
(E) secondary root cross section under saline conditions

EP — epidermis; EX — exodermis; C — cortex; AE — aeren-
chyma; S — stele; ED — endodermis; PH — phloem; X — xylem;
P — pith; red colour in root tissues indicate lignin deposition

under saline conditions

The leaf photosynthetic efficiency of sago palm
seedlings remained unaffected by the 224 mM NacCl
treatment. After two months of exposure to saline
conditions, the plants maintained efficient light
energy utilisation for photochemical quenching.
This was confirmed by the chlorophyll fluorescence
transient data of the O-J-I-P steps in Figure 7.

Under saline conditions, the fluorescence inten-
sity of the O-J and J-I steps was lower than in the
non-saline treatment. The OJIP steps parameters
in Table 1 show that, under saline conditions, plants
utilised light energy more efficiently, as indicated
by lower values of minimum fluorescence (Fo),
I-step fluorescence (Fj), and J-step fluorescence (F)),
compared to the non-saline treatment (control).
Additionally, the lower values of specific energy flux
per reaction centre, such as absorption per reac-
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Figure 6. (A) Sago palm roots grown under normal (control)
and saline conditions and (B) root dry matter weight under
control and saline condition

**significantly different at 1% according to the Student’s ¢-test
(n =20)
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Figure 7. Chlorophyll a fluorescence curves (OJIP transi-
ents) of sago palm leaves

O-J-I-P indicate the specific steps in the chlorophyll a fluo-
rescence transient of sago palm leaf grown under normal and
saline conditions

tion center (ABS/RC), trapping per RC (TRo/RC),
electron transport per RC (ETo/RC), dissipation
per RC (DIo/RC), and reduction of end electron
acceptors per RC (REo/RC), along with a higher
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Table 1. Comparison of OJIP steps in response to saline conditions

Treatment Area F, Fy Fr Fum

Control 637 515 + 23 325" 6403 + 117** 8 847 + 167*** 16 514 + 315% 31306 + 510"
Saline 635 747 £ 20072 6032 + 115 8029 + 106 15239 + 413 31 464 + 484

F, — minimum fluorescence; F; — J-step fluorescence; F; — I-step fluorescence; Fp — maximum fluorescence; *, **, ***significantly

different at P < 0.05, 0.01 and 0.001, respectively, according to the Student ¢-test (1 = 20); ns — non-significant

‘Bl

i3

performance index on absorption basis (PIags),
further confirmed the improved light energy uti-
lisation for photochemical quenching under NaCl
treatment (Table 2).

Figure 8 shows photomicrographs of AMF-in-
fected sago palm roots in the experimental plots
of Glomus grape under control (Figures 8A, B) and
224 mM NaCl treatment (Figure 8C).

The infection is evident from the presence of nu-
merous vesicles, resembling grape clusters, and
hyphae within the sago root tissue (Figure 8D).
In contrast, no infection was observed in the plots
of Glomus etunicatum. However, hyphae were de-
tected in the control plot of MZ2000 (Figure 8E).

DISCUSSION

High levels of sodium can severely impede en-
zyme function in plants, while also disrupting

Figure 8. The arbuscular mycorrhizal fungi (AMF)
infection was found in the Glomus grape and MZ2000
experimental plots; photomicrograph of AMF
infection in the root samples taken from Glomus
grape of the control (A) and (B) and 224 mM NaCl
treatment plots (C); AMF hyphae from Glomus grape
of 224 mM NaCl treatment plot (D) and AMF hyphae
from MZ2000 the control plot (E)

V — vesicle; H — hyphae

the absorption of vital nutrients such as calcium,
potassium, and zinc (Igbal et al. 2018; Wu et al.

Table 2. Specific energy flux per reaction centre and the
performance index of sago palm under normal and saline

conditions

Parameters Control Saline condition
ABS/RC 15781 13 792.05***
TRo/RC 12 541 10 148**
ETo/RC 0.79 0.74%*
DIo/RC 0.32 0.27%**
REo/RC 0.29 0.23%**
Plass 4370 6 236***

ABS — absorption; RC — reaction center; TRo — trapping;
ETo — electron transport; DIo — dissipation; REo — reduction
of end electron acceptors; PIags — absorption basis; **, ***sig-
nificantly different at P < 0.01, 0.001, respectively, according

to the Student ¢-test (n = 20)
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2018; Zhang et al. 2023). Prolonged exposure to salt
stress triggers a surge in the production of reactive
oxygen species (ROS) within plants, potentially
stunting growth and development, and in extreme
cases, causing plant mortality (Singh et al. 2016).

According to the data revealed in this study,
it can be considered that the sago palm can sur-
vive growing in high NaCl concentrations, such
as 224 mM NaCl concentration for a particular
time tested. The plant adopted a salt avoidance
mechanism to prevent the high salt concentra-
tion was transported to the source organs, such
as leaves. Previous studies reported that under
saline conditions, the plants mainly store high
concentrations of Na* in the roots and petioles
and low Na* concentrations in active leaflets.
It was also reported that the leaf gas exchange was
reduced by up to 40% under salt-stress conditions
(Prathumyot et al. 2011). Although the leaf gas
exchange of the sago palm was decreased by 40%,
in this study, we found that the salt stress did not
affect the sago palm leaf photosynthetic efficiency.
Under the saline condition, the efficiency in using
light energy for photochemical quenching was
maintained well, even higher under salt stress.

Saline conditions enhanced the utilisation of light
energy, as evident in the OJIP fluorescence tran-
sients (Table 1). The sago palm demonstrated
improved photosynthetic efficiency under saline
conditions compared to the control (Figure 6 and
Table 2). The rise in the O-] phase of fluorescence
following NaCl treatment indicates that some PSII
reaction centres remain open, facilitating enhanced
electron transport on the acceptor side of PSII
(Strasser et al. 2004; Kalaji et al. 2016; Azhar et al.
2023). This increase is attributed to elevated levels
of the primary plastoquinone electron acceptor
of PSII (Q4) in photosystem II (Strasser et al. 2004).
Furthermore, the J-1 phase of fluorescence showed
a lower trend under NaCl treatment, indicating
normal functioning of secondary electron accep-
tors, including Qg, plastoquinone (PQ), cytochrome
(Cytbé6f), and plastocyanin (PC) (Guha et al. 2013).
The lower I-P phase in NaCl treatment suggests
optimal electron transport in photosystem I (PSI),
involving electron transporters such as ferredoxin,
intermediary acceptors, and NADP.

Exposure to NaCl did not affect the sago palm’s
OJIP curve area, indicating normal electron trans-
fer from the reaction centre (RC) to the quinone
pool (Kumar et al. 2020). This area reflects the
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pool size of electron acceptors Qu on the reduc-
ing side of PSII. Under saline conditions, specific
energy flux per reaction centre (ABS/RC, TRo/RC,
ETo/RC, and DIo/RC) significantly lower than
control, suggesting normal or more efficient in light
photochemical quenching.

According to Yang et al. (2016), chlorophyll fluo-
rescence reveals photosynthetic function. Higher
ABS/RC values indicate increased antenna size,
while high TRo/RC values suggest RC transfor-
mation (Schansker, Strasser 2005) due to electron
transport inhibition from Q4 to Qp (Yusuf et al.
2010) and oxygen-evolving complex inactivation
(Liang et al. 2019) or impairment (Braga et al.
2020). Elevated ETo/RC and DIg/RC values indi-
cate excess light energy dissipation to minimise
photodamage (Akhter et al. 2021). These changes
led to a significant decrease in the performance
index on an absorption basis (PIsps). However,
this study surprisingly found a significant increase
in the sago palm’s performance index under saline
conditions, despite no increase in specific energy
flux per reaction centre.

The success of sago palm in maintaining optimum
light energy utilization under saline conditions can
be attributed to its roots’ ability to barrier excess
sodium uptake from the soil. This is facilitated
by the roots’ capacity to produce lignin in root
tissues. Lignin, primarily found in the secondary
cell wall, provides structural support and physical
strength to plants, and facilitates water and mineral
transport through the xylem (Choi et al. 2023).
Under NaCl stress, sago roots accumulate high
levels of lignin in the exodermis, endodermis, and
stele tissues, as indicated by intense red staining
(Figure 7). This lignin formation prevents excessive
sodium transport, excluding salt from the shoot
(Naseer et al. 2012) and protecting photosyntheti-
cally active leaves from sodium toxicity. However,
salt stress has a detrimental effect on sago root
growth, particularly affecting the secondary roots
(those greater than 2 mm in diameter). Research
on various plant species, including Arabidopsis
(Chun et al. 2019), wheat (Riaz et al. 2023), rice
(Xue et al. 2024), barley (Ho et al. 2020), soybean
(Cai et al. 2022), and oil palm (Govender et. al.
2020), has shown that salt and drought stress trigger
increased root lignification, strengthening cell walls
and limiting sodium ion entry into the root xylem.

This study investigated the potential for AMF
to infect sago roots under saline conditions. The
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results showed that while the infection rate was
low, AMF infection in sago roots is till possible
even in saline environments. Research has demon-
strated that AMF can help mitigate the damaging
effects of salt stress on plants (Zhang et al. 2023).

Microscopic analysis revealed that under saline
conditions, the hyphae and vesicles of AMF were
visibly present (Figure 8). Notably, AMF vesicles
can sequester ions like Na* and CI-, thereby en-
hancing plant tolerance to salt stress by reducing
ion uptake through the roots (Ait-El-Mokhtar et al.
2020; Miransari 2010). However, the impact of sa-
line conditions on AMF is complex and depends
on various factors. Some studies have reported
that saline conditions can inhibit AMF spore ger-
mination and hinder hyphal growth, particularly
at high NaCl concentrations at 150 mM (Heikam
et al. 2009). On the other hand, other research has
found that saline conditions can increase AMF
spore production and colonisation in certain cases
(Aliasgharzadeh et al. 2001). For instance, Yamato
et al. (2008) discovered that AMF colonisation rates
in coastal vegetation on Okinawa Island remained
unaffected by 200 mM NacCl treatments.

To further advance this research, it is essential
to identify specific AMF species that are tolerant
of saline conditions and compatible with sago palm
roots. Another potential approach is to use com-
pound inoculants containing multiple AMF species,
as demonstrated in a previous study on rice plants
(Zhang et al. 2023).

CONCLUSION

This study reveals three key findings. Firstly,
sago palms can efficiently utilize light energy for
photochemical quenching, even when exposed
to high salinity levels of 224 mM NaCl. Secondly,
the plant’s ability to maintain efficient photosyn-
thetic performance under saline conditions may
be attributed to its avoidance mechanism, which
prevents excessive sodium uptake in shoots and
water loss from roots by forming lignin deposits
in tissues. Thirdly, the study suggests that sago
palm roots can be infected with AMF under saline
conditions. However, further research is needed
to identify specific AMF species that are tolerant
of saline conditions and compatible with sago
palm roots.
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