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1.  INTRODUCTION 

Seagrasses, as foundational species in coastal eco-
systems, exhibit high primary productivity (Harborne 
et al. 2006, Short et al. 2007, McKenzie et al. 2020). 
Seagrass meadows offer numerous ecological and 
economic benefits, including improving water clar-
ity, serving as crucial nursery habitats for diverse 
marine species, mitigating shoreline erosion by dissi-
pating wave energy, reducing exposure to bacterial 
pathogens of humans, and playing a pivotal role in 

nutrient cycling and carbon sequestration (Duarte 
&  Chiscano 1999, Moore 2009, Duarte et al. 2010, 
Lamb et al. 2017, James et al. 2019, Unsworth et al. 
2019). However, they are experiencing significant 
degradation primarily due to persistent anthropogenic 
pressures such as aquaculture and land-based pollu-
tants (Dunic et al. 2021). Recent research has revealed 
alarming statistics indicating that approximately 
19.1% of seagrass meadows worldwide have experi-
enced deterioration since 1880 (Dunic et al. 2021), 
with localized declines reaching levels as high as 
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40–90% (Zheng et al. 2013, Fraser & Kendrick 2017, 
Leblanc et al. 2023). 

Seagrass transplantation, a commonly employed 
restoration strategy, aims to address the decline of 
seagrass meadows (Orth et al. 1999, Tan et al. 2020). 
However, a global meta-analysis of seagrass restora-
tion trials revealed that the average success rate for 
restoration was only 37% (van Katwijk et al. 2016). 
Several influential factors have been identified as cru-
cial elements affecting the success of restoration pro-
jects, in cluding site selection, methodologies for col-
lection and planting, timing of transplants, and the 
impact of bio turbation by resident fauna within 
restored meadows (van Katwijk et al. 2009, Zhang et 
al. 2014). Despite the increasing attention devoted to 
the impact of sedimentary microbial communities on 
seagrass growth and survival in recent years (Tan et 
al. 2020, Mohr et al. 2021, Szitenberg et al. 2022), 
there remains a re search gap concerning the identifi-
cation of bacteria with potential for restoring de -
graded meadows. 

The concept of plant growth-promoting rhizobacte-
ria (PGPR) was introduced by Kloepper & Schroth 
(1978) to characterize soil bacteria that are free-living, 
thrive within the rhizosphere, and exhibit vigorous 
root colonization, ultimately promoting plant growth. 
Several studies have demonstrated the potential of 
specific bacterial communities in sediments to pro-
mote seagrass recovery (Hansen et al. 2000, Mil-
brandt et al. 2008, Celdrán et al. 2012, Cole & Mc -
Glathery 2012, Rabbani et al. 2021). For example, the 
nitrogen fixed by Azotobacter has the potential to sat-
isfy up to 20–90% of nitrogen requirements for eel-
grass growth (Hansen et al. 2000, Cole & McGlathery 
2012). However, transplantation activities often dis-
rupt the rhizosphere populations of PGPR, leading to 
insufficient colonization around seagrass transplants. 
The strains involved in the nitrogen, phosphorus, and 
iron cycles can supplement the nutrient requirements 
of transplanted plants. Furthermore, understanding 
the optimal growth conditions of these bacteria will 
facilitate their large-scale fermentation for formulation 
into microbial inoculants. Therefore, an approach in -
volving isolation of PGPR from their natural habitats 
followed by population propagation through fermen-
tation and formulation is necessary for successful 
large-scale seagrass restoration efforts. This approach 
effectively mitigates transplantation shock caused 
by disrupted rhizosphere bacterial communities and 
enhances the survival and growth of seagrass trans-
plants (Bender et al. 2016, Naamala & Smith 2020, 
Rabbani et al. 2021, Vogel et al. 2021, Wang et al. 
2021). 

Zostera marina, a dominant eelgrass species in 
temperate regions of the northern hemisphere, has 
emerged as a primary focus for restoration endeavors 
due to ongoing habitat losses (Zhang et al. 2020, 
2022). In this study, we isolated and identified poten-
tial PGPR strains from Z. marina rhizospheres using 
field sampling and sequencing techniques. Sub-
sequently, we assessed their functional characteris-
tics and optimized their culture conditions through 
single-factor and response surface experiments. The 
objectives of this research were to evaluate the 
growth-promoting properties of PGPR strains derived 
from Z. marina rhizospheres and determine their 
optimal culture conditions. This study highlights 
Z. marina rhizospheres as a valuable source of cultur -
able bacteria with growth-promoting attributes, un -
veiling the potential use of PGPR in restoring de -
graded seagrass meadows and providing a foundation 
for future restoration strategies. 

2.  MATERIALS AND METHODS 

2.1.  Sample collection 

Eelgrass plants were aseptically collected with a 
sterile shovel from a 50 × 50 m donor bed located in 
a  Zostera marina meadow in Swan Lake (37°21’ N, 
122°34’ E), Rongcheng, Shandong Province, China, in 
October 2021 (Fig. 1). The loosely attached soil sur-
rounding the roots was gently removed to collect rhizo-
sphere samples within approximately 1–3 mm from the 
root (Zhuang et al. 2021, Jiang et al. 2023). All collected 
samples were immediately placed in sterilized polyeth-
ylene bags, stored at 4°C, and transported to the labo-
ratory within 4 h. At the same time, temperature (mer-
cury thermometer), salinity (YSI 650 MDS), and pH 
(PHS-25) in seawater, and available nitrogen, available 
phosphorus, sulfide, and petroleum hydrocarbons 
(C10–C40) in sediments were measured (±SD) as 23 ± 
1.0°C; 27.7± 0.4 PSU; 8.1± 0.5; and 13.6 ± 2.2, 4.24 ± 
0.3, 52.3 ± 5.7, and 26.0 ± 2.7 mg kg–1, respectively. 

2.2.  Experimental procedure and sample calculations 

2.2.1.  Isolation of root-associated bacteria 

In the laboratory, a total of 10 g of rhizosphere soils 
was aseptically transferred into a sterile 250 ml coni-
cal bottle containing 90 ml of sterile saline solution 
(0.85% NaCl) and was shaken (180 rpm for 30 min) at 
28°C to form a sediment suspension. The suspension 
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was serially diluted into concentration gradients of 
10–2, 10–3, 10–4, 10–5, and 10–6. Then, 0.1 ml of each 
dilution with 3 replicates was evenly spread onto 
2216E medium (Wang et al. 2015), National Botanical 
Research Institute phosphate (NBRIP) medium (Li et 
al. 2019), and Ashby’s nitrogen-free selective medium 
(Wakarera et al. 2022), respectively. The 2216E medium 
provides an optimal environment for the proliferation 
of diverse aquatic microorganisms and is extensively 
utilized in marine microbiology research. The NBRIP 
medium is employed for the screening of phosphate-
solubilizing bacteria, while Ashby’s medium serves as a 
selective culture medium specifically designed for 
the isolation and cultivation of autotrophic nitrogen-
fixing bacteria. Plates were incubated at 28°C for 2–
7  d. Colonies exhibiting distinct morphologies were 
carefully selected for further purification on 2216E 
culture medium and incubated for an additional 24–
48 h at 28°C. The purified isolates were then pre-
served in 20% glycerol at –80°C until further use. 

2.2.2.  Genotypic characterization of bacterial isolates 

The taxonomic classification of purified strains, 
which exhibited distinct morphological differences, 
was determined using the 16S rRNA technique. DNA 
extraction was conducted using the Bacterial DNA 
Isolation Kit (Norgen Biotek). The 16S rRNA genes 
of the isolated colonies were amplified using a 30 μl 
PCR mixture as follows: 15 μl of Taq polymerase PCR 
Mix (Takara), 13 μl of double distilled water (dd water), 
1 μl of template DNA, and 0.5 μl each of forward oli-
gonucleotide primer 27F (5’-AGA GTT TGA TCA 
TGG CTC AG-3’) and re verse primer 1492R (5’-GTT 
TAC CTT GTT ACG ACT T-3’). The PCR conditions 
comprised an initial denaturation step at 94°C for 

5 min; followed by 30 cycles of denaturation at 94°C 
for 1 min, an nealing at  55°C for 1 min, extension at 
72°C for 1.5 min; and a final extension step at 72°C for 
10 min. The PCR products were subsequently sent to 
BGI Genomics (Shenzhen) for sequencing analysis. 
The obtained sequences were analyzed using the 
Blast-N program available through the NCBI web ser-
vice (www.ncbi.nlm.nih.gov/) (Altschul et al. 1990). 

2.3.  Screening of root-associated bacteria as 
potential PGPR 

2.3.1.  Growth in nitrogen-free medium and nifH 
gene amplification 

The nifH gene serves as the most extensively 
sequenced marker gene utilized for the identification 
of nitrogen-fixing bacteria. According to the con-
ditions described by Gaby & Buckley (2012), the nifH 
gene fragment (360 bp), encoding nitrozyme reduc-
tase, was PCR-amplified from strains capable of grow-
ing on Ashby’s nitrogen-free selected medium using 
the primers nifHF (5’-ATG TCG GYT GYG AYC CSA 
ARG C-3’) and nifHR (5’-ATG GTG TTG GCG GCR 
TAV AKS GCC ATC AT-3’). The PCR conditions com-
prised an initial denaturation step at 94°C for 5 min; 
followed by 30 cycles of denaturation at 94°C for 30 s, 
annealing at 55°C for 30 s, extension at 72°C for 30 s; 
and a final extension step at 72°C for 10 min. 

2.3.2.  Phosphate solubilization 

For qualitative determination, the strains that could 
grow on the NBRIP medium during the initial screening 
were spotted onto the NBRIP medium with sterilized 
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toothpicks according to the method of Nautiyal (1999). 
Each strain was spotted 3 times. Subsequently, the 
petri dishes were incubated at 28°C for 5 d to ob serve 
the presence of clear halos (halozones) around the col-
onies. To assess phosphate solubilization, the phosphate 
solubilization index (PSI) was determined for colonies 
surrounded by clear halos according to the method re-
ported by Serrano et al. (2013): PSI = (colony diameter + 
halozone diameter) / colony diameter. 

For quantitative determination, overnight activation 
was performed on strains that produced clear halos and 
on strains that grew well on NBRIP medium al though 
they did not produce clear halos. Subsequently, a 1% 
inoculum size of these activated cultures was trans-
ferred to NBRIP liquid medium and incubated at 28°C 
with agitating at 180 rpm for 5 d. Each strain was tested 
3 times. The concentration of dissolved phosphorus 
was measured by subjecting the supernatant from a 
1  ml bacterial suspension (obtained through centrif-
ugation at 4000 rpm (1400 × g) for 30 min) to quantifi-
cation using the antimony molyb denum colorimetric 
method described by Houida et  al. (2022). The pH 
measurements of the liquid medium were conducted 
both at the beginning and end of the experiment. 

2.3.3.  Production of indole-3-acetic acid (IAA) 

For qualitative determination, the IAA production 
test was performed with all 45 strains determined 
after sequencing, and repeated 3 times for each strain. 
Each isolate was inoculated into 2216E medium sup-
plemented with L-tryptophan (200 g ml–1) and incu-
bated at 28°C with agitation (180 rpm for 48 h) to 
assess the IAA production capability. Subsequently, 
50 μl of bacterial suspension were dispensed into 
individual wells of a 96-well plate. Salkowski chromo-
genic reagent (consisting of 1 ml 0.5 mol l–1 FeCl3 
and 50 ml 35% HClO4) was added twice to the bacte-
rial suspension, following the method described by 
Bric et al. (1991). An IAA standard solution (50 mg l–1) 
was used as a positive control, while uninoculated 
medium served as the negative control. The 96-well 
plate was then placed in darkness at 25°C for 30 min. 
The development of a pink color indicated the capac-
ity of the strain to produce IAA. 

The quantitative assessment of IAA yield was per-
formed on strains that exhibited positive results (pink) 
in the qualitative experiment, and repeated 3 times for 
each strain. A 1.5 ml bacterial suspension was collected 
into a 2 ml centrifuge tube and subjected to centrif-
ugation at 10 000 rpm (9000 × g) for 15  min. Sub-
sequently, 1 ml of the supernatant was mixed with 2 ml 

of Salkowski’s solution, and the mixture was kept in 
darkness for 30 min. The absorbance of the solution 
was determined at 530 nm using a spectrophotometer 
and quantified by referencing a standard curve that 
was prepared separately using known concentrations 
of commercial IAA (Sigma-Aldrich) (Houida et al. 2022). 

2.3.4.  Production of siderophores 

The siderophore production test was performed with 
all 45 strains determined after sequencing, and re-
peated 3 times for each strain. Siderophore production 
was assessed using petri dishes containing catechol 
amphiphilic substances (CAS)-agar, with the composi-
tion of the CAS blue solution following the specifica-
tions reported by Schwyn & Neilands (1987). Pure iso-
lates were aseptically inoculated onto CAS agar plates 
using sterile toothpicks and then incubated at 28°C for 
a period of 7–10 d. Colonies exhibiting orange zones 
around them were identified as siderophore-producing 
strains. To assess the siderophore production capacity, 
the solubilization index (SI) was determined according 
to the presence of an orange halo around the colony as: 
SI = (colony diameter + halozone diameter) / colony 
diameter. 

2.3.5.  Production of NH3 

The NH3 production test was performed with all 
45  strains determined after sequencing. The strains 
were inoculated into test tubes containing a peptone 
solution (10 g l–1) and incubated at 28°C with agita-
tion (180 rpm for 72 h). After incubation, 0.5 ml of 
Nessler’s reagent was added to each tube, and un -
inoculated medium served as the control. The appear-
ance of a yellow color upon the addition of Nessler’s 
reagent indicated the presence of accumulated am -
monia, following the method described by Singh et 
al. (2020). 

2.4.  Optimization of strain culture conditions 

Understanding the optimal growth conditions for 
bacteria in liquid media is crucial for enhancing the 
biomass production of specific strains, given the var-
ied factors influencing bacterial proliferation. This is 
particularly significant in studies of bacteria, where 
strains often have distinct environmental requirements 
and some may exhibit slow and particular growth pat-
terns. A series of single-factor experiments on tem-
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perature, salinity, and pH were conducted to optimize 
the culture conditions for strains selected with at least 
4 growth-promoting characteristics. Each single-fac-
tor experiment was maintained for 48 h and repeated 
3 times. The optical density at 600 nm (OD600) of each 
treatment was measured using an ultra-sensitive 
microplate reader workstation (SpectraMax i3x). The 
culture temperature, the salinity of the liquid culture 
medium, and the pH were optimized along with their 
interactions by using a Box-Behnken design of re -
sponse surface methodology. 

2.4.1.  Temperature optimization 

The experiment consisted of 8 temperature treat-
ments (16, 20, 24, 28, 32, 36, 40, and 44°C). The activated 
bacterial solution was inoculated into a 2216E liquid 
medium (pH = 7.2, salinity = 30 PSU) using 1% inocu-
lum size. The samples were incubated in a shaking in-
cubator (180 rpm for 48 h) under different temperature 
treatments. Subsequently, OD600 was measured to 
assess the growth and reproduction of the strains. 

2.4.2.  Salinity optimization 

The experiment consisted of 7 salinity treatments 
(10, 15, 20, 25, 30, 35, and 40 PSU). The activated bac-
terial solution was inoculated into a 2216E liquid 
medium (pH = 7.2) using 1% inoculum size. The sam-
ples were incubated at 28°C in a shaking incubator 
(180 rpm for 48 h) under different salinity treatments. 
Subsequently, OD600 was measured to assess the 
growth and reproduction of the strains. 

2.4.3.  pH optimization 

The experiment consisted of 8 pH treatments (3.0, 
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0). The activated bac-
terial solution was inoculated in a 2216E liquid 
medium (salinity = 30 PSU) using 1% inoculum size. 
The samples were incubated at 28°C in a shaking 
incubator (180 rpm for 48 h) under different pH treat-
ments. Subsequently, OD600 was measured to assess 
the growth and reproduction of the strains. 

2.4.4.  Response surface methodology  

A Box-Behnken design was employed to optimize 
the interactions among temperature, salinity, and pH 

of the culture liquid medium using the statistical soft-
ware Design Expert 13 (StatEase). The F-value was 
computed through analysis of variance to establish 
the most appropriate model for data fitting (Tables S1–
S5 in the Supplement at www.int-res.com/articles/
suppl/m746p017_supp.pdf). The mathematical rela-
tionship between the response variable (Y, OD600) and 
the independent variables (Xi) was modeled by a sec-
ond-order polynomial function: 

                                                                    (1) 

where Y: predicted response (OD600); β0: intercept; β1, 
β2, and β3: linear coefficients; β11, β22, and β33: squared 
coefficients; β12, β13 and β14: interaction coefficients of 
the equation; X1, X2, and X3: independent variables, 
representing temperature, salinity, and pH, respec-
tively. The optimal fermentation conditions identified 
by the Box-Behnken design were validated by con-
ducting 3 parallel experiments, thus ensuring the sci-
entific rigor and reliability of the experimental model. 

2.5.  Statistical analysis 

The data are reported as means ± SD. Bar charts and 
3D response surface maps were generated using Orig-
inPro 2022b software (OriginLab). A phylogenetic tree 
was constructed using the neighbor-joining method in 
MEGA 6.0. In response surface experiments, the sig-
nificance of the effect of the independent variables on 
the response was assessed using ANOVA and Fisher’s 
test, with p < 0.05 indicating significance. The multiple 
correlation coefficient (R2) and adjusted R2 were uti-
lized as quality indicators for evaluating the fit of the 
second-order polynomial model equation. 

3. RESULTS

3.1.  Isolation and identification of PGPR 

A total of 45 bacterial strains were isolated and identi-
fied using field sampling and sequencing techniques 
(Table S6). The results of 16S rRNA gene sequencing 
revealed that the bacterial isolates belonged to 4 
phyla, 6 classes, and 41 genera. Pseudomonadota 
accounted for the majority at 71.1%, followed by 
Bacilli at 17.8%, Bacteroidota at 6.7%, and Actinobac-
teriota at 4.4% (Fig. 2). The se quences obtained in this 
study were uploaded and are available in GenBank 
under accession number SUB14420082. 

Y X X X X X
X X X X X X X

0 1 1 2 2 3 3 11 1
2

22 2
2

33 3
2

12 1 2 13 1 3 23 2 3

b b b b b b

b b b b

= + + + + +
+ + + +
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Fig. 2. Distribution and abundance of bacteria isolated from the Zostera marina rhizosphere



Sun et al.: PGPR from Zostera marina

3.2.  Screening of root-associated bacteria  
as potential PGPR 

3.2.1.  Nitrogen fixation 

Six strains (F63, G79, G84, G85, G86, and J111) were 
amplified for the nifH gene, producing a 360 bp product 
(Fig. 3). Molecular analysis based on 16S rRNA gene se-
quencing revealed that these 6 isolates exhibited max-
imum sequence similarity to Klebsiella oxytoca JCM 
1665 (99.58%), Shewanella basaltis J83 (99.65%), Pan-
toea cypripedii LMG 2657 (98.66%), K. variicola F2R9 
(99.86%), Novo sphingobium profundi F72 (98.83%), and 
Gallaecimonas pentaromativorans CEE 131 (99.65%), 
respectively. 

3.2.2.  Phosphate solubilization 

Six strains (F65, G71, G84, G85, I109, and K123) exhib-
ited halozones on Pikovskaya’s agar (NBRIP medium + 
agar), while strains G86 and J120 displayed normal 
growth on the medium but lacked halozones (Fig. 4). 
The PSI of the isolates ranged from 2.1 to 7.0 (Table 1). 
Quantitative experiments revealed that strain J120 dem-
onstrated the highest phosphorus dissolution ability, 
with a dissolved amount of up to 393.9 mg l–1. Strain 
G84 exhibited limited ability, with only 14.6 mg l–1 dis-
solved amount. The remaining strains released soluble 
orthophosphate in the range of 28.8 mg l–1 to 130.5 mg 
l–1. The pH of the medium decreased within a range of 
5.4 to 6.7. Pearson correlation analysis revealed a sig-
nificant negative correlation between the pH of the 
culture medium and phosphorus solubilization by the 
strains (p < 0.001); however, no significant correlation 
was observed with PSI (p = 0.510) (Table 2). 

3.2.3.  Production of IAA 

Among the 45 tested strains, 11 exhibited the ability to 
produce IAA (Fig. 5A). Quantitative analysis re vealed 
that strain I109 displayed the highest level of IAA pro-
duction (42.8 mg l–1), while the remaining strains pro-
duced IAA within a range of 16.3–34.9 mg l–1 (Fig. 5B). 

3.2.4.  Production of siderophores 

The isolates obtained in this study also demon-
strated promising results with regard to siderophore 
production. Out of the 45 isolates obtained, 32 (72.7 %) 
were capable of producing siderophores. However, a 

few strains exhibited low solubility in dices, with only 
12 strains surpassing a solubility index of 2.5 (Fig. 6A). 
Among them, strain E46 displayed the highest solu-
bility index (4.05 ± 0.29), while strain F67 exhibited 
the lowest solubility index (2.90 ± 0.40) (Fig. 6B). 

3.2.5.  Production of NH3 

In an in vitro examination to detect ammonia pro-
duction, positive results were observed in 20 strains 
(44.4%) (Fig. 7). Notably, strains C26, F63, F65, F66, 
G86, I104, I106, and J112 exhibited significant color 
changes compared to the control, indicating their abil-
ity to produce ammonia. 

3.3.  Strain culture conditions 

3.3.1.  Strain F65 

The OD600 of strain F65 initially in creased with 
the elevation in culture temperature, reaching a 
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Fig. 3. PCR amplification of the nifH gene from genomic 
DNA of 6 bacterial strains isolated from the Zostera marina  

rhizosphere

Fig. 4. Assessment of the phosphate-solubilization ability of 
bacterial strains isolated from the Zostera marina rhizosphere. 
Strains G86 and J120 show normal growth and lack halozones;  

the other 6 strains display halozones 
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maximum value of 0.623 at 36°C, followed by a 
sharp decline to 0.074 at 44°C (Fig. 8A). Salinity 
levels ranging from 10 to 40 PSU exhibited a neg-
ligible impact on the proliferation of the strain 
(Fig.  8B). The highest OD600 value of 0.581 was 
observed at 20 PSU, while the lowest value of 0.480 
was recorded at 40 PSU. Strain F65 demonstrated 
a  preference for weak acidic conditions over alka-
line  environments (Fig. 8C). The regression model 
describing the relationship between the OD600 value 
of strain F65 and the factors influencing the growth 
is as follows: 

                                                                     (2) 

Based on model predictions, the ideal fermenta-
tion parameters were determined to be a culture 
temperature of 33.607°C, salinity of 20.810 PSU, 
and pH of 4.564, resulting in a predicted OD600 
value of 0.660 (Fig. 8D–F). For experimental conve-
nience purposes, the strain was fermented at a tem-
perature of 34°C, salinity of 21 PSU, and pH of 4.5 
for 3 repeated experiments conducted over a period 
of 48 h each time. The average obtained OD600 
value of 0.636 was approximately equal to that pre-
dicted by the model. 

. . . .
. . . .

. .

OD X
X X X X

X X

X X
X X X

18 61 0 67 1 80 2 71
0 01 0 01 0 02 0 01

0 42 0 25

–
– – –

– –

600 1 2 3

1 2 1 3 2 3 1
2

2
2

3
2

= + + +
+
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Strain                 PSI                        Broth                         pH of 
                                            (mg l–1 P solubilized)        medium 
 
F65                2.1 ± 0.2              75.9 ± 1.8                  5.9 ± 0.1 
G71                2.6 ± 0.2               130.5 ± 8.1                  5.8 ± 0.3 
G84                7.0 ± 0.9              14.6 ± 0.8                  6.7 ± 0.1 
G85                5.7 ± 0.9             64.6 ± 10.1                6.0 ± 0.2 
G86                      –                    96.4 ± 1.0                  6.1 ± 0.4 
I109               3.6 ± 0.4              28.8 ± 2.4                  6.2 ± 0.0 
J120                     –                  393.9 ± 45.2                5.4 ± 0.1 
K123              6.6 ± 0.5               107.2 ± 9.2                  5.9 ± 0.3

Table 1. Comparison of tricalcium phosphate solubilization 
by bacterial isolate strains in agar and broth using NBRIP me-
dium. Data are expressed as means ± SD. PSI: phosphate  

solubilization index

                                        PSI                      Broth                      pH of 
                                                      (mg l–1 P solubilized)    medium 
 
PSI                                  1                                                            
Broth (mg l–1 P        0.152                       1                               
 solubilized) 
pH of medium         –0.354               –0.824**                     1

Table 2. Pearson correlation analysis between phosphate sol-
ubilization index (PSI), broth (P solubilized), and pH of the 
medium. ** indicates a highly significant correlation between  

the 2 indicators (p < 0.01)
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Fig. 5. Determination of the indole-3-acetic acid (IAA)-production ability of bacterial strains isolated from the Zostera marina 
rhizosphere. (A) Visualization of IAA through a color reaction; the 11 strains that exhibited an ability to produce IAA are  

labeled. (B) Quantification of the IAA-production ability of each of the 11 strains 
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Fig. 7. Assessment of the ammonia-production ability of bacterial strains isolated from the Zostera marina rhizosphere. Strains 
surrounded by red boxes showed color changes compared to the control, indicating their ability to produce ammonia
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Fig. 6. Assessment of the siderophore-production ability of bacte-
rial strains isolated from the Zostera marina rhizosphere. (A) Qual-
itative evaluation of siderophore production (indicated by yellow 
halos) in a subsample of isolates. (B) Quantitative experimental 
results for the 12 strains that surpassed a solubility index of 2.5 
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3.3.2.  Strain G84 

The OD600 of strain G84 initially increased with the 
elevation in culture temperature, reaching a maxi-
mum value of 0.616 at 24°C, followed by a decline to 
0.042 at 44°C (Fig. 9A). The effect of salinity on 
strain G84 was similar to that observed for strain F65, 
with the highest OD600 value (0.532) recorded at 
20 PSU, while the lowest value (0.354) was observed at 
40 PSU (Fig.  9B). Strain G84 exhibited an increas-
ing trend in OD600 values, peaking at pH 6.0 (0.543), 
and subsequently decreasing to a minimum value of 
0.001 at pH 10.0 (Fig. 9C). The regression model 
describing the relationship between the OD600 value 
of strain G84 and its growth-influencing factors is 
as follows: 

                                                                     (3) 

The optimal fermentation parameters were deter-
mined based on model predictions, which included a 
culture temperature of 24.144°C, salinity of 22.180 PSU, 
and pH of 5.860, resulting in a predicted OD600 of 
0.615 (Fig. 9D–F). To ensure experimental conve-
nience, the strain was fermented at a temperature 
of  24°C, salinity of 22 PSU, and pH of 5.9 for 3 re -
peated experiments conducted over a period of 48 h 

each time. The average obtained OD600 value of 0.621 
closely matched the value predicted by the model. 

3.3.3.  Strain G85 

The OD600 values of strain G85 initially in creased 
with the elevation in culture temperature, reaching a 
maximum value of 0.620 at 36°C, followed by a sharp 
decline to 0.047 at 44°C (Fig. 10A). The highest OD600 
value of 0.564 was observed at 25 PSU, while the 
lowest value of 0.443 was recorded at 40 PSU 
(Fig. 10B). The effect of pH on strain G85 was simi-
lar to that on strain F65 (Fig. 10C). The regression 
model describing the relationship between the OD600 
value of strain G85 and its growth-influencing factors 
is as follows: 

                                                                     (4) 

Based on model predictions, the optimal fermenta-
tion parameters were determined as follows: a culture 
temperature of 39.360°C, salinity of 23.440 PSU, and 
pH of 6.066, resulting in an expected OD600 value of 
0.625 (Fig. 10D–F). For experimental convenience pur-
poses, the strain was fermented at a temperature of 
39°C, salinity of 23 PSU, and initial pH of 6.1 for 3 re-
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Fig. 8. Effect of cross-interaction among (A) culture temperature, (B) salinity, and (C) pH on the optical density at 600 nm (OD600) 
of bacterial strain F65 isolated from the Zostera marina rhizosphere. (D–F) Combined effect of (D) temperature and salinity, (E)  

temperature and pH, and (F) pH and salinity. Data are expressed as means ± SD 
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peated experiments conducted over a period of 48 h 
each time. The average obtained OD600 value of 0.639 
was approximately equal to that predicted by the model. 

3.3.4.  Strain G86 

The OD600 of strain G86 initially increased with the 
elevation in culture temperature, reaching a maxi-

mum value of 0.620 at 28°C, followed by a decline to 
0.050 at 44°C (Fig. 11A). The highest OD600 value of 
0.615 was observed at 25 PSU, while the lowest value 
of 0.112 was observed at 40 PSU (Fig. 11B). Within the 
pH range of 3.0 to 7.0, the fermentation ability of 
strain G86 exhibited gradual improvement with in -
creasing pH levels. At pH = 7.0, the strain displayed 
the highest fermentation capacity with an OD600 value 
of 0.601 (Fig. 11C). The regression model describing 
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Fig. 9. As in Fig. 8, but for strain G84

Fig. 10. As in Fig. 8, but for strain G85
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the relationship between the OD600 value of strain G86 
and the factors influencing its growth is as follows: 

                                                                     (5) 

Based on model predictions, the optimal fermenta-
tion parameters were determined to be a culture tem-
perature of 26.928°C, salinity of 22.650 PSU, and pH 
of 6.858, resulting in a predicted OD600 value of 0.632 
(Fig. 11D–F). For experimental convenience purposes, 
the strain was fermented at a temperature of 27°C, 
salinity of 23 PSU, and initial pH of 6.9 for 3 repeated 
experiments conducted over a period of 48 h each 
time. The average obtained OD600 value of 0.646 was 
approximately equal to that predicted by the model. 

3.3.5.  Strain I109 

The OD600 of strain I109 initially increased with the 
elevation in culture temperature, reaching a maxi-
mum value of 0.612 at 40°C, followed by a decline to 
0.027 at 44°C (Fig. 12A). Salinity levels ranging from 
10 to 40 PSU exhibited negligible impacts on the pro-
liferation of the strain (Fig. 12B). The highest OD600 
value of 0.556 was observed at 25 PSU, while the lowest 
value of 0.369 was recorded at 40 PSU. Strain I109 
exhibited a preference for weakly acidic conditions, 

with the maximum value of 0.687 being achieved at 
pH = 4.0 (Fig. 12C). The regression model describing 
the relationship between the OD600 value of strain I109 
and the factors influencing its growth is as follows: 

                                                                     (6) 

Based on model predictions, the optimal fermenta-
tion parameters were determined to be a culture tem-
perature of 38.619°C, salinity of 24.950 PSU, and pH 
of 4.338, resulting in a predicted OD600 value of 0.657 
(Fig. 12D–F). For experimental convenience pur-
poses, the strain was fermented at a temperature of 
39°C, salinity of 25 PSU, and initial pH of 4.3 for 3 
repeated experiments conducted over a period of 48 h 
each time. The average obtained OD600 value of 0.657 
was equal to that predicted by the model. 

4.  DISCUSSION 

4.1.  Plant growth-promoting properties of bacterial 
strains isolated from Zostera marina rhizospheres 

The isolates in our study exhibited favorable traits 
as potential PGPR, demonstrating diverse mech-
anisms that suggest their ability to enhance growth in 
Zostera marina. One of these advantageous charac-
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Fig. 11. As in Fig. 8, but for strain G86
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teristics is evidenced by the presence of nitrogen-
fixing genes within the bacterial strains. For instance, 
the isolated strains G84, G85, and G86 were able to 
thrive on a nitrogen-free medium. Seagrass growth, 
particularly, is often constrained by essential nutrient 
elements such as nitrogen and phosphorus (Touch-
ette & Burkholder 2000). Specialized nitrogen-fixing 
bacteria play a crucial role in converting atmospheric 
nitrogen, which is not directly assimilable by most 
plants, into an organic form that can be accessed by 
plants (Nosheen et al. 2021). Recent studies have 
highlighted the essential contribution of nitrogen-
fixing bacteria in fulfilling the nitrogen requirements 
of seagrasses (Mohr et al. 2021). Notably, rhizome-
associated microorganisms have been identified as 
major suppliers, accounting for 65–90 % of the nec-
essary nitrogen for seagrass growth (Hansen et al. 
2000, Cole & Mc Glathery 2012). In our study, hetero-
trophic diazotrophs were isolated from the rhizosphere 
of Z. marina, encompassing genera such as Klebsiella, 
Shewanella, Pantoea, Novosphingobium, and Gallae-
cimonas, most of which were identified as nitrogen-
fixing strains (Merbach et al. 1997, Smit et al. 2012, 
He et al. 2021). Notably, Pantoea has also been iso-
lated from Thalassia hemprichii (Ling et al. 2010), 
suggesting its potential ubiquity in both temperate 
and tropical seagrass ecosystems where it may exert a 
significant influence on nitrogen fixation. 

The ability to solubilize rock phosphate is a promis-
ing trait for selecting bacteria capable of enhancing 
available phosphorus in the rhizosphere (Richardson 

& Simpson 2011, Bhattacharyya & Jha 2012). The 
strains isolated in this study, which belong to the 
common phosphorus-solubilizing Pseudomonadota, 
exhibited a range of phosphorus-soluble content 
from 14.6 to 393.9 mg l–1. The variation in phosphate-
solubilization abilities among bacterial strains can be 
attributed to factors such as genetic variation, envi-
ronmental adaptations, and growth stages (Rawat et 
al. 2021). Acid secretion is a crucial mechanism 
employed by phosphate-solubilizing bacteria to dis-
solve insoluble phosphorus in soil (Rawat et al. 2021). 
In our experiment, the ability of strains to solubilize 
calcium phosphate exhibited a significant correlation 
with the reduction in pH of the culture medium, 
which can be attributed to the bacterial production of 
organic acids. The insoluble inorganic phosphorus 
can be effectively dissolved and released, thereby 
meeting the essential phosphorus requirements for 
seagrass growth. Assessing the ability of a strain for 
phosphorus dissolution through halo-based techniques 
often faces skepticism due to the possibility that cer-
tain isolates may not generate visible halos or bands 
on agar plates, yet they can effectively solubilize var-
ious forms of insoluble inorganic phosphates when 
cultivated in liquid media (Gupta et al. 1994). Similarly, 
our experiments also showed that PSI does not neces-
sarily correspond to the ability of a strain to solubilize 
phosphorus. Some strains, such as F65 and J120, dem-
onstrated substantial phosphate-solubilization capa-
bility despite lacking visible halos on Pikovskaya's 
agar, as revealed by quantitative experiments. There-
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fore, future analogous studies should employ a more 
effective approach by integrating the halo method 
with other methodologies, such as the antimony–
molybdenum colorimetric method. 

Plant hormones play crucial roles in regulating 
various aspects of plant growth and development. 
Among these hormones, IAA has been widely studied 
as a kind of auxin, which controls processes such as 
cell division, elongation, differentiation, and pattern 
formation (Fu et al. 2015). For example, Li et al. (2024) 
demonstrated that monthly supplementation with 
200 mg l–1 IAA effectively enhanced the leaf elonga-
tion rate, root vitality, and photosynthetic capacity 
of  transplanted T. hemprichii. In addition to higher 
plants, the synthesis of IAA has also been observed in 
bacteria (Forni et al. 2017). Etesami et al. (2014) iso-
lated and cultured 70 strains from the rhizosphere of 
rapeseed that produced IAA, and in pot experiments, 
all of the strains demonstrated superior colonization 
and growth-promoting activity on rice seedlings. Simi-
larly, in our study, we identified 11 strains capable of 
producing IAA at concentrations ranging from 16.3 to 
34.9 mg l–1, highlighting their significant potential as 
PGPR. 

Bacteria isolated from soil often possess the ability 
to produce siderophores, which play a crucial role in 
maintaining the iron cycle and promoting biodiver-
sity and plant growth within the ecosystem (Timo-
feeva et al. 2022). For instance, Singh et al. (2020) 
found that 78% of strains isolated from rhizospheres 
demonstrated siderophore production, while do Carmo 
et al. (2011) observed this ability in 84% of bacteria 
from mangrove rhizospheres. In bacteria isolated 
from tropical seagrass, Lin et al. (2021) found that 44% 
exhibited siderophore production. In our experi-
ments, approximately 73% of rhizosphere bacteria 
demonstrated the ability to produce siderophores. 

4.2.  Optimization of strain culture conditions 

The impact of temperature on strain growth has 
been extensively investigated in previous studies 
(Rousk & Baath 2011, Patni et al. 2018). Our findings 
demonstrated that strains F65, G85, and I109 exhib-
ited robust growth at approximately 40°C, while G84 
and G86 thrived at around 24°C. The sensitivity of dif-
ferent strains to temperature varies (Diao et al. 2018, 
Wu et al. 2019). In general, extreme temperatures are 
detrimental to strain growth. Low temperatures tend 
to constrain cellular activity and metabolism (Berry 
&  Foegeding 1997), whereas elevated temperatures 
can disrupt bacterial membrane structure, enzymes, 

DNA, and proteins, leading to a loss of vitality (Biran 
et al. 2018). In our study, we observed that when the 
ambient temperature reached 44°C, the growth of the 
tested strains was inhibited or stagnated. 

The investigation of salt-tolerant microorganisms in 
agriculture has garnered significant attention (Ete-
sami & Beattie 2018). For instance, Tiwari et al. (2011) 
successfully isolated salt-tolerant PGPR strains capable 
of withstanding NaCl concentrations ranging from 
20  to 250 PSU, including bacteria such as Pseudo-
monas mendocina, Bacillus pumilus, Halomonas sp., 
and Nitrinicola lacisaponensis. In our study, strains 
F65, G84, G85, G86, and I109 exhibited remarkable 
adaptation to low-salinity conditions (10–40 PSU), 
displaying minimal growth and reproductive alter-
ations in response to changes in salinity levels. These 
findings are consistent with previous studies (Larsen 
1986, Etesami & Beattie 2018). However, the optimal 
growth range for these bacteria was observed at salin-
ities of 20–25 PSU. This observation aligns well with 
the sedimentary conditions during strain screening 
within Z. marina. 

The proliferation and energy metabolism of microbes 
are significantly influenced by environmental pH 
(Wang et al. 2011). In our study, strains F65, G84, 
G85, and I109 exhibited enhanced growth in neutral 
to weakly acidic environments, contrary to previous 
studies indicating their preference for neutral pH 
conditions (Nojoumi et al. 1995, Jung et al. 2002, Tan-
tasuttikul & Mahakarnchanakul 2019). These varia-
tions can be attributed to the diverse growth require-
ments of different strains, even within the same 
genus, influenced by distinct isolation conditions 
(Sjöström & Larsson 1996, Bessa et al. 2012). Notably, 
these strains were isolated from the rhizosphere of 
Z.  marina, which is rich in various small-molecule 
organic acids (Liu et al. 2014, Sun et al. 2021). Their 
ability to thrive in mildly acidic conditions enables 
colonization and growth within the Z. marina rhizo-
sphere as demonstrated in previous studies (Zhalnina 
et al. 2018). 

4.3.  Conclusion 

In summary, this study successfully isolated and 
characterized 45 strains from the rhizosphere of Z. 
marina. Among them, 5 strains (F65, G84, G85, G86, 
and I109) exhibited multiple growth-promoting prop-
erties including nitrogen fixation, phosphate solubi-
lization, IAA production, siderophore production, 
and ammonia production. Notably, these strains also 
demonstrated remarkable adaptability to a wide range 
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of environmental conditions encompassing tempera-
ture variations as well as salinity and pH fluctuations. 
These findings underscore their potential as effective 
inoculants for providing essential nutrients to trans-
planted plants while promoting their growth and 
development. Subsequent mesocosm experiments and 
field trials are essential to elucidate the actual capa-
bilities and mechanisms underlying the promotion 
effects of these strains on Z. marina. 
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