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Abstract
The effects of the short-term application of Ascophyllum nodosum-fermented seaweed fertilizer on the bacterial community, soil
nitrogen contents, and plant growth in maize rhizosphere soil were evaluated. The changes in the bacterial community composition
and nitrogen contents including those of total nitrogen (TN), nitrate nitrogen (NO3

−-N) and ammonium nitrogen (NH4
+-N) in

rhizosphere soils in response to treatment with seaweed fertilizer were determined. Furthermore, soil enzymatic activity and crop
biomass were analyzed. The relative abundance of the dominant phyla varied regularly with fertilization, and bacterial α-diversity
was apparently influenced by seaweed fertilizer amendment. The TN contents of all soil samples decreased gradually, and the NO3

−-
N and NH4

+-N contents of the soils treated with seaweed fertilizer were much higher than those of the control soils. Similarly, the
enzymatic activities of dehydrogenase, nitrite reductase, urease, and cellulase in the soil were significantly increased on day 3, day 8,
and day 13 after the application of seaweed fertilizer to the maize rhizosphere soil. However, there was no difference in the activity
of soil sucrase between the treatment group and the control group. In this study, the growth of maize seedlings was confirmed to be
greatly promoted by the utilization of seaweed fertilizer. These results deepen our understanding of plant-microbe interactions in
agroecosystems and should benefit the wide use of seaweed fertilizer in sustainable agricultural production.

Introduction

The application of chemical fertilizers has greatly increased
the grain production per unit area of farmland, resulting in the
feeding of more people worldwide (Zhu and Chen 2002).

However, the long-term excessive use of chemical fertilizers
has also led to the destruction of soil structure and the pollu-
tion of water bodies (Atafar et al. 2010). When a large amount
of nitrogen fertilizer is applied to crops, nitrate nitrogen is
easily lost under rain or leaching, eventually resulting in water
pollution (Dinnes et al. 2002). Additionally, the ammonia and
nitrogen oxides produced by denitrification will be released
into the atmosphere (Fischer et al. 2010; Guo et al. 2010;
Velthof et al. 2009). Considering the increasingly serious
levels of energy consumption and environmental pollution, it
is necessary to find alternatives to chemical fertilizers.

Seaweed is an environmentally friendly natural resource,
and the potential to utilize seaweed extract as organic fertilizer
has been confirmed by resultant increases in chlorophyll b
levels and a better nitrogen use efficiency in crops (Latique
et al. 2013; Sangeetha and Thevanathan 2010). Seaweed is
extremely rich in nutrients, including mineral elements, trace
elements, auxin, polyamines, and other active substances
(Lötze and Hoffman 2016; Khan et al. 2009). It can regulate
the balance of plant endogenous hormones and greatly pro-
mote the growth of plants. In addition, some growth regulators
contained in seaweed fertilizer can improve soil microecology
and enhance fertilizer efficiency, and the contribution of
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green-engineered seaweed production systems to the mitiga-
tion of the ongoing and historical anthropogenic disturbances
of nutrient flows has been highlighted (Zhu et al. 2019; Zhang
and Thomsen 2019). Seaweed extract has multiple positive
effects on crop yield, product quality and the resistance of
plants to diseases and abiotic stresses (Rathore et al. 2009;
Jayaraj et al. 2008; Munshaw et al. 2006). Because of its high
fertilizer efficiency and richness in nutritional elements, sea-
weed fertilizer presents a good performance-to-price ratio in
terms of sustainable agricultural production. Therefore, to pro-
tect soil structure and avoid the pollution of water bodies
caused by the excessive application of chemical fertilizers,
such as eutrophication, it is feasible to decrease the consump-
tion of chemical fertilizer via the utilization of seaweed fertil-
izer and seaweed extract.

As a component of soil biodiversity, soil enzyme activities
are the direct expression of the soil community to metabolic
requirements and available nutrients (Caldwell 2005). Soil
enzymes regulate ecosystem functioning and play a key role
in nutrient cycling in particular (Makoi and Ndakidemi 2008).
Soil enzymes vary in their composition and quantities due to
differences in plant communities, animal activities, and eco-
logical environments (Kotroczó et al. 2014; Shackle et al.
2000; An and Kim 2009). Therefore, the soil enzyme system
represents a specific biological community. The metabolism
of soil microorganisms requires the participation of soil en-
zymes, and biochemical processes, redox reactions, material
transformation, and energy metabolism depend on soil enzy-
matic activities. Soil enzymes are among the most active or-
ganic components of soil aggregates (Marx et al. 2001) and
are also a parameter for the assessment of soil fertility and the
change rate of the chemical composition. Soil enzymatic ac-
tivity reflects the microbial contents, and there is growing
interest in the application of soil enzymes as early indicators
of soil quality change under contrasting agricultural manage-
ment practices (García-Ruiz et al. 2008).

Although seaweed fertilizer has been widely proven to be
effective for crop growth, it is not very clear how seaweed
fertilizer affects bacterial diversity and community structure
in plant rhizosphere soils and how to modulate soil nutrients,
especially nitrogen nutrients to promote plant growth. To in-
vestigate these problems in greater detail, we conducted deep
16S rRNA sequencing, and the dynamics of nitrogen content
and enzymatic activity in soil were also monitored.

Materials and methods

Seaweed fertilizer and pot experimental design

Commercial Ascophyllum nodosum-fermented seaweed fertil-
izer (Lannengliang®, Qingdao Brightmoon Seaweed Group
Corporation) was used for short-term fertilization treatment of

maize seedlings in this study. The nutritional composition of
this powder product was as follows: 14% N, 2% P2O5, 20%
K2O, and 3.0% humic acid. The seeds of maize (Zea mays L.)
were soaked in sterile water for approximately 4 h and then
subjected to surface disinfection for 2 min in a 75% ethanol
solution. Subsequently, these seeds were thoroughly rinsed
with sterile water and soaked in a 5% sodium hypochlorite
solution for approximately 5 min. Finally, the seeds were fully
washed with sterile water and placed on double layers of wet
filter paper for germination in a sterile 9-cm (diameter) Petri
dish. After germination, the maize seedlings were planted in
plastic flowerpots (20 cm in diameter and 20 cm in height,
four seedlings per pot).

Preparation of maize rhizosphere soil

A total of 32 maize seedlings were divided into two groups: a
treatment group and a control group. The seedlings (approxi-
mately 10 cm tall) of the treatment group were subjected to
fertilization. A 25-mL volume of the seaweed fertilizer (0.3 g/
100 mL) was carefully added to the maize rhizosphere zone
using a sterile syringe. The control group was treated with an
equal volume of aseptic water. All seedlings were treated once
a week, and the maize rhizosphere soil was collected after five
treatments. Soil samples at depths between 3 and 5 cm within
a 0.5-cm range around the maize roots were gently collected
using a stainless steel spoon (referred to as rhizosphere soil
samples hereafter). The rhizosphere soils were collected at
three time points, day 3, day 8, and day 13 (the last treatment
time as day 0). For the comparison of the two groups at each
sampling time point, approximately 60 g of rhizosphere soil
was harvested and subjected to DNA extraction.

To determine the nitrogen content and enzymatic activity in
the maize rhizosphere soils, air-dried soil samples at room
temperature (more than 20 g) were first ground using an elec-
tric grinder and then passed through a 100-mesh nylon sieve.
The prepared soil samples were kept at 4 °C until they were
used.

Soil DNA extraction and PCR amplification

To explore the bacterial diversity and community structure of
the maize rhizosphere soils and characterize the soil microbial
properties in response to the short-term application of seaweed
fertilizer, deep 16S rRNA sequencing was performed. High-
purity genomic DNAwas isolated from the maize rhizosphere
soil using the E.Z.N.A.® Soil DNA Kit (Omega Bio-TEK,
USA) according to the manufacturer’s instructions. The final
DNA concentration and purity were determined with a
NanoDrop 2000 UV-vis spectrophotometer (Thermo
Scientific, Wilmington, USA), and DNA quality was checked
by 1% agarose gel electrophoresis. The V3–V4 hypervariable
regions of the bacterial 16S rRNA gene were amplified with
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the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by using
a thermocycler PCR system (GeneAmp® 9700, ABI, USA).
The amplification reactions were conducted using the follow-
ing program: 3 min of denaturation at 95 °C, 27 cycles of 30 s
at 95 °C, 30 s of annealing at 55 °C, and 45 s of elongation at
72 °C, and a final extension at 72 °C for 10 min. The reactions
were performed in triplicate in a 20-μL volume containing
4 μL of 5× FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL
of each primer (5 μM), 0.4 μL of FastPfu polymerase, and
10 ng of template DNA. The resulting PCR products were
subjected to electrophoresis on a 2% agarose gel and then
extracted and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA)
and quantified using the QuantiFluor™-ST system (Promega,
USA) according to the product manual.

Illumina MiSeq sequencing and the deposition of raw
reads

Purified amplicons were pooled in equimolar amounts and
paired-end sequenced (2 × 300) on an Illumina MiSeq plat-
form (Illumina, San Diego, USA) according to standard pro-
tocols by Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China). All raw reads were deposited into the
NCBI Sequence Read Archive (SRA) database (Accession
Number: SRP215409).

Processing of sequencing data

Raw FASTQ files were quality filtered with the Trimmomatic
software and merged with FLASH software. Operational tax-
onomic units (OTUs) were clustered with a 97% similarity
cutoff using UPARSE (version 7.1, http://drive5.com/
uparse/) with a novel algorithm that performs chimera
filtering and OTU clustering simultaneously. The taxonomy
of each 16S rRNA gene sequence was analyzed with the RDP
classifier algorithm (http://rdp.cme.msu.edu/) against the
Silva (SSU123) 16S rRNA database using a confidence
threshold of 70%.

Measurement of soil enzymatic activity

A total of five soil enzymes were used to measure soil fertility
and microbial activity in the maize rhizosphere soil. Soil en-
zymatic activities, including those of cellulase (S-CL), nitrite
reductase (S-NIR), sucrase (S-SC), and urase (S-UE) were
determined using commercial testing kits from Suzhou
Comin Biotechnology Cooperation (Suzhou, China) with cat-
alogue numbers S-CL-2-Y, S-NIR-2-G, S-SC-2-Y, and S-UE-
2-Y, respectively. All assays were carried out in triplicate and
evaluated by spectrophotometry according to the product
manual.

Soil dehydrogenase activity (S-INT) was evaluated by the
method of Casida et al. (1964). Colorless soluble 2,3,5-triphe-
nyltetrazolium chloride (TTC) can be reduced to form insolu-
ble 1,3,5-triphenylformazan (TPF) with a red color by dehy-
drogenase. The generated TPF presents a specific absorption
peak at a wavelength of 492 nm. Two grams of rhizosphere
soil was fully mixed with 2 mL of 0.1 mol/L of glucose, 2 mL
of 1% TTC, and 2 mL of Tris-HCl buffer (pH 7.4) in a 50-mL
centrifuge tube, followed by incubation at 37 °C for 24 h in
darkness. 0.5 mL of formaldehyde solution was added to ter-
minate the reaction, and the mixture was subjected to extrac-
tion for 30 min with 5 mL of toluene on a rotating shaker
(150 rpm) followed by centrifugation at 4000×g for 5 min.
Finally, the produced TPF was determined at 492 nm using a
Cary 60 UV-Vis spectrophotometer from Agilent
Technologies (Agilent, Australia). The enzymatic activity of
soil dehydrogenase was expressed in μg/g/day. The measure-
ments were duplicated three times.

Determination of soil nitrogen contents

To examine whether the application of seaweed fertilizer
greatly altered nitrogen cycling in the maize rhizosphere soil,
soil nitrogen contents including total nitrogen (TN), ammoni-
um nitrogen (NH4

+-N), and nitrate nitrogen (NO3
−-N) were

assayed at three sampling time points. A spectrophotometric
method for the assessment of ammonium nitrogen and nitrate
nitrogen contents in soil was adopted based on extraction with
a potassium chloride solution according to the procedures of
the National Environmental Protection Standards of the
People’s Republic of China (HJ 634-2012). These standards
were slightly modified in accordance with the processing ap-
proaches of ISO/TS14256-1:2003(E).

Ammonium nitrogen was extracted from the soil with a
potassium chloride solution. The ammonia ion can react
with phenol to form a blue-indigo dye in the presence of
hypochlorite ions under alkaline conditions, which ex-
hibits maximum absorption at a wavelength of 630 nm.
The absorbance value is in accordance with Lambert–
Beer’s law for a certain range of ammonium concentra-
tions. To determine the contents of nitrate nitrogen in the
soil, the samples were first extracted with a potassium
chloride solution, after which the nitrate nitrogen in solu-
tion was reduced to form nitrite nitrogen through a reduc-
tion column. Finally, all the nitrite nitrogen in the extrac-
tion solution reacts with sulfonamide to form a diazo salt,
and the resulting product couples with N-(1-naphthyl)
ethylenediamine hydrochloric acid to form a red dye un-
der acidic conditions, which exhibits maximum absorp-
tion at 543 nm. The actual nitrate nitrogen content of soil
was determined from the total nitrite content in the final
step minus the original nitrite nitrogen content.
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Determination of maize seedling biomass

To evaluate the effect of seaweed fertilizer application on the
growth of maize seedlings, the mean biomass values of ten
seedlings were measured. The seedlings were carefully re-
moved from pots on day 40 after fertilization (the treatment
group) and then washed thoroughly in double distilled water
to remove any soil on the root surface, air-dried at room tem-
perature, and eventually subjected to the determination of
plant biomass, including the measurement of seedling height,
above-ground fresh weight, and root fresh weight.

Statistical analysis

The 16S rRNA sequencing data were analyzed at the free
online Majorbio I-Sanger Cloud Platform (www.i-sanger.
com), developed by the Shanghai Majorbio Bio-Pharm
Technology Cooperation (Ltd). ADONIS based on 999 per-
mutations was applied by using the Bray–Curtis (Bray and
Curtis 1957) algorithm to quantify community differences be-
tween groups.

Pearson’s correlation coefficient analysis was conducted to
assess the correlation between rhizospheric nitrogen content
and soil enzymatic activity by using the SPSS 24.0 software.

One-way analysis of variance (ANOVA) was applied to
evaluate the differences in the biomass values of seedlings
between different treatments by using the SPSS 22.0 software,
and the statistical significance level was set at P < 0.05.

Results

Dynamics of nitrogen contents in the rhizosphere
soils of maize

The results showed that the contents of NO3
−-N (Fig. 1a),

NH4
+-N (Fig. 1b), and TN (Fig. 1c) in the rhizosphere soil

varied obviously during the test period. The TN content in the
treatment group was significantly higher than that in the con-
trol group (treated with sterile water) on day 3 (P < 0.05).
However, on day 8 and day 13, although the TN content of
the treatment group was higher than that of the control group,
the difference was not statistically significant. Regarding the
content of NO3

−-N, the difference between the two groups
was extremely significant at two time points, day 3 and day
8 (P < 0.01), and on day 13, the difference remained signifi-
cant (P < 0.05). In the comparison of NH4

+-N contents be-
tween the two groups, the difference was highly significant
on day 3 (P < 0.01) and remained significant on day 8 and day
13 (P < 0.05). These results suggested that the nitrogen con-
tents of the maize rhizosphere soil were increased significantly
after seaweed fertilizer application.

Effect of seaweed fertilizer application on soil
enzymatic activity

With the growth of plants, all the tested enzymatic activities in
the soil samples increased (Fig. 2). The enzymatic activities of
dehydrogenase (S-INT) (Fig. 2b) and nitrite reductase (S-
NIR) (Fig. 2c) in the soil were increased greatly at three sam-
pling time points, and the difference in enzymatic activity
between the two groups reached a statistically significant level
(P < 0.01). Soil urease (S-UE) activities in the treatment group
were all significantly increased compared with those in the
control group (P < 0.05) (Fig. 2e). The soil cellulase (S-CL)
activity of the treatment group was increased significantly on
day 3 (P < 0.01), after which the difference gradually de-
creased (Fig. 2a). On day 13 after fertilization, no significant
difference in soil cellulase activity was found between the two
groups. It should be noted that there was no significant differ-
ence in soil sucrase (S-SC) activity between the two groups
(Fig. 2d).

Analyses of operational taxonomic unit
and α-diversity

The bacterial communities in the maize rhizosphere soil were
detected by deep sequencing of bacterial 16S rRNA gene
amplicons. A total of 957,943 sequences with a mean length
of 416 bp were obtained and rarefied for diversity analysis. A
total of 5988 OTUs of the soil bacterial communities were
identified; these OTUs belonged to 41 phyla, 1015 classes,
224 orders, 441 families, 871 genera, and 1814 species.

The relative abundance of the dominant phyla changed
after fertilization. All the soil samples were dominated by
Proteobacteria (27.59–37.83%), Actinobacteria (27.10–
32.96%), Chloroflexi (9.54–15.19%), Acidobacteria (7.47–
14.99%), and Bacteroidetes (3.64–4.02%), accounting for
88.1–89.7% of the bacterial sequences (Fig. 3). The perfor-
mance of two dominant phyla, Chloroflexi and Acidobacteria
was completely different between the treatment group (MT1,
MT2, and MT3) and the control group (MCK1, MCK2, and
MCK3). The relative abundance of Chloroflexi (9.54–
15.19%) and Acidobacteria (8.87–12.24%) increased remark-
ably after fertilization; however, in the control group, their
relative abundance decreased greatly. In particular, the relative
abundance of three other phyla, Proteobacteria (28.28–
33.96%), Actinobacteria (27.10–32.96%), and Bacteroidetes
(3.64–3.97%), increased gradually in the control group during
the test period.

The results of 16S rRNA gene sequencing revealed an
obvious change in the composition of the maize rhizobacteria.
The α-diversity analysis showed that the bacterial community
richness indices (Sobs, Chao1, and Ace) and community di-
versity index (Shannon) varied markedly between the two
groups (Table 1). Seaweed fertilizer application increased
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the bacterial Sobs (P = 0.02) and Shannon indices (P = 0.01)
on day 13 after fertilization (Table 1). It can be concluded that
the bacterial α-diversity was significantly influenced by the
fertilization treatment.

Structure of the maize rhizobacterial community

The non-metric multi-dimensional scaling (NMDS) analysis
at the OTU level indicated notable variation in the structure of
the maize rhizobacterial community after short-term fertiliza-
tion treatment. In the treatment group, the bacterial communi-
ty composition in the soils on day 3 after fertilization (MT1)
was distinctly different from that on day 8 (MT2) and day 13
(MT3) (Fig. 4). ADONIS analysis based on Bray–Curtis dis-
tance showed a significant difference in the bacterial commu-
nity composition between the treatment and control groups
after fertilization (P = 0.1, Table 2).

To evaluate the effect of seaweed fertilizer on the microbial
species composition and community structure in maize rhizo-
sphere soils, we evaluated 18 soil samples and compared the

relative abundance of bacterial species between them. The
results showed that Proteobacteria, Actinobacteria,
Chloroflexi, Acidobacteria, and Bacteroidetes were the pre-
dominant phyla in all soil samples. There were significant
differences in species richness between all tested groups, from
MT1 to MT3 and MCK1 to MCK3. Significant differences in
the relative abundance of phylum Proteobacteria and four gen-
era, Sphingomonas, Anaerolineaceae, Mycobacterium, and
Lysobacter, existed between the soil groups at the 0.05 level
(Fig. 5a, b). Additionally, the differences in the relative abun-
dance of microbial species in the treatment group and the
control group were analyzed at the phylum level by using
Student’s two-sided t test. On day 3, the MT1 and MCK1
samples showed a statistically significant difference in the
relative abundance of the phyla Proteobacteria (P < 0.01),
Acidobacter ia (P < 0.05) , Chloroflexi (P < 0.05) ,
Bacteroidetes (P < 0.05), Planctomycetes (P < 0.05), and
Latescibacteria (P < 0.05) (Fig. 6a). There was no significant
difference in species richness between the MT2 and MCK2
groups (Fig. 6b). Finally, significant differences in the relative

Fig. 1 Dynamics of nitrogen contents in the maize rhizosphere soil at
different time points after seaweed fertilizer application. The contents of
nitrate nitrogen, ammonium nitrogen and total nitrogen in the soil are
shown in a, b, and c, respectively. BE, before the experiment; T, soils

of the treatment groups (treatedwith seaweed fertilizer) sampled on day 3,
day 8, and day 13, respectively, after seaweed fertilizer application; CK,
soils of the control groups (treated with sterile water) sampled on day 3,
day 8, and day 13, respectively, after seaweed fertilizer application
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Fig. 2 Enzymatic activities in the
maize rhizosphere soil after
seaweed fertilizer application.
The changes in the enzymatic
activities of soil cellulase (S-CL),
dehydrogenase (S-INT), nitrite
reductase (S-NIR), sucrase (S-
SC), and urase (S-UE) are
displayed in a, b, c, d, and e,
respectively. BE, before the
experiment; T, soils of the
treatment groups (treated with
seaweed fertilizer) sampled on
day 3, day 8, and day 13,
respectively, after seaweed
fertilizer application; CK, soils of
the control groups (treated with
sterile water) sampled on day 3,
day 8, and day 13, respectively,
after seaweed fertilizer
application
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Fig. 3 Relative abundance of the
dominant phyla in rhizosphere
soils of maize sampled on day 3,
day 8, and day 13 after seaweed
fertilizer application. MT1, MT2,
andMT3 are soil sampling on day
3, day 8 and day 13, respectively,
after seaweed fertilizer
application. MCK1, MCK2, and
MCK3 are soils of the control
groups (treated with sterile water)
sampled on day 3, day 8, and day
13, respectively, after seaweed
fertilizer application
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abundance of microbial species in two phyla, Proteobacteria
(P < 0.05) and Acidobacteria were detected (P < 0.05) (Fig.
6c).

Effect of seaweed fertilizer application on the growth
of maize seedlings

When treated with seaweed fertilizer, the maize seedlings ex-
hibited greater biomass values compared with the control
seedlings treated with equal volumes of sterile water. The
differences in seedling biomass values, including seedling
height (P < 0.01), above-ground fresh weight (P < 0.01), and
root fresh weight (P < 0.05), between the two groups were
statistically significant (Fig. 7). The application of seaweed
fertilizer had a significant promotion effect on the growth of
maize seedlings under the experimental conditions.

Discussion

The application of seaweed-fermented fertilizer or a seaweed
extract has proven beneficial for the growth and yield of crops

in agricultural production (Kumar et al. 2012; Zodape et al.
2011). This study evaluated the effects of the root-zone appli-
cation of an Ascophyllum nodosum-fermented seaweed fertil-
izer on the rhizobacterium communities and the growth of
maize seedlings in a pot trial experiment. The results showed
that the biomass of maize seedlings increased significantly
after fertilization. Compared to the control group, the root
fresh weight (RFW) in the treatment group was increased
greatly (P < 0.05), and seedling height and above-ground
seedling fresh mass were increased significantly (P < 0.01).
Seaweed fertilizer had an obvious promotion effect on the
growth of maize in this study. Seaweeds contain abundant
nitrogen nutrients and other major and trace elements, and
their nutrients and organic matter contents are very beneficial
for improving the nature of soil and enhancing its moisture-
retaining capacity (Simpson and Hayes, 1958). Seaweeds also
contain many growth-promoting hormones such as cytokinin
and auxins (Tay et al. 1985 ). Seaweed fertilizer has been
widely used in agricultural production due to these properties.
Considering that the contents of nitrate nitrogen and ammoni-
um nitrogen in the soils treated with the seaweed fertilizer
were apparently increased compared to those in the control,
we assume that the promotion effect of the seaweed fertilizer

Table 1 Bacterial α-diversity in
maize rhizosphere soil samples Treatments Sobs index Chao 1 index Shannon index Ace index

Day 3

MCK1 2858 ± 48 3968.6 ± 11.85 6.77 ± 0.05 4012.6 ± 44.22

MT1 2812 ± 141 4036 ± 145.44 6.68 ± 0.09 4039.8 ± 164.54

Day 8

MCK2 2941 ± 104 4088.5 ± 140 6.82 ± 0.05 4143.3 ± 139.76

MT2 2909 ± 27 4140.5 ± 105.59 6.71 ± 0.05 4193.4 ± 122.21

Day 13

MCK3 2793 ± 43 4052.7 ± 54.27 6.62 ± 0.04 4032.8 ± 65.45

MT3 2944 ± 61* 4138.4 ± 86.83 6.81 ± 0.07* 4123.8 ± 69.05

Sobs number of OTUs found in the samples, Ace abundance-based coverage estimator

*Student’s t test showing significant differences between the indices of the corresponding groups (P < 0.05)

Fig. 4 NMDS plot based on a Bray–Curtis distance metric derived from
the treatment group and the control group. MT1 to MT3 and MCK1 to
MCK3 represent the rhizosphere soil samples collected on days 3, 8, and
13 after fertilization

Table 2 Differences in the bacterial community at three time points
after fertilization (treatment vs control) determined by the Adonis analysis

Tr vs CK R2 P

Day 3 0.363 0.1

Day 8 0.274 0.1

Day 13 0.297 0.1

The statistics (R2 ) and significance (P) of the differences between the
treatment and the control groups (with or without short-term seaweed
fertilizer application) were calculated via the Adonis analysis using
Bray–Curtis distances

Tr samples treated by short-term application of seaweed fertilizer, CK
control samples treated with an equal volume of sterile water
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on the growth of maize seedlings may be partially attributable
to the improvement of rhizosphere soil nutrition.

Deep 16S rRNA sequencing is a key tool for the investiga-
tion of bacterial communities and can provide useful insights
into the thousands of uncultivated microbial communities for
which only marker gene surveys are currently available. High-
throughput sequencing has facilitated major advances in our
understanding of microbial ecology and is now widespread in
biotechnological applications (Langille et al. 2013). Although
seaweed and its derivatives have been used as natural, harm-
less resources in sustainable agricultural production for many
years, the impact of seaweed fertilizer application on the
rhizobacterial community structure of plants and the plant-
microbe interaction in rhizosphere zones remains unclear.
Recently, a field trial in tomato was carried out to explore

the effects of seaweed fertilizer application on soil microbial
communities (Wang et al. 2018). The results showed that bac-
terial α-diversity was strongly influenced by Sargassum
horneri-fermented seaweed fertilizer amendment after
60 days. Similar phenomena were observed in our study; the
bacterial community compositions and relative abundance at
the phylum level in the rhizosphere soil were significantly
altered by the application of Ascophyllum nodosum-fermented
seaweed fertilizer.

Many factors could cause the changes in rhizospheric en-
zymatic activities in soils such as antibiotics, pesticides, heavy
metals, field management, and organic wastes (Liu et al. 2009;
Sardar et al. 2007; Ros et al. 2003; Bankdick and Dick 1999).
Soil enzyme activities are often used as indicators of microbial
growth in soil. A previous study showed that dehydrogenase

Fig. 5 The analysis of significant
differences between groups at the
phylum (a) and genus (b) levels.
An asterisk (*) indicates a
significant difference in the
relative abundance of microbial
species (P < 0.05). The multiple
testing correction method for P
values was the false discovery
rate (FDR). The Kruskal–Wallis
H test was used for significance
testing between groups
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activity in soil was significantly related to microbial respira-
tion (P < 0.01) and that urease activity was positively corre-
lated with total nitrogen (TN) and negatively correlated with
organic carbon content (P < 0.05) (Frankenberger Jr and Dick
1983). In this work, the highest TN content was observed on
day 3 after seaweed fertilizer application. Although the TN
content generally remained stable between different treat-
ments, the contents of nitrate and ammonium nitrogen in the
seaweed fertilizer-treated soils were increased significantly
compared to the control. Considering the marked increases
in the biomass values of the seedlings treated with seaweed
fertilizer, we deduce that more nitrogen was absorbed and
utilized by plants and that the TN content was therefore not
significantly increased in the seaweed fertilizer-treated group.
Dehydrogenase activities in the treatment group were signifi-
cantly increased (P < 0.01), and urease activity in this group
notably increased (P < 0.05) during the test period. Seaweed
fertilizer clearly increases the content of nutrient elements in-
cluding organic carbon in the rhizospheric soils of maize, thus

improving dehydrogenase activity. The Pearson correlation
coefficient (PCC) is commonly used for assessing the possible
two-way linear association between two variables (Hauke and
Kossowski 2011). Our study revealed that nitrate nitrogen
content was strongly correlated with urease activity (i.e.,
showed a high positive correlation). Similarly, the ammonium
nitrogen content was also highly correlated with nitrite reduc-
tase activity. The PCCs for these variables were 0.822 and
0.872 (P < 0.05), respectively (Table 3). The result of the
PCC analysis suggested that nitrogen nutrition had a marked
influence on S-CL, S-INT, S-NIR, and S-UE enzymatic activ-
ities. Soil enzymatic activities are influenced by different ni-
trogen forms and the ratio of inorganic to organic nitrogen
(Nannipieri et al. 2012), and long-term nitrogen fertilization
significantly increases the activities of β-glucosidase and acid
phosphatase but decreases urease activity (Ajwa et al. 1999).
However, in this study, only sucrase activities showed no sig-
nificant difference between the groups, but the activities of
other soil enzymes, including urease (P < 0.05), cellulase

Fig. 5 (continued)
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(P < 0.05), dehydrogenase, and nitrate reductase, were greatly
increased (P < 0.01) after short-term seaweed fertilizer appli-
cation (Table 3).We speculate that the difference in soil urease
activity compared to that determined in the previous report
may have resulted from the differences in the amount of fer-
tilizer applied and the length of treatment time. Soil cellulase
and urease activity have been considered the main indicators
of soil fertility as evaluated by principal component analysis
(Ge et al. 2009). In general, soil enzymatic activities (S-INT,
S-NIR, S-UE, and S-CL) were increased significantly under
seaweed fertilizer treatment in this study. However, there was
no difference in soil sucrase activities between the treatment
group and the control group. Unusual performance of soil
sucrase activity under organic fertilizer treatment has also

been found by other researchers. It has been reported that
the soil sucrase activities in paddy soil are not consistently
increased by treatment with organic manure alone. These sci-
entists indicated that soil temperature, moisture, and pH as
well as soil texture should be taken into account in evaluating
the effects of long-term fertilization on soil biological activity,
and they speculated that sucrase activity in soil may be strong-
ly induced in response to treatments involving lower soil TN
and ammonium nitrogen levels and a higher pH (Ge et al.
2009). Considering that the TN contents of the maize rhizo-
sphere soil between treatments remained stable and the con-
tents of ammonium nitrogen in the treatment group were al-
ways higher than those in the control group during the test
period, it seems that soil texture is an important factor that

Fig. 6 The analysis of significant
differences between two groups at
the phylum level. a MT1 and
MCK1. b MT2 and MCK2. c
MT3 and MCK3. The two-tailed
Student’s t test was used for sig-
nificance testing between two
groups. An asterisk (*) indicates a
significant difference in relative
abundance at a statistical level of
0.05
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affects the activity of soil sucrase, and the specific mecha-
nisms involved need to be further studied.

Functional diversity is an aspect of the overall microbial
diversity in soil and encompasses a range of activities. The
relationship between microbial diversity and function in soil
is largely unknown, but biodiversity has been assumed to influ-
ence ecosystem stability, productivity, and resilience towards
stress and disturbance (Torsvik and Øvreås 2002). Most mi-
crobes in nature have not been studied because traditional
methods for culturing microorganisms limit analysis to those
that grow under laboratory conditions. A bacterial artificial
chromosome (BAC) vector was previously used for construct-
ing libraries of genomic DNA isolated directly from soil, and
metagenomic libraries are a powerful tool for exploring soil
microbial diversity, providing access to genetic information
for uncultured soil microorganisms (Rondon et al. 2000).
Additionally, comparative 16S rRNA gene sequencing analysis
and structural genes such as amoA, as a functional marker of

natural ammonia-oxidizing populations, have been utilized for
the prediction of the functional profile of microbial communi-
ties (Lu and Domingo 2008; Rotthauwe et al. 1997). High-
throughput sequencing has facilitated major advances in our
understanding of microbial ecology and is now widespread in
biological applications. PICRUSt (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States) has
been widely applied to predict the functional composition of a
microbial community’s metagenome from its 16S profile
(Langille et al. 2013). To explore the possible difference in
the microbial community’s functional composition resulting
from seaweed fertilizer application, deep 16S rRNA sequencing
data were subjected to a potential functional diversity analysis
of microbes using PICRUSt in the present study, and we found
that the overall COG functional classification pattern was sim-
ilar between the different soil samples. The predominant COG
functions were energy production and conversion (accounting
for 7.34 to 7.43% of the identified COG categories), transport
and metabolism of carbohydrates (6.24 to 6.56%), amino acids
(8.57 to 8.66%), inorganic ions (5.57 to 5.72%), and signal
transduction mechanisms (6.42 to 6.62%) (Fig. S1). In particu-
lar, it should be noted that the relative abundance of functional
proteins involved in carbohydrate transport and metabolism in
the treatment groups was increased compared with that in the
control treatments, suggesting more active growth of
rhizobacterial cells. Thus, seedling growth may have been pro-
moted due to the interaction between plants and rhizobacteria.

The predicted highly abundant functional enzymes were
dehydrogenase reductase, histidine kinase, RNA polymerase,
and acyl-CoA dehydrogenase (Fig. S2). In conclusion, the
relative abundance of the microbiota varied significantly,
and some functional components of the microbial communi-
ties in the soil were changed. The application of seaweed
fertilizer was confirmed to be beneficial for the growth of
maize seedlings and should provide a promising approach
for the development of sustainable agriculture.
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Fig. 7 The maize seedling biomass on day 40 after seaweed fertilizer
application. FW and RFW represent the above-ground seedling fresh
weight and root fresh weight, respectively. T, seedlings of the treatment
groups (treated with seaweed fertilizer) sampled on day 40 after seaweed
fertilizer application; CK, seedlings of the control groups (treated with
sterile water) sampled on day 40 after seaweed fertilizer application

Table 3 Pearson’s correlation
coefficients between nitrogen
contents and enzymatic activity in
soils

S-CL S-INT S-NIR S-SC S-UE

TN 0.782 (0.066) 0.531 (0.279) 0.247 (0.637) 0.070 (0.895) 0.645 (0.167)

NO3
−-N 0.629 (0.181) 0.714 (0.111) 0.450 (0.371) − 0.252 (0.630) 0.822 (0.045)*

NH4
+-N 0.425 (0.401) 0.770 (0.073) 0.872 (0.024)* 0.163 (0.758) 0.635 (0.175)

A Pearson’s correlation coefficient in the range 0.6 to 0.8 indicates a strong correlation between two variables. A
correlation coefficient over 0.8 indicates a perfect linear relationship. If the coefficient is a positive number, the
variables are directly related. On the other hand, a negative coefficient indicates that the variables are inversely
related. The cellulase, dehydrogenase, nitrite reductase, sucrase, and urease soil enzymes are denoted as S-CL, S-
INT, S-NIR, S-SC, and S-UE, respectively. All the strong correlation coefficients are shown in italic. Numbers in
brackets indicate the significance of the two-tailed test

*Significant correlation at the 0.05 level
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