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Functional metagenomics identifies 
novel genes ABCTPP, TMSRP1 
and TLSRP1 among human gut 
enterotypes
Manoj Kumar Verma1, Vasim Ahmed1, Shashank Gupta1, Jitendra Kumar1, Rajesh Pandey2,3, 
Vibha Mandhan1 & Nar Singh Chauhan1

Every niche in the biosphere is touched by the seemingly endless capacity of microbes to transform 
the world around them by adapting swiftly and flexibly to the environmental changes, likewise the 
gastrointestinal tract is no exception. The ability to cope with rapid changes in external osmolarity is 
an important aspect of gut microbes for their survival and colonization. Identification of these survival 
mechanisms is a pivotal step towards understanding genomic suitability of a symbiont for successful 
human gut colonization. Here we highlight our recent work applying functional metagenomics to 
study human gut microbiome to identify candidate genes responsible for the salt stress tolerance. 
A plasmid borne metagenomic library of Bacteroidetes enriched human fecal metagenomic DNA 
led to identification of unique salt osmotolerance clones SR6 and SR7. Subsequent gene analysis 
combined with functional studies revealed that TLSRP1 within pSR7 and TMSRP1 and ABCTPP of 
pSR6 are the active loci responsible for osmotolerance through an energy dependent mechanism. Our 
study elucidates the novel genetic machinery involved in bestowing osmotolerance in Prevotella and 
Bacteroidetes, the predominant microbial groups in a North Indian population. This study unravels 
an alternative method for imparting ionic stress tolerance, which may be prevalent in the human gut 
microbiome.

Microbes are ubiquitous in nature and have been identified to exist in all potential habitats. Microbial adapta-
tion occurs primarily through genetic evolution, in response to various environmental stressors, which is clearly 
reflected in the successful microbial presence across a wide range of ecosystems, such as hot springs, salt brines, 
alkaline lakes and acid mine drainage1,2. The majority of the microbes growing under salt stress conditions were 
reported to be osmotolerant for a short duration to even their entire life span3. Mechanisms responsible for high 
salt stress tolerance include induction of stress tolerance proteins, enhanced activity of Na+/H+ pumps, modi-
fications in membrane composition and an ability towards increased uptake of compatible solutes3,4. A variety 
of studies have been carried out to identify the gene or gene cluster responsible for salt tolerance in different 
culturable bacteria5–7. However, there are a large number of unculturable bacteria, which are expected to possess 
various novel physiological mechanisms conferring salt tolerance8,9. Metagenomics is a cultivation-independent 
genome-level characterization of communities and their members inhabiting a particular environmental 
niche10,11 and further, functional metagenomics has been utilized to identify various novel genes and physiologi-
cal pathways, which are prevalent in diverse ecosystems12,13. The human gut microbiome has become perhaps the 
most intensively studied environment using metagenomics for decoding the physiological role of gut microbes 
in human health14,15. Studies have highlighted various important insights, but there are potentially large pro-
portion of genes which remains uncharacterized. Microbial diversity within the human gut plays a significant 
role in human health, physiology and tissue development16. They do so by their ability to counter numerous 
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environmental stresses such as low pH, bile acids, elevated osmolarity, iron limitation, insufficient nutrient avail-
ability and host immune factors17–19. These physiological mechanisms which cumulatively resist rapid changes 
in the gastrointestinal environment are crucial for their successful colonization19,20. Efforts were made to elu-
cidate salt tolerance genes from human gut microbiome and following salt tolerance genes including brp/blh, 
galE, murB, mazG were identified21–23. Prevalence of only a few osmotolerance genes within a highly diverse 
human gut microbiome seems unrealistic and thus offers scope for further identification of novel osmotolerance 
mechanisms. With the advent of both faster and more accurate next-generation sequencing (NGS) technologies 
and functional metagenomics, together they allowed us in gaining new insights into gut microbial community 
structure. It also led to the discovery of three such novel osmotolerance genes i.e. ABCTPP, TMSRP1 and TLSRP1. 
This study enabled us to build a strong foundation to explore various unique mechanisms of salt stress tolerance 
involved in the human gut microbiome.

Results
Phylogenetic reconstruction of human gut microbiomes.  The SSU rRNA gene sequence analysis 
yielded 1,69,185 quality checked sequences for the studied samples (Table S1). Greengene based OTU identi-
fication through closed reference OTU picking protocol of QIIME resulted in the identification of 1453 unique 
OTUs. Taxonomic summary shows that the majority of the OTUs were affiliated to Bacteroidetes (65.25%), 
Firmicutes (22.85%) and Proteobacteria (8.66%) (Fig. 1a). However Prevotella genus (64.94%) was found to be 
dominating among Bacteroidetes, whereas Lachnospiraceae family (42.30%) was dominant among Firmicutes.

We analyzed the differences between gut microbiota of India, Bangladesh, USA and Columbia populations 
(Table S2). We obtained in total 57,17,311 sequences which contributed to 8193 OTUs. Taxonomic summary 

Figure 1.  Analysis of Human gut microbiome structure. Taxonomic profiles of the gut microbiota among 
Indian samples (a), Taxonomic profiles of the gut microbiota among different populations (b), Diversity 
estimates in gut microbial communities Diversity (Shannon), Richness, and Evenness (c) Principal Coordinate 
Analysis (PCoA) of bacterial community structures of the gut microbiota of different populations based on 
weighted unifrac distance metrics (d).
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among different populations is shown in (Fig. 1b,c). A significantly different human gut microbiome structure 
was observed within studied populations. The relationships between the community structures among different 
populations were examined using the Principal Coordinate Analysis (PCoA) based on the weighted unifrac dis-
tance matrixes (Fig. 1d). PCoA plot clearly shows that the Indian population is different from Columbia, USA and 
Bangladesh, even though Bangladesh population shares most of the microbiota with Indian population as seen in 
earlier studies24. Based on LDA effect size (LEfSe), 101 bacterial taxas were significantly more abundant between 
India, Columbia, USA, Indian tribal and Bangladesh populations. Amidst, 19 bacterial taxas in USA, 21 taxas 
in India, 20 taxas in Columbia, 15 taxas in Indian tribes and 26 taxas in Bangladesh were differentially present 
(Table S3). All these taxas belong to Bacteroidetes, Firmicutes, Proteobacteria and Tenericutes phyla. Among all, 
Prevotella copri is found to be significantly abundant (P = value < 0.05) in Indian population (Table S3).

Screening and characterization of salt resistant clones.  Metagenomic DNA of highly diverse sample 
(CC16) was used for construction of a metagenomic library, representing 1,69,148 recombinant plasmid clones. 
Initial screening of CC16 metagenomic library led to identification of nine salt tolerant clones. Subsequent RFLP 
analysis indicated the presence of two unique recombinant clones, hereby referred as SR6 and SR7. The SR6 
and SR7 have a statistically significant growth advantage in the presence of 3.5% (w/v) NaCl (P = 0.0005 and 
P = 0.0004) and 5.0% (w/v) KCl (P = 0.000006; P = 0.00002), respectively as compared to E. coli (DH10B) strain 
carrying empty plasmid vector (Figure S1a and b). A non-significant difference in growth pattern of control and 
test clones were observed in the absence of salt stressors (P = 0.0490; P = 0.0490) (Figure S1c). Minimum inhibitory 
concentration analysis of SR6 and SR7 showed significant growth up to 4.0% (w/v NaCl) (P = 0.0158; P = 0.0344) 
and 6.7% (w/v KCl) (P = 0.0099; P = 0.0088) as compared to control E. coli (DH10B) (Figure S2a and b).  
Complementation analysis with pSR6 and pSR7 has shown a statistically significant growth advantage to the salt 
sensitive E. coli (MKH13) host in the presence of 3.0% (w/v) NaCl (P = 0.00005 and P = 0.00002) and 4.0% (w/v) 
KCl (P = 0.00003; P = 0.00002), respectively as compared to salt sensitive E. coli (MKH13) strain carrying empty 
plasmid vector (Fig. 2a,b). A non-significant difference in growth pattern of the test and control was observed in 
the absence of salt stressors (P = 0.41946; P = 0.07151) (Fig. 2c). Elemental analysis showed that clone SR6 and 
SR7 has maintained a significantly lower intracellular concentration of Na+ (P = 0.0205 and P = 0.0411) and K+ 
(P = 0.0112 and P = 0.0210) in the presence of salt stressors (NaCl (3% w/v) and KCl (4% w/v) in comparison to 
the E. coli MKH13 strain (Fig. 2d).

Genetic characterization of salt tolerance genes.  The plasmid insert for pSR6 and pSR7 were 
sequenced and assembled to generate a sequence of 1313 bp and 1915 bp respectively. Further, G + C content 
of pSR6 and pSR7 was found to be 52.54% and 43.23% respectively. A nucleotide BLAST of pSR6 and pSR7 
inserts showed a homology of 89% and 99% with uncultured bacterial clones from fecal sample of Crohn’s disease 
patient (EU064107). Additionally, gene prediction server indicated the presence of two complete ORFs (ORF1 

Figure 2.  Growth curve analysis of clones. Growth of E.coli (MKH13) metagenomic clones harboring 
pSR6 (●), pSR7 (▼) and E.coli (MKH13) host strain carrying empty plasmid vector (■) in, (a) LB broth 
supplemented with 3.0% NaCl (w/v), (b) LB broth supplemented with 4% KCl (w/v), (c) LB broth. Intracellular 
K+ and Na+ estimation in E.coli (MKH13) clones harboring pSR6 and pSR7 and E.coli (MKH13) host strain 
carrying empty plasmid vector (d). Each point in graph is the mean of three different replicate experiments, 
each performed in triplicate.
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and 2) in pSR6, encoding inner membrane bound protein of 332aa and 213aa respectively (Table 1). Translated 
nucleotide sequences were subjected to BLASTP (maximum e-value cutoff of 1e-34) analysis to identify homol-
ogous sequence in the NCBI database (Table 1). The pblast database homologs of translated pSR6 ORF1 corre-
sponds to putative membrane transporter proteins of Prevotella species, while ORF2 has no significant similarity. 
Furthermore, ORF1 and ORF2 were in reverse orientation and overlapping in nature. Transposon mutagenesis 
analysis identified a functionally active locus within the sequence (621 bp and 979 bp), which encompasses ORF1 
as well as ORF2. It indicates that possibly both ORFs are working either individually or cooperatively to provide 
salt resistance to the host.

The G + C content of ORF1 is 53.42% and Pfam analysis of ORF1 encoded protein, speculates it as a putative 
ABC transporter permease having conserved domains for MacB-like periplasmic core domain and FtsX-like 
permease family. Further, STRING functional assignment of ORF1 encoded protein predicted it as an ABC trans-
porter containing transmembrane domains (TMD) and ATP Binding domains (NBD). The predicted NBD is 
known to generate energy for transport of a number of toxic molecules through TMD25. HMMTOP analysis has 
predicted three transmembrane helices within ORF1 at 202–224; 255–274 and 295–318, possibly synthesizing 
its TMD. Additionally, NsitePred has identified strong nucleotide binding sites (predominantly ATP Binding) 
between 59–60 and 104–107 of ORF1. These nucleotide binding sites could be NBD, as predicted by STRING 
functional assignment. To summarize, ORF1 encodes an ATP binding cassette (ABC) transporter permease pro-
tein (ABCTPP), hence ORF1 is labelled as a putative ABCTPP gene.

On the other hand, G + C content of ORF2 is 56.55% and share no homology within NCBI, pfam and STRING 
database. An upstream ribosomal binding site at −8 to −10 position and an upstream promoter element (−33) 
were predicted, indicating its possibility as an independent novel ORF. The encoded protein of ORF2 harbors a 
signal peptide (1–33) with five transmembrane helices. RaptorX binding prediction server has predicted binding 
sites for organic molecules (Glycerol, 2,3-Dihydroxy-1,4-Dithiobutane 1,2-Ethanediol, AMP and UMP) and ions 
(potassium, sulfate etc.) within its domain. As ORF2 has been identified to play a significant role in salt tolerance 
it is described as a Transmembrane Salt Resistance Protein 1 gene (TMSRP1 gene) encoding TMSRP1.

The pSR7 sequence indicated the presence of single ORF encoding cytosolic protein of 617 amino acids that 
shared 62% homology with uncharacterized protein of Bacteroidetes sp. Functional assignment with Pfam- and 
STRING database search indicates presence of TonB dependent receptor plug domain, with a possible function 
to sense the environment outside the cell and allow direct movement of substances (macromolecules, small mol-
ecules and ions) across cell by means of some agent such as a transporter, pore or a motor protein26. This is an 
A + T rich sequence (G + C: 42.98%), encoding a cytosolic protein having a number of nucleotide binding sites 
(GTP: 36, ATP:15). Transposon mutagenesis also confirmed functionally active locus within this ORF. The phy-
logenetic analysis further identifies it as a member of TonB linked outer membrane protein sub-family. Hereby, 
cumulating its physiological role and predicted features, this gene was described as TonB linked Salt Resistance 
Protein 1 gene (TLSRP1 gene) encoding TLSRP1.

Physiological characterization of salt tolerance genes.  ABCTPP and TMSRP1 genes were subcloned 
into pUC19 (pSR6C1 and pSR6C3) to validate the physiological role of these genes towards host survivability in 
the presence of ionic stressors. Recombinant clone SR6C1 has shown significantly (P = 0.00103 and P = 0.00002) 
increased growth advantage in the presence of NaCl (2.0% (w/v)) and KCl (4% (w/v)) with reference to the E. 
coli (MKH13) having native pUC19 only (Fig. 3a,b). SR6C1 showed no significant growth difference when it was 
grown in LB only, as compared to control (Fig. 3c). Similarly, statistically significant (P = 0.00005 and P = 0.0005) 
growth was observed for the clone SR6C3 in reference to control E. coli (DH10B) in growth medium supple-
mented with NaCl (4.0% (w/v)) and KCl (5% (w/v)) individually (Fig. S3a and S3b). Minimum inhibitory concen-
tration analysis of SR6C3 showed significant growth upto (4.0% (w/v)) NaCl and (6.7% (w/v)) KCl (P = 0.0057; 
P = 0.0103) as compared to control E. coli (DH10B). SR6C4 showed a significantly (P = 0.00006 and P = 0.00001) 
increased salt tolerance as compared to E. coli (MKH13) host carrying the empty vector only, when grown in 
NaCl (3% (w/v)) and KCl (4% (w/v)) individually (Fig. 4a,b), while no significant growth difference (P = 0.19462 
and P = 0.07151) was observed in growth medium lacking salt stresses (Fig. 4c). Elemental analysis showed that 
E. coli (MKH13) clone harboring pSR6C1 and pSR6C3 significantly lowered their intracellular concentration of 
Na+ (P = 0.0440 and P = 0.0343) and K+ (P = 0.0275 and P = 0.0152) in the presence of salt stressors NaCl (3% 
w/v) and KCl (4% w/v) individually in comparison to the E. coli (MKH13) strain (Fig. 4d).

In silico analysis of these genes has indicated the requirement of energy rich molecules like ATP for extending 
host osmotolerance. Thus, we selected a couple of compounds to check whether it is true for our putative gene 
functions. Dicyclohexylcarbodiimide (200 μM), an F0 F1-ATPase inhibitor and sodium orthovanadate (2 mM), 
a P-type ATPase inhibitor remarkably diminished the growth of SR6C1, SR6C3 and SR7 clones in the presence 
of 4% (w/v) NaCl and 5% (w/v) KCl individually. However, valinomycin (1 mM), affected the growth of SR6C1, 

Clone plasmid Putative gene ORF location Database homolog % identity

pSR6 (1313) ABCTPP 260–901 (+2) No Match Nil

pSR6 (1313) TMSRP1 1308–310 (−3) Putative ABC transporter permease protein of 
Prevotella copri CAG:164 94

pSR7 (1915) TLSRP1 61–1914 (+1) Putative uncharacterized protein of Bacteroides sp. 
CAG:875 62

Table 1.  Genes identified in the present study.
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SR6C3 and SR7 only in the presence of 5% (w/v) KCl. These results clearly demonstrate that TLSRP1 within pSR7 
and TMSRP1 and ABCTPP of pSR6 extends host osmotolerance through an energy (ATP) dependent process.

Transcriptional regulation of TMSRP1 gene.  The predicted upstream promoter region of TMSRP1 
was cloned upstream of promoterless green fluorescent protein (GFP) gene in the broad host range vec-
tor pPROBE-GT (Figure S4). Presence of osmotic stressors has significantly increased GFP expression in PR1 
(Fig. 5a,b), while no significant change was observed in other stress conditions (Fig. 5c). Although even at low 
temperature (15 °C), GFP expression of pPR1 was found to be significantly elevated.

Gene abundance of TMSRP1 and other genes.  The HMP database which contains all metagenomic 
datasets encompassing sixteen body sites from the Human Microbiome Project (HMP) was also screened for 
TMSRP1, ABCTPP and TLSRP1 homologs. Hits to TMSRP1, ABCTPP and TLSRP1 were most abundant in the 
stool, supragingival plaque and left retro-auricular crease metagenome samples at the lowest e-value (Figure S5a, 
b and c). Additionally, TMSRP1, ABCTPP and TLSRP1 showed homology with and Bacteroidetes/Prevotella spe-
cies during NCBI database search (Figure S5d, e and f).

Figure 3.  Characterization of ABCTPP for osmotolerance. Growth curve analysis of osmotolerant phenotype 
SR6C1 (●) and E.coli (MKH13) host strain carrying empty plasmid vector (■) in (a) LB broth supplemented 
with 2% NaCl (w/v), (b) LB broth supplemented with 4% KCl (w/v), and (c) LB only. Each point in graph is the 
mean of three different replicate experiments, each performed in triplicate.

Figure 4.  Characterization of TMSRP1 for osmotolerance. Growth of osmotolerant phenotype SR6C4 (■) and 
E.coli (MKH13) host strain carrying empty plasmid vector (●) in (a) LB broth, (b) LB broth supplemented with 
4.0% KCl (w/v), and (c) LB broth supplemented with 3% NaCl (w/v). Intracellular K+ and Na+ estimation in 
SR6C1 and SR6C4 and E.coli (MKH13) host strain carrying empty plasmid vector (d). Each point in graph is 
the mean of three different replicate experiments, each performed in triplicate.
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Discussion
In the current study, we highlight our recent work applying functional metagenomics to study human gut micro-
biome to identify candidate genes responsible for the salt stress tolerance and discuss how an approach combining 
high-throughput sequencing, cultivation and metagenomic functional screens can improve our understanding of 
interactions between microbes and its human host under adverse salt conditions. In present study, the human gut 
microbiome structure of the North Indian subject, elucidated the dominance of Bacteroidetes/Prevotella phylo-
type. Functional metagenomics, transposon mutagenesis and bioinformatics strategies were used to identify novel 
salt tolerance genes (TMSRP1, ABCTPP and TLSRP1) from the human gut microbiota. The presence of these 
genes in human gut microbes is likely to be important in the human gut and further identification of these genes 
would also help in elucidating the unique mechanism of salt tolerance involved in the human gut microbiome8,10.

SSU rRNA sequences identified that the Bacteroidetes dominate gut of studied subjects, which were known 
to play vital role in physiological processes of digestion, host immunity, host interaction, supply of nutrients 
and degradation of xenobiotics15,16,27–29. The abundance of Bacteriodetes, especially Prevotella sp. within various 
population, including Indian population, had already been deciphered from a number of human gut micro-
biome studies16,24,27,30. Dominance of Prevotella in Indian subjects could be associated with dietary habits24. 
Prevotella/Bacteroides are known for their metabolic potential to utilize the complex polysaccharides, as sub-
strate24,31. It might provide an advantage over other gut residents for successful colonization and dominance in 
the human gut. In north/west Indian populations, complex polysaccharides (wheat flour, sorghum flour and 
maize flour) are major dietary constituents32, which was utilized as a preferred metabolic substrate by Prevotella 
sp. and Bacteriodes sp. to release short chain fatty acids (SCFA)24,30,31. However, evidence for the mechanism 
of successful survivability of microbes in highly fluctuating and challenging environment of the gut is lacking. 
Presence of any solute transport gene system or unique osmotolerance system is highly anticipated within these 
microbial groups for their survival in the gut22. Identification of salt tolerant clones SR6 and pSR7 and more 
strikingly, phylogenetic similarity of pSR6 with Prevotella copri CAG:164 are interesting. Sequence analysis and 
transposon mutagenesis analysis have identified the bioactive locus within these clones. Sequence analysis of 
pSR6 identified presence of two overlapping but oppositely oriented salt responsive genes, not so uncommon 
among microbes16,27. Surprisingly, both these predicated genes occupied bioactive region for salt tolerance, as 
deciphered through transposon mutagenesis. Among them, ORF1 has shared a good homology with putative 
ABC transporter permease proteins of Prevotella sp., annotated as ABCTPP (ABC Transport permease protein). 
The physiological characterization of this gene has indicated its role in extending osmotolerance property to 
the host E. coli strain, possibly by reducing the intracellular concentration of ionic stressors through an energy 
dependent mechanism. Though a detailed mechanistic role of this gene in osmoltolerance still needs to be estab-
lished, however osmotolerance through energy dependent expulsion of ionic stressors are well documented16. 
Human microbiome database search has identified an abundance of ABCTPP protein homologs in the human gut 
microbiome (stool sample), as compared to other body sites. Similarly, Prevotella sp. were more abundant within 
human gut microbiome (stool samples) as compared to other body sites16,27. Similarly, taxonomic distribution 
analysis of its homologs lies within Bacteroides/Prevotella clades. It strengthens our view on the role of ABCTPP 
gene in the maintenance of osmotic stress within Prevotella sp., a predominant human gut microbe.

The putative TMSRP1 gene of pSR6 shares similar topology of being inner membrane bound transmembrane 
protein. Interestingly, alternative initiation codon of TMSRP1 i.e. TTG other than ATG, is the common feature of 
osmotolerance genes in a number of gastrointestinal pathogens33,34. Even the presence of salt responsive promoter 
upstream of TMSRP1 gene could acts as a regulator of the general stress response, induced during stationary 
phase in E. coli and other Gram negative bacteria35. It provides a strong possibility that this gene could play a 
significant role in host adaptability in the presence of ionic stressors. The finding is strengthened by subcloning, 

Figure 5.  Transcriptional regulation of TMSRP1. GFP expression of recombinant clone PR1 phenotype with (a) 
1% (w/v) NaCl, KCl and LiCl, 100 mM Hydrogen peroxide and at various temperatures 15 °C, 37 °C and 45 °C 
(b). Each point is the mean of three different replicate experiments, each performed in triplicate.
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energy dependency and elemental analysis studies, where TMSRP1 gene significantly improves host growth in 
the presence of ionic stressors by reducing their intracellular ion concentration to the host physiological limits. 
pSR6 encoded TMSRP1 proteins were found to provide tolerance toward ionic stressors through energy depend-
ent mechanism and an upstream promoter identifies its salt responsive expression. Presence of promoter has 
enhanced the efficiency of TMSRP1 protein towards host tolerance against ionic stressors. The promoter was 
identified to respond to osmotic stressors like NaCl, KCl and LiCl and enhance the expression of downstream 
gene through many folds. Similarly, many bacteria, including Escherichia coli have OxyR, SoxRS, and RpoS as 
regulators of the oxidative stress36. Physiological, in silico and regulation studies demonstrate the role of TMSRP1 
and ABCTPP gene in host survivability during osmotic stress. However, their mechanistic role in providing salt 
stress tolerance still needs to be established.

Genetic and physiological characterization of salt tolerance clone pSR7 has identified a TonB linked 
outer membrane protein sub-family member and a Bacteriodetes homolog TLSRP1 for osmoltolerance prop-
erty. InterPro database information indicates that these family proteins allow passage of ligands using energy 
(proton-motive force) and through conformational alterations37. Members of this family are restricted to the 
Bacteroidetes lineage (except for Gemmatimonas aurantiaca T-27 from the novel phylum Gemmatimonadetes) 
and occur in high copy numbers, with over 100 members from Bacteroides thetaiotaomicron VPI-5482 alone38. A 
taxonomic affiliation of TLSRP1 gene has similar findings showing its phylogenetic lineages within Bacteroidetes. 
Published descriptions of members of this family are available for Rag A from Porphyromonas gingivalis39, SusC 
from Bacteroides thetaiotaomicron40, and OmpW from Bacteroides caccae38. Transporter complexes, including 
these outer membrane proteins are likely to import large degradation products of proteins (e.g. Rag A) or car-
bohydrates (e.g. Sus C) as nutrients, rather than siderophores (transport, binding proteins and unknown sub-
strate)39,40. However, no information has been gathered for the role of TonB in osmotic stress maintenance, except 
our current study having deciphered role of this protein in the salt stress maintenance though a widely unknown 
mechanism.

Conclusion
In this study, the functional metagenomics approach was used to decipher osmotolerant genes prevalent among 
one of the most abundant microbial lineages present in the human gut microbiome. Identification of TMSRP1, 
ABCTPP and TLSRP1 genes has enriched our understanding about their survival and acclimatization in the 
highly variable gut ecosystem. The identified salt tolerance genes might be used as a stepping stone in the fields of 
patho-biotechnology and meta-biotechnology for designing improved probiotic cultures with greater resistance 
to induced stresses as well as improved gut colonization. Our results will further build a foundation for future 
studies to understand salt tolerance mechanisms involved in this unique environment.

Materials and Methods
Human fecal sample collection and processing.  Fecal samples from eight healthy individuals not hav-
ing any past history of prolonged illness, recent antibiotic usage and proactive food intake were collected in sterile 
containers (Table S4). The samples were then further processed for metagenomic DNA isolation41.

Ethical Statement.  Recruitment of volunteers and sample collection was carried out using standard pro-
cedures following ethical guidelines of Indian Council of Medical Research, India for biomedical research and 
informed consent of volunteers. The study has been conducted after ethical clearance from human ethical com-
mittee at M. D. University, Rohtak, Haryana, India.

Bacterial strains and growth conditions.  Bacterial strains and plasmids used in the study are listed in 
(Table 2). Oligonucleotide primers used in the study (GeNoRime, Shrimpex Biotech services Pvt. Ltd. India) are 
presented in (Table S5). Escherichia coli (DH10B) was cultured in Luria-Bertani (LB) medium. E.coli (DH10B) 
containing pUC19 vector were cultured in the presence of ampicillin (100 µg ml−1), whereas, pPROBE-GT pro-
moter less vector was cultured in LB supplemented with gentamycin (10 µg ml−1).

Phylogenetic reconstruction of human gut microbiome.  Metagenomic DNA was used as a template 
for the amplification of small subunit ribosomal RNA (SSU rRNA) gene11. HPLC-purified primers targeting the 
V1–V4 regions of the SSU rRNA gene were designed for pyrosequencing42. Amplified product was then used 
for next generation sequencing (NGS) with the aid of Roche 454 GS FLX+ platform11,42. Quantitative Insights 
Into Microbial Ecology (QIIME) 1.9.1 pipeline was implemented for pyrosequencing data analysis43. Chimeric 
sequences were detected and removed using usearch6144. 16S rRNA gene sequence data was curated for qual-
ity, length and ambiguous bases as a quality filtering step. Each sample was preprocessed to remove sequences 
with length less than 200 nucleotides and more than 1000 nucleotides sequences, with minimum average quality 
less than 25 and containing >2 ambiguous bases. Reads were assigned to operational taxonomic units (OTUs) 
using a closed reference OTU picking protocol using QIIME 1.9.1, with uclust (Edgar, 2010) being applied to 
search sequences against a subset of the GreenGenes database, version 13_8 filtered at 97% sequence identity. 
Furthermore, the alpha diversity (Shannon diversity and observed species) for all samples was calculated using 
QIIME, to estimate species diversity, richness and evenness, and visualized using ggplot2. Furthermore, overall 
taxonomic differences and beta diversity were estimated through Principal Coordinates Analysis (PCoA) based 
on weighted unifrac distances.

Comparative analysis of human gut microbiomes.  We used publically available 16S rRNA gene 
sequence data for human gut from different populations45,46 to see any determining microbial diversity among 
populations24 (Table S2). To avoid the biasness introduced due to respective studies describing microbiota of 
these populations, sequence data of individuals from a study was merged and considered as a representative 
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microbiota of that country24. Raw data from all these samples were processed along with the in-house samples in 
the same way as explained earlier. Linear discriminant analysis coupled with effect size (LEfSe) was performed 
to identify the bacterial taxa differentially represented between higher taxonomy levels47. For bacterial groups, 
the LDA score threshold was set to >4 whereas for functional genes and their specific KEGG orthologs, the LDA 
score threshold was set to >2.5.

Screening and characterization of salt resistant clones.  A plasmid borne human gut metagenomic 
library was prepared13,48 from CC16 and used to screen for salt tolerant clones22. A total of 1,69,148 clones were 
screened on LB agar supplemented with 4.3% (w/v) NaCl. Plasmid isolation, restriction enzyme digestion, liga-
tion and competent cell preparation were carried out using standard procedures49. The minimum inhibitory assay 
and growth inhibition studies of clones SR6 and SR7 were performed for indexing their osmotolerance property22. 
Graphs (created using Origin61) were presented as an average of triplicate experiments, with error bars being 
representative of the standard error of the mean (SEM). Further the p value was calculated using t-test available 
with Origin61software.

Genetic and physiological characterization of salt tolerance genes.  The plasmid insert from pSR6 
and pSR7 was sequenced using Sanger sequencing chemistry with primer walking approach at Eurofins Genomics 
India Pvt Ltd (Bangalore, India). Sequence assembly was performed with Seq-Man sequence assembly software 
of Lasergene package, version 5.07 (DNA Star, USA). Putative open reading frame (ORF) was predicted using an 
ORF finder tool at NCBI (http://www.ncbi.nlm.nih.gov/gorf) and checked for the database homology with Basic 
Local Alignment and Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/ Blast.cgi). Functional annotations of 
the proteins were performed with Pfam database50 and the STRING database51. The promoter was predicted 
with Fruitfly promoter search tool (http://www.fruitfly.org/seqtools/promoter.html). Nucleotide binding sites 
were predicted with Nsite Pred Server (http://biomine.cs.vcu.edu), whereas, ligand binding sites were predicted 
using RaptorX binding prediction server (http://raptorx.uchicago.edu/). The topology of encoded proteins was 
checked with HMMTOP52. Further, presence of signal peptide within the encoded sequence was observed with 
TOPCONS53.

Transposon mutagenesis was carried out on pSR6 and pSR7 using EZ-Tn5TM <Kan-2> Insertion kit (Epicenter 
Biotechnologies) following manufacturer’s instructions. Transposon mutants of pSR6 and pSR7 were screened for 
the salt stress resistant and sensitive phenotypes to identify the functional genomic regions within the cloned 
DNA fragment in pSR6 and pSR7. Putative ABCTPP, TMSRP1 of pSR6 recombinant plasmid were subcloned 
using standard cloning techniques47. The Minimum Inhibitory assay and growth inhibition studies of subclones 
were performed to analyze for their salt stress maintenance property22. Energy dependency of ABCTPP, TMSRP1 
and TLSRP1 for salt stress tolerance were checked by growth inhibition studies in the presence of salt stress and 
various inhibitors54. All assays were performed in triplicates for calculation of standard deviation. The p value was 
calculated with paired t-test available with Origin61.

Strains, plasmids, clones 
and transposons Genotype or Characteristics Source or reference

E. coli (DH10B)
F- endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 
Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-
mcrBC) λ-

Invitrogen, Thermo Scientifc USA

E. coli (MKH13) MC4100Δ(putPA)101D(proP)2D(proU) 56

pSR6 pUC19 based harbouring a metagenomic DNA fragment of 
1313 bp having osmotolerance property Present work

pSR7 pUC19 based harbouring a metagenomic DNA fragment of 
1915bp having osmotolerance property Present work

SR6 pSR6 in E. coli DH10B host Present work

SR6 pSR7 in E. coli DH10B host Present work

pSR6C1 pUC19 recombinant plasmid harboring ABCTPP gene of pSR6 
cloned at EcoR1 and HindIII of pUC19 MCS (Multiple cloning site) Present work

SR6C1 pSR6C1 in E. coli MKH13 host Present work

pSR6C3 pUC19 recombinant plasmid harbouring TMSRP1 gene with 
promoter of pSR6 cloned at EcoR1 and HindIII of pUC19 MCS Present work

SR6C3 pSR6C3 in E. coli DH10B host Present work

SR6C4 pSR6C3 in E. coli MKH13 host Present work

pPR1
pPROBE-GT recombinant plasmid harboring predicated 
upstream promoter region (+35) of TMSRP1 of pSR6 cloned at 
EcoR1 site of MCS

Present work

PRI pPR1 in E. coli DH10B host Present work

pUC19 Plasmid cloning vector Ampr Thermo Scientific

pPROBE-GT Promoter less vector Addgene, USA

Transposon, EZ-
Tn5TM <Kan-2> Tn5TM Transposon Kanr Epicentre Biotechnologies Madison, 

Wisconsins, USA

Table 2.  Bacterial strains and plasmids used in the present study.

http://www.ncbi.nlm.nih.gov/gorf
http://www.ncbi.nlm.nih.gov/
http://www.fruitfly.org/seqtools/promoter.html
http://biomine.cs.vcu.edu
http://raptorx.uchicago.edu/
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Elemental quantification of Na+ and K+ in salt tolerant clones.  Elemental quantification of Na+ and 
K+ in E. coli MKH13 carrying the empty vector (pUC19) and E. coli MKH13 harboring pSR6, pSR7, pSR6C1 and 
pSR6C3 was measured with inductively coupled plasma spectroscopy-atomic emission spectroscopy (ICP-AES) 
analysis at SAIF, IIT Bombay, India, in the E. coli cultures grown in the presence of ionic stressors (NaCl (3% w/v) 
and KCl (4% w/v), individually)55. Results were expressed as mg of Na+ g−1 dry weight and K+ g−1 dry weight of 
cells. The t-test was used for statistical analysis.

Transcriptional regulation of TMSRP1 gene.  The predicted promoter region of TMSRP1 was ampli-
fied from pSR6 plasmid DNA with Pro fwd and Pro1 rev primer (Table S2). The promoter region was sub-
cloned at EcoR1 & HindIII site within MCS of pPROBE-GT using standard molecular cloning techniques. E.coli 
(DH10B) carrying pPROBE constructs were grown in GFP medium (EDTA 0.05%, Glycerol 0.5%, Dextrose 0.5%, 
Orthophosphoric acid 0.2%, Ammonium sulfate 0.05%, Tris base 1.21%, Yeast Extract 0.20%, Vitamin B1 0.1%, 
Osmotic stressor 1% and pH 7.5) supplemented with gentamycin (10 µg ml−1) for 24 h. The overnight grown 
cultures were diluted to a final optical density of 0.1 (A600 nm) in fresh GFP medium to test GFP (green fluorescent 
protein) gene expression with low temperature (15 °C), high temperature (45 °C), 100 mM H2O2 and osmotic 
stress NaCl, KCl and LiCl 1% (w/v). GFP expression was checked by reading fluorescence (excitation filter at 
485 nm and emission filter at 528 nm) in 1 ml aliquots at different intervals (0, 12 and 24 h) using Fluorometer 
(Waters USA). All experiments were performed in triplicates.

Gene Abundance analysis.  ABCTPP, TMSRP1 and TLSRP1 gene sequence were checked for their respec-
tive homologs within the HMP Database (http://www.hmpdacc.org) using a combination of the lenient and 
strict search criteria (maximum e-value cutoff of 1e-05 and 1e-50, respectively) and within NCBI database using 
BLASTx tool using a maximum e-value cutoff of 0.0.

Data availability.  SSU rRNA gene sequences have been submitted to the National Centre for Biotechnology 
Information (NCBI) Sequence Read Archive database, project number: PRJNA421267. The pSR6 & pSR7 DNA 
insert sequences were deposited under NCBI accession numbers of MG603294 & MG603295. SSU rRNA gene 
sequence data for the samples included in this study and pSR6, pSR7 sequences can also be accessed using the 
following link https://figshare.com/s/010669c3d83c30bf33c4.
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