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Abstract: Seaweed has often been reported on for it potential bioresources for fertilizers to improve
crop productivity and reduce the use of chemical fertilizers (CF). However, little is known about
the nufffonal status of the crop grown with the implementation of seaweed fertilizers (SF). In this
study, the amino acid content of rice produced by SF ‘1mplemcnaon was evaluated. Furthermore,
the rhizosphere bacterial community was also investigated. The paddy seedlings were divided into
five groups, control (C0), chemical fertilizer (CF), seaweed fertilizer (SF), chemical and seaweed
fertilizer combination 25:75 (CF5F1), and chemical and fertilizer combination 50:50 (CF5F2). The
E‘:Fz group shown significantly better growth characteristics compared to other groups. Based on
the concentration of macronutrients (N, P, K} in paddy leaf, CFSF2 also shown the best results. This
also correlates with the abundant amino acid composition in CFSF2 in almost all tested amino acids,

w

namely, serine, phenylalanine, isoleucine, valine, glycine, tyrosine, proline, threonine, histidine, and
arginine. Interestingly, beneficial bacteria Rhizobiales were significantly higher in CFSF2-treated soil
(58%) compared to CF (29%). Another important group, Vicinamibacterales, was also significantly
higher in CFSF2 (58%) compared to CF (7%). Hence, these potentially contributed to ﬂElgh rice
amino acid content and yield in the CFSF2-treated paddy. However, further field-scale studies are
needed to confirm the bioindustrial application of seaweed in agricultural systems.

Keywords: agriculture; microbiome; organic fertilizer; rhizobiales; seaweed; vicinamibacterales

1. Introduction
Rice (Oryza sativa L.) is a staple food for most countries in the {frld, especially for
countries in the East and South Asia, region such as Indonesia [1]. To meet the national
demand, currently rice production in Indonesia Efhvily relies on chemical fertilizers to
increase its productivity. However, excessive use of chemical fertilizers negatively affects
the environment, such as soil acidification and soil crust [2]. In addition, chemical fertilizer
wastes from agriculture fields can potentially contaminate drinking water 5(95, which
would pose a health risk for humans [3]. Hence, a solution is urgently needed to reduce the
current use of chemical fertilizers in agriculture practices.

Currently, several organic fertilizers are bffs developed to reduce the use of chemi-
cal fertilizers [4-8]. One of the drawbacks for the application of organic fertilizers is the
bioavailability of the raw material [9]. Another important factor is that the production
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of the organic fertilizer must be environmentally friendly and cost efficient [10]. Sea-
weed is considered an eco-friendly and cost-effective raw material for the production
of organic fertilizers [11]. Besides, seaweed has proven its effectivity in increasing crop
productivity [12,13]. Another advantage is that seaweed could be easily grown in open-sea
aquaculture farms [14]. In addition, seaweed cultivation has been reported to improve
water quality and phytoplankton di\mity [15]. Hence, use of seaweed as organic fertilizer
raw material would be a promising option for sustainable blue economy development in
coastal countries such as [ndameslf:].

Our previous work showed that the application of seaweed fertil{fE} increased crop
yield and improved the soil bacterial community [8,17]. However, the effects of sefjeed
fertilizer on the nutritional content of the crop produced is still largely unknown. One of
the mosiF portant quality traits in rice is amino acid composition [18]. This is due to the
fact that the number of disorders known to be caused by amino acid deficiency [gis grown
rapidly, particularly in developing countries such as Indonesia [19,20]. Hence, this study
aims to investigate the effectivity of seawffgll fertilizer on the amino acid composition of
paddies. Inaddition, the seaweed fertilizer ff§d in this study was prepared by fermentation,
as described in previous work. Previous studies have indicated that fermentation is an
effective method to increase the biological activity of seaweed-based fertilizers [21,22].

2. Materials and Methods
2.1. Seaweed Fertilizer Preparation

Fermentation of brown seaweed biomass was carried out in 50 L plastic drums as
described in previous work. The main ingredients included ingredients such as molasses
(Spoon Sugar Co. Ltd., Hyogo, Japan), rich husk, and commercial effective microorganism 4
(EM4, PT. Sonngolangit Persada, Jakarta, Indonesia). The seaweed biomass consisted of
three abundant brown seaweeds found in the West Lombok coastal area (8°31'05.3" S
116°03'41.0" E), namely, S. cristaefolium, S. crassifolif@ and S. polycystum. Corresponding
seaweed materials were deposited in the herbarium of Pusat Unggulan Biosains dan Biote-
knologi (PUBB), University of Matam't, as voucher specimens IDN_LL_02, IDN_LL_01,
and IDN_LL_03, respectively. The collected seaweeds were washed with tap water to
remove unwanted debris and sand. The drying process of the cleaned seaweed was
conducted over 3 to 4 days. The dried seaweed biomass was minced with a Mainca
CR-40 mincer (Barcelona, Spain). The seaweed biomass was subjected to anaerobe fermen-
tation for 40 days with EM4 (1 L/ton) as the bioactivator [23]. The produced fermented
seaweed biomass was then used for further experiments as 100% seaweed fertilizer (SF).

2.2. Pot Experimental Design

The paddy plants were grown in experimental pots with a volume of 10 L. A total of
50 paddy seedlings was divided into 5 experimental groups: control group (C0), treatment
with 100% chemical fertilizer (CF), treatment with 100% seaweed fertilizer ( combina-
tion of 75% seaweed fertilizer and 25% of chemical fertilizer (CFSF1), and combination
of 50% seaweed fertilizer and 50% chemical fertilizeRJ FSF2). The CO control group con-
sisted of 8 kg soil only. The CF group consisted of 7 kg of soil and 1 kg of 100% chemical
fertilizer mixture (300 kg /ha CONzHy, 100 kg/ha NazPOy, and 100 kg/ha KCI) with a
ratio of 15:15:15, which corresponds to the local farmers’ practice [24]. In addition, the
application of CF was completed twice during the 10 and 30 days after the paddy plants
were transplanted to the experimental pots. The SF treatment consisted of 7 kg soil and
1 kg of 100% fermented seaweed fertilizer. The CFSF1 group consisted of 7 kg soil,
0.25 kg CF, and 0.75 kg SE The CFSF2 group consisted of 7 kg soil, 0.5 kg CF, and
0.5 kg SE The growth parameters, including plant height and tillers, were documented
every two weeks after transplantation (AT). After harvest, the grain and total rice yield
produced were evaluated.
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2.3. Dererarion of Soil, Paddy Leaves, and Rice Grain Macro- and Micronutrient Properties

The soil samples were taken from the top layer (0-15 cmF#om random pots and
pooled together, followed by air drying and sieving at 2 mm for the E'Imil‘lal'i{'}n of
physical and chemical properties. Soil organic matter was measured by the procedure
developed by Walkley and BlackfElown as the dichromate wet oxidation method [25,26].
The paddy leaves were split and dried at 120 °C for half an hour, then dried @85 °C until
they reached constant weight. Digestion of the leaves was carried out with sulfuric acid
and hydrogen peroxide. T{N was determined with the micro-Kjehdal method [27].
Other nutrients (Fe and Zn) were determined with ICP-OES (Agilent technologies, Santa
Clara, CA, USA) [28].

2.4. Determination of Amino Acid Content in Rice Grain

A total of 1.0 g rice grains was hydrolyzed witfBICI. The filtrate was then filtered and
injected in the UPLC system. The determination of amino acid content was carried out by
reverse-phase AQUITY UPLC H-Clagflising a BEH C18-Column and a PDA detector. The
system used a column temperature of 43.0 °C and the sample temperatur@as 20.0 °C. The
injection volume was (1.5 pL and the pressure was around 13,000 psi. The amino acids were
detected at 260 nm with a PDA detector [29].

2.5. Soil Microbial Community Analysis Based on the 16S rRNA Gene

Soil sampling was conducted in the 12th week after paddy harvest. A sterilized tea-
spoon was used for soil collection at three core layers (approximately 0 to 15 cm from the
surface layer). All soil@imples were pooled in a sterilized 50 mL falcon tube. The soil
samples were directly transported to the laboratory and stored at —80 °C until further
use. The extraction of DNA content from soil was conducted based on the instructions
provided [Egfhe HighPurityTM soil DNA isolation kit (Canvax Biotech, Andalucia, Spain).
The yield and quality of the isolated DNA samples were determined using a NanoDrop
1000 spectrophotometer (Thermoscientific, Waitham, MA, USA) [30]. A concentration
above 20 ng/uL was considered sufficient for furf@3r NGS analysis [31]. The micro-
bial communities were estimated basfjon the V3-V4 region of the 165 rRNA gene us-
ing the barcoded primers 314F/806R. All PCR reactions were carried out with Phusion
High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA). A volume of
1x loading buffer (contained SYBR green) with PCR products and eleffbphoresis on 2%
agarose gel was used for detection. The libraries were generated with NEBNext UltraTM
DNA Library Prep Kit for [llumina and quantified via Qubit and Q-PCR for analysis by illu-
mine platform. The data processing of the sequence data was analyzed based on previous
work. The microbial community was visualized with Krona software [32].

2.6. Statistical Analysis

Analysis offgariance (ANOVA) was conducted on the data for multi-comparison of
[EBE):tments. The data were statistically analyzed using the GraphPad Prism software. The
differences between the treatments were calculated using the least significance difference
test E&§D) at a 0.05 probability level. The sequencing output was processed using QUME2.
The composition of the soil microbial community was visualized with Krona tools [33].

3. Results and Discussion

Excessive use of chemical fertilizer hf§lbecome a common practice to increase crop
production [34]. However, this could lead to several serious issues, such as soil degrada-
tion, nitrogen leaching, soil compaction, reduction in soil organic matter, and loss of soil
carbon [35]. In many rfions in Indonesia, extremely high P losses due to erosion have been
reported [36]. Due to these concerns, there is a growing urgency for the development of
organic fertilizers. The significant potential of seaweed as a source of fertil{g@r in agriculture
has been acknowledged by researchers worldwide. Seaweed has proven to improve plant
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growth and yield [37-39]. However, little is known regarding the nutritional status of the
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crop produced by application of seaweed-based organic fertilizers. One of rice’s quality
[Bits of interest is amino acid composition [34]. Hence, this study aimed to evaluate the
effects of fem‘lentmeaweed fertilizer on the amino acid content of rice.

3.1. Effects of Seaweed Organic Fertilizer on Growth of Paddy Plants

The organic matter and nutrient compositions of fermented seaweed organic fertil-
izer was reported in our previous work [17]. The fermentation process, which includes
decomposition of the seaweed organic biomass, increases the release of available nutri-
ents [40]. Seaweed biomass is considered an optimal fermentation substrate that could
further improve its biological activity [41].

The effects of seaweed fertilizer on the growth of paddy plants were documented
from week 0 to week 12 after transplantation of the paddy plants into experimental pots
(Figure 1). The application of SF showed less effect on plant height. However, a highly
significant effect of SF application was seen in plant tiller numbers. SF combination with CE
treatment CFSF1 (12.40 + 4.10 tillers/pot), and treatment CFSF2 (11.00 £ 3.00 tillers /pot)
were significantly higher compared to CF (7.20 & 1.48 tillers/pot). Tiller number and
plant height are two major factors for paddy growth. However, both were negatively
regulated [42,43]. Notably, the paddy treated with SF showed no significant difference
compared to CF in both plant height and tiller number. The lack of urea input from
chemical fertilizer treatment in the SF group potentially caused N deficiency, which limits
its growth. Previous reports have shown that seaweed is rich in plant-promoting growth
hormones [8,44]. In addition, seaweed improves soil fertility by providing an optimal
environment for the growth of various beneficial soil bacteria for plants [45-47]. Hence,
seaweed-based fertilizers possibly act more as a biostimulant rather than a macronutrient
source for plants. The combination of seaweed fertilizers with reduced chemical fertilizers
has been demonstrated to be an effective output in crop production and yield [48]. This
is in correlation with our results, which showed that seaweed fertilizer combined with
reduced chemical fertilizer concentration up to 50% (CFSF2) had the best result in paddy
plants based on plant height and tiller number.
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Figure 1. The effects of SF on paddy plant growth. (A). Documentation was undertaken to record
Q‘lt growth dynamics. (B). Plant height and number of tillcrsm'n week 0 to week 12 before harvest.
ns indicates no significant difference (p < 0.01) between groups in the same week. Different annotation
letters indicate significant difference (p < 0.01) between groups in the same week.

3.2. Effects of Seaweed Fertilizer on Pﬂcﬁ’\dacmnmrr‘em Uptake

The macronutrient contents of nitrogen (N), phosphorus (P), and potassium (K) in
soil and paddy leaves were investigated (Figure 2). The macronutrient concentrations
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were significantly higher in fertilizer treatments with SF addition (SE CFSF1, and CFSF2)
compared to control and CF groups. This shows that seaweed fertilizer application in soil
possibly improves soil macronutrient status and fertility, even after harvest [49,50], thus
supporting further sustainable agriculture for continuous crop production.
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Figure 2. The effects of SF on macronutrient nitrogen (N), phosphorus (P), and potassium (K) in
soil and paddy plant leaves after harvest. Different annotation letters indicate significant difference
(p < 0.01) between groups.

Brown seaweed such as Sargnssum is known to contain alginate, which can chelate with
major cations such as Na*, Ca?*, Mg?*, and K* to form aggregate, and hence, increasing
nutrient status in soils [51]. This probably explains the significantly high P and K content
in treated groups with SF addition.

In addition, the macronutrient contents of N, I, and K in the paddy leaves were also
evaluated. The N content in leaves of the paddy treated with 100% SF were significantly
low. This shows that SF treatment alone was not capable of providing available N for the
paddy plant. However, with additional input of inorganic N, such as in CFSF1 and CFSE2
treatments, the N uptake was significantly higher compared to other groups. Nitrogen
(N) plays a critical role in plant growth, as its deficiency significantly affects plant growth
and productivity [52]. Hence, low N uptake in the SF 100% group resulted in poor growth
characteristics such as plant height and tiller number.

Meanwhile, the P and K content in paddy plants treated with fertilizers with SF
addition (SE, CFSF1, and CFSF2) were significantly higher compared to other groups (C0O
and CF). The bioactivity of the seaweed fertilizer possibly depends on the seaweed species
used as tifffaw material. Previous studies have demonstrated that treatment with seaweed
fertfif@er from red algae Kappaphycus alvarezii and Gracilaria edulis significantly enhanced
the rice N and P uptake, but not K [53]. Interestingly, similar results were seen by seaweed
fertilizers from brown algae Ecklonia maxima, which enhanced P’ and K concentration in
oilseed rape leaves [54]. Another report also showed that brown seaweed-based fertilizers
significantly affected PP and K content in leaves compared to N [55].




Fermentation 2022, §, 420

6of13

3.3. Effects of Seaweed Fertilizer on Grain Yield

As shown in Figure 3, the grain yield was significantly affected by fertilization treat-
ments with the combination of CF and SE In particular, the combination of 50% CF and SF
(CFSF2) showed the highest crop productivity based on panicle numbers, grain weight, and
the yield of rice produced. The macronutrient phosphorus (P) was significantly higher in
paddy plants treated with SF-based fertilizers. Phosphorus plays a vital role in adenosine
triphosphate (ATP) generation, which also contributes to photosynthesis rate [56]. Further-
more, plants treated with seaweed fertilizer showed higher chlorophyll content, which
potentially contributes to the photosynthesis rate [57,58]. Potassium (K) was also signifi-
cantly higher in fertilizers with SF addition. Deficiency of K is often related to stunted plant
growth and reduced yield [59]. In addition, the grain panicle number is often positively
correlated with grain weight [59,60].
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Figure 3. The effects of SF on paddy grain and rice yield. Different annotation letters i:mate
significant difference (p <0.01) between groups.

The CFSF1- and CFSF2-treated groups were significantly higher in leaf P and K
compared to CF. This potentially contributed to the higher yield produced in groups CFSF1
and CFSF2. In addition, nitrogen is a key component for amino acid synthesis, which is the
building block for plant proteins and enzymes [61]. Hence, the high amount of P and Kin
CFSF1 and CFSF2 probably explains the optimal plant growth and productivity in these

two groups.

3.4. Effects of Seaweed Fertilizer on Rice Micronutrient and Amino Acid Composition

Previous studies have shofffij the significance of seaweed fertilizer inimproving plant
yield and production [39,48]. However, little is known regarding the effects of organic
seaweed fertilizers on the micronutrient and metabolite composition of plaifi#})

Despite rice being a staple food in most countries, it currently remains a poor source
of many essential mineral nutrients such as iron (Fe) and zinc (Zn) [62]. The micmnutrien
Fe and Zn in the rice treatments were analyzed (Figure 4A). These two nutrients play a
critical role in inducing appetite, growth, and functioning of the immune system. Both
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combinations of CF with SF (CFSF1 and CFSF2) showed a significant increase in Fe and
Zn content in the rice produced [63]. The rice grown with CF showed similar Fe content
(2.40 £ 0.16 mg/100 g) as that in previous studies [64]. The commercial organic rice (CR)
used as positive control showed significantly higher Fe content (2.76 & 0.22 mg /100 g)
compared to CF (240 =+ 0.16 mg/100 g) and control (1.38 £ 0.27 mg/100 g). Notably,
the paddy treated with the CFSF2 combination produced rice with the highest Fe content
(2.90 & 0.18 mg /100 g). Similar results were seen in Zn content in CFSF2 (291 + 0.47 mg/100 g),
which was@lignificantly higher compared to all other treatments, including CR
(2.33 £0.22mg/100 g) and CF (2.13 = 0.21 mg/100 g).
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Figure 4. The effects of SF in paddy rice (A) micronutrients (Fe and Zn) and (B) amino acid composi-
tion. Different annotation letters indicate significant difference (p < 0.01) between groups.

Excessive use of chemical fertilizers has led to several issues, including soil degradation
and soil compaction [65]. Several studies have shown that soil degradation contributes
to reduced nutrient input in plant biomass [66,67]. Hence, this potentially contributed
to the low micronutrients detected in the rice of the CF group. On the other hand, the
application of organic fertilizer in agricultural systems improves soil fertility and nutrient
use for crop production [68,69]. In addition, seaweed-based fertilizers have been shown
to improve nutrient composition in plants [70]. Other reports also showed that seaweed
fertilizer application induces changes in biochemical processes associated with increased
nutrient uptake in plants [39].

Another important trait for rice quality is amino acid content. The amino add glutamic
acid (glu) showed the highest concentration in all rice treatments compared to other amino
acids (Table 51). This is in accordance with other studies also showing that the highest
amino acid found in rice is glutamic acid [71,72]. The amino acid with the significantly
lowest content was histidine (his). Other studies also showed that the lowest concentration
of amino acid in rice is histidine [71,73].

Overall, the CF group showed significantly lower concentrations of all amino acids
tested. In contrast, the groups that combined CF with SF (CFSF1 and CFSF2) showed
significantly higher amino acid concentrations. Furthermore, the amino acid concentrations
in CFSF1 and CFSF2 were mostly higher compared to the commercial rice group (CHR),
except for leucine. However, the group treated with SF only showed poor amino acid
concentrations. This correlates with the poor growth and micronutrient uptake in the
SE-treated group.

The difference in amino acid content between treatment groups was more obvious
based on the heat-map analysis (Figure 4B). Although almost all amino acids were signifi-
cantly higher in CFSF2, some showed higher concentrations in the CFSF1 group (glutamate,
lysine, aspartic acid, and leucine). Nevertheless, the combination of SF with CF showed
significantly improved amino acid composition compared to CF. Overuse of chemical
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fertilizers significantly contributes to severe soil compaction [74]. This potentially affects
the nutrient uptake ability in plants [75]. In addition, another study also showed that
Sargassum muticum application improves amino acid metabolism in chickpeas [76].

3.5. Soil Microbial Diversity of Rice Grown with Seaweed Fertilizer

Improved soil micro-flora by application of seaweed bio-fertilizer has proven to
improve soil fertility and crop biomass productivity [49]. In addition, soil fertility plays a
crucial role in nutrient supply for plant growth and nutrient content [77].

The diversity of soil microbial population in thizosphere of rice treated with seaweed
fertilizer was evaluated via 165 rRNA profiling. The hypervariable region of V3-V4 was
selected as the target due to its reproducible results compared to V1-V3 [78]. The krona
plot was used to depict the detected bacteria at different taxonomic levels in concentric
circles [33]. Based on our results, the 50% combination of CF and SF (CFSF2) showed the
most significant result compared to CF; hence, the microbiome analysis was focused on
this group.

Qur current analysis pointed out the increase of certain beneficial bacteria in the
soil treated with CFSF2 compared to CFE. Figure 5 shows that Rhizobiales abundance was
increased to 58% in CFSF2, which is significantly higher compared to CEF, at only 29%. The
members of Rhizobiales are mostly known as beneficial partners for plant growth and
health [79]. The Rhizobiales order is mostly known to play an important role in converting
urea to ammonium for incorporation into amino acids [80].
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Figure 5. Krona plot showing the analysis results of Rhizobiales in CF and CFSF2. Circles from
inside to outside stand for different taxonomic ranks, and the area of the sector shows the respective
proportion of different OUT annotation results.

Hence, this possibly contributes to the higher amino acid content in CFSF2 com-
pared to CE. Another important group of bacteria that was significantly higher in CFSF2
is Vicinamibacterales (Figure 6). The members of the Vicinamibacterales order have been
associated with phosffBte-solubilizing activity [81,82]. Phosphate-solubilizing bacteria
(PSB) are considered an important group of bacteria due to their activity in increasing
phosphorus (P) uptake in plants [83]. Phosphorus is associated with energy transformation,
which significantly promotes the growth and health of the plant [84]. Furthermore, phos-
phorus is an essential building block for nucleic acids and phospholipids, which potentially
contributes to amino acid synthesis [85]. Hence, this also possibly explains the P content
detected in the leaves of the paddy treated with CFSF2.
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Figure 6. Krona plot showing the analysis results of Vicinamibacterales in CF and CFSF2. Circles
from inside to outside stand for different taxonomic ranks, and the area of the sector shows the
respective proportion of different OUT annotation results.

4. Conclusions

In conclusion, the implementation of seaweed-based fertilizers (SF) would be promis-
ing for sustainable production in the agriculture industry. Based on our results, the optimal
dose for increasing paddy plant growth and rice production is 50% SF combined with
50% chemical fertilizer (CFSF2). The CFSF2 group showed a significantly higher yield of
grain produced compared to the CF group. This is indeed promising, as the normal dose of
chemical fertilizer (CF) could be decreased by up to 50%. Application of CFSF2 not only
increased grain yield, but also increased amino acid composition. This is potentially due to
the improved bacterial community in CFSF2-treated soils, which are rich in Rhizobiales.
Another important bacterial group detected in CFSF2 was Vicinamibacterales, which are
capable of solubilizing phosphorus. Hence, they potentially contributed to the significantly
high grain yield produced by CFSF2. However, future study on a field scale would be
nﬁed to confirm the bioindustrial application of SE.
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