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Abstract

Although fungicides could be the best solution in combating fungal infections in crops, how-
ever, the phytotoxic level of fungicides to the crops should be tested first to ensure that it is
safe for the crops. Moreover, nanocarrier systems of fungicides could play a significant role
in the advancement of crop protection. For this reason, chitosan was chosen in the present
study as a nanocarrier for fungicides of hexaconazole and/or dazomet in the development of
a new generation of agronanofungicides with a high antifungal potent agent and no phyto-
toxic effect. Hence, the encapsulation of fungicides into the non-toxic biopolymer, chitosan
was aims to reduce the phytotoxic level of fungicides. In the present study, the in vivo phyto-
toxicity of chitosan-fungicides nanoparticles on the physiological and vegetative growth of
oil palm seedlings was evaluated in comparison to its pure fungicides as well as the conven-
tional fungicides. The results revealed the formation of chitosan-fungicides nanoparticles
could reduce the phytotoxic effect on oil palm seedlings compared to their counterparts,
pure fungicides. The chitosan-fungicides nanoparticles were seen to greatly reduce the phy-
totoxic effect compared to the conventional fungicides with the same active ingredient.

Introduction

Fungicides are compounds that control the fungal disease by destroying and inhibiting the
fungus or fungal spores that cause the disease [1], whereby, the fungal infections on plants may
cause a severe decline in crop yield, foliar disease or even cause a severe plant disease [2]. Basal
stem rot disease caused by a pathogenic fungus, Ganoderma boninense (G. Boninense) is one of
the most serious problems in oil palm cultivation. The fungus causes severe damage to the
infected oil palm with a significant loss in the crop yield, hence shorten the productive life of
oil palm [3]. Upon infected, the oil palm undergoes wilting and desiccated of frond as well as
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an unopened spear. The fungus can be spread through the root infection and basidiospores. A
healthy palm can be infected by a root contact with the soil inoculum or other infected palm
roots [2, 3]

Fungicidal treatments of hexaconazole and dazomet have been proved to inhibit the growth
of G. boninense in vitro antifungal activity study, as well as in infected palm. During the experi-
ment, conventional hexaconazole-based was used as a curative control by applying it in the
standing Ganoderma-infected palm with the help of a hand-knock injector. The findings show
that 74.4% of the treated palm remained alive and produced fruit bunches up to five more
years while none from the untreated palm [4, 5]. Hexaconazole has systemic demethylation
inhibitors (DMI) that act mainly on the vegetative stage of fungi, by blocking the mycelial
growth either inside or on the surface of the host plant [6]. Apart from that, hexaconazole has
been widely used as an antifungal agent in crop protection including apple scab, powdery mil-
dew of mango and grape, tikka disease of groundnut, and sheath blight and the blast of rice
[7].

Moreover, conventional dazomet-based fumigant was used as a preventive control by eradi-
cating the Ganoderma inoculum in the infected palm stump, therefore, minimizing the spread
of Ganoderma disease within the oil palm plantation [8]. Dazomet is a soil fumigant and
degrades toxic gas of methyl isothiocyanate (MITC) when it comes in contact with water or
when it breaks down in the soil [9, 10]. MITC is a biocide that acts as an enzyme inhibitor and
has been reported in broad-spectrum activities such as inhibit the activity of bacteria, nema-
todes, and soil-borne pathogenic fungi [11-13]. Apart from that, dazomet has been widely
used as soil sterilization in crop disease management [14].

A non-toxic biopolymer of chitosan nanoparticles has been widely used as a carrier of agri-
cultural active ingredient (i.e. pesticides, fertilizer, fungicides, etc.) in crop protection [15, 16].
They exhibit site-specific delivery systems which can solubilize several of the hydrophobic fun-
gicides. Therefore, it enhances the bioavailability and circulation time of the fungicides [17].
Chitosan nanoparticles also can penetrate into the plant tissue, thus allows the efficient deliv-
ery of fungicides into the target site of the plant tissue [18]. Apart from that, chitosan is known
for its ability to control or reduce the spreading of disease in the plant by inhibiting pathogens
and enhance the plant defense mechanism [19, 20].

Nevertheless, it has been argued that the adoption of fungicides tends to affect plant physi-
ology including growth reduction, perturbation of reproductive organ development, carbon
metabolism, photosynthesis, and nitrogen alteration despite its ability to control the plant-fun-
gal disease [21-24]. Hexaconazole-induced stress has been reported to have a negative impact
on various biological characteristics, including anatomy, physiology, cellular damage, and
cytotoxicity of Pisum sativum plants [25]. The physiological studies on dazomet have shown
the high phytotoxic effect on the oil palm seedlings [26].

Hence, the purpose of the present study was to determine the in vivo phytotoxicity effect on
the vegetative growth of oil palm seedlings concerning 2 nm of chitosan nanoparticles (CEN),
pure hexaconazole, conventional hexaconazole, pure dazomet, conventional dazomet and the
three newly-developed systems of chitosan-based agronanofungicides, namely, single-loaded
hexaconazole system (chitosan-hexaconazole nanoparticles, CHEN) [27], single-loaded dazo-
met system (chitosan-dazomet nanoparticles, CDEN) [28], and double-loaded hexaconazole
and dazomet system (chitosan-hexaconazole-dazomet nanoparticle, CHDEN) [29]. In each
developed system, two different particle sizes were chosen, i.e., 18 nm of CHEN, 168 nm of
CHEN, 7 nm of CDEN, 32 nm of CDEN, 5 nm of CHDEN, and 58 nm of CHDEN. The size
refers to the mean diameter measured via HRTEM, as previously described [27-29]. In this
work, we aim to reduce the toxicological effects of fungicides on the physiological and vegeta-
tive growth of oil palm seedlings by the encapsulation of fungicide into the chitosan

PLOS ONE | https://doi.org/10.1371/journal.pone.0231315  April 21, 2020 2/14


https://doi.org/10.1371/journal.pone.0231315

PLOS ONE

Phytotoxicity of chitosan-based agronanofungicides

nanocarrier. This is because chitosan is known for its toxic-free, biodegradability and biocom-
patibility [30]. Moreover, this work also intended to study the effect of the nanoparticle size on
the vegetative growth, physiological and photosynthetic activity of oil palm seedling.

Materials and methods
Chitosan-based agronanofungicides and plants materials

CEN (2 nm), CHEN (18 and 168 nm), CDEN (7 and 32 nm), CHDEN (5 and 58 nm) were for-
mulated as previously described [27-29]. Oil palm germinated seeds (10 days old) of commer-
cial Tenera (dura x pisifera) were obtained from the Malaysian Palm Oil Board (MPOB),
Kluang. Oil palm germinated seeds (10 days old) of commercial Tenera (dura x pisifera) were
obtained from the Malaysian Palm Oil Board (MPOB), Kluang.

Experimental design

The nursery trial was conducted at the Malaysian Palm Oil Board (MPOB)’s nursery located at
Seksyen 15, Bandar Baru Bangi, Selangor, Malaysia. The experiment was carried out in a ran-
domized complete block design (RCBD) with twelve treatments (Table 1), where H is for hexa-
conazole, D is for dazomet, and CS is for chitosan, the particle size indicates the mean
diameter size measured using HRTEM. Ten germinated seeds were used per treatment with
three replications. A total of 360 germinated seeds were used in this experiment. Prior to the
treatment, 5 g active ingredient (AI) of treatments (T6-T12) was dissolved in 50 mL of HCI
(38% v/v) before top-up to the final volume of 1 L with deionized water. Due to its low water
solubility, T2-T4 were dissolved in 10% v/v of ethanol solution. The treatments solution were
freshly prepared prior to the applications.

Experimental conditions

Germinated seeds of oil palm except healthy control were sprayed first with the prepared treat-
ment solution. Then, healthy germinated seeds of oil palm were planted in a soil mixture (top-
soil: organic: sand, 3: 2: 1) of polyethylene bag (8 x 12 inches) containing one seed per pot, and
watered regularly. Every month, each pot was sprayed (foliar spray) with the treatment solu-
tion. The healthy control was germinated seeds, poured with tap water. The phytotoxicity was
assessed at 1, 2, and 4 months after the first treatment. The observations included the height of
seedling upper the soil, root elongation, dry weight and leaf area at monthly intervals.

Table 1. Treatments of phytotoxicity analysis on germinated seeds of oil palm.

Treatments
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12

Descriptions

Control, untreated seedling
Conventional hexaconazole

Pure hexaconazole

Conventional dazomet

Pure dazomet

Chitosan nanoparticles
Chitosan-hexaconazole nanoparticles
Chitosan-hexaconazole nanoparticles
Chitosan-dazomet nanoparticles
Chitosan-dazomet nanoparticles
Chitosan-hexaconazole-dazomet nanoparticles

Chitosan-hexaconazole-dazomet nanoparticles

https://doi.org/10.1371/journal.pone.0231315.t001

Composition (% w/w) Particle size (nm) Abbreviation
H(5) -

H (95) -

D (97) -

D (98) - R

CS (100) 2 2 nm CEN

CS (85) H (15) 18 18 nm CHEN
CS (83) H (17) 168 168 nm CHEN
CS (57) D (43) 7 7 nm CDEN
CS (52) D (48) 32 32 nm CDEN
CS(86)H (7) D (7) 5 5nm CHDEN
CS(83)H (8) D (9) 58 58 nm CHDEN
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Chlorophyll content and photosynthesis rate

A final observation on chlorophyll content and gas exchange was done at 4 months after sow-
ing. All measurements were carried out between 09:00 until 11:00 with the relative humidity of
the air, ambient temperature and ambient CO, concentration were about 70%, 33-36°C and
370-390 umol.mol ™", respectively. The rate of 1000 umol CO, m™s™ was used as the light-sat-
urated rate of photosynthesis.

The net photosynthetic rate (P,), stomatal conductance (G;), and concentration of intercel-
lular CO, (C;) were measured on fully expanded leaves seedlings using CIRAS-3 Portable Pho-
tosynthesis System (Amesbury, MA, USA). Chlorophyll content was determined with the
Chlorophyll Meter, SPAD-502, Konica Minolta (Tokyo, Japan). These measurements were
made on five randomly selected seedlings for each treatment with three replicates.

Statistical analysis

Data are presented as mean + standard deviation and the statistical difference of the parame-
ters was analyzed using the ANOVA and Tukey’s test (p < 0.05) using the SPSS software.

Results and discussions

The agronanofungicide-based chitosan nanoparticles in this study were prepared in three sys-
tems as presented in Fig 1. Chitosan is a nanocarrier, while hexaconazole and/or dazomet are
the fungicide active agents. The fungicides were embedded by mixing of hexaconazole and/or
dazomet with the chitosan solution. Tween-80 was then added as a stabilizing agent. Then, the
crosslinking agent of sodium tripolyphosphate (TPP) was added prior to the formation of the
agronanofungicides. As mentioned in previous work, TPP plays an important role in tuning
the size of agronanofungicides [27-29]. Hence, for this work, two sizes were chosen in each
system, i.e., small and large. The details are given in Fig 1, where CHEN is for chitosan-hexaco-
nazole nanoparticles, CDEN is for chitosan-dazomet nanoparticles, and CHDEN is for chito-
san-hexaconazole-dazomet nanoparticle.

External physiological observation

These experiments were carried out to determine whether the supply of aqueous solution of
the treatments influence the vegetative growth of the germinated seeds including seedling
height, root elongation, dry weight, leaf area, chlorophyll content as well as photosynthesis
rate.

Figs 2 to 4 show the physiological of oil palm seedling uprooted and in polybag at 4 months
after sowing. Divided by the three systems, Figs 2, 3 and 4 correspond to the hexaconazole,
dazomet and the mixed system of hexaconazole and dazomet, respectively. Fig 2 shows both
conventional hexaconazole and pure hexaconazole with a significantly negative influence on
the vegetative growth of the oil palm seedlings, where the conventional hexaconazole showed
the highest inhibitory effect. On the other hand, the control, 2 nm CEN, 18 nm CHEN and 168
nm CHEN showed either neutral or minimal effect on the vegetative growth of the oil palm
seedlings.

Moreover, the application of conventional dazomet and pure dazomet produced a high
number of desiccated leaves, which indicated an unhealthy seedling of oil palm (Fig 3). On the
other hand, compared to the control, 2 nm CEN, 7 nm CDEN, and 32 nm CDEN showed
either neutral or minimal effect on the vegetative growth of oil palm seedlings. Similarly, the
double-loaded system of 5 nm CHDEN and 58 nm CHDEN showed the same effects on the
vegetative growth of oil palm seedlings, compared to the control (Fig 4).
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Root elongation

Table 2 shows the root elongation of untreated and treated oil palm seedlings with treatments
recorded at 0, 1, 2, and 4 months oil palm seedlings after sowing. The results revealed a high
phytotoxic effect on root elongation of both pure and conventional of both hexaconazole and

(2)

Fig 2. External physiological observation of (1) uprooted and (2) in a polybag of (A) control, (B) conventional hexaconazole,
(C) pure hexaconazole, (D) 2 nm CEN, (E) 18 nm CHEN, and (F) 168 nm CHEN of oil palm seedlings at 4 months after

sowing.

https://doi.org/10.1371/journal.pone.0231315.g002
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(1) | (2)

Fig 3. External physiological observation of (1) uprooted and (2) in a polybag of (A) control, (B) conventional dazomet, (C)
pure dazomet, (D) 2 nm CEN, (E) 7 nm CDEN, and (F) 32 nm CDEN of oil palm seedlings at 4 months after sowing.

https://doi.org/10.1371/journal.pone.0231315.g003

dazomet. The seedlings treated with conventional hexaconazole showed the highest inhibitory
growth with a complete halt of the root elongation. Meanwhile, pure hexaconazole halted the
root elongation after 2 months of sowing, as the length of the root remained the same from
months 2 to 4. On the other hand, at 4 months after sowing, conventional dazomet and pure
dazomet showed 22% and 53% inhibitory of root growth, respectively, compared to a healthy
seedling (control), revealing their high phytotoxic effect on the root. Interestingly, 2 nm CEN,

(2)
(1) '

Fig 4. External physiological observation of (1) uprooted and (2) in a polybag of (A) control, (B) conventional hexaconazole,
(C) pure hexaconazole, (D) conventional dazomet, (E) pure dazomet, (F) 2 nm CEN, (G) 5 nm CHDEN, and (H) 58 nm
CHDEN of oil palm seedlings at 4 months after sowing.

https://doi.org/10.1371/journal.pone.0231315.9g004
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Table 2. Root elongation (cm) of oil palm seedlings at 0, 1, 2 and 4 months after sowing.

Months

Treatments 0 1 2 4
Control, untreated 1.7 £ 0.6* 11.4 + 3.8% 20.0 +5.9% 23.0+6.2°
Conventional hexaconazole 1.6 +0.7% 1.1 +0.5° 1.0 £ 0.5° 1.0 £0.5¢
Pure hexaconazole 1.6 0.6 6.5+ 2.5° 134+ 6.0° 134 +6.0°
Conventional dazomet 1.6+0.5 10.2 + 5.0 19.7 + 3.8° 18.0 + 6.5
Pure dazomet 1.7 £ 0.6* 8.9+ 3.7 19.8 +5.9* 10.9 + 2.0°
2nm CEN 1.7 0.6 12.1+32° 225+4.9° 295 +6.9°
18 nm CHEN 1.6+0.8 6.5+ 2.8° 19.9 + 4.8° 26.7 + 2.6
168 nm CHEN 1.6 £0.6 7.9 +3.2% 16.3 + 6.9 228 +3.1°
7 nm CDEN 1.7+0.72 127 £3.7° 203 +7.7° 224 +3.5°
32 nm CDEN 1.7 £0.6° 122+42° 215+ 4.8 244 +3.8°
5 nm CHDEN 1.6£0.72 6.5+ 3.4° 219 £5.3° 25.7 £3.3°
58 nm CHDEN 1.6+0.8 7.9+3.2%® 243 +£52° 31.3+5.5%

Different letters (a, b, ¢, d) in the same column indicate significant differences between means (P < 0.05) according to Tukey’s test.

https://doi.org/10.1371/journal.pone.0231315.t1002

18 nm CHEN, 168 nm CHEN, 7 nm CDEN, 32 nm CDEN, 5 nm CHDEN, and 58 m CHDEN
showed a statistically similar or improved root growth versus a healthy seedling at all months
(1, 2, and 4 months after sowing). About 28% and 36% of enhanced root growth were observed
in the seedling treated with 2 nm CEN and 58 nm CHDEN at 4 months after sowing. Thus,
the results suggested that the incorporation of chitosan in the synthesized CHENs, CDENS,
and CHDENS has successfully reduced the negative impact of hexaconazole and dazomet by
showing a better vegetative root growth compared to their counterparts, pure fungicides.

Seedling height

Table 3 shows the seedling height of oil palm seedlings untreated and treated with treatments
recorded at 0, 1, 2, and 4 months after sowing. The results agreed with the previous results,
which revealed a high phytotoxic effect on the seedling height of both pure and conventional

Table 3. Seedling height (cm) of oil palm seedlings at 0, 1, 2 and 4 months after sowing.

Months
Treatments 0 1 2 4

Control, untreated 1.2+0.2° 5.9+ 1.2° 14.5 + 2.8 26.2 + 4.4%°
Conventional hexaconazole 1.2+0.2% 33+09° 29+1.59 29+1.5¢

Pure hexaconazole 1.3 +0.3% 5.1+1.2% 8.3 +2.0° 83+2.0°
Conventional dazomet 1.1+0.2° 4.0+ 1.5 13.6 +2.2° 15.7 + 4.0
Pure dazomet 12+0.2° 53 +0.9° 13.6 £2.2° 10.9 + 3.3

2 nm CEN 12+0.2° 62+2.1° 17.1+0.8° 29.5 +2.4°

18 nm CHEN 1.3+0.2° 52 +0.9° 11.8 +2.8" 19.3+2.6°

168 nm CHEN 1.1+0.2° 5.1+ 0.8° 11.7 +3.25 19.4+3.1°

7 nm CDEN 12+0.1% 5.8+ 1.4° 14.2 +2.0° 229+ 1.5°

32 nm CDEN 1.1+0.2° 6.6 £2.7° 143 + 1.6° 24.4+2.9°
5nm CHDEN 1.2+0.2° 5.2 +0.9° 13.3+2.3° 26.0 +2.3°

58 nm CHDEN 13+0.1% 5.1+ 0.8° 15.7 + 3.2 242 +6.0°

Different letters (a, b, ¢, d) in the same column indicate significant differences between means (P < 0.05) according to Tukey’s test.

https://doi.org/10.1371/journal.pone.0231315.t003
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of both hexaconazole and dazomet. The seedlings treated with conventional hexaconazole
showed the highest inhibitory growth with a complete halt of the seedling height. Meanwhile,
pure hexaconazole halted the seedling height after 2 months of sowing, as the length of the
shoot remained the same from the months 2 to 4. The conventional and pure dazomet showed
40% and 58% inhibitory shoot growth at 4 months after sowing, respectively, compared to the
healthy seedling, thus, revealed their high phytotoxic effect on the shoot. Interestingly, 2 nm
CEN, 18 nm CHEN, 168 nm CHEN, 7 nm CDEN, 32 nm CDEN, 5 nm CHDEN, and 58 nm
CHDEN showed statistically similar shoot growth compared to the healthy seedling at all
months (1, 2, and 4 months after sowing). Therefore, the results suggested that the incorpo-
ration of chitosan in the synthesized CHENs, CDENs, and CHDENs were successfully reduced
the negative impact of hexaconazole and dazomet by showing a better vegetative shoot growth
compared to their counterparts.

Dry weight

The dry weight was measured by drying the uprooted seedlings, which consist of the only
shoot and root without the seeds in the oven at 50°C for three days (Table 4). Similar to the
previous results, conventional hexaconazole exhibited the highest phytotoxic effect with the
lowest dry weight recorded at all months (1, 2, and 4 months after sowing) followed by pure
dazomet, conventional dazomet, and pure hexaconazole. Interestingly, 2 nm CEN, 18 nm
CHEN, 168 nm CHEN, 7 nm CDEN, 32 nm CDEN, 5 nm CHDEN and 58 nm CHDEN
showed statistically similar dry weight compared to the healthy seedlings at 4 months after
sowing, indicating zero phytotoxic effect on the dry weight of the oil palm seedling.

Leaf area

Table 5 shows the measured leaf area of oil palm seedlings untreated and treated with various
treatments recorded at 0, 1, 2, and 4 months after sowing. Undeveloped leaves were observed
in oil palm seedling treated with conventional hexaconazole, as the leaves area remained the
same from months 0 to 4. Pure hexaconazole, conventional dazomet, and pure dazomet
showed 50%, 65%, and 59% inhibitory on the leaf area, respectively, indicating their phytotoxic
effect on the development of leaf. Statistically similar developed leaf area compared to the

Table 4. Dry weight (g) of oil palm seedlings at 0, 1, 2 and 4 months after sowing.

Treatments
Control, untreated
Conventional hexaconazole
Pure hexaconazole
Conventional dazomet
Pure dazomet
2 nm CEN
18 nm CHEN
168 nm CHEN
7 nm CDEN
32 nm CDEN
5nm CHDEN
58 nm CHDEN

Months
0 1 2 4
0.02 + 0.02° 0.13 + 0.03° 0.53 + 0.04* 2.31+0.22°
0.02 + 0.01° 0.08 + 0.05" 0.07 +0.02¢ 0.22+0.03°
0.02 +0.01° 0.10 + 0.04° 0.30 + 0.09° 1.12 4 0.16°
0.02 +0.01° 0.10 + 0.05° 0.55 + 0.06" 0.69 + 0.36°
0.02 +0.01° 0.22 + 0.04° 0.51 +0.02° 0.47 +0.07°
0.02 + 0.01° 0.22 + 0.06% 0.52 + 0.05° 227 +0.22°
0.02 +0.01° 0.16 + 0.05° 0.47 + 0.04%° 1.75 +0.08*
0.02 +0.01° 0.19 + 0.09° 0.31 +0.03° 2.22+0.18°
0.02 + 0.01° 0.16 + 0.07°° 0.44 + 0.04° 2.24+0.22°
0.02 +0.01° 0.19 + 0.07° 0.55 + 0.03° 2.14 +0.25°
0.02 + 0.01° 0.16 + 0.03% 0.57 + 0.04° 2.41 +0.24°
0.02 +0.01° 0.19 + 0.05° 0.56 + 0.034 2.26 +0.10°

Different letters (a, b, ¢, d) in the same column indicate significant differences between means (P < 0.05) according to Tukey’s test.

https://doi.org/10.1371/journal.pone.0231315.t004
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Table 5. Leaf area (cm?) of oil palm seedlings at 0, 1, 2 and 4 months after sowing.

Treatments
Control, untreated
Conventional hexaconazole
Pure hexaconazole
Conventional dazomet
Pure dazomet
2 nm CEN
18 nm CHEN
168 nm CHEN
7 nm CDEN
32 nm CDEN
5nm CHDEN
58 nm CHDEN

Months
0 1 2 4
0.0 + 0.0° 34+05° 22.7+58° 52.6 +7.6
0.0 + 0.0° 0.4+0.1° 0.4 +0.2° 0.4+0.1°
0.0 + 0.0° 34+04° 129 +5.5° 262 +5.5°
0.0 + 0.0° 0.6 + 0.3 19.2 + 8.0 18.4 +8.0°
0.0 + 0.0° 2.0+ 1.0° 18.1 +5.0°® 214 +5.0°
0.0 +0.0° 34+03° 21.6 +2.5° 52.6 +6.9°
0.0 +0.0° 32+09° 213 +2.4° 533 +6.7°
0.0 + 0.0° 3.5+0.4° 202+29° 543 +6.9*
0.0 + 0.0° 2.8 +0.9% 19.6 + 2.0 49.7 +5.4°
0.0 + 0.0° 2.5+ 0.4° 18.5+5.1%® 50.8 + 8.4*
0.0 + 0.0° 22+09° 20.1+3.9° 489 +8.7°
0.0 + 0.0° 1.9+0.4° 20.5 +2.0° 49.6 + 7.4

Different letters (a. b, ¢, d) in the same column indicate significant differences between means (P < 0.05) according to Tukey’s test.

https://doi.org/10.1371/journal.pone.0231315.t005

healthy seedlings were found in the seedlings treated with 2 nm CEN, 18 nm CHEN, 168 nm
CHEN, 7 nm CDEN, 32 nm CDEN, 5 nm CHDEN, and 58 nm CHDEN at 2 and 4 months
after sowing.

Leaf desiccation and dead seedling

The percentage of leaf desiccation recorded at 4 months after sowing was calculated based on
Eq 1 [26].

[(Dx 1)+ (Y x0.5)]
Total of leaves

Leaf dessication (%) = x 100 (1)
where 1 is the index for dry/desiccated leaf, and 0.5 is the index for yellowing leaf. A high per-
centage of desiccated leaves were observed in conventional dazomet and pure dazomet with
85% and 83%, respectively. Moreover, conventional dazomet and pure dazomet also showed a
high percentage of dead seedlings with 65% and 71%, respectively, therefore, indicating the
high phytotoxic effect of dazomet in oil palm seedlings. In addition, conventional hexacona-
zole also showed a significant number of desiccations and dead seedlings (14% and 18%,
respectively). Interestingly, seedlings treated with pure hexaconazole, 2 nm CEN, 18 nm
CHEN, 168 nm CHEN, 7 nm CDEN, 32 nm CDEN, 5 nm CHDEN, and 58 nm CHDEN were
perfectly healthy with no desiccated leaf and dead seedling.

Chlorophyll content and photosynthesis rate

The phytotoxic effect of oil palm seedlings untreated and treated with various treatments on
net photosynthesis rate (P,), stomatal conductance (G), intercellular CO, concentration (C;)
and total chlorophyll in leaves of survived oil palm seedlings at 4 months after sowing are pre-
sented in Table 6. No data was provided for treatment with conventional hexaconazole due to
undeveloped seedling leaf.

The recorded chlorophyll content showed a 38% and 32% decrease compared to the healthy
seedlings for conventional dazomet and pure dazomet, respectively. Meanwhile, the other
treatments showed no significant difference compared to healthy seedlings. Compared to the
healthy seedlings, the P, value of pure hexaconazole, conventional dazomet, and pure dazomet
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Table 6. Chlorophyll content (SPAD unit), photosynthesis rate, P,, (umol CO,.ms"), transpiration rate, E (mmol H,0.m*s™), stomatal conductance, G, (umol.m"

25" 1) and intercellular CO, concentration, C; (|,lmol.m'2 s of oil palm seedlings treated at 4 months after sowing.
Treatment Parameters
Chlorophyll content P, E G, Intercellular CO, conc.

Control, untreated 43.30 + 4.75° 12.40 + 133" 7.55 % 0.79" 370.93 + 18.84° 319.40 + 14.31°
Pure hexaconazole 40.73 +4.29% 6.37 + 1.16° 6.72 +0.41° 298.23 +20.72¢ 304.80 + 18.78°
Conventional dazomet 26.80 +4.31° 6.89 + 2.65° 2.61 +2.72° 213.78 + 10.46° 307.80 + 43.46°
Pure dazomet 29.28 +2.72° 7.01 +2.59° 4.85 +1.26° 188.95 + 17.78¢ 343.50 + 56.69°
2 nm CEN 4391 +7.01* 23.25+ 1.10° 19.68 + 3.15% 731.35 + 11.54° 337.60 + 20.76°
18 nm CHEN 42.52 +4.31* 21.23 +£2.92°% 16.10 +2.47° 728.07 + 12.81* 323.40 + 11.06°
168 nm CHEN 48.03 + 5.82% 18.16 + 1.10™° 10.98 + 1.62° 490.79 + 28.53° 308.60 + 9.45°
7 nm CDEN 43.92 +4.38% 21.13 £ 1.36° 14.46 + 3.05% 676.80 + 36.11% 313.80 + 17.63%
32 nm CDEN 45.13 +£6.03% 18.45 + 0.57°° 9.75+2.37% 442.78 + 30.66° 297.60 + 14.55%
5nm CHDEN 47.83 +2.56" 11.09 + 1.25" 6.02 + 2.46" 265.24 + 14.02¢ 296.60 + 14.79*
58 nm CHDEN 46.73 + 4.15° 13.32 +1.84° 7.98 +3.59° 359.59 + 37.76° 303.80 + 10.92°

Different letters (a, b, ¢, d) in the same column indicate significant differences between means (P < 0.05) according to Tukey’s test.

https://doi.org/10.1371/journal.pone.0231315.1006

was decreased by 48%, 44%, and 43%, respectively. In addition, 2 nm CEN, 18 nm CHEN, and
7 nm CDEN showed a remarkable 87%, 71%, and 70% of improved P, value compared to the
healthy seedlings, respectively. The larger size system, 168 nm CHEN and 32 nm CDEN exhib-
ited lower P, value (compared to their system in a smaller size) but still higher P, value (46%
and 49%, respectively) compared to the healthy seedlings. However, a decrease in the P, value
was observed in the seedling treated with 5 nm CHDEN and 58 nm CHDEN by 10% and 7%,
respectively, versus the healthy seedling.

On another note, conventional dazomet and pure dazomet showed the lowest E value with
65% and 36% decrease, respectively, compared to the healthy seedlings. Meanwhile, pure hexa-
conazole showed an 11% decrease in the E value compared to the healthy seedlings. Similar to
P, value, 2 nm CEN, 18 nm CHEN, and 7 nm CDEN exhibited a remarkable high E value with
160%, 113%, and 92% improvement, respectively, compared to the healthy seedlings. On the
other hand, the larger size system, 168 nm CHEN and 32 nm CDEN exhibited lower E value
(compared to their system in a smaller size) but still showed a 45% and 29% improvement
compared to the healthy seedlings, respectively. Moreover, 5 nm CHDEN and 58 nm CHDEN
showed the lowest E value among the chitosan-based agronanofungicides treatments with sta-
tistically similar E value to the healthy seedlings.

In addition, Gs value of pure hexaconazole, conventional dazomet, and pure dazomet
decreased significantly by 19%, 42%, and 49%, respectively, compared to the healthy seedlings.
Similar to Pn and E value, 2 nm CEN, 18 nm CHEN, and 7 nm CDEN exhibited remarkably
high Gs value with 97%, 96%, and 82% improvement, respectively, versus the healthy seedlings.
Moreover, the larger size system, 168 nm CHEN and 32 nm CDEN exhibited lower Gs value
(compared to their system in a smaller size) but still showed a 32% and 19% improvement,
respectively, versus the healthy seedlings. Again, 5 nm CHDEN and 58 nm CHDEN showed
the lowest Gs value among the chitosan-based agronanofungicides treatments with 28% and
3% decrease, respectively, compared to the healthy seedlings. Moreover, Ci value exhibited a
negligible significant difference between the healthy seedlings and seedling treated in all
treatments.

The results of P,, E, and G, established that 2 nm CEN, 18 nm CHEN and 7 nm CDEN
were capable of producing more food by converting the light energy, carbon dioxide and
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water to carbohydrate (glucose) as shown in Eq 2.

6CO, + 12H,0 + Light Energy — C,H,,O, + 60, + 6H,0 (2)

The effect of particle size can be seen in the P,, E, and G; value, as the larger size system, 168
nm CHEN and 32 nm CDEN produced lower P,, E, and G, value compared to their same sys-
tem but in a smaller size. This indicated the importance of the size of chitosan-based agrona-
nofungicides in improving the photosynthetic efficiency of oil palm seedling. However, 5 nm
CHDEN and 58 nm CHDEN exhibited lower P,, E, and G, value compared to the other chito-
san-fungicides nanoparticles system. This may be due to the double-loaded of hexaconazole
and dazomet, which then increases the toxic effect on the chlorophyll content and photosyn-
thesis rate of the oil palm seedlings.

The encapsulation of fungicide (hexaconazole and/or dazomet) into the chitosan nanocar-
rier has significantly reduced the direct phytotoxic effect of the fungicides. This is presumably
due to the biocompatibility, biodegradability, and nontoxicity of the natural biopolymer, chit-
osan [31]. Chitosan is capable of playing a double function as a plant growth enhancer and
defense against pathogens [32]. Plants supplied with chitosan nanoparticles have shown capa-
ble of enhancing the plant defense response to abiotic and biotic stresses, production of sec-
ondary metabolites, and biochemical properties [33].

Moreover, the chitosan encapsulation has been documented to boost fungicide solubility,
enhance absorption and site-specific delivery, as well as provide a slow and sustained release
[34]. As reported in our earlier work, the release time of hexaconazole encapsulated in CHEN
and CHDEN can be up to 86 and 130 hours, respectively, while the release time of dazomet
encapsulated in CDEN and CHDEN can be up to 24 and 50 hours, respectively [27-29].
Hence, the slow release properties might also be the reason for the lower phytotoxic effect
since the fungicides are gradually released in a sustained manner, instead of fully releasing
them at the same time as in the pure fungicides.

Apart from that, no effect of different particle sizes of seedlings treated with the chitosan-
based agronanofungicides in the physiological parameter (root elongation, seedling height, dry
weight, and leaf area) as well as the percentage of the desiccated leaves and dead seedling. No
significant effect was observed in the growth parameter and plant health between the two
range sizes of CHENSs (18 and 168 nm), CDENs (7 and 32 nm) and CHDENS (5 and 58 nm).
This suggested that the growth parameter and plant health were not affected by the particle
size of the chitosan-based agronanofungicides. The chitosan nanocarrier itself is enough to
shield the phytotoxic effect that comes from the fungicides, therefore showing a high potential
of the chitosan-fungicides nanoparticles as the new generation of agronanofungicides with
high antifungal efficacy and no phytotoxic effect.

However, the particle size on the single-loaded fungicide of CHENs and CDENs does show
an effect on the photosynthetic efficiency in the leaf of the oil palm seedlings, where 2 nm CEN
and the smaller size system, 18 nm CHEN and 7 nm CDEN have shown 88%, 71% and 70%
improvement in the photosynthesis activity, respectively, compared to the untreated seedlings.
This is in agreement with the previously reported work in the supplementation of chitosan
nanoparticles in Robusta coffee which enhanced their photosynthetic activity and plant growth
[35]. This suggested that the increase of photosynthetic activity was due to the penetration of
chitosan nanocarrier to the stomata which lead to the increase of the osmosis pressure and
consequently lead to the high number of the stomatal cell opening. This is supported by the
high number of stomatal conductance of seedlings treated with 2 nm CEN, 18 nm CHEN, and
7 nm CDEN as shown in Table 6.
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This is the ideal desired properties for the agronanofungicides for better management of
basal stem rot disease of oil palm developed in this work. As previously published, the encapsu-
lation of chitosan enhanced the fungicide solubility and antifungal activity on Ganoderma
boninense. Moreover, the smaller particle size of the chitosan-based agronanofungicides had
shown the higher antifungal activity on Ganoderma boninense [27-29]. The half-maximal
effective concentration (ECsy) on Ganoderma boninense is 1534.5, 21.4, and 152.2 ng.mL’l for
2 nm of chitosan nanoparticles, hexaconazole, and dazomet, respectively. Moreover, the lower
ECs value has been obtained for the chitosan-based agronanofungicides with 8.0, 10.8, 4.6,
20.7,3.5,and 13.3 ng.mL'1 for 18 nm CHEN, 168 nm CHEN, 7 nm CDEN, 32 nm CDEN, 5
nm CHDEN, and 58 nm CHDEN, respectively.

Conclusion

In summary, the results of the phytotoxic studies revealed the importance of chitosan and its
size in reducing the phytotoxicity effect of fungicide in oil palm seedlings. All chitosan-based
agronanofungicides have efficiently reduced their phytotoxic impact on oil palm seedlings
compared to their counterparts, pure and conventional fungicide. Conventional hexaconazole
and dazomet exhibited a strong phytotoxic effect on oil palm seedlings, rendering it harmful to
be used in the treatment of fungus of oil palm seedlings. Hexaconazole showed a high impact
on the vegetative growth of oil palm seedling, which resulted in growth retardation. On the
other hand, dazomet showed an acute phytotoxic effect on oil palm seedlings by showing a
high number of desiccated leaves resulting in dead seedlings. On another note, the smaller par-
ticle size of chitosan-based agronanofungicides was found to improve the photosynthetic effi-
ciency of the oil palm seedling compared to their same system but in a larger size.
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