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Abstract

Bacteria have the abilities of salt tolerant, mineral weathering and plant growth promoting can promote the growth of plants in
saline lands. However, few reports of the mineral weathering capacity of halophilic-endophytic bacteria, raising the question
of whether the halophilic-endophytic weathering bacteria are fundamentally distinct from those in plants communities. In
this study, we isolated and characterized halophilic bacterial strains from the roots and leaves of Suaeda salsa and Spartina
anglica with respect to their mineral weathering pattern, role in the promoting plant growth, community structure, and their
changes in these two plants. Using improved Gibbson medium, we obtained 156 halophilic bacterial strains, among which
92 and 64 strains were isolated from the S. salsa and S. anglica samples, respectively. The rock weathering patterns of the
isolates were characterized using batch cultures that measure the quantity of Si, Al, K, and Fe released from crystal biotite
under aerobic conditions. Significantly, the biomass and capacity of the mineral weathering of the halophilic-endophytic
bacteria were different in the plants. The abundance of the halophilic-endophytic bacterials in the Suaeda salsa was sig-
nificantly greater than Spartina anglica, whereas the mineral weathering bacterial in the Suaeda salsa was similar to the
Spartina anglica. Furthermore, the proportion of plant growth-promoting bacteria in the Suaeda salsa was higher than
Spartina anglica. Phylogenetic analyses show that the weathered minerals were inhabited by specific functional groups of
bacteria (Halomonas, Acinetobacter, Burkholderia, Alcaligenes, Sphingobium, Arthrobacter, Chryseobacterium, Paeni-
bacillus, Microbacterium, Ensifer, Ralstonia and Enterobacter) that contribute to the mineral weathering. The changes in
halophilic endophytes weathering communities between the two plants were attributable not only to major bacterial groups
but also to a change in the minor population structure.
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Introduction

Soil salinization is one of the most serious environmental
problems in the world (Alharby et al. 2018; Jafari et al. 2018;
Walter et al. 2018; Wang et al. 2018; Yuan 2015). For variety
of reasons, such as vegetation destruction, water pollution,
and inappropriate irrigation problem, the process of soil
salinity speeds up year by year. But more and more people
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realized the tidal flats, which were very precious biologi-
cal resources and have yet to be used and exploited. Many
halophilic bacteria play an important role in salt-tolerant
plants of tidal flats (Aljohny 2015). According to the bacte-
rial growth, demand for NaCl and the optimum growth con-
centration of NaCl, Larsen and Vreeland divide bacteria into
four categories (Larsen et al. 1987; Vreeland 1987): non-hal-
ophilic bacteria (non-halophiles), which do not need NaCl or
low concentration of NaCl (< 1%) and the high concentra-
tion of NaCl will inhibit their growth; mild halophilic bac-
teria (slight halophiles) which need a small amount of NaCl
and the optimum growth concentration of NaCl for 1-3%;
moderate halophilic bacteria (moderate halophiles) which
growth cannot leave the NaCl and the optimum growth con-
centration of NaCl for 5-10%; extremely halophilic bacte-
ria (extreme halophiles) which are in high demand for the
growth of NaCl and the optimum growth concentration of
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NaCl for 13-15%. The moderate halophilic bacteria and
extremely halophilic bacteria belong to the extremophiles.
Moderate halophilic bacteria (moderate halophiles bacteria)
are paid more and more attention in recent years, the related
research is increasingly extensive and detailed (Bader et al.
2018; Jafari et al. 2018; Vogt et al. 2018; Zhao et al. 2017).

Weathering of rocks plays an important role in soil for-
mation; it represents a source of nutrients to terrestrial eco-
systems and is also a major long-term sink for atmospheric
CO, (Baloghbrunstad et al. 2008; Hilley and Porder 2008;
Uroz et al. 2009b; Wu et al. 2007). So, there has been much
interest in the weathering of rocks (Hutchens et al. 2010;
Oliveira et al. 2018; Wang et al. 2011). Mineral weathering
is bound to biological processes associated with microor-
ganisms, which influence various mineral transformation
reactions (Frey et al. 2010; Calvaruso et al. 2006). Field
observations and laboratory experiments demonstrate that
microbes can accelerate mineral weathering reactions by
producing organic and inorganic acids, producing metal-
complexing ligands, changing redox conditions, or medi-
ating the formation of secondary mineral phases (Barker
et al. 1998). To date, increasing evidences point to a sig-
nificant role for microbes in mediating mineral weathering
(Chen et al. 2016; Colin et al. 2017; Uroz and Oger 2017).
Many mineral-associated microbial communities, including
endophytic bacteria, cyanobacteria, chemoorganotrophic and
chemolithotrophic bacteria, microalgae, lichens, and fungi
can accelerate mineral weathering (Kim et al. 2004). Recent
studies have demonstrated bacterial community composition
and diversity presented in natural and extreme environment
(Alexis Carteron et al. 2022; Pantucek et al. 2018; Poddar
and Das 2018; Wang et al. 2022). In addition, there is a large
body of knowledge concerning the distribution, community
structure, and mineral weathering roles of bacterial commu-
nities in temperate forest ecosystems (Calvaruso et al. 2010;
Uroz et al. 2019; Schweiger and Laliberté 2022). Further-
more, many researchers in high salt environment of inland
and coastal or ocean environments halophilic archaea are
discussed in detailed research. But less study for moderate
halophilic-endophytic bacteria provides the elements to the
plant by weathering rock.

Suaeda salsa and Spartina anglica were the main plants
at salt marshes (110,000 hectares) in Yancheng, China. We
hypothesized that the endophytic bacteria of roots and leaves
in the process of transferring to rhizosphere microorganisms
related to soil formation. In this study, we investigated endo-
phytic bacteria of Suaeda salsa and Spartina anglica grow-
ing on the seashore with cultivation-dependent techniques.
The objectives were to analyse the diversity of culturable
halophilic-endophytic bacteria, to characterize the isolates
and to select the potential ability of plant growth-promoting
bacteria which might promote plant growth and element
uptake under the unfavorable environmental conditions.
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Materials and methods
Isolation of halophilic-endophytic bacteria

Endophytic bacteria were isolated from leaves and roots
of halophilic plants. Two halophilic plants were collected
from the seashore located in Yancheng, China (32°59'30
”-33°0'31”"N. 120°49'40”-120°51'4”E). Plant samples
were washed with tap water followed by three rinses with
distilled water and then separated into roots and leaves.
Healthy plant tissues were sterilized by sequential immer-
sion in 75% (v/v) ethanol for 2 min and 1% mercuric chlo-
ride for 1 min and washed three times with distilled water
to remove surface sterilization agents. To confirm the sur-
face disinfection process was successful, water from the
final rinse was plated on improved Gibbson agar (ddH,O
1.0L, casein hydrolysate 5.0 g, Sodium Citrate 3.0 g,
yeast extract powder 10.0 g, KCI 2.0 g, peptone 5.0 g,
MgSO,-7H,0 20 g, NaCl 150 g, pH7.0). No contamina-
tion was found. Plant tissue materials (0.2 g) were ground
in a mortar and pestle in the presence of 5 ml of sterile
distilled water. Sterile quartz sand was added to the mor-
tar to improve cell wall disruption. Serial dilutions were
spread on improved Gibbson agar with 0.5-20% NacCl.
The improved Gibbson medium was found to be most suit-
able for the isolation of halophilic bacteria in preliminary
experiments. To prevent the growth of endophytic fungi,
the media were supplemented with 10-mg fungicidin
(USP, Amresco, USA) L1 after autoclaving. Plates were
incubated for 72 h at 28 “C. Halophilic-endophytic bacteria
colonies were picked randomly and purified by streaking
three to four times on the same media. 258 endophytic bac-
terial isolates growing well on subculturing were finally
selected and stored at slants for further study.

Extraction of DNA from bacterial isolates, PCR
amplification

DNA was extracted from each isolate after growth until
late exponential phase in improved Gibbson medium using
the standard lysozyme-SDS-Pronase protocol (Sambrook
et al. 1989). 16S rRNA was amplified by PCR with a ther-
mocycler (PTC200, BIO-RAD) using an initial denatur-
ing step of 5 min at 94 °C followed by 30 cycles of 45 s
at 94, 1 min of annealing at 55 ‘C, and 90 s extension at
72 °C, and final polymerization step of 72 “C for 10 min.
Each reaction mixture (50 pl) contained 2.5 U of Taq DNA
polymerase (Takara), 5 pl of 10 reaction buffer, 1.5 mM
MgCl,, 10 pmol of universal bacterial 16S rRNA primers
(271, 5'-AGA GTT TGA TCC TGG CTC AG; and 1492r,
5'- TAC GGC TAC CTT GTT ACG ACT T), 0.5 pl of
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template DNA, 200 pM each dNTPs (Takara). Purified
PCR products from the 16S rRNA genes of all the pure
cultured bacteria were sequenced on an ABI 3730 X lauto-
mated sequencer (Invitrogen) combined with a Sequenc-
ing Kit (BigDye Terminator) and the primers set 27f and
1492r as well as M13-47 and RV-M. The resulting nucle-
otide sequences were blasted using the National Centre
for Biotechnology Information (NCBI) database to obtain
the closest species match. The phylogenetic affiliation was
verified using the RDP classifier (Wang et al. 2007). The
nucleotide sequences determined in this study have been
deposited in the NCBI database.

IAA (Indoleacetic acid), ACC deaminase
(Aminocyclopropane-1-carboxylate deaminase)
and Siderophore production

The production of IAA by the tested endophytic bacteria
was determined according to the methods of Sheng et al.
(Sheng et al. 2008). The production of siderophores by the
bacteria was determined according to the chrome azurol-S
(CAS) analytical method (Manjanatha et al. 1992). Cells and
supernatants were separated by centrifugation at 9000 g for
10 min, and 1.0 ml of supernatant was mixed with 1.0 ml
of CAS Assay Solution (Manjanatha et al. 1992). A control
group was prepared by mixing 1.0 ml of the CAS Assay
Solution with 1.0 ml of the noninoculated medium used for
culturing bacterial strains. The absorbance at 630 nm was
measured 1 h after mixing, and the values were compared
with the optical density (O.D.) of the reference (Manjanatha
et al. 1992). To evaluate the ACC deaminase production of
the endophytic strains, strains were grown in test tubes con-
taining 5 ml of liquid SMN medium (Belimov et al. 2005)
for 24 h at 28°C and harvested by centrifugation at 9000 g in
10 min at room temperature. Cell pellets were washed twice
with sterile distilled water and resuspended in 1 ml of SM
medium (Belimov et al. 2005). The bacteria were grown
on SM medium supplemented with 3-mM ACC as the sole
N source at 30 “C for 72 h at 150 rpm. To prepare a stock
solution, ACC was dissolved in sterile distilled water and
filtered through a 0.25-pm pore size membrane and stored in
sterile tubes at 20 “C. The inoculated SM medium was used
as control. The bacterial growth was monitored after 72 h
by measuring the O.D. at 600 nm.

Mineral weathering experiment

We followed the methods of Sun et al. (2010). K and Fe-
limited liquid medium (KFM) (containing 1% sucrose, 0.1%
(NH,),SO,, 0.05% Na,HPO,, 0.05% MgSO,, 0.01% NaCl,
0.02% yeast extract, 0.2% biotite powders, pH 7.2) was
used to test mineral weathering potentials of the isolates.
Unweathered crystal biotite was crushed in a jaw crusher

ground and passed through sieves having a 0.149-mm mesh
size. The rock powders were ultrasonically cleaned in deion-
ized water to remove fine particles and were leached with
0.1 N HCI to remove exchangeable bases, washed with
distilled water until the supernatant became clear. The ele-
mental composition of the rock is as follows: SiO, 39.99%,
Al,05 18.98%, K,0 9.12%, Na,O 0.28%, Fe,0; 14.75%,
Ca0 0.07%, and MgO 0.24%. To prepare the inoculum,
bacterial strains were initially grown in sterilized improved
Gibbson medium (sterilized at 121 °C for 30 min) at 28 °C
for 18-20 h in a rotary shaker at 150 rpm, and harvested
by centrifugation at 3000 x g for 10 min. Inoculum was
washed two times in sterile distilled water, and cell pellets
were then resuspended in saline solution (0.85% NaCl) to a
final concentration of 10® cells mL~! before the dissolution
experiments were started. Triplicate 250-mL polycarbonate
Erlenmeyer culture flasks with vented caps (0.3 um PTFE
membranes) containing 50 mL of sterilized KFM were each
inoculated with 2.5 mL of a bacterial suspension (Inocu-
lum). The flasks were incubated at 28 °C on a rotary shaker
at 150 rpm for 7 days. Controls with rock but no bacterial
cells to monitor the range of abiotic dissolution were treated
in the same manner. The weathering of the rock in the pres-
ence of bacteria was monitored at 7 days of incubation.
Samples for chemical analysis were then filtered through a
5-pm Millipore filter (to retain the rock, but not the bacterial
cells); 20 mL of the filtrate from each flask were centrifuged
at 10,000 rpm for 10 min to remove cells of suspension.
5 mL of the supernatant were collected for pH determina-
tion and another 5 ml of the supernatant were acidified with
HNO; (final concentration 2% v/v) to avoid precipitation
of dissolved chemical species and analyzed for Si, Fe, and
K contents by ICP-AES (Atomic Emission Spectrometer).

Statistical analysis

One-way analysis of variance (ANOVA) and the Fisher’s
Least Significant Difference test (Fisher’s LSD) (p <0.05)
were used to compare treatment means for pH and Si, Fe,
K released from the biotite mineral by the mineral weather-
ing bacteria with the uninoculation control, the statistical
analyses were carried out using SAS 8.2 (Statistical Analysis
System, USA).

Results

Bacterial counts and isolation of halophilic bacteria
The culturable bacterial counts (log CFU g~! fresh sam-
ples) of the plant samples revealed an appreciable tendency

to change with different parts. More bacterial counts were
obtained from the S. salsa samples than from the S. anglica
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Table 1 The number of total

o . : Samples Total bacterial halophilic bacteria ratio(%)®
and halophilic bacteria ratio 3 ~1ya
counts (10° cfu g™)
5% NaCl 10% NaCl 15% NaCl 20% NaCl
Suaeda salsa
Root 1.33+0.15 91.7 91.7 91.7 25
Leaf 2.43+0.58 100 58.3 54.2 20.1
Spartina anglica
Root 0.53+0.11 100 64.3 64.3 429
Leaf 0.9+0.10 100 429 35.7 28.6

#Average of the cfu from three repetitive platings with improved Gibbson medium

®Average of the ratio of halophilic bacteria to total endophytic bacteria from three repetitive platings with
improved Gibbson medium of different Salinity

samples. Endophytic bacterial counts of the two plant spe-
cies ranged from 1.43x10% to 3.76 x 10 cfu g~! fresh
weight (Table 1). It was very noticeable that the counts of
halophilic-endophytic bacteria from roots and leaves of
S. salsa attained 10 cfu g=! fresh weight, with 1.33 and
2.43x10° cfu g~! fresh weight, respectively. The ratio of
halophilic-endophytic bacteria to total endophytic bacteria
for S. anglica was 100%, while the ratio for S. salsa was
91.7%, which indicated that halophilic bacteria were the
dominant community in endophytic bacteria.

Isolation and phylogenetic analysis of the mineral
weathering halophilic bacteria.

Using agar plates, we obtained 156 halophilic bacterial
strains, among which 92 and 64 strains were isolated from
the S. salsa and S. anglica samples, respectively. In the min-
eral weathering experiment, the releases of major structural
elements, dissolved Fe, Si and K in biotite, were used as an
overall indicator of mineral weathering (Table S1). The aver-
age element releases by the bacteria isolated from Suaeda
salsa were significantly higher than that from S. anglica. The
K release by the isolates from leaves of S. salsa was lower
than S. anglica (Fig. 1).

Based on the mineral weathering experiment, 32.6%
(30/92) and 40.6% (26/64) of the strains from the S. salsa
and S. anglica, respectively, were found to have the capacity
to weather biotite (Fig. 1). Among the 30 mineral weather-
ing isolates from the S. salsa, 15 and 15 bacterial strains
were obtained from the roots and leaves, respectively; among
the 26 mineral weathering bacteria from the S. anglica, 12
and 14 bacteria were obtained from the roots and leaves,
respectively.

Sequencing of the 16S rRNA and phylogenetic analysis
showed that the mineral weathering bacteria were affiliated
with 11 and 9 genera in the S. salsa and S. anglica, respec-
tively (Figs. 2 and 3). Sixteen different bacterial genera were
obtained from the two plants. Among the mineral weathering
bacterial genera Halomonas, Acinetobacter, Burkholderia,
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Alcaligenes, Sphingobium, Arthrobacter and Chryseobac-
terium were specific to the S. salsa, while Paenibacillus,
Microbacterium, Ensifer, Ralstonia and Enterobacter were
specific to the S. anglica. The most frequently isolated
mineral weathering bacteria from the S. salsa belonged to
Bacillus (26.7%) and Proteus (23.3%) species. Members of
Halomonas, Sphingobium and Arthrobacter with mineral
weathering potential were specific to the roots, while mem-
bers of Burkholderia, Exiguobacterium and Chryseobacte-
rium with mineral weathering potential were only present in
leaves. Notably, Proteus enriched in the roots while Bacillus
were enriched in the leaves. The most frequently mineral
weathering isolates belonged to Bacillus (30.8%) and Pro-
teus (19.2%). Exiguobacterium is specific to roots and Pae-
nibacillus, Microbacterium and Ensifer is specific to leaves.
Enrichment of Bacillus and Proteus in the roots and leaves
have little difference.

Nucleotide sequence accession numbers

The nucleotide sequences determined in this study have been
deposited in the NCBI database under accession numbers
JF775411-JF775467 for halophilic-endophytic bacteria
strains.

Plant growth-promoting characteristics
of the isolates.

There were more strains producing IAA from leaves (8
strains) than roots (2 strains) in the S. anglica (Table 2).
The strains Bacillus (SAY 108 and SAG168), Exiguobacte-
rium (SAG120), Paenibacillus (SAY92), Microbacterium
(SAY109), Ensifer (SAY15), Enterobacter (SAY127), Pro-
teus (SAY 169 and SAY4) and Myroides (SAY106) were
able to produce IAA. Moreover, Ralstonia (SAG155) did
not produce IAA. TAA production of the isolates form S.
salsa (53.3%) was more than from S. anglica (38.5%). In
the S. salsa, the strains Proteus (SSY34, SSY25, SSG13
and SSG3), Bacillus (SSY33, SSG25, SSG4, SSY69,
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seobacterium (SSY9) were able to produce IAA. More-
over, Halomonas (SSG11), Acinetobacter (SSY7 and
SSG39), Alcaligenes (SSY20 and SSG34), Sphingobium
(SSG12 and SSG17), Exiguobacterium (SSY17) did not
produce IAA. A large fraction of the isolates (correspond-
ing to 98.2% of the total isolates) were able to produce
siderophores (Table 2), but little bacteria that produced
high concentrations of siderophores (+ + +). In particular,
3 strains producing high siderophores belonged to three
genera, which were Bacillus, Myroides, and Proteus.
Among the tested isolates, only 2 strains from S. anglica
and 4 strains from S. salsa belonging to six different gen-
era (Myroides, Proteus, Enterobacter, Chyseobacterium,
Halomonas and Arthrobacter) could utilize ACC as the
sole N source, which indicates that they possess ACC
deaminase activity.

Many studies have been reported on the analyses of
extreme environmental bacterial communities of the
saline soil, marine, and microbial populations in salt lake
(Aanderud et al. 2016; Adriaenssens et al. 2017; Crespo-
Medina et al. 2016; Pinhassi et al. 2016; Sun et al. 2017;
Wang et al. 2014), but very little known about the rela-
tionship of the mineral weathering halophilic bacterial
communities in the salt-tolerant plants. In this study, 10°
culturable bacteria counts per gram of leaf or root were
obtained in the salt-tolerant plants, suggesting that the
bacteria present in the salt-tolerant plants have a range of
physiological properties clearly related to their sources.
Our study showed that many bacteria from salt-tolerant
plants had plant growth-promoting characteristics and the
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«Fig.2 Neighbor-joining phylogenetic tree of partial 16S rRNA
sequences of mineral weathering halophilic bacteria from S. salsa.
Strains marked @ were isolated from roots samples. Strains marked
A were isolated from leaves samples. Bootstrap values larger than
50% (after 1000 resampling) are indicated on the branches. The scale
bar represents 0.1 substitutions per nucleotide position. GenBank
numbers are given in parentheses

ability of mineral weathering (Table 2). Although high-
concentration salt exerts their osmotic pressure effects on
microorganisms through various mechanisms, halophilic-
endophytic bacteria can survive in these habitats and can
be isolated and selected for their potential application in
bioremediation of contaminated extreme environmental
(Puente et al. 2009). Halophilic-endophytic bacteria can
be isolated from two plant species, indicating that these
endophytic bacteria populations had a marked adaptation
to high-concentration salt under constant osmotic pres-
sure for a long time. Possibly due to the higher Na*t con-
centrations in the tissues of S. anglica, the proportion of
halophilic-endophytic bacteria (20.1-91.7%) for S. anglica
was higher than that (28.6-100%) for S. salsa.

Although the plants grown in the same site, significant
different in the plant parameters existed between the two
plant samples (Table 2, Figs. 1, 2, 3). So the plant growth-
promoting and mineral weathering bacterial communities
could be compared between the two samples. The analyses
of the 16S rRNA gene sequences revealed a broad diversity
of the mineral weathering bacterial types in the two plant
samples (Figs. 2 and 3). Although the common genera were
represented in the bacterial communities of the two plant
samples, some genera were found in only one plant sample,
suggesting that these groups were much less represented or
absent in the different plants. Similarly, distinct bacterial
communities involved in mineral weathering in cacti and
Elsholtzia splendens have been found in previous investiga-
tions (Calvaruso et al. 2010; Collignon et al. 2011; Puente
et al. 2009; Uroz et al. 2007). When comparing the bacterial
communities analyzed by culture dependent methods, we
can find that 7 distinct bacterial genera were identified in S.
salsa by using culture-dependent methods (Fig. 2); similarly,
5 distinct bacterial genera were also identified in S. anglica
(Fig. 3). In addition, using culture-dependent techniques,
Bacillus was found to be dominant in the two plant sam-
ples. In contrast, using culture-based technique, in S. salsa
samples, the most abundant isolates belonged to Proteus for
roots and Bacillus for leaves (Fig. 2). These results suggested
that culturing methods will allow for understanding of the
bacterial community composition and function in these com-
plex ecosystems.

Previous studies showed that mineral weathering controls
the availability of inorganic nutrients for living organisms
(Uroz et al. 2009b). Uroz also showed that soil microor-
ganisms may play an important role in soil formation and

recycling of nutrients (Uroz et al. 2009a). Interestingly, it
is worth noting that the proportions of mineral weathering
endophytic bacteria of the different plants were higher (rang-
ing from 32.6% to 40.6%) (Table 2), indicating that mineral
weathering endophytic bacteria were the dominant com-
munity of culturable halophilic-endophytic bacteria in the
two samples. The cultivation approach also revealed large
variations (at the genus level) in the mineral weathering
endophytic bacterial types associated with the leaves and
roots (Figs. 2 and 3), indicating that the culturable bacterial
communities involved in mineral weathering in the differ-
ent plant samples were specialized for their environments.
The ability to weather biotite minerals has been described
for a range of bacterial genera belonging to Bacillus, Bur-
kholderia, Arthrobacter, Klebsiella, Staphylococcus, Acid-
ithiobacillus, Sphingomonas, Paenibacillus, and Serratia
(Barker et al. 1998; Dopson et al. 2009; Honda et al. 2017,
Yoshigoe et al. 2018). Although members of Staphylococcus
and Serratia, which could weather biotite minerals, were not
obtained in the study, our biotite dissolution experiments
with strains isolated from the halophilic samples showed
that isolates belonging to the genera of Ralstonia, Exiguo-
bacterium, Acinetobacter, Halomonas, Myroides, Ensifer,
Chryseobacterium, Alcaligenes could also be very effective
in enhancing mineral weathering (Figs. 2, 3 and Table 2).
In addition, the correlation between mineral weathering
and phylogenetic divergence of bacteria showed that some
bacterial groups (such as Bacillus and Proteus) which have
better mineral weathering potential distribute in both plants,
however, some bacterial groups which were specific to each
site have been also found to be top or medium biotite solu-
bilizers (Figs. 1, 2, 3).

Although the bacteria have the different ability to weather
the biotite mineral, as evidenced by the culture solution ele-
ment (Si, K, and Fe) analysis (Table 2), the enhanced rate of
Si, K, and Fe release observed in the biotic systems was in
agreement with other studies showing that bacteria increase
the rate of silicate mineral dissolution (Chen et al. 2016;
Hutchens et al. 2003; Sheng et al. 2008). It is generally
assumed that element (such as Si, K, and Fe) releases from
silicate minerals in the presence of bacteria were caused by
proton- and/or ligand-promoted mineral weathering (Ben-
nett et al. 1996; Buss et al. 2007). The bacteria isolated
from salt-tolerant plants in different tissues had different
ability to acidify the culture media (Table 2). More bac-
teria (15.6%) from S. anglica produced large pH changes
(pH < 5.00 in the culture solution) than the bacteria (12.0%)
from S. salsa in the mineral weathering experiment, indicat-
ing that the element releases from the biotite mineral might
be caused by proton-promoted dissolution. However, more
bacteria (6.5%) from S. salsa produced small pH changes
(pH> 6.50 in the culture solution) than the bacteria from S.
anglica, indicating that the element releases from the biotite
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Fig.3 Neighbor-joining phylogenetic tree of partial 16S rRNA
sequences of mineral weathering halophilic bacteria from S. anglica.
Strains marked @ were isolated from roots samples. Strains marked
A were isolated from leaves samples. Bootstrap values larger than

mineral might be caused by ligand-promoted dissolution by
bacteria from S. salsa. In addition, near the same number of
bacteria from S. salsa and S. anglica produced medium pH
changes (5.00 < pH < 6.50 in the culture solution), indicat-
ing that proton-and ligand-promoted dissolutions might be
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L[[A SAY134 (JF775419)

Bacteroidetes

50% (after 1000 resampling) are indicated on the branches. The scale
bar represents 0.05 substitutions per nucleotide position. GenBank
numbers are given in parentheses

the reaction mechanism used by these bacteria for mineral
weathering. Despite the difficulties associated with attempt-
ing to interpret the complex processes occurring in the natu-
ral environment based on simple laboratory experiments,
and the magnitude of bacterial involvement in mineral
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Table2 The Plant growth-promoting Characteristics of halophilic
bacteria

Strains ACCP TAA® Siderophore
deaminasae production®
SSG1 ND + ++
SSG3 ND + +
SSG4 ND + +
SSG7 ND ND ++
SSG9 + + +
SSG10 ND ND +
SSG11 + ND +
SSG12 ND ND +
SSG13 ND + ++
SSG15 + ND +
SSG17 ND ND +
SSG20 ND ND +
SSG22 ND ND +
SSG25 ND + +
SSG34 ND + +
SAG36 ND ND ++
SAG37 ND ND +++
SSG39 ND ND +
SSG41 ND + +
SAG45 + ND +
SSY2 ND + +
SAY4 ND + ++
SSY6 ND ND +
SSY7 ND ND +
SSY8 ND ND +
SSY9 + + +
SAY10 ND ND ++
SAY12 ND ND +
SAY15 ND + +
SSY16 ND + +
SSY17 ND ND +
SSY20 ND ND +
SSY25 ND + ++++
SSY33 ND + +
SSY34 ND ND +
SSY39 ND + ++
SSYS1 ND ND +
SSYS52 ND + +
SSY69 ND + ++
SAY70 ND ND +
SAG107 ND ND ++
SAG120 ND + +
SAG149 ND ND +
SAG155 ND ND +
SAG165 ND ND +
SAG168 ND + +
SAY169 ND + +
SSG170 ND ND +

Table 2 (continued)

Strains ACCP TIAA® Siderophore
deaminasae production®

SAYS81 ND ND ++

SAY92 ND + ND

SAY106 ND + ++ +

SAY107 ND ND ++

SAY108 ND + +

SAY109 ND + +

SAY 120 ND ND +

SAY127 + + +

SAY134 ND ND +

Siderophore production: values of absorbancy/absorbancy reference
at 630 nm: +, 0.8-1.0;+ +, 0.6-0.8;+ + +, 0.4-0.6;+ + + +, 0.2—
0.4;4 + + + +, 0-0.2

"ND: no detection

weathering effects in natural environments is still poorly
understood, it is still possible to glean information about the
basic principles of bacterially mediated mineral weathering
in experimental work.

Most of the commonly known salt-tolerant plants have
a slow growth rate and low biomass. The plant growth-
promoting bacteria could promote the growth and nutrient
element uptake of plants has been reported (Madhaiyan et al.
2007; Rajkumar and Freitas 2008; Sheng and Xia 2006).
The characteristics of IAA, siderophores, ACC deaminase
produced by bacteria may have the potential for the promo-
tion of plant growth and nutrient element uptake (Dellamico
et al. 2008; Jiang et al. 2008; Ma et al. 2009; Sheng et al.
2008). A large portion of mineral weathering halophilic
bacteria possessed the plant growth-promoting character-
istics such as siderophore and IAA production and some
strains showed ACC deaminase activity (Table 2). The plant
growth-promoting endophytic bacteria not only promoted
the growth of plant after colonized in vivo, but also defensed
the disease and improved the nutrient element of plants.
Therefore, the colonization of the plant growth-promoting
endophytic bacteria in plant and the mechanisms of bacteria-
plant interactions were worthy investigated.

This study provides the first insight into the bacterial
communities occupying salt-tolerant plants at salt marshes
in Yancheng, China. We demonstrated that the different salt-
tolerant plants harbour highly diverse and distinct bacterial
communities. Bacterial mineral weathering in laboratory-
based experiments showed that strains isolated from salt-tol-
erant plants samples could significantly increase the release
of Si, K and Fe from the biotite compared to abiotic controls.
In addition, except for the reported bacterial groups which
have the ability to weather biotite minerals, salt-tolerant
plants may be also inhabited by specific groups of bacteria
involved in mineral weathering processes. These findings
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have important implications for an improved understanding
of the different indigenous bacterial communities in these
salt-tolerant plants and their relevance to the possible effect
on salt-tolerant plants growth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00203-022-03129-9.
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