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Abstract: Excessive use of chemical fertilizer could potentially decrease soil productivity by decreas-
ing soil microbiome diversity. In this study, we evaluated the effects of fermented seaweed fertilizer
in the soil microbial community of paddy plants (Oryza sativa L.). The paddy seedlings were divided
into five groups, control (C0), chemical fertilizer (CF), seaweed fertilizer (SF), chemical and seaweed
fertilizer combination 50:50 (CFSF1), and chemical and fertilizer combination 75:25 (CFSF2). The
CFSF1 combination showed to be the most effective in inducing plant height (83.99 £ 3.70 cm) and
number of tillers (24.20 & 4.08). After 8 weeks after transplantation, the isolated DNA from each soil
treatment were subjected to 16S rRNA (v3-v4 region) next-generation sequencing. The beneficial
Acidobacteriota was most abundant in CFSF1. At genus level, the nitrifying bacteria MND1 was seen
to be abundant in CFSF1 and also present in other SF treatments. The genus Chujaibacter is highly
abundant in CF, which potentially plays a role in denitrification resulting in soil degradation. In
addition, the CFSF1-treated soils show significantly higher diversity of ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA). The current results could potentially contribute to
the utilization of SF as a bioremediator and promoting green agriculture practice by reducing the
amount of CF usage.

Keywords: ammonia oxidizers; green agriculture; organic fertilizer; soil microbiome; seaweed

1. Introduction

Paddy (Oryza sativa L.) is one of the staple crops in most Asian countries, especially
Indonesia [1]. Due to the high demand of this food source, the agriculture sector struggles
to meet the market demands for this crop. Hence, various strategies are conducted to
increase the production of paddy rice. Until now, the application of chemical fertilizer is the
most common solution for local Indonesian farmers to increase grain production. However,
the long-term excessive use of chemical fertilizers could lead to various negative effects
in the environment [2]. In addition, some reports have also shown the possible negative
effects of excessive chemical fertilizer usage toward human health [3]. Hence, there is a
need to find alternatives to decrease the use of chemical fertilizers.
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Seaweed is one of the marine natural resources which are abundant in coastal areas of
Indonesia [4]. Many kinds of seaweeds have been utilized as fertilizer, such Gracilaria chilensis,
Ascophylum nodosum, Ecklonia maxima, Laminaria shinzii, and Durvillaea potatorum [5,6]. How-
ever, brown seaweeds such as Sargassum species have drawn much attention due to their
fast-growing nature [7]. This is possibly due to the presence of plant growth hormones in
Sargassum species, which potentially contributes to its rapid growth [8,9]. Seaweed has
been reported to be extremely rich in nutrients, including macro- and micronutrients, which
could balance the plant’s endogenous hormones and greatly promote growth [10]. Due to
its high bioavailability, seaweed offers an inexpensive solution for large production of crops
by decreasing the use of anorganic fertilizers. In addition, seaweed is an environmentally
friendly natural resource that could improve soil fertility and productivity [11].

Some studies have shown the advantage of fermentation technology to improve the
macro- and micronutrient components in fertilizers [12]. However, there still remains
limited information regarding the effects of fermentation process in seaweed fertilizers [13].
Furthermore, the mechanism of seaweed fertilizers in promoting plant growth is still un-
clear, especially the effect of seaweed fertilizer on the community structure and diversity of
soil microbiota. The soil microbial communities carry out a critical role in the ecosystem that
are vital for providing carbon and other nutrients for sustaining plant growth [14]. Hence,
investigation of the abundance and diversity of soil microbiota is pivotal for potentially
understanding the mechanism of seaweed fertilizer that affects plant growth. In addition,
most studies evaluate the effect of seaweed fertilizer during the reproductive stage [15].
Thus, little has been reported regarding the effects during the vegetative stage, which is
also important since it plays an important role in the plant’s fruit development. In this
study, we conducted 165 rRNA sequencing to evaluate effects of basal fermented seaweed
fertilizer on the soil microbiota community of paddy plants during the vegetative stage.

2. Materials and Methods
2.1. Seaweed Fertilizer Raw Material Preparation

The fermented seaweed fertilizer was prepared based on materials which included
brown seaweed biomass, molasses (Spoon Sugar Co. Ltd., Hyogo, Japan), rice husk, and
commercial Effective Microorganism 4 (EMy, PT; Songgolangit Persada, Jakarta, Indonesia)
as the fermentation bioactivator [16]. The brown seaweed biomass consists of three brown
seaweeds (1:1:1), namely Sargassum cristaefolium, Sargassum crassifolium, and Sargassum
polycystum. The seaweeds were collected from Batu Layar coastal area, West Lombok,
Lombok, Indonesia (8°31'05.3” S 116°03'41.0” E), in early 2021. The seaweeds were washed
with tap water and air-dried for approximately 5 to 7 days. During the drying process,
the seaweeds were repeatedly cleaned with tap water to remove the remaining salt and
impurities [17].

2.2. Seaweed Fertilizer Fermentation Process

The fermentation process was carried out in low-cost plastic drums with a capacity
of 50 L each. These drums were connected to a hose to facilitate gas emission. The hoses
were connected to another plastic container filled with 50% water to accommodate the safe
release of exhausted gas. The design of this low-cost digester was adopted from a study by
Chontal et al. with minor modifications [12]. The pretreated dried seaweed biomass was
mixed with molasses (1 L/ton) and subjected to anaerobe fermentation with EMy (1 L/ton)
for 40 days. The biomass was homogenized every 3 days, followed with pH measurement,
to make sure no significant differences were found in the top and bottom layers of the
drum. The resulting biomass was then considered 100% fermented seaweed fertilizer.

2.3. Pot Experimental Design

The pot experiment was conducted in a greenhouse with daily sunlight exposure
located at West Lombok (8°33'01.2” S 116°06’40.7" E). The paddy (Oryza sativa L.) plants
were grown in experimental pots with a maximum volume of 10 L. The transplanted
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paddy seedlings were approximately 21 days old and 20-23 cm tall. A total of 50 paddy
seedlings were divided into 5 groups: control group (C0), treatment with 100% chemical
fertilizer (CF), treatment with 100% seaweed fertilizer (SF), and decreased concentration of
CF: combination of 50% CF and 50% seaweed fertilizer (CFSF1) and combination of 25% CF
and 75% seaweed fertilizer (CFSF2). The control group (C0) only contained 8 kg of soil.
The 100% chemical fertilizer consisted of 300 kg/ha urea (CON,Hj), 100 kg/ha trinatrium
phosphate (NazPOy), and 100 kg/ha potassium chloride (KCl), which was consistent with
the local farmers fertilization practice [18]. In addition, the application of CF was done
twice during the 10 and 30 days after paddy plant transplantation to experimental pots.
The 100% seaweed fertilizer was used as a basal medium (1 kg) mixed with 7 kg soil.
The combinations of CF and SF were applied as follows: CFSF1 = 50% of CF usual dose
combined with 50% of SF basal medium (0.5 kg SF + 7.5 kg soil), and CFSF2 = 25% of CF
usual dose combined with 75% of SF basal medium (0.75 kg SF + 7.25 kg soil). The growth
parameters including plant height and number of tillers were evaluated every two weeks
after transplantation (AT) until the end of vegetative stage (week 0 AT—week 8 AT).

2.4. Determination of Soil and Paddy Leaves Chemical Properties

Soil samples were taken from the top layer (0-15 cm) from random pots and bulked
together, followed by air-drying and sieving (2 mm) for determination of physical and
chemical properties. Organic matter was measured by the procedure of Walkley and Black
using the dichromate wet oxidation method [19]. For paddy leaf samples, leaves were split
and dried (120 °C) for half an hour, then dried at 65 °C until they reached constant weight.
The leaves were then digested with sulfuric acid and hydrogen peroxide. Total N was
determined with the micro-Kjehdal method [20]. Other nutrients were determined with
ICP-OES [21]. The basic properties of the experimental soil are summarized in Table 1.

Table 1. Physicochemical properties of soil used for pot experiment.

pH OM (mg/g) N (%) P (mg/kg) K (mg/kg) Soil Texture
7.61 11.42 3.19 481.76 82.54 Clay

2.5. Soil Sampling, DNA Isolation and 165 rRNA Gene Amplification

Soil sampling was conducted on the 8th week after paddy transplantation to experi-
mental pots, therefore representing the soil microbial communities in the vegetative stage
of paddy plants. A teaspoon of three soil cores (approximately 0-15 cm from the top layer)
from each treatment were sampled and pooled in 50 mL falcon tubes [22]. The soil samples
were stored in —80 °C until the DNA isolation process. From each sample, an amount
of 1 g of soil was used for total DNA isolation according to the instructions provided by
the HighPurity™ Soil DNA Isolation Kit (Canvax Biotech, Spain). The yield and quality
of the isolated DNA samples were determined using NanoDrop 1000 spectrophotometer
(Thermoscientific, DE, USA). The microbial communities were determined based on the
hypervariable region V3-V4 of 165 rRNA gene using the barcoded primers 314F/806R. All
PCR reactions were carried out with Phusion High-Fidelity PCR Master Mix (New England
Biolabs, MA, USA). We used a volume of 1 x loading buffer (containing SYBR green) with
PCR products and subjected to electrophoresis on 2% agarose gel for detection. Samples
with a bright main strip between 400-450 bp were chosen for further analyses. The selected
PCR products were mixed at equal density ratios. The mixed PCR products were purified
with Qiagen Gel Extraction Kit (Qiagen, Germany). The libraries were generated with
NEBNext UltraTM DNA Library Prep Kit for Illumina and quantified via Qubit and Q-PCR
for analyses by illumine platform.

2.6. Sequencing and Data Processing

The samples were assigned to paired-end reads based on their unique barcodes and
truncated by cutting off the barcode and primer sequences. The paired ends were merged
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using FLASH v1.2.7., which allows paired ends to merge when at least some of the reads
overlap the read generated from the opposite end of the same DNA fragment, and the
splicing sequences were labeled as raw tags [23]. Quality filtering on the raw tags were
performed under specific filtering conditions to obtain the high-quality clean tags according
to the quality-controlled results obtained from QIIME v1.7.0 [24]. The tags were compared
with the reference database (SILVA database) using UCHIME algorithm to detect chimera
sequences, and then the chimera sequences were removed. The effective tags were then
obtained. Sequences analyses were performed by Uparse software (Uparse v7.0.1090) using
all the effective tags. Sequences with >97% similarity were assigned to the same OTUs.
Represented sequence for each OTU was screened for further annotation. For each repre-
sentative sequence, QIIME (Version 1.7.0) in the Mothur method was performed against the
SSU rRNA database of SILVA database (see details http:/ /www.arb-silva.de/ accessed on
13 June 2021) for species annotation at each taxonomic rank (Threshold:0.8~1): kingdom,
phylum, class, order, family, genus, species. To obtain the phylogenetic relationship of all
OTU representative sequences, the MUSCLE (version 3.8.31) was used [25].

2.7. Statistical Analyses

The abundance of OTUs was normalized using a standard of sequence number corre-
sponding to the sample with the least sequences. Subsequent analyses of alpha diversity
and beta diversity were all performed based on the output of these normalized data. Alpha
diversity was applied in analyzing complexity of biodiversity for a sample through 6 in-
dices, including Observed-species, Chaol, Shannon, Simpson, ACE, and good-coverage.
All these indices in our samples were calculated with QIIME (version 1.7.0) and displayed
with R software (version 2.15.3). Beta diversity analyses was used to evaluate differences of
samples in species complexity. Beta diversity on both weighted and unweighted UniFrac
were calculated by QIIME software (version 1.7.0). Cluster analyses were preceded by
principal component analyses (PCA), which were applied to reduce the dimension of
the original variables using the FactoMineR package and ggplot2 package in R software
(version 2.15.3) [26].

3. Results and Discussion

The vegetative stage is an important stage of plant growth that contributes equally
to crop production as the reproductive stage [27]. During this stage, common agricultural
practices would apply high doses of nitrogen-based chemical fertilizers (CF). Long-term
CF application has been reported to decrease microbial biomass and damage soil microbial
structure [28,29]. Hence, application of organic fertilizer, which could provide similar or
better results compared to CF, would be a promising solution to improve soil fertility. In
this study, we evaluated the potential of seaweed-based fertilizer in improving vegetative
growth in paddy plants.

3.1. Fermented Fertilizer Production

The organic matter and nutrient concentrations show some differences between the
nonfermented and fermented seaweed fertilizer (Table 2). The fermentation process was
carried out for 40 days, which is an optimal period according to previous studies [30].
Fermentation has been reported to potentially increase nutrient availabilities in certain
fertilizers [31]. However, there remains limited information regarding the beneficial ef-
fects of fermentation on chemical components of seaweed biomass-based fertilizers. The
fermentation process includes the decomposition process of the organic biomass, which
would increase release of nutrients. Based on current results, the nutrients N, K, Ca, Mg,
and B are significantly higher in the fermented seaweed fertilizer. Another report showed
that Carica papaya organic fertilizer showed a richer nutrient component after anaerobic
digestion [32]. Seaweed contains high levels of polysaccharides, which are potentially
beneficial for microorganisms; thus, the levels of certain nutrients are also increased in the
process [13].


http://www.arb-silva.de/

Fermentation 2022, 8, 46 50f 15

Table 2. Chemical properties of seaweed fertilizer before and after fermentation.

Chemical Parameters Before Fermentation After Fermentation
pH 7.57 2 7422
Water content (%) 46.63 2 31.49°
Organic C (%) 33.58 2 43.14°
N (%) 1.062 1.88P
C:N (%) 23.54 2 22992
P (%) 2234 2344
K (%) 2252 3.16°
Ca (mg/kg) 315.232 421.56°
Mg (mg/kg) 335.76 432.67°
B (mg/kg) 9.892 19.32°
Na (mg/kg) ND ND
Cl (mg/kg) ND ND

Values with same letters in each row are statistically similar (Tukey ot = 0.05). p < 0.05. ND = Not Detected

3.2. Effects of SF on Vegetative Growth of Paddy Plants

The effects of SF on vegetative growth of paddy plants were observed from week
0 until week 8 after transplantation into experimental pots. Every 2 weeks, the growth
dynamics were documented and recorded (Figure 1A). The application of SF combined
with CF obtained the best results compared to conventional CF application (Figure 2B). The
number of tillers were significantly higher in CFSF1 (24.20 + 4.08) and CFSF2 (19.90 + 4.15)
compared to CF treatment (12.00 & 3.06). However, there were no significant difference
in plant height between the CFSF1 (83.99 + 3.70 cm), CFSF2 (81.01 + 4.67 cm), and CF
(81.16 & 3.01 cm). The brown seaweed Sargassum has well been documented for its bios-
timulatory activity in plants [11]. Furthermore, these brown seaweeds also exhibit Plant
Growth Regulators (PGRs), which are beneficial for plant growth [33]. However, based
on our results, the application of SF alone with additional CF showed poor plant growth,
with only 63.47 & 15.64 cm plant height and 9.50 & 2.32 number of tillers after 8 weeks of
transplantation.

A. SF CFSFI  CFSF2

Week 0

Week 2

Week 4

Number oftlers (npot)

Week 6

Week 8

Figure 1. The effects of SF in vegetative growth of paddy plants. (A) Documentation was undertaken
every 2 weeks. (B) Dynamics of plant height and number of tillers from week 0 to week 8 after
transplantation. Data are shown as mean + SEM from 10 independent replicates.
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Figure 2. Effect of SF treatment in N contents of (A) leaves and (B) soil (depth of 15 cm) of paddy in
vegetative stage. Data are shown as mean &+ SEM from 10 independent replicates. Different letters
indicated significant differences at p < 0.01.

3.3. Effects of SF on N Uptake of Paddy in Vegetative Stage

The nitrogen (N) content in the soil and leaves of a paddy plant during vegetative
stage were investigated (Figure 2). The results indicated that paddy plants treated with
SF contained the lowest N content (1.19%) (Figure 2A). The highest N content was seen
in CFSF1 treatment (2.98%), which was significantly higher compared to CF treatment
(1.15%). Interestingly, the N content was highest in the soil of CF (0.36%) and CFSF1
(0.37%) treatment (Figure 2B). This is possibly due to the high amount of N input these
groups received from chemical fertilizer treatment, whereas the other groups relied on
the N from the initial soil condition and seaweed fertilizer. Nitrogen plays a pivotal role
in controlling plant vegetative growth [34]. Hence, the low N content in paddy leaves
potentially contributes to the poor growth observed in the treatment groups.

3.4. Sequencing Quality Check

The Illumina Miseq sequencing generated a total of 710,178 raw tags representing five
samples, with individual reads ranging from 129,983 to 151,979 bp (Table 3). After quality
check, the remaining high-quality reads in the dataset, with an average of 416 bp, were
further analyzed. After qualification and removal of chimeras from the raw tags, a total
of 437,378 effective tags were obtained. The Q20 values ranged from 97.51 to 98.26. The
higher Q scores indicated a smaller probability of error in readings [35].

Table 3. Sequencing quality check from five samples.

Treatment =~ Raw Tags  Clean Tags  Effective Tags Base (nt) AvgLen (nt) Q20 GC% Effective%
Co 127,434 125,464 71,995 29,902,893 415 97.67 55.92 45.54
CF 157 127,442 66,042 27,523,135 417 97.67 55.47 38.96
SF 149,362 147,557 90,751 37,439,023 413 98.31 55.68 57.72
CFSF1 151,979 149,896 112,710 47,254,458 419 98.26 57.27 70.75
CFSF2 151,420 149,896 95,880 39,851,907 416 98.33 55.86 60.85

3.5. OTU Identification and Taxonomic Annotation

The samples were grouped into OTUs based on 97% identity. The top 10 microorgan-
ism populations from five samples are shown in Figure 3. Based on the 10 largest phyla
shown in Figure 3A, Acidobacteria was highly present in CFSF1. Acidobacteria was proven
to actively interact with plants as plant growth-promoting bacteria. A suggested mecha-
nism is that Acidobacteria plays a role in soil matrix formation and water and nutrition
trapping, which lead to soil aggregate formation [36].



Fermentation 2022, 8, 46

7 of 15

1.009
Others

m= Cyanobacteria
Myxococcota

- mm Crenarchaeota

Thermoplasmatota
Chloroflexi
Gemmatimonadota

w=  Bacteroidota

Actinobacteriota

Relative abundance

=
== Acidobacteriota
-
=

Proteobacteria

CFSF1

1.00
Others

PLTA13

0.76" Halomonas

Pelagibacterium
Vicinamibacteraceae
0.50-- Marine_Group_lI
=== Echinicola

== MND1

== Pseudomonas

== Chujaibacter

Relative abundance

0.25+---

== Sphingomonas

co CF SF CFSF1 CFSF2

Figure 3. The relative abundance of top 10 taxa from each treatment group based on the taxonomic
annotation results to form the distribution histogram at (A) phylum taxa level and (B) genus taxa
level.

Although seaweed has been well reported for its potential as biofertilizer [37], little
is known regarding its mechanism in promoting plant growth [38]. Some studies suggest
that seaweed fertilizer treatment in plants causes significant changes in the microbiome
components of the soil and plant, which contributes to plant growth [39]. Our current
results show that seaweed fertilizer (SF) application in soil of paddy plants results in a
significantly different bacterial community and structure. However, the application of SF
alone results in poor growth in paddy plants. This is possibly due to the high abundance of
Cyanobacteria, which are present in SF treated soils. The SF fertilizer may contain certain
nutrients that are beneficial for Cyanobacteria blooming [40]. Cyanobacteria blooms often
damage aquatic ecosystems; they compromise the water quality by releasing cyanotoxins,
which are harmful for the plants. Cyanobacteria produce beneficial bioactive compounds
that could promote plant growth [41]. However, too much may induce competition with the
plant for nutrient and light. In semiaquatic planting systems, such as the case of paddies, the
cyanobacterial dominance has been associated with low nitrogen-to-phosphorus ratios [42].
Paddy plants are semiaquatic plants; thus, Cyanobacteria blooming would be a problem
for their growth [43].

In the terms of genus, it could be seen that the soil samples treated with SF showed
higher microbial diversity (Figure 3B). Sphingomonas was seen to be abundant in CF and
C0 treatment but not in SF treatments. Furthermore, another dominant taxon in SF is marine
group II (MGII) archaea. Despite their discovery over 25 years ago, the archaea group
MGII remain a difficult group of microbes to study, lacking cultured isolates and genome
references. However, research has shown that MGII are often abundant in response to
Cyanobacteria and phytoplankton blooms [44]. Hence, MGII together with Cyanobacteria
group in SF samples are possibly responsible for the poor growth in the treated paddy
plants.

3.6. Alpha Diversity Analyses

The rarefaction curves of alpha diversity analyses indicated that the microbial commu-
nities were different in each sample (Figure 4A). The statistical indices of alpha diversity
when the clustering threshold is 97% are summarized in Table 4. Good’s coverage estimator
values ranged from 99.9% to 100%, indicating that the sequence numbers were sufficient to



Fermentation 2022, 8, 46

8 of 15

target the majority of the 16S rRNA gene sequences to describe the bacterial diversity in the
soil samples. The observed species were highest in the CFSF1 treatment (3697), followed by
CFSF2 (3621) and SF (2937). In contrast, the CO group showed the lowest observed species
(2283). The CFSF1 and CFSF2 groups also showed the highest Shannon index, 9838 and
9.776, respectively. Similar results were seen in Chao, ACE, and PD whole tree indices.
However, this was not the case for other groups. Based on the Shannon index, the CF
group (8.991) was higher compared to CO (8.823) and SF (8.412). Both C0 (0.992) and CF
(0.992) group were also higher in the Simpson indices despite the lower observed species
compared to SF group (0.980). However, SF was higher compared to C0O and CF in Chao 1
(3215.766), ACE (3414.616), and PD whole tree indices (257.892).

5 4000 )
2 o
A. ¢ e B
2 3000 / — == 20!
0 "
2 i =4 1GF
g . ~ SF
-4 2000 %, &
b ~— CFSF1 %
@ »,
g 10007 CFSF2 %,
@
E-}
o 0 T T 1
0 20000 40000 60000

Sequences number

Figure 4. (A) Rarefaction curves from alpha diversity index, based on the relative abundance (or the

number of sequences included) from the largest to the smallest. If the curve becomes flatter, a credible
number of samples have been taken, which means only the scarce species remain to be sampled.
(B) Beta diversity heatmap showing the weighted UniFrac distance (top) and the unweighted UniFrac
distance (bottom) to measure the dissimilarity coefficient between pairwise treatment groups.

Table 4. Alpha diversity indices.

Treatment Obser'ved Shannon Simpson Chaol ACE Goods PD Whole
Species Coverage Tree
Co0 2283 8.823 0.992 2505.289 2542.541 0.996 228.506
CF 2578 8.991 0.992 2752.444 2779.912 0.993 247.965
SF 2937 8.412 0.980 3215.766 3414.616 0.994 257.892
CFSF1 3697 9.838 0.996 3940.166 4049.955 0.998 476.768
CFSF2 3621 9.776 0.996 4211.104 4249.748 0.995 446.746

3.7. Beta Diversity Analyses

Beta diversity represents the explicit comparison of microbial communities based on
their composition. Beta diversity metrics thus assess the differences in microbial commu-
nities between the treatments. To compare microbial communities between each paddy
plant’s treated soil, a square matrix of “distance” or “dissimilarity” was calculated to
reflect the dissimilarity between the treatments (Figure 4B). The results revealed that the
soil samples from CFSF1 treatment showed the lowest beta diversity index with CFSF2
treatment (0.280). A low level of beta diversity index indicates a high level of similarity,
while a high beta diversity index indicates a low level of similarity. This possibly explains
the similar growth features in CFSF1 and CFSF2 treatments. SF and CFSF2 also showed
low beta diversity index (0.365). High beta diversity values were observed between SF
with CO0 (0.519) and CF (0.538).

3.8. Taxonomic Abundance Cluster Heatmap

According to the abundance information of the top 35 genus of all samples, the
heatmap was drawn to show whether the samples were clustered or not based on the
similarity and difference between treatments (Figure 5). The presence of nitrifying bacteria
such as Nitrospira, MND1, and Nitrososphaeraceae were observed in CFSF1 treatment.
A member of Gammaproteobacteria, PLTA 13, was also present [45]. Although PLTA13
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function in plant interactions is still unclear, the members of the Gammaprotebacteria class
have been described to play a crucial part within plant microbiome interactions [46]. An-
other member of Gammaproteobacteria was also present in CFSF2, Acidibacter. Acidibacter
has been reported for its iron (Fe)-reducing capacity [47]. The Fe-reducing activity of
potential bacterial species is crucial for Fe uptake by plants, which is an essential element
for plant growth and development. Dongia dominated in P-rich soil, indicating its role in
phosphorus solubilization [48]. Phosphorus-solubilizing bacteria may aid the growth in
plants by stimulating the plant efficiency in nitrogen fixation [49]. In addition, a member
of Rhizobium bacteria was also abundant in CFSF2. Interestingly, the CF treatment was
abundant in Reyranella. Reyranella has been suggested to promote the outbreak of bacterial
wilt disease (Ralstonia solanacearum) [50]. Gematimonas, which is a member of the phylum
Gemmatimonadates, is an understudied group in natural microbial communities. However,
it is ranked as one of the most abundant phyla found in soil [51].
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Figure 5. Taxonomic abundance cluster heatmap showing the top 35 genus of all treatment groups.

Based on vegetative growth observations, the best growth results were obtained by
the combination of SF and CF. Rice yield is mostly determined by indirect traits, such as
plant height and number of tillers. The combination of 50% CF and 50% SF showed the
best growth features in plant height and number of tillers. The reduction of CF to 50%
would contribute to the decrease of CF usage in conventional agricultural practices. Not
only would it potentially improve the quality of the environment but it would also increase
the economy of local farmers. The soils of paddy plants treated with CF were abundant
in Sphingomonas. Recently, certain Sphingomonas strains have been reported to promote
plant growth [52]. However, a study also reported that Sphingomonas sp. could cause leaf
blight disease in rice [53]. Leaf blight disease (BLB) is also a major disease in crop plants,
causing considerable economic losses [54]. As Sphingomonas was seen to be abundant in
CF-treated soils, this could be the reason for frequent BLB cases faced by Indonesian local
farmers. The SF-treated soils were seen to be abundant in MND1, an ammonia-oxidizing
bacteria (AOB) [55,56], particularly CFSF1, which shows significant abundance compared
to CFSF2 and SF.
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3.9. Abundance of Nitrifying Bacteria and Archaea in SE-Treated Soil of Paddy Plants

Analyses of taxonomic annotation was further conducted with krona visual display.
The krona plot analysis targets AOB member Gammaprotebacteria, which plays a crucial
part in plant-microbiome interactions [46]. The Rhodanobacteraceae family was proven
to be dominant in CF-treated soils, which correlates to taxa analyses (Figure 6A). The
Rhodanobacteraceae members are mostly known as a denitrifying group of bacteria that
potentially could cause a decrease in soil fertility [57]. This strongly supports the fact
that excessive use of CF in agricultural systems would lead to soil degradation. On the
other hand, members of the ammonia-oxidizing bacteria (AOB) Nitrosomonadaceae family
were dominant in CFSF1 treatments (Figure 6B), in particular, MND1, which has been
reported to nitrify types of bacteria that metabolize ammonia (NHj3) to nitrate (NO®"),
thereby simultaneously obtaining energy for themselves and providing usable nitrogen for
plants [58].

§
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Figure 6. Krona plot showing the analyses result of AOB (Gammaproteobacteria) taxonomic an-
notation of (A) CF-treated soil and (B) CFSF1-treated soil. 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.

Based on archaea level analyses, the ammonia-oxidizing archaea (AOA) members
were more abundant in CF-treated soils (Figure 7A), in particular, Candidatus Nitrosotalea,
which contributes to 95% of the whole archaea population in the sample. This shows the
low diversity of archaea population in CF-treated soils. High species richness diversity
is important in various environments including soils. This contributes to interspecies
relationships and interpopulation relationships, which promotes a healthy and optimum
environment for plant growth [59]. In addition, the composition and diversity of these
soil microbial communities are important indicators of the soil fertility level [60]. The
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CFSF1-treated soils show a more diverse profile of AOA, namely Nitrososphaeraceae
(42%), Candidatus Nitrososphaera (25%), and other small percentage of the members of
Nitrosospumilaceae (Figure 7B). Interestingly, the Nitrosospumilaceae cluster is mainly

represented by marine archaea [61].
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Figure 7. Krona plot showing the analyses result of AOA taxonomic annotation of (A) CF-treated soil
and (B) CFSF1-treated soil. 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.

The reason that SF is best used with the combination of CF is possibly due to the low
amount of available essential macronutrients for plant growth. Based on our results, the SE-
treated soils show high abundance of nitrifying bacteria (AOB) and archaea (AOA). Hence,
by providing the macronutrients from chemical fertilizers, the abundant AOA and AOB
communities in SF-treated soils would efficiently convert ammonia to usable nitrogen for
promoting plant growth. The AOB member Nitrosomonadaceae is significantly abundant
in CFSF1-treated soils. The Nitrosomonadaceae play major roles in control of the nitrogen
cycle by leading to loss of excessive ammonium from ammonium-based fertilizers [62].
Hence, the presence of this microbial population supports the use of SF for improving
excessive CF-contaminated agricultural systems. In addition, the denitrifying bacteria
Rhodanobacter was abundant in CF-treated soil. Denitrifying bacteria converts nitrates in

the soil to free atmospheric nitrogen, thus depleting soil fertility and reducing agricultural
productivity [63]. Another member of Rhodanobacteraceae, Chujaibacter, was highly
abundant in CF group. Although its role is still unclear, it is assumed that Chujaibacter also
plays a role in denitrification [64]. Hence, abundance of this microbial population possibly
contributes to the decrease soil fertility in agricultural systems that heavily rely on CF. In
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the case of AOA, a previous study by Zhalnina et al. shows that soils with higher organic
matter should be expected to have higher AOA abundance [37,65]. These members of AOA
convert ammonia to nitrites or nitrates. This process would increase the amount of usable
nitrogen for plants.

4. Conclusions

This is the first report to show the effects of fermented seaweed fertilizer on soil
microbiota structure and community. Our results show that seaweed fertilizer (SF) pro-
vides promising advantages for improving crop production based on green agricultural
practice. The implementation of SF in agricultural systems could improve soil fertility,
which could contribute to agriculture sustainability. The CFSF1 combination showed the
best results in plant growth features and soil microbiome profile. CFSF1-treated soils show
significant changes in microbial community and structure compared to CF, especially in
ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) populations.
The abundant AOB in CFSF1 could be used as bioremediation agent to improve contam-
inated agricultural systems. The presence of various AOA potentially contributes to the
optimum growth in CFSF1-treated paddy plants. Further evaluation on SF doses in pot
experiments is needed for future field applications. Nevertheless, current study shows
that increased use of organic fertilizer with decreased chemical fertilizer could increase
abundance of beneficial soil microbiota.
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