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Abstract

The development of artificial biocrust using cyanobacterium Phormidium tenue has been suggested as an effective strategy to
prevent soil degradation. Here, a combination of in silico approaches with growth rate, photosynthetic pigment, morphology,
and transcript analysis was used to identify specific genes and their protein products in response to 500 mM NaCl in P. tenue.
The results show that 500 mM NaCl induces the expression of genes encoding glycerol-3-phosphate dehydrogenase (gipD)
as a Flavoprotein, ribosomal protein S12 methylthiotransferase (7imQ), and a hypothetical protein (s/10939). The constructed
co-expression network revealed a group of abiotic stress-responsive genes. Using the Basic Local Alignment Search Tool
(BLAST), the homologous proteins of rimO, glpD, and s110939 were identified in the P. fenue genome. Encoded proteins of
glpD, rimO, and DUF1622 genes, respectively, contain (DAO and DAO C), (UPF0004, Radical SAM and TRAM 2), and
(DUF1622) domains. The predicted ligand included 22B and MG for DUF1622, FS5 for rimO, and FAD for glpD protein.
There was no direct disruption in ligand-binding sites of these proteins by Na™, C1~, or NaCl. The growth rate, photosynthetic
pigment, and morphology of P. tenue were investigated, and the result showed an acceptable tolerance rate of this microor-
ganism under salt stress. The quantitative real-time polymerase chain reaction (QRT-PCR) results revealed the up-regulation
of glpD, rimO, and DUF1622 genes under salt stress. This is the first report on computational and experimental analyses of

the glpD, rimO, and DUF1622 genes in P. tenue under salt stress to the best of our knowledge.

Keywords Phormidium tenue - Biocrust - NaCl - Transcript analysis - Homology modeling - Molecular docking

Introduction

Abiotic stresses are one of the main concerns of the agri-
cultural industry and one of the most important reasons
for the decline in the annual production of agricultural
products (Yamazaki et al. 2020). These stresses, including
drought, salinity, excessive concentrations of heavy metal,
heat, and cold, affect crops and soil quality, leading to
reduced agricultural yields (Goyal et al. 2020; Nagarajan
and Nagarajan 2009; Parmar et al. 2017; Yamazaki et al.
2020). Investigation on the effect of high concentrations
of NaCl on plant growth/development and soil quality is
a long-standing research topic (Khator and Shekhawat
2020; Yadav et al. 2020). NaCl leads to ionic, osmotic,
and oxidative stresses within the plant cell (Borsani et al.
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2001; Lan et al. 2020). Overproduction of reactive oxy-
gen species (ROS) and loss of photosynthetic potential at
different stages of plant growth due to salinity stress can
lead to a sharp decrease in biomass production and an
increase in cellular senescence, and also prevent normal
cell growth (Allu et al. 2014; Liang et al. 2020; Nawaz
et al. 2010; Yang and Guo 2018). On the other hand, from
a molecular point of view, previous studies reveal the det-
rimental effects of high concentrations of NaCl on protein
functionality and stability (Biidel et al. 2016; Coleman
and Lee 2004; Cramer et al. 2011; de Souza Silva and
Fay 2012; Doi 2019; Gido and Keevil 2014; Ishida et al.
2009; Maestre et al. 2017; Mugnai et al. 2018). It has
been demonstrated that high concentrations of NaCl lead
to reduced protein activity (Khalid et al. 2003; Namwong
et al. 2006). Soil quality control is one of the main pil-
lars of sustainable agriculture (Doran and Parkin 1994;
Lynn et al., 2021; Mukherjee et al. 2021). The main factors
reducing soil quality are soil erosion, acidification, salini-
zation, each of which will be addressed. These stresses
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lead to fundamental changes in soil mineral components,
soil structure, soil texture, water holding capacity, and
soil pH (Fageria and Baligar 2008; Obalum et al. 2017;
Smith et al. 2016). Among the aforesaid cases, soil salin-
ization is one of the main problems facing agriculture,
which leads to a sharp decline in soil quality. The salinized
soils are categorized into three main parts: saline (do not
contain excess exchangeable Na*), sodic and saline-sodic
soils (both soluble salts and exchangeable Na* are high)
(Osman 2018; Qadir et al. 2001). Reducing soil saliniza-
tion through salt leaching or improved agricultural prac-
tices are well known; however, most of these techniques
are cost-intensive (Rocha et al. 2020). Putting together,
choosing a strategy that leads to improved soil quality,
improved plant growth/development, and reduced cost of
cultivation is an interesting subject in agricultural man-
agement. Thus, it is crucial to develop efficient strategies
to dampen the salt stress effects on cell normal metabo-
lism (Khodadadi et al. 2020; Langridge and Fleury 2011,
Rezaei Qusheh Bolagh et al. 2020). The development of
artificial biocrusts is an efficient and innovative biotech-
nological tool for improving soil quality and reducing salt
stress effects (Kakeh et al. 2020). This can be effective in
soil stabilization, nutrient and carbon cycling, wind and
water erosion prevention, and soil fertility improvement.
Among the aforesaid abnormal situations which eventu-
ally influence soil quality, soil salinity could be prevented
by developing biocrust by minimizing water evaporation
(Kakeh et al. 2021). The biocrust layer of the soil contains
lichens, mosses, and microorganisms such as cyanobacte-
ria (Lazaro et al. 2008; West 1990; Wu et al. 2013). As the
first dryland microorganisms, cyanobacteria play a vital
role in primary soil stabilization (Belnap et al. 2016). The
main challenge in developing biocrusts is to characterize
species that can survive in the long term under stressful
conditions. Extremely and moderately halophilic bacte-
ria dominate in saline environments (0.5% to saturated
NaCl). They have developed an efficient metabolism for
the utilization of proteins and amino acids, an interesting
field of research for further biotechnological applications
(Lanyi 1974; Reed et al. 2013). P. tenue is a filamentous
cyanobacterium that belongs to the Oscillatoriales order,
living in the first top millimeters of the soil. It has shown
tolerance under salinity stress and is a potential micro-
organism in producing artificial biocrusts (Bowker et al.
2018; Hagemann 2011; Kldhn and Hagemann 2011; Tonk
et al. 2007).

Previous studies on artificial biocrust production mainly
focus on the soil quality and features during the different
stages of biocrust formation (Cruz de Carvalho et al. 2018;
Roncero-Ramos et al. 2019). This study aimed to char-
acterize the salt tolerance mechanism of P. tenue from a
molecular point of view by focusing on transcript pattern
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and structural bioinformatics to facilitate the genome edit-
ing of this microorganism. Although there is a lack of tran-
scriptome data for non-model microorganisms, in silico data
analysis can fill this gap (Sahoo et al. 2020).

Considering the numerous components of cell metabo-
lism, boosting the potential ability of the cell might be per-
formed from different points of view, such as balancing the
energy metabolism, bio-synthesizing functional proteins,
enzymes, etc. (Fasani et al. 2018; Hug et al. 2020; Liang
et al. 2021). Characterizing the expression pattern, amino
acid sequences, ligand-binding poses, and molecular dock-
ing with different stressors will reduce the complexity of the
molecular and biochemical activity of the target proteins for
further investigation (Basak et al. 2020; Jugder et al. 2016;
Kharwar et al. 2021; Lu and Cheng 2021; Mathpal et al.
2018; Oshone et al. 2017; Punjabi et al. 2018; Wan et al.
2004). To achieve this goal, with minimal costly experimen-
tal procedures, introducing strategies in combining genomic,
transcriptomic, and structural proteomic data shed light on
genome editing of organisms and microorganisms for fur-
ther industrial applications (Arora et al. 2021; Bhardwaj et al
2018, 2017, 2021; Hindré et al. 2012; Mallet 2012; Nara-
ian 2019; Phatak et al. 2009). In this regard, the present
study used a combination of in silico approaches to further
characterize some of the main stress-responsive genes in P.
tenue, which pave the way for future genome editing of this
microorganism.

Herein, investigating transcriptome patterns along with
structural proteomics, qRT-PCR, growth pattern, and cel-
lular morphological characteristics demonstrated the up-reg-
ulation of DUF1622, glpD, and rimO under salt stress. The
genes mentioned above were involved in a stress-respon-
sive gene co-expression network. Structural proteomics
approaches demonstrated no competition between stressors
and native protein ligands. Finally, a low rate of cell depig-
mentation reveals the balanced metabolism of P. tenue to
survive under salt stress.

Materials and methods
Computational methods

The microarray dataset, with GSE37482 ID, previously
was created to investigate the effect of 500 mM NaCl on
cyanobacterium Synechocystis sp. PCC 6803 (Dickson
et al. 2012). This dataset was retrieved from the NCBI
GEO database, pre-processed, normalized, and ana-
lyzed using the R programming language by the LIMMA
package (Ritchie et al. 2015). Among the upregulated
genes, glpD (SGL_RS11080), rimO (SGL_RS15315),
and 5110939 (SGL_RS03405) were selected for the rest
of the study due to their involvement in some of the
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major biochemical pathways in response to NaCl stress.
As there is no transcriptome data for P. tenue, the co-
expression network related to glpD, rimO, and s/10939
genes was constructed by the CyanoEXpress database
specific to transcriptome data of Synechocystis sp. PCC
6803 (Hernandez-Prieto and Futschik 2012) Although
evolutionary distances between two species greatly
influence the results, some conserved sub-co-expression
networks may be considered. The amino-acid sequence
of glpD (WP_010872971.1), rimO (WP_010873783.1),
and s110939 (WP_010871504.1) proteins from cyanobac-
terium Synechocystis sp. PCC 6803 was aligned against
cyanobacteria P. tenue proteins with BLOSUMG62 matrix
using the UniProt database. (Consortium 2019). After
alignment, the most similar sequences were selected for
further studies. The conserved domain of homologous
proteins in P. tenue with WP_139296916.1 (homolo-
gous to rimO), WP_073607160.1 (homologous to glpD),
WP_073608523.1 (homologous to s110939) accession
numbers was predicted by NCBI, conserved domain
database (CDD) server v3.18, with an expected thresh-
old value of 0.01. (Lu et al. 2020). Protein modelling and
docking were performed for the predicted glpD, rimO,
and 5110939 homologous in P. tenue. Protein modelling
was performed using trRosetta. (Yang et al. 2020). Struc-
tural reliability was calculated using the Ramachandran
plot, ERRAT, ModEval, QMEAN, and trRosetta web
servers (Colovos and Yeates 1993; Eramian et al. 2008;
Laskowski et al. 2005; Mahdavi et al. 2020; Shen and
Sali 2006). Since the protein structure of rimO (WP
139296916.1) from P. tenue already existed in the Swiss
model database (AOA1U7J8T6 9CYAN), the overall and
residue-wise Root-Mean-Squared Deviation (RMSD)
values were calculated with reference to the above-men-
tioned protein structure of rimQO, using the Visualization
Molecular Dynamics (VMD) software package on the
backbone atoms of the selected amino acids. The protein
model of rimO (WP 139296916.1) in the Swiss model
database (AOA1U7J8T6 9CYAN) was built using homol-
ogy modeling and the template used for this modeling was
protein structure with 4jc0.1.A PDB ID. It is noteworthy
that the structure of the rimO protein was more regres-
sively obtained here, using various servers, to calculate
the reliability of the modeled structure, and then it was
compared with the existing model in the Swiss model
data base.

The prediction of potential ligand-binding sites, plau-
sible ligands, and docking of Na*, Cl~, and NaCl to the
modelled structures were performed by COACH-D and
Hex (Macindoe et al. 2010; Yang et al 2012, 2013). The
structures were visualized using Python-Based Molecu-
lar Visualization System (PyMOL) and VMD (Humphrey
et al. 1996; Schrodinger 2018).

Experimental methods
Cell culture and stress treatment

Cyanobacterium P. tenue was obtained from the Iranian Bio-
logical Resource Center. The cells were grown for 15 days
in a 250 ml culture shaker flask at 100 rpm at 30 °C, in
a BG-11 liquid medium under continuous illumination of
50 pmol of photons m*~!. The exponentially growing cells
were harvested by centrifugation at 5000 g for 5 min and
washed twice with sterile distilled water. As the stress con-
dition, pellets were resuspended in fresh BG-11 medium
containing 500 mM NacCl for 24 h with three biological rep-
licates. Cells resuspended in the NaCl free BG-11 medium
with three biological replicates as the control condition
(Allakhverdiev and Murata 2008; Allakhverdiev et al. 2000;
Dickson et al. 2012; Murata et al. 2007; Ozturk and Aslim
2010; Vonshak et al. 1988). As P. tenue is a filamentous,
photosynthetic cyanobacterium, its growth is directly related
to the photosynthetic pigment chlorophyll a. Based on the
aforesaid notion, the growth rate of P. tenue was determined
with two particular methods, including mass dry weight and
chlorophyll-a measurement. To quantify the dry weight, 2 ml
of the homogenized culture was centrifuged and rinsed with
distilled water. The pellet was dried at 60 °C and weighted
for biomass calculation. To determine the chlorophyll a,
1 mL of homogenized culture was centrifuged and, after
discarding the supernatant, 1.5 mL of methanol (99%) was
added to the pellet, mixed, and immersed in the dark for 24 h
at 45 °C. The chlorophyll extract was prepared by centrifu-
gation at 4000 rpm for 10 min. After measuring the opti-
cal density (absorbance at wave-length of 665.2 and 652.4,
A665.2, and A652.4) of the extract, chl a concentration was
determined. The experiment was done every 24 h for 7 days
for control cells (O mM NaCl) and salt-treated cells (500 mM
NaCl) with three biological and technical replicates (Jiang
et al. 2015; Pei et al. 2017). To analyze the effect of 500 mM
NaCl stress on the morphology of P. tenue, 7-day 500 mM
NaCl-treated and control sample cells were visualized using
the Nikon TS100 Inverted Phase Contrast Microscope.

Primer design and quantitative real-time PCR

The nucleotide sequences of WP_139296916.1 (homologous
to rimO), WP_073607160.1 (homologous to glpD), and
WP_073608523.1 (homologous to s110939) were retrieved
from NCBI using the tblastn tool. Melting temperature,
primer homo-dimer, and hetero-dimer parameters were
analyzed by Oligo 7 software (Rychlik 2007). Sequences
of primers are shown in Table 1. Total RNA of Cyano-
bacterium P. fenue was isolated using Trizol (TRI reagent
Sigma-Aldrich, USA) besides glass beads for cell wall dis-
ruption according to the manufacturer’s protocol. QuantiTect
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Table 1 The sequences of
oligonucleotides primers used

Primer name

Primer sequence Product length

in the present study DUF1622 Forward primer

DUF1622 Reverse primer
rimO Forward primer
rimO Reverse primer
glpD Forward primer
glpD Reverse primer

16S rRNA Forward primer
16S rRNA Reverse primer

GGTCGTTGGCTCTCTATTGCT 118
GAAAAGTCCGAATCACGGCG
CAGGGTCAGCGAGTTAAAGC 210
GAAGCCGAACAACTGGCTAG
TGTTAAGCCCCCAACAGTTC 200
AGGATCAACTGAGCGGAGAA
GCTAATACCCGATGTGCCGA 115
CAGACCAGCTACCGATCGTC

Table 2 The transcript level of gipD, rimO and sl10939

Gene name LogFC
glpD (SGL_RS11080) 5.270922
rimO (SGL_RS15315) 2.53
S110939 (SGL_RS03405) 5.27

The Log-FCs of glpD, rimO and s110939 under 500 mM NaCl for
24 h. Data were pre-proceed and analyzed by limma package with the
P<0.05

Reverse Transcription Kit (Qiagen, Germany) was used for
cDNA synthesis in the total volume of 20 pl reaction accord-
ing to the manufacturer’s protocol. The qRT-PCR reaction
was performed in the total volume of 20 pl containing 10 pl
of qRT-PCR GreenMaster (Bio-Rad), 120 ng of cDNA, and
10 pm of each primer in a Rotor-Gene® 6000 (Qiagen, Ger-
many). The qRT-PCR temperature cycling started by 5 min
at 95 °C for initial denaturation followed by 40 cycles of
30sat95°C,30sat62 °C, and 15 s at 72 °C. Relative gene
expression was calculated using the relative expression soft-
ware tool (REST). Logarithmic fold changes (LogFCs) were
calculated using the comparative 2-22¢ method.

Statistical analysis

One-way analysis of variance (ANOVA) was used in R ver-
sion 3.6.3. for statistical analysis. The means of treatments
were compared with Tukey’s test at P <0.05. Each data point
represented means + SE (n=3).

Results
Transcriptome and functional site analysis

Transcriptome data along with GSE37482 ID analysis indi-
cated the up-regulation of glpD (SGL_RS11080), rimO
(SGL_RS15315), and s/10939 (SGL_RS03405) genes
under 500 mM NaCl stress for 24 h with LogFCs 5.270922,
2.53, 5.27 (Table 2) in Synechocystis sp. PCC 6803. Here,
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we characterized the main co-expressed genes with glpD
(SGL_RS11080), rimO (SGL_RS15315), and s/10939
(SGL_RS03405) genes. The accuracy of the constructed
network required further validation. The co-expressed
genes with glpD (SGL_RS11080) are involved in glycerol
metabolism, stress response, and hypothetical proteins.
The co-expressed genes with s/[0939 (SGL_RS03405) are
hypothetical proteins, stress-responsive proteins, and tran-
scriptional regulators. The co-expressed genes with rimO
(SGL_RS15315) are ATP- and GTP-binding proteins, tran-
scriptional regulators, and hypothetical proteins (Table 3).
Analyzing the conserved domain of homologues genes in P.
tenue reveals that glpD (WP_073607160.1) protein contains
conserved (DAO and DAO_C) domains is involved in the
metabolic pathway of glycerophosphate, such as oxidore-
ductase activity. In this pathway, a quinone with sn-glycerol
3-phosphate is converted to a quinol and dihydroxyacetone
phosphate by the glpD enzyme (Fig. 1B) (Eungrasamee
et al. 2020). The hypothetical protein (WP_073607160.1)
contains the DUF1622 domain, which is highly conserved
among bacteria and archaea. This domain belongs to the
category of DUFs (Mironov et al. 2019; Uchiyama et al.
2012). The rimO (WP_139296916.1) protein possesses the
following domains: UPF0004, Radical-SAM, and TRAM-2.
As a transferase protein, rimO is involved in the methylation
of residue Asp-89 in ribosomal protein S12 (Fig. 1A) (Georg
et al. 2019; Mironov et al. 2019).

Structural modeling and validation:

Structural modelling was conducted using trRosetta
and Phyre2. Structural accuracy was validated using the
Ramachandran plot, ERRAT, ModEval, and trRosetta web
servers. Predicted models and Ramachandran plots for
each glpD (WP_073607160.1), rimO (WP_139296916.1),
and DUF1622 (WP_073608523.1) protein are shown
in (Fig. 2A-C). The confidence interval of all predicted
structures in the trRosetta database was very high. Based
on the Ramachandran plot, 96%, 91%, 92% of DUF1622
(WP_073608523.1), glpD (WP_073607160.1), and
rimO (WP_139296916.1) amino acids were in the most
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Table 3 Constructed co-expression network for each of gipD, rimO and 5110939 based on Pearson correlation coefficient

glpD

rimO

S110939

8gps, sll1566

probable phosphoglycerate mutase, slr1748

prqA, sir0896

aspartate transaminase, sll0938
hypothetical protein, slr1895
mapB, slr0786

ggpP, slr0746

hypothetical protein, sll0412
rfbD, sll1395

mutS, sll1772

PirR, slri1871

hypothetical protein, sir1384
hypothetical protein, slr0613
ggtC, slr0530

probable RNA methyltransferase, sll1967
ribF, slr1882

hypothetical protein, slr1827
ycf85, sir0251

unknown protein, sir1932
hypothetical protein, sll0157
hypothetical protein
hypothetical protein

slr0788

unknown protein, sirl670
xerC, slr0733

unknown protein, sll1755
yef21, sll1797

slr0236

prqgR, slr0895

hypothetical protein, slr1287
bioD, slr0523

rre8, slr1760

hypothetical protein, slr0643
unknown protein, sll0723
ssyA, sll1383

hypothetical protein, sll0514
ggtB, slr0529

hypothetical protein, sll0800
sucD, sll1557

cph2, sll0821

hypothetical protein, ssr3188
mrgA, slri894

crukE, sll0154

IspA, slr1366

pbpD, sll1167

fdp, slr0952

¢cbiO, sll0385

putative peptidase, sll1369
nrsB, slr0793

sl0558

SynAco, sll1541

chrR, slr0083

hypothetical protein, slr1220
gshB, slr1238

ndhD, slr1291

hypothetical protein, sll0157
spkl, sll1770

norA, sll1154

scpC, ssr2542

putative arsenical pump-driving ATPase, sll0086

acidstE, slr1881
hypothetical protein, sll0355
fus, slr1105

hypothetical protein, slr1235
hypothetical protein, slr0957
hypothetical protein, slr0320
ssyA, sll1383

yef2l, sll1797

probable pseudouridine synthase, slr0612
ndhB, slri743

sds, slr0611

rrel7, sli2012

lilA, slr1544

ribA, sll1894

hypothetical protein, sll1769
mrgA, slr1894

GTP binding protein, sir1974
folK, slr1093

rfbD, sll1395

hypothetical protein, sll0549
pds, slri254

cytM, sil1245

sll1483

hypothetical protein, slr0199
hypothetical protein, slr0642
mutS, sll1772

hik3, sll1124

petF, ssr3184

hypothetical protein, slr0553
hli, ssr2595

nblB2, slr1687

visB, slr1300

hypothetical protein, slrl1677
hypothetical protein, slr0292
hli, ssl1633

hypothetical protein, sll1911
slr0236

hypothetical protein, sll1072
hypothetical protein, slr1384
ftsH4, slr1604

rfrP, slr0967

slr1738, perR

pbpD, sll1167

hypothetical protein, sll0528
hypothetical protein, slr1686
hypothetical protein, sll1512,
psbW, sir1739

dnal, dnaJ4, dnaJ2, sir0093
unknown protein, ssl3769

fdx 11, sll1382

probable esterase, slr1916
sigB2, 5110306

riml, slr0853

hypothetical protein, slr0852
hypothetical protein, ssr3188
hypothetical protein, sll1620
visB, slr1300

hypothetical proteindM, slr0787
gerC2, sll1653
O-methyltransferase, slr0095
hypothetical protein, slr1603
hypothetical protein, sll1388
hypothetical protein, sll1652
hypothetical protein, sir0517
hypAl, hypA, slrl675
hypothetical protein, sll1389
yef21, sil1797

hypothetical protein, ssi2971
hypothetical protein, sir1915
nblB2, slr1687

abfB, slr0518

putative transposase, sir2062
hypothetical protein, sir0211
sigC, sll0184

unknown protein, ssr0759
hypothetical protein, rfrH, slr1851
hspl6.6, sll1514

hypothetical protein, sll1022
ClpB protein, clpBl, clpB, clpB2, sirl641
hypothetical protein, sufR, sll0088
ccsA, sll1513

hypothetical protein, sll1144
PilAS, slr1931

putative transposase, slr1246
hypothetical protein, sll1192
hypothetical protein, slr1886
unknown protein, sll1086
hypothetical protein, slr1885
mrgA, slr1894

Na+/H + antiporter, nhaS6, sll0556

favored regions (Fig. 2D-F). The ERRAT server pre-
dicted the overall scores of 93.784, 95.8621, and 100 for
glpD (WP_073607160.1), rimO (WP_139296916.1), and
DUF1622 (WP_073608523.1), respectively. The analy-
sis of the Chi-plot reveals a good predicted structure for
the proteins, where the server described that the predicted
structure passed the analyses. The QMEAN score was cal-
culated to be 0.69 +0.05, 0.71 +0.05, and 0.68 +0.07 for

glpD (WP_073607160.1), rimO (WP_139296916.1), and
DUF1622 (WP_073608523.1) proteins, respectively. Mod-
eller Scoring results are demonstrated in Table 4. The overall
RMSD for rimO (WP_139296916.1) proteins was calculated
to be 2.3, and the RMSD values for selected amino acids
are listed in Table 5. The analysis of the above-mentioned
parameters reveals that the predicted structures are reliable
for further studies.
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Fig. 1 schematic representation of biochemical pathways related to
glpD and rimO proteins. A [sulfur carrier] — SH+AH2+L-aspar-
tate89- [ribosomal protein uS12]-hydrogen+2 S-adenosyl-L-me-
thionine = 3-methylsulfanyl-L-aspartate89- [ribosomal protein
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Fig.2 The predicted structures for glpD, rimO and s110939. A, D
Predicted structure for glpD with trRosetta database with very high
confidence and Ramachandran plot with 96% of amino acids in most
fayured region. B, E Predicted structure for rimO with trRosetta

Digllase clloll Buao
KACSTa,061lg roglel)

@ Springer

uS12]-hydrogen + 5'-deoxyadenosine + [sulfur carrier]-H+A +2
H+ +L-methionine + S-adenosyl-L-homocysteine. B A quinone + sn-
glycerol 3-phosphate =a quinol + dihydroxyacetone phosphate

database with very high confidence and Ramachandran plot with
92% of amino acids in most favoured region. C, F Predicted structure
for sl10939 with trRosetta database with very high confidence and
Ramachandran plot with 91% of amino acids in most favoured region



3 Biotech (2021) 11:503

Page70f17 503

Table 4 Parameters for validation the accuracy of predicted models

Chi-Chi plot QMEAN

ERRAT

Modeller Scoring Results

TSVMod results

Ramachandran Plot,
Favoured region

Protein Name

z-surf z-combi

Z-pair

GA341

z-DOPE

Predicted Nagive
Overlap 3.5 A)

0.69+0.05
0.71+0.05
0.68+0.07

93.784 Pass

— 15471
—15.250

—-9.836
—8.781
- 1.705

—12.004
- 12.762
—3.859

1.000
1.000
0.467

- 1.375
—1.744
—-0.575

91% 0.945

92%

glpD (WP_073607160.1)

Pass

95.8621
100

0.950

rimO (WP_139296916.1)

Pass

—3.693

96% 0.379

DUF1622 (WP_073607160.1)

Table 5 Predicted RMSD for selected amino acids of rimO
(WP_139296916.1)

Resid RMSD value Resid RMSD value Resid RMSD value

161 0.019 273 0.04 52 087
333 04 261 0.124 331 0.05
330 07 301 09 332 0.1
150 0.9 297 07 163 0.6
259 08 234 0.02 198 0.05
335 0.06 169 02

Molecular docking

Native ligands were predicted using COACH-D, which uti-
lizes TM-SITE, S-SITE, COFACTOR, FINDSITE, and Con-
Cavity to predict the ligand-binding pockets and AutoDock
Vina as an efficient algorithm for ligand—protein docking.
Stressor-proteins docking was carried out using the Hex
software, which uses Fourier-transform (FFT) correlation
techniques for docking. The predicted ligands include flavin
adenine dinucleotide (FAD) for glpD (WP_073607160.1),
which participates in redox reactions and the transfer of
either one or two electrons, hydrogen atoms, or hydro-
nium ions (Lu et al. 2015). Iron/sulfur pentasulfide-
connected clusters (FS5) molecules predicted for rimO
(WP_139296916.1) protein that participates in catalyzing
sulfur insertion into ribosomal protein S12, which belongs
to a subgroup of Radical-S-adenosylmethionine (radical-
SAM) enzymes (Forouhar et al. 2013). Finally, Bacterioru-
berin (22B) and Magnesium (Mg) ligands were predicted
for DUF1622 (WP_073608523.1) (Fig. 3). Docking of Na™,
CI™, and NaCl to the DUF1622 (WP_073608523.1), glpD
(WP_073607160.1), and rimO (WP_139296916.1) proteins
were performed in two steps. The NaCl molecule is soluble
in water and breaks up into Na* and C1™. Thus, in the first
step, the stressors (Na*, C1~, NaCl) were simultaneously
docked into the proteins in the presence of native ligands
(FAD, FS5, 22B, and MG) (Fig. 4). Na™, C1~, and NaCl were
then docked separately to identify their binding poses on the
DUF1622 (WP_073608523.1), glpD (WP_073607160.1),
and rimO (WP_139296916.1) proteins (Fig. 5). The most
favourable binding free energies were observed in rimO-
FS5 (= 5.0 keal mol™!), DUF1622-22B (- 3.6 kcal mol™"),
and DUF1622-MG (- 1 kcal mol™"), respectively (Fig. 6).
However, glpD-FAD-binding presents the least favourable
binding free energy (+0.3 kcal mol™'). The Na*, C1~, and
NaCl-binding energies to the proteins varied from — 0.8 to
— 1.9 kcal mol™!. The binding energies for each protein were
different in the presence of Na*t, C1~, and NaCl. The results
demonstrate that the FAD-glpD-binding energy increases
from+0.3 to — 1.1 kcal mol~! when Na* is added to the com-
plex. On the other hand, a decrease in the FAD-glpD-binding
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Fig.3 The overall 3D view of the modeled proteins bound to their predicted native ligands. A The FS5 ligand for rimO protein, B the FAD
ligand for glpD protein, C The MG ligand for DUF1622 protein, D The 22B ligand for s110939 protein

Fig.4 A The complex of DUF1622 and MG in presence of Na*, B
The complex of DUF1622 and 22B in presence of Na*, C The com-
plex of DUF1622 and 22B in presence of CI-, D The complex of
DUF1622 and MG in presence of ClI~, E The complex of rimO and

energy was observed from 4 0.3 to+0.6 and 4 2.6 kcal mol ™!
upon the addition of CI~ and NaCl, respectively. Na*, CI~,
and NaCl do not alter the rimO-FS5-binding energy (— 5
to — 4.8 kcal mol™!). The DUF1622-22B binding energy

pjaliase cllol & :
PWMwmlg roglal 2 Springer

FS5 in presence of Na*, F The complex of rimO and FS5 in presence
of CI7, G The complex of glpD and FAD in presence of Cl~, H The
complex of glpD and FAD in presence of Na*

decreased from — 3.6 to — 2.7, — 2.5, and — 3.4 kcal mol™!
upon the addition of Na*, C1~ and NaCl, respectively. No
differences were observed in the MG-DUF1622 binding
energy in the presence of Nat or C1~ and NaCl (Fig. 6).
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Fig.5 structural representation of Na*, CI~, and NaCl molecules
binding poses on the glpD, rimO and DUF1622 A Predicted C1™
binding pose in glpD, B Predicted Na* binding pose in glpD, C Pre-
dicted NaCl binding poses in glpD, D Predicted CI~ binding pose
in rimO, E Predicted Na* binding pose in 1imO, F Predicted NaCl
binding poses in rimO. G Predicted C1~ binding pose in DUF1622,
H Predicted Na* binding pose in DUF1622, I Predicted NaCl binding
poses in DUF1622

Docking of Na*, CI~ and NaCl to glpD, rimO, and DUF1622
shows no direct overlap in the ligand-binding sites of these
proteins. The results demonstrate two Na® or Cl™-binding
poses, with — 46 kcal mol~! for Na* and 34 kcal mol™" for

Energy t Energyu Na+ Energyt Na+

]
!

kcal mol!

-8 4

ErimO (FS5) mglpD (FAD)

Fig.6 The binding free energies of all proteins in complex with their
predicted native ligands. Energy' is the total binding energy of native
ligand and the protein. Energy" Na* is the Na™ binding energy to the
binding site. Energy' Na* is the binding energy of native ligand in

Energyu ClI-

= DUF1622 (22B)

CI~ for the first binding pose and— 48 kcal mol~! for Na*
and — 41 kcal mol~! for CI~ for the second binding pose,
for the DUF1622 protein. Four binding poses of NaCl were
predicted for DUF1622 with an average binding energy of
— 83, — 76, — 76.5, and — 90.5 kcal mol™" for each pose.
One Na'-binding pose, one Cl™-binding pose, and three
NaCl-binding poses were predicted for the glpD and rimO
proteins. The binding energies of Na* and C1~ to glpD were
predicted to be — 88 and — 58 kcal mol™!, respectively.
The NaCl-glpD binding energies were — 115, — 111.5,
and — 112 kcal mol~!. The binding energies of Na* and
CI~ to rimO were — 63 and — 34 kcal mol~! for Na* and
CI, respectively. The NaCl-rimO-binding energies were
— 79, — 77, and — 74.6 kcal mol™! (Fig. 7). This is a valu-
able observation as these proteins are upregulated upon salt
stress treatment. Showing different ligand-binding epitopes
of Na*, CI~, and NaCl that differs from the native ligand-
binding sites is supportive of their proper activity upon salt
stress treatment, which ensures the survival of the organ-
ism. Investigating the detailed structural interactions of NaCl
with all the three proteins shows that the C1™ forms electro-
static interactions with positively charged residues (Fig. 7).
Atomistic interactions of all "binding poses" for each native
ligand Na*, C1"and NaCl are presented in Table 6.

Growth rate, chlorophyll (a), and morphological
analysis of P. tenue under salt stress

The growth rate was compared among the cells cultured
under control or stress condition. Measuring the dry mass

Energyt Cl- Energyu NaCl Energyt NaCl

= DUF1622 (MG)

presence of Na*. Energy" Cl~ is the CI~ binding energy to the binding
site. Energy' Cl~ is the binding energy of native ligand in presence of
CI-
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DUF1622 (Pose 1) DUF1622 (Pose2) DUF1622 (Pose3) DUF1622 (Posed)  glpD (Pose 1)

® Na

glpD (Pose 2) glpD (Pose 3) rimO (Pose1)  rimO (Pose2)  rimO (Pose 3)

1
-10
-30
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<
-110
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Fig.7 The binding energies of Na*, Cl~ and NaCl different poses on glpD, rimO and DUF1622 proteins. Na*, C1~ and NaCl binding energies

are shown with blue, red and green bars respectively

weight and chlorophyll-a content demonstrated the potential
ability of this bacterium to grow under salinity conditions
(Fig. 8). Studying the morphology of P. tenue gives clues
about the cellular mechanism of this microorganism as they
are photosynthetic microorganisms, and the cell morphol-
ogy directly affects the photosynthetic rate. P. tenue bears a
Gram-negative cell envelope containing an outer membrane
external to the cytoplasmic membrane, which is thicker than
in most other well-characterized Gram-negative bacteria.
After 7 days of treatment with NaCl, no extensive variabil-
ity was observed between the stress-treated cells and the
control. After 7 days, cells started depigmentation under
500 mM NacCl at a low rate (Fig. 9). The defence mecha-
nism against these effects includes biosynthesis of osmopro-
tectant regulators, ROS—scavenging antioxidant enzymes,
as well as the resynthesize of photosynthetic pigments and
photosystem proteins, which may be due to balanced energy-
linked assimilation and ATP production under such condi-
tions. The most important output of morphological analysis
in our study was the low rate of cell depigmentation under
NaCl stress.

Transcript analysis

One specific goal was to investigate gene expression con-
cerning the physiological changes under salt stress, particu-
larly the expression profiles of transcripts encoding compo-
nents of salt-responsive genes, including glpD, DUF1622,
and rimO. Changes in transcript abundance of each gipD,
rimO, and DUF 1622 under NaCl conditions were analyzed
using qRT-PCR. For an accurate transcript-level analysis,
16S rRNA, a housekeeping gene, was selected as a reference
gene. The specificity of PCR products was determined using
melting curve analysis. There was no amplification in no-
template control (NTC). A relative gene expression of glpD,
DUF1622, and rimO was compared to the internal /65 rRNA

jllate ¢llodl ay .
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gene. The up-regulation of selected genes was observed after
24 h of treatment of cells with 500 mM NaCl. The qRT-PCR
results indicate the up-regulation of glpD, DUF1622, and
rimO under salt stress conditions with 2.9, 2.6, and 3.2-fold
change for glpD, rimO, and s110939 (Fig. 10).

Discussion

The development of artificial biocrusts is an efficient strat-
egy to reduce the harmful effects of abiotic stresses, such as
soil salinity and plant growth/development (Cramer et al.
2011; Wu, et al. 2013; Belnap et al. 2016). P. tenue is a
halophilic microorganism that can be used to produce artifi-
cial biocrusts (Antoninka et al. 2016; Bowker et al. 2018; Bu
et al. 2017; Biidel et al. 2016; Chamizo et al. 2018; Sommer
et al. 2020; Steele et al. 2014; Xin et al. 2015). Biological
soil crusts not only directly impact the soil surface, but also
alters soil characteristics. Biological soil crusts prevents
water loss leads to lower water evaporation and conse-
quently, decreased soil salinity, which could increase the soil
quality and better plants growth/development (Kakeh et al.
2021). In this study, a combination of in silico approaches,
gene expression, growth rate, and morphological analysis
was implemented to identify the NaCl-responsive genes
and their protein products in P. tenue. Transcriptome data
showed an increase in the expression level of the 5110939,
glpD, and rimO genes upon salt stress treatment in Synecho-
cystis sp. PCC 6803. Up-regulation of the s/[0939 gene as
a defence mechanism against salt, acidic pH, and osmotic
stress was reported in previous studies (Uchiyama et al.
2012, 2014). The glpD enzyme is involved in the biosynthe-
sis of glycerol phosphate in the glycerolipid pathway (Uchi-
yama et al. 2012). Up-regulation of the glpD gene under
hyperosmotic and salt stress is reported in previous stud-
ies (Eungrasamee et al. 2020; Kamonchanock et al. 2020;
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Table 6 The protein-ligand complex and binding site residues for glpD, rimO and DUF1622

Protein-ligand complex Consensus residues

¢lpD (FAD)

ILE17: H, GLY18: O, GLY18: C, GLY20: O, GLY20: N, ILE21: N, ILE21: C, ASN22: C, ASN22: N, LEU40: H,

GLU41: H, LYS42:H, GLY43: H, GLY438: H, THR49: H, THR50: H, TRP52: H, SER53: H, SER54: H, LEU56:
H, ALA158: H, GLN186: H, VAL187: H, SER225: H, GLY226: H, PRO227: N, PRO227: O, TRP228: H,
GLY251: H, HIS253: H, THR291: H, GLY337: H, VAL338: H, ARG339: H, PRO340: O, PRO340: N, GLY375:

H, LYS376: H, LEU377: H, THR378: H
TYR232:CG, TYR232:CE2, TYR232:0H, CYS14: SG, CYS14:CB, ARG297:NH]1, ILE163:CD1, PRO259:CA,

1imO (FS5)

PRO259:CB, PRO259:CD, TYR234:CZ, TYR234:CZ, GLN198:NE2, GLN198:0E1, GLU335:0E2, PHE160:0,
CYS161:SG, ARG273:NH2, ARG273:CZ, GLN261:CG, PHE332:CD1, PHE52:CD2, PHE52:CG, PHES2:0,
ILE53:CG2, SER333:0, SER333:CB, SER331:0, ILE301:CD1, SER331:N, PHE330:CZ, ILE301:CB,
PHE330:0, GLN261:0, PHE332:N, THR299:0G1, THR299:CG2, PHE160: CE1

DUF1622 (MG)
DUF1622 (22B)
glpD (Na*)

GLY63: O, LEU107: O, LEU107: H, ASP108: H, MET111H
METI1:CE, LEU4:CD1, MET1:N, MET1:0, TRP3:CB, TRP3:0, ALA2:CB, ALA2:0, GLU5:CB
ALA25:CA, ALA25:CB, ARG28:CD, ARG28:NH1, ASP29:0D2, ASN170:0D1, ASP29:0D1, THR404:CB,

THR404:0G1, ASN170:ND2, HIS380:CE1, HIS380:CG, HIS380:0, ARG381:0, ARG381:NH2, ARG381:NH1

glpD (CI)

LEU89:0, VALI0:N, LYS91:N, LYS91:0, ILE57:0, VAL90: CG1, VAL90:CG2, GLU1161:N, ALA160:CB,

ILE57:CD1, ILE57:CG2, GLN159:CB, GLY158:0, GLY158:CA, LEU56:0, GLN159:0

glpD (NaCl) pose 1
PRO282:C

glpD (NaCl) pose 2

ILE255:CA, TYR287:0, LEU288:CD1, ILE255:CD1, TYR287:CA, ARG55:NH1, GLN286:0, TRP283:CZ3,

LEU489:0, ARG491:N, THR493:0, ARG490:0, ALA496:CB, TYR162:CE2, TYR162:0H, THR494:0,

THR494:CG2, TYR162:CE1, ARG490:NH2, MET497:CE

glpD (NaCl) pose 3
ASP29:0D2, HIS380:0, ARG381:0
rimO (Na™)

ARG28:CD, ARG28:NH1, ASN170:0D1, ARG381:NH1, THR404:0G1, ASP29:0D1, ALA25:0, ALA25:CB,

ALA186:CB, ALA186:0, ASP224:0D2, ASP224:0D1, GLU443:0E1, ASP224:0, ASP224:C, VAL190:0,

GLN190:NE2, GLN190:0E1, PRO226:CD, PRO226:CG

rimO (CI")
VALA47:CG2, THR77:N, VAL74:0
rimO (NaCl) pose 1
GLU39:0E2
rimO (NaCl) pose 2

rimO (NaCl) pose 3
GLU293:CB

ALA2:CB, GLU5:CB, TRP3:0
ASN45:CB, ASN45:ND2

DUF1622 (Na*)
DUF1622 (Na*)

DUF1622 (CI)
GLN88:C

DUF1622 (CI)

DUF1622 (NaCl) pose 1
ARG43:NH1, ARG43:CD

DUF1622 (NaCl) pose 2

DUF1622 (NaCl) pose 3
GLU114:.CG

DUF1622 (NaCl) pose 4

LEU64:CG, ILE76:CD1, ILE76:CD2, ILE76:C, LEU64:CD2, VAL75:CB, VAL47:0, VAL45:0, VAL74:CGl,

THR63:0, GLU66:CB, THR63:CA, THR63:CG2, THR63:0G1, GLU66:CD, GLU66:0OE1, ASN10:ND2,

ARG57:0, ARG57:NH2, GLU58:CB, GLU54:CG, GLU54:0E2
ARG247:0, ARG247:CG, PRO292:CD, LEU291:CD1, LEU291:CD2, PRO254:CA, PRO254:CG, GLU293:N,

PROS85:CB, THR81:CA, ALA84:0, PRO85:0, LEU90:CD2, THR86:0, THR86:CG1, THR86:CG2, GLN88:N,

LEU11:CB, ILE14:CG2, ILE14:CG1, VAL83:CG2, GLU12:CB, ASP13:0, LEU16:N, VAL15:CGl1
ARG39:NH1, GLN36:CA, GLN36:0E1, GLN36:0, GLN36:NE2, LEU40:CG, LEU40:CD2, ARG39:0,

PHE106:CE1, PHE102:CD2, PHE102:CZ, ARG109:NH1, ARG109:NH2, PHE102:0, TYR105:CB, TYR105:CEl
LEU115:CD1, LEU115:CD2, MET111:SD, LEU60:CD2, MET111:0, ASN56:0, ASN56:0D1, GLU114:0,

LYS92:NZ, ASP77:0D1, ASP77:0D2, SER80:C, ASP77:0, ASP88:0D1, THR81:0G1, ASP89:0

Kirsch et al. 2019). An increase in the expression level of
the rimO gene also shows an increased tolerance against
cold, osmotic, and salinity stresses (Kanesaki et al. 2002;
Los et al. 2008). A co-expression network is one of the most
valuable outputs of transcriptome data that link genes based
on their similarity in function or regulation. There are dif-
ferent gene regulatory mechanisms in prokaryotes, such as
uber-operons, super operons, persistent genes, clusters of
pathway-related operons, and clusters of statistically corre-
lated genes. A co-expression network is valuable, especially

in characterizing genes with no identified function, which
needs a large amount of transcriptome data under different
conditions (Allocco et al. 2004; Eisen et al. 1998). In the
case of organisms or microorganisms, which have not been
studied for their whole transcriptome, such as P. tenue, the
model organisms- or microorganisms-related data could be
employed and give us clues about conserved co-expression
networks and sub-networks. These conserved sub-networks
reveal the importance of the biological process within the
cell. The results of a study mainly focused on this concept
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Fig.8 A The dry weight mesur- 0.006
ment of P. tenue under 500 mM

NaCl for 7 days. B Chlrophyll a
content mesutment of P. tenue 0.005
under 500 mM NaCl for 7 days
—~ 0.004
0.003
0.002

0.001
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Fig. 9 Depigmentation of cells.
A control cells. B, C 500 mM
NaCl treated cell after 7 days
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Fig. 10 Relative gene expres- 5

sion analysis of glpD, rimO and 45

DUF1622 genes under 500 mM

NaCl for 24 h condition. Error g)() 4

bars represent the means +SD = 35 b

taken from three independent ] 3

biological replicates. Differ- 5

ent lower case letters above 25

columns indicate significant E )

differences at the (P <0.05) and =

show significant differences B~ L5

compared with control 1
0.5

0

gipD

reveal similarities in the patterns of co-expressed genes in
the mentioned microorganisms despite a high evolution-
ary distance between E. coli and B. subtilis (Carpentier
et al. 2005). In the present study, the constructed networks
included genes in stress sensing and response alongside
hypothetical proteins. Two main steps in structural bioin-
formatics include homology modelling and refinement and
molecular docking of native ligands and stressors. Primary
homology modelling was conducted by Phyre2 and trRosetta
web servers. The predicted models were then analyzed for
structural validations using Ramachandran plot, ERRAT,
ModEval, trRosetta, and QMEAN. In brief, the trRosetta
server outputs were more reliable for the proteins presented
in our study. This server employs a direct energy minimi-
zation approach along with interresidue distance and ori-
entation distributions, predicted by a deep residual neural
network. In molecular docking, the binding poses of the
native ligands and stressors with the proteins were modelled.
COACH-D uses the AutoDock Vina docking algorithm for
the accurate identification of ligand-binding pockets. The
structural analysis of glpD demonstrated the FAD-binding
domain, consistent with previous studies for similar proteins
(Yeh et al. 2008; Zhao et al. 2018). While the predicted FS5
ligand (a crucial ligand for C-S bond formation) for rimO is
also consistent with previous studies (Forouhar et al. 2013;
Jarrett 2015), no experimental structural analysis has yet
been conducted for s110939. Increasing NaCl concentrations
in the environment is strong evidence for the plausible bind-
ing of NaCl molecules to the proteins. The structure and
ligand-binding sites of glpD, rimO, and s110939 in the pres-
ence of Na*, CI~, and NaCl have been studied. The ligand-
binding mechanism was studied at two levels: (1) the predic-
tion of ligand-binding sites and plausible native ligands for
each protein and (2) the mechanism of Na*t, C1~ and NaCl
binding to each protein. One of the main reasons for the
decline in protein normal functionality under stress is related
to competition between the native ligand and stressors in

rimO DUF1622

500mM NaCl

binding to the protein (Arakawa and Timasheff 1991; Singh
and Shrivastava 2017). Interference in the ligand-binding
sites reduces the activity of the proteins. Despite the strong
binding energy between Na*, CI~, and NaCl with the pro-
teins, none of these molecules interferes with the ligand-
binding sites. On the other hand, the docking results reveal
that in all NaCl-protein docking poses, the binding energy
decreases except for the FAD-glpD docking that showed
an increase in the binding energy when the protein is sub-
jected to Na™. It has been demonstrated that 500 mM NaCl
greatly influences the cellular metabolism of cyanobacteria,
especially photosystem I and II, which dampen normal cell
growth (Allakhverdiev and Murata 2008). After 7 days of
salt treatment, morphological analysis reveals a low rate of
cell depigmentation. Transcript analysis was carried out for
the DUF1622, glpD, rimO genes under 500 mM NaCl after
24 h using qRT-PCR. Even though the transcript level is
strongly affected by the batch effect and the transcriptional
regulatory mechanism of the aforementioned genes, the
results supported the transcriptome data.

Conclusions

In this study, the effect of high concentrations of NaCl on P.
tenue was studied from transcriptomic and structural prot-
eomics perspectives. Microarray data analysis reveals the
up-regulation of the glpD, rimO, and sll0939 genes whose
product proteins contain (DAO and DAO_C, DUF1672),
(UPF0004, Radical_SAM and TRAM_2), and (DUF1622)
domains. Protein structure modelling and molecular docking
with Na*, C1~, and NaCl demonstrated that the predicted
target sites of stressors do not overlap with native ligand-
binding sites. The growth rate, chlorophyll measurement,
and morphological analysis also reveal that a small number
of cells were depigmented under salinity stress after 7 days.
The qRT-PCR results indicate the up-regulation of glpD,
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rimO, and DUF1622 under 500 mM NaCl. The results of
this study facilitate the genetic manipulation and protein
engineering of P. tenue for further biotechnological and
industrial applications, such as producing artificial biocrust
for preventing soil degradation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-03050-w.
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