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The Sm, like-Sm, and Hfq proteins belonging to the Sm superfamily of proteins are represented in all
domains of life. These proteins are involved in several RNA metabolism pathways. The functions of
bacterial Hfq and eukaryotic Sm proteins have been described, but knowledge about the in vivo functions
of archaeal Sm proteins remains limited. This study aims to improve the understanding of Lsm proteins
and their role using the haloarchaeon Haloferax mediterranei as a model microorganism. The Haloferax
mediterranei genome contains one Ism gene that overlaps with the rpl37e gene. To determine the
expression of Ism and rpl37e genes and the co-transcription of both, reverse transcription-polymerase
chain reaction (RT-PCR) analyses were performed under different standard and stress conditions. The
results suggest that the expression of Ism and rpl37e is constitutive. Co-transcription occurs at sub-
optimal salt concentrations and temperatures, depending on the growth phase. The halophilic Lsm
protein contains two Sm motifs, Sm1 and Sm2, and the sequence encoding the Sm2 motif also constitutes
the promoter of the rpl37e gene. To investigate their biological functions, the Ism deletion mutant and
the Sm1 motif deletion mutant, where the Sm2 motif remained intact, were generated and characterised.
Comparison of the Ism deletion mutant, Sm1 deletion mutant, and the parental strain HM26 under
standard and stress growth conditions revealed growth differences. Finally, swarming assays in complex

and defined media showed greater swarming capacity in the deletion mutants.
© 2021 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction

The Sm protein superfamily includes Sm, like-Sm (Lsm), and Hfq
proteins, all of which are involved in RNA metabolism [1—3]. The
Sm and Lsm proteins are found in Archaea and Eukarya domains,
whereas Hfq proteins exist in the Bacteria domain and one
archaeon species, Methanocaldococcus jannaschii [2—5]. The Lsm
and Hfq proteins present important differences at the amino acid
sequence level; however, they share a bipartite signature sequence
known as the Sm domain. This domain consists of two segments,
the Sm1 and Sm2 motifs, separated by a region of variable length
and amino acid sequence [6]. Although the Lsm and Hfq proteins
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are not very similar at the primary structure level, they show
striking similarities in their tertiary and quaternary structure levels
[3,6,7]. The bacterial Hfq proteins form stable hexamers that bind
preferentially to A-U rich sequences [8], while the eukaryotic Lsm
proteins form five different hetero-heptameric complexes. In
contrast, archaeal Lsm protein structures are composed of hex-
americ [9] or heptameric complexes [10—13]. Moreover, the Lsm
protein of Haloferax volcanii forms homoheptameric complexes
in vitro [14]. These observations suggest that Hfq may represent an
ancient, less-specialised form of the Sm family of proteins [15].
The eukaryotic Sm proteins constitute the cores of the uracil-
rich small nuclear RNPs (U snRNPs) that further assemble into
spliceosomes and excise introns in eukaryotic pre-mRNAs [16].
Numerous studies have shown that eukaryotic Sm proteins func-
tion as molecular scaffolds for RNP assembly and are involved in
mRNA degradation, mRNA decapping, RNA stabilisation, mRNA
splicing, telomere maintenance, and histone maturation [6]. The
archaeal Lsm proteins were discovered by database sequence
search [17]. These proteins were not necessarily expected in

0300-9084/© 2021 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.


mailto:gloria.paya@ua.es
mailto:vanesa.bautista@ua.es
mailto:camacho@ua.es
mailto:mjbonete@gcloud.ua.es
mailto:mjbonete@ua.es
mailto:mjbonete@ua.es
mailto:julia.esclapez@ua.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biochi.2021.05.002&domain=pdf
www.sciencedirect.com/science/journal/03009084
http://www.elsevier.com/locate/biochi
https://doi.org/10.1016/j.biochi.2021.05.002
https://doi.org/10.1016/j.biochi.2021.05.002
https://doi.org/10.1016/j.biochi.2021.05.002

G. Payq, V. Bautista, M. Camacho et al.

archaea because of the absence of introns in their protein-coding
genes and their primitive RNA-processing machinery [15]. How-
ever, crystallographic studies [11—13] proved that the architecture
of the Sm core domain and RNA binding site was conserved in these
archaeal and eukaryotic proteins, including an Sm-like (Lsm) sub-
family. In addition, over 50 years ago, the Hfq protein was
mentioned for its role in the replication of the RNA phage Qf
[18—20]; however, it is currently known to have a multitude of
cellular functions [7]. For example, one of the identified roles of Hfq
corresponds to its interaction with sRNAs that regulate gene
expression, cooperating as an RNA chaperone with small regulatory
RNAs and their target mRNAs, facilitating their connections [21].
The hfq insertion mutant in E. coli exhibited pleiotropic phenotypes
affecting growth rate, cell morphology, and tolerance to stress
conditions [22]. These abnormal phenotypes might be produced
because Hfq is required for the regulatory function of sRNAs
[23—25]. The bacterial homolog Hfq has been widely studied in
several bacterial species by generating hfq deletion mutants. This
protein is involved in the regulation of different stress conditions,
such as heat shock, oxidative stress, osmotic stress, UV exposure,
acid pH, and ethanol stress [22,26—30]. Moreover, Hfq plays an
essential role in pathogenic bacterial motility and virulence [31,32].
However, the functions of archaeal Lsm proteins under stress
conditions have not been reported.

Little is known about the physiological functions of archaeal Lsm
proteins, although various protein structures have been solved
[9,11—13]. The crustal structures of Lsm proteins from Archae-
oglobus fulgidus and Pyrococcus abyssi revealed that the proteins
bind to U-rich RNA similar to eukaryotic Lsm and Hfq [13,33].
Moreover, the Lsm proteins from A. fulgidus interact with each
other and RNase P RNA, similar to eukaryotic Lsm [13]. Further
studies highlighted that archaeal Lsm binds with several sRNAs,
which suggests a similar function in the sRNA regulatory network
as bacterial Hfq protein [14,34]. Additionally, Lsm1 and Lsm2 of
Sulfolobus solfataricus cooperate with the archaeal exosome pro-
teins for mRNA degradation [35]. Other biological functions have
been described in H. volcanii where Lsm1 binds with sRNAs that
interact with proteins related to translation, stress, nucleic acid
metabolism, and the cell cycle, indicating that Lsm is involved in
many cellular processes [14]. Therefore, it is unknown whether
archaeal Lsm proteins act as chaperones for small regulatory RNAs,
as in bacteria, or act as scaffolds, as in eukaryotes [15]. The Ism gene
of H. volcanii was co-transcribed with the overlapping gene of the
ribosomal protein L37e, generating a bicistronic transcript and a
smaller transcript from the gene for L37e protein under aerobic
growth in 2.1 M NaCl at 42 °C, 2.1 M NaCl at 48 °C, and 1.5 M Na(l at
42 °C, while no transcripts were detected under aerobic growth in
2.1 M Nadl at 30 °C and anaerobic growth in 2.1 M NaCl at 42 °C
[14]. The Sm2 motif of the H. volcanii Ism gene contains a promoter
that regulates the expression of the overlapping rpl37R gene [36].
Notably, only a bicistronic mRNA of Ism and rpl37R was detected
[14,36]. In addition, the Ism deletion mutant was viable in
H. volcanii, and its phenotype is manifested only in different carbon
sources [14]. Moreover, a deletion mutant of the Sm1 motif versus
parental strain showed differences in the transcriptome in rich
medium (Hv-YPC); the deletion mutant exhibited gain-of-function
swarming activity compared to the parental strain [36].

H. mediterranei (isolated from solar salterns, Spain) [37] and Hfx.
volcanii (isolated from the Dead Sea) [38] are different species of
the class Halobacteria. The 16S rRNA sequences of these two species
share 98.4% similarity, which implies a divergence time of
approximately 80 million years [39]. Notably, these species present
numerous differences: (1) H. mediterranei is highly vacuolated,
whereas H. volcanii is not; (2) H. mediterranei presents slightly
motile during the exponential phase, whereas H. volcanii is non-
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motile; (3) the cell wall of H. mediterranei has an entirely
different ultrastructural appearance than Halobacterium species;
(4) the cell envelopes of H. mediterranei are deprived of peptido-
glycan; (5) the bulk composition of acids over basics amino acids is
higher (19.9% mole excess) than the bulk amino acid composition of
H. volcanii (15.1% mole excess); (6) the G+C content of DNA (60 mol
%) is lower than other Halobacterium species; (7) H. mediterranei
requires 0.02 M of Mg*™ for growth, while H. volcanii requires
0.08 M; (8) at low salt concentrations, lysis of cells occurs in Hal-
obacterium species; however, H. mediterranei cells can survive at
low salt concentrations; (9) H. mediterranei can hydrolyse starch,
gelatine, and Tween, whereas H. volcanii does not; (10)
H. mediterranei cannot produce H,S from thiosulfate (halobacterial
feature); (11) H. mediterranei performs complete denitrification,
whereas H. volcanii cannot produce N from NO3; (12)
H. mediterranei produces exopolysaccharides; and, (13)
H. mediterranei is extremely halophilic with optimal growth at
2.9 M NaCl at 40 °C, while H. volcanii requires 1.7—2.5 M NaCl and a
temperature of 30—40 °C for optimum growth [37,38].

Recently, we identified the sRNAs of Haloferax mediterranei ac-
cording to the nitrogen source [40,41]. H. mediterranei contains one
gene encoding the Lsm1 protein (HFX_RS09865) in its genome,
which shares 99% sequence identity with the Lsm protein of
H. volcanii. These results suggest that the interaction between Lsm
proteins and sRNAs and their participation in RNA metabolism
might also occur in H. mediterranei. Moreover, Lsm protein is often
encoded adjacent to or overlapping with the rpl37e gene [15]. The
Sm2 motif of the Ism gene in H. volcanii contains a promoter that
regulates the expression of the overlapping rpI37R gene, which is
wholly preserved in H. mediterranei.

The present study presents an extensive analysis of the Ism gene
from the extreme haloarchaeon H. mediterranei under several
different conditions, including various nitrogen sources and stress
conditions. For this purpose, the transcriptional expression analysis
of Ism and rpl37e genes and their co-transcription were performed
under different standard and stress conditions and verified by
reverse transcription-polymerase chain reaction (RT-PCR) in the
parental strain. Deletion mutants of the open reading frame of the
Ism gene and the Sm1 motif maintaining the intact specific rpl37e
promoter were generated and extensively characterised under the
same conditions to investigate the metabolic processes in which
the Lsm protein plays an essential role.

2. Materials and methods
2.1. Strains, vectors, and standard conditions

Haloferax mediterranei strains R4 (ATCC 335007) [42], HM26 (R4
ApyrE2) [43], HM26-Alsm (R4 ApyrE2 Alsm1), and HM26-ASm1 (R4
ApyrE2 ASm1) were employed and/or generated in this study. The
PMH101 N vector [43] was used to create deletion mutants (HM26-
Lsm and HM26-Sm1). The standard conditions for H. mediterranei
were defined as the growth conditions with aeration at 180 rpm at
42 °C, containing a 25% (w/v) mixture of inorganic salts in the
complex medium [44] (Table 1).

2.2. Culture media and growth conditions

H. mediterranei was grown in different culture media under
different growth conditions (Table 1). The pH of all media was
adjusted to 7.2—7.4, with NaOH. Cell samples were collected in the
mid-exponential and stationary phases of each culture medium. To
study the effect of nitrogen and carbon starvation, H. mediterranei
cells were grown in 40 mM NH4Cl and 10 g/L glucose medium until
the mid-exponential phase. Subsequently, cells were harvested by
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Table 1
Culture media and growth conditions.
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Study variable Culture media type

Culture media composition

Salt water Temperature
(%)

Temperature Complex medium (standard 0.5% (w/v) yeast extract and 100 mM MOPS 25% 42 °C
condition)
Complex medium 0.5% (w/v) yeast extract and 100 mM MOPS 25% 32°C
Complex medium 0.5% (w/v) yeast extract and 100 mM MOPS 25% 52°C
Salinity Complex medium 0.5% (w/v) yeast extract and 100 mM MOPS 18% 42 °C
Complex medium 0.5% (w/v) yeast extract and 100 mM MOPS 30% 42 °C
Oxidative stress Complex medium 0.5% (w/v) yeast extract, 100 mM MOPS and 2 mM H;0, 25% 42 °C
Ethanol stress Complex medium 0.5% (w/v) yeast extract, 100 mM MOPS and 1% (v/v) ethanol 25% 42 °C
Nitrogen source Defined medium 40 mM NH4CI and 10 g/L glucose 0.0005 g/L FeCls, 0.5 g/L KH,PO4, 100 mM 25% 42 °C
MOPS, and 50 pg/mL uracil
Defined medium 40 mM KNOs and 10 g/L glucose 0.0005 g/L FeCls, 0.5 g/L KH,PO4, 100 mM MOPS, 25% 42 °C
and 50 pg/mL uracil
Nitrogen source and carbon Defined medium 40 mM NH4CI 0.0005 g/L FeCls, 0.5 g/L KH,PO,4, 100 mM MOPS, and 50 pg/mL 25% 42 °C
starvation uracil
Defined medium 40 mM KNOj3 0.0005 g/L FeCls, 0.5 g/L KH,PO4, 100 mM MOPS, and 50 pg/mL  25% 42 °C
uracil
Nitrogen starvation Defined medium 10 g/L glucose 0.0005 g/L FeCls, 0.5 g/L KH,PO4, 100 mM MOPS, and 50 pug/mL 25% 42 °C

uracil

centrifugation for 10 min at 13000xg, washed twice with 25% salt
water (SW), and transferred to a medium in the absence of nitrogen
or carbon source. The H. mediterranei cells were subjected to ni-
trogen or carbon starvation for 48, 96, and 120 h.

2.3. RNA isolation

The H. mediterranei cells were lysed with RNAse-free water, and
RNA was isolated using TRIzol™ Reagent (Ambion, Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer's in-
structions. The concentration and quality of RNA samples were
quantified by absorbance using the NanoDrop™ Spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Reverse transcription-polymerase chain reaction

The expression of Ism (HFX_RS09865) and rpl37e
(HFX_RS09870) genes and their co-transcription were analysed by
RT-PCR. RNA was isolated as described previously. Afterwards, the
RNA samples were treated with Turbo DNase (Ambion, Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer's
instructions. DNA-free RNA (0.8 pg) was used for the synthesis of
cDNA using M-MulLV Reverse Transcriptase (Thermo Fisher Scien-
tific, Waltham, MA, USA) and random hexamer primers (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufac-
turer's instructions. Negative controls for RT-PCR were prepared by
omitting the reverse transcriptase or cDNA. The primers used for
RT-PCR were LsmF/LsmR for Ism expression, Rpl37eF/Rpl37eR for
rpl37e expression, and LsmF/Rpl37eR for the co-transcription of
both genes (Supplementary Table 1). PCR products were analysed
using 1.6% (w/v) agarose gel electrophoresis with a GeneRuler™
Range DNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA)
run in parallel.

2.5. Generation of H. mediterranei deletion mutants: HM26-4lsm
(R4 ApyrE2 Alsm1) and HM26-4Sm1 (R4 ApyrE2 ASm1)

2.5.1. Generation of the Ism1 deletion strain

The HM26-Alsm deletion mutant (R4 ApyrE2 Alsm1) was con-
structed using the pop-in/pop-out method described previously in
H. mediterranei [43]. To delete the Ism open reading frame
(HFX_RS09865), the upstream (570 bp) and downstream (520 bp)
regions of the Ism gene were amplified by PCR [100 ng DNA
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H. mediterranei R4, NHZ buffer 1X, 3 mM MgCl,, 0.2 mM dNTPs, 100
pmol/each primer, and 1 U BIOTAQ™ DNA Polymerase (Bioline,
Buenos Aires, Argentina)] using primers LsmU1 and LsmU2 and
LsmD1 and LsmD?2, respectively (Supplementary Table 1). PCR
products were purified using the IllustraTM GFX™ PCR DNA and
Gel Band Purification Kit (GE Healthcare, Little Chalfont, UK) ac-
cording to the manufacturer's instructions. The PCR products con-
taining 18 identical nucleotides at one end were merged into a
single fragment by subsequent fusion PCR [100 ng/each of purified
PCR fragments, PCR buffer 1X, 1.5 mM MgSQy4, 0.2 mM dNTPs, 100
pmol/each primer (LsmU1 and LsmD2) and 1 U KOD Hot Start DNA
Polymerase (Novagen, Merck, Darmstadt, Germany)], resulting in a
fragment of 1071 nucleotides containing an in-frame deletion
version of the Ism gene and its upstream and downstream regions.
This fragment was cloned into the pMH101 N vector (suicide
plasmid) [43] using restriction selection cloning [45]. The cloned
sequence region was verified by Sanger sequencing (Stabvida,
Caparica, Portugal), and the plasmid pMH101N-Alsm generated
was used to transform H. mediterranei HM26 [43]. A defined uracil-
free medium was utilised to select clones that had integrated
PMH101N-Alsm into their genome via homologous recombination
(pop-in clones). Subsequently, pop-out clones were selected in a
complex medium supplemented with 750 pg/mL 5-fluoro-orotic
acid (5-FOA), which is toxic to cells containing the pyrE gene. After
the second recombination event (pop-out clones), the genome had
either the wild-type copy or the Ism gene deletion. The genomic
organisation of 100 pop-out clones and wild-type genes were
analysed using PCR screening (LsmU1 and LsmD2 primers) and
Southern blot analysis. The PCR was performed with 800 ng of
genomic DNA, 1X PCR buffer, 1.5 mM MgCl,, 0.16 mM dNTPs, 100
pmol/each primer, and 1 U BioThermStar DNA polymerase (Gene-
Craft, Amsterdamer, Germany). For Southern blot analysis, genomic
DNA (3 pg) was digested with Afel (Thermo Fisher Scientific, Wal-
tham, MA, USA) (Figure S1A). Prehybridisation, hybridisation
(65 °C), and chemiluminescent detection were performed as
described in the DIG Application Manual for filter hybridisation
(Roche, Mannheim, Germany). The gene sequence of the Ism gene
deletion mutant (HM26-Alsm) is shown in Fig. 1B.

2.5.2. Generation of the Sm1 motif deletion strain

The Sm1-encoding motif in the Ism gene (Fig. 1) was deleted in
strain HM26 using the pop-in/pop-out method [43]. This deletion
mutant contains an intact internal promoter of the rpl37e gene
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ATGAGCGGCCGACCCCTCGACGTCCTCGAAGCGTCACTCGAC
GAACCGGTGACGGTTCTCCTCAAGGACGGAAATGCATACT
TCGGCGTCCTCGCTGGTTACGACCAGCACATGAACGTCGT
ACTCGAAGAAGCGCTAGATGAAGACTCCGTGCCCGGGGATA
TCGAACTCGAGCAAGTCCAAGACACAACCATTATACGCGGC
GATAACGTCGTGACCAT AAAGCATGACGGGTGCAGGAACC
CCTAGCCAAGGAAAGAAGAACAAGACGACGCACGTCAAGTG
CCGTCGCTGCGGTGAGAAGTCCTACCACGTGAAGAAGAAGGT
CTGCTCGTCCTGCGGCTTCGGTAAGTCGAAGAAGCGTCGCAG
CTACGCCTGGCAGTCGAAGTCGGGCGACAACTAA

ATGAGCGGCCGACCCCTCGACGTCCTCGAAGCGTCACTCGA
CGAACCGGATGAAGACTCCGTGCCCGGGGATATCGAACTCG
AGCAAGTCCAAGACACAACCATTATACGCGGCGATAACG
TCGTGACCAT AAAGCATGACGGGTGCAGGAACCCCTAGC
CAAGGAAAGAAGAACAAGACGACGCACGTCAAGTGCCGTC
GCTGCGGTGAGAAGTCCTACCACGTGAAGAAGAAGGTCTGC
TCGTCCTGCGGCTTCGGTAAGTCGAAGAAGCGTCGCAGCTA
CGCCTGGCAGTCGAAGTCGGGCGACAACTAA

ATGAGCGGCAAAGCATGACGGGTGCAGGAACCCCTAGCCA
AGGAAAGAAGAACAAGACGACGCACGTCAAGTGCCGTCGC
TGCGGTGAGAAGTCCTACCACGTGAAGAAGAAGGTCTGCTC
GTCCTGCGGCTTCGGTAAGTCGAAGAAGCGTCGCAGCTACG
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Ism

pl37e

CCTGGCAGTCGAAGTCGGGCGACAACTAA

Fig. 1. The Ism gene in H. mediterranei. A. Genomic location. The operon containing the genes for Ism and rpl37e is bordered by the genes for a ribonuclease ] (HFX RS09860) and
an amidophosphoribosyltransferase (HFX RS09875). B. Ism gene sequences in parental strain HM26, HM26-ASm1, and HM26-Alsm. The open reading frames for the Lsm protein
(shown in grey) and the ribosomal protein L37e (shown without shading) overlap by four nucleotides (bold blue). The Sm1-and Sm2-encoding motifs in the Ism gene are shown in
bold and underlined black, respectively. The Sm2 motif of Ism contains the TATA box of the promoter for the rpl37e gene (bold red: AA-TTAT-AA). C. The TATA-box sequence of the
promoter of the rpl37e gene is located in Sm2 motif. Sequence logos were generated by MEME SUITE from the 80 archaeal species.

located in the Sm2 motif. Chromosomal DNA from H. mediterranei
R4 was used as a template. The upstream and downstream regions
of the Sm1 coding region (each 1 kb long) were amplified by PCR
[100 ng DNA H. mediterranei R4, NH4 buffer 1X, 3 mM MgCly,
0.2 mM dNTPs, 100 pmol/each primer, and 1 U BIOTAQ™ DNA
Polymerase (Bioline, Buenos Aires, Argentina)] using primers
Sm1U1 and Sm1U2, and Sm1D1 and Sm1D2, respectively (for
primer sequences see Supplementary Table 1). The PCR product
Sm1Up and integrative pMH101 N were digested with Kpnl and
Hindlll and subsequently cloned to obtain plasmid pMH101-
Sm1Up. To ligate the PCR product Sm1Down into pMH101-
Sm1Up, it was digested with Hindlll and BamHI to obtain plasmid
PMH101N-ASm1 (suicide plasmid of Sm1 motif). The cloned
sequence region was verified by Sanger sequencing (Stabvida,
Caparica, Portugal), and the H. mediterranei HM26 strain was
transformed with the generated plasmid pMH101N-ASm1. Pop-in
clones were selected by growth on uracil-free medium, and pop-
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out was induced in a complex medium containing 750 pg/mL 5-
FOA. The isolated DNA from 100 pop-out clones was amplified by
PCR using primers Sm1U1 and Sm1D2 and examined by restriction
analysis (HindlIll) and Southern blot analysis. For Southern blot
analysis, genomic DNA (3 pg) was digested with HindIll and Ncol
(Thermo Fisher Scientific, Waltham, MA, USA) (Fig. S1B). Prehy-
bridisation, hybridisation (65 °C), and chemiluminescent detection
were performed as described above. The gene sequence of the Sm1
motif-deletion mutant (HM26-ASm1) is shown in Fig. 1B.

2.6. Northern blot analyses

Northern blot was performed to analyse the co-transcription of
the Ism gene in HM26 and to confirm the expression of the rpl37e
gene in the HM26-Alsm and HM26-ASm1 deletion mutants. Total
RNA isolated from HM26-4Ism (10 pg per lane) was denatured and
separated by electrophoresis (2 h, 100 V) using formaldehyde/1.2%
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agarose gels in MOPS buffer (20 mM MOPS, pH 7.0, 5 mM sodium
acetate, and 1 mM EDTA). The RNAs were transferred to a nylon
membrane from the gel using a semi-dry electrophoretic transfer
cell (30 min, 20 V) and fixed by drying the membrane overnight at
room temperature. A digoxigenin-labelled DNA probe was gener-
ated by PCR using Dig-dUTP (20 puM) and a dNTP mix with reduced
dTTP concentration (20 uM). The specific probe for the rpl37e gene
was generated using the primers Rpl37eF/Rpl37eR, and a specific
probe for the Ism gene was generated using the primers
Lsm_north_F/Lsm_north_R (Table S1). For hybridisation, the
membrane with cross-linked RNA samples was equilibrated in high
SDS buffer [5xSSC, 2% (w/v) blocking reagent, 0.1% (w/v) N-laur-
oylsarcosine, 0.2% (w/v) SDS, 50% (w/v) formamide] (2 h, 50 °C),
followed by incubation with 50 ng labelled probe per millilitre of
high SDS buffer (overnight, 50 °C. The membrane was washed
twice in 5xSCC/0.1% (w/v) SDS (5 min, room temperature) and
twice in 2xSCC/0.1% (w/v) SDS (15 min, room temperature). DIG
detection was performed with an alkaline phosphatase coupled
anti-DIG antibody and the chemiluminescence substrate CSPD,
according to the manufacturer's instructions (Roche, Mannheim,
Germany). The signals were visualised on an X-ray film (GE
Healthcare, Buckinghamshire, UK).

2.7. Phenotypic characterisation of deletion mutants: HM26-4lsm
(R4 ApyrE2 LSm) and HM26-4Sm1 (R4 ApyrE2 ASm1)

2.7.1. Growth curves

H. mediterranei strains HM26 (R4 ApyrE2), HM26-Alsm (R4
ApyrE2 Ism), and HM26-ASm1 (R4 ApyrE2 ASm1) were grown
under different conditions, as mentioned in Table 1. Three biolog-
ical replicates were generated. The average values of growth rate
(1) [X = X e#t; Xg is the cell concentration at the beginning of the
exponential growth phase, and X is the cell concentration after a
time interval (t)], generation time (td = In 2/u), lag-phase length,

and standard deviations (\/Z(+7X)2 ; X is the sample mean average,
and n is the sample size) were calculated. Cell samples were
collected in the mid-exponential and stationary phases of each
culture medium for the different phenotypic characterisation
assays.

2.7.2. Swarming assay

The swarming assays were performed using cell samples taken
in the mid-exponential and stationary phases of the defined me-
dium, which contained 40 mM KNO3; or 40 mM NH4Cl and sup-
plemented with 10 g/L glucose, 0.0005 g/L FeCls, 0.5 g/L KHyPOyq,
100 mM MOPS, and 50 pg/mL uracil. Cells were collected by
centrifugation at 13000g for 10 min and resuspended in 25% SW to
yield an ODggg of 3.75 for equal cell densities. A 2 pL cell suspension
of HM26-Alsm, HM26-ASm1, and the parental strain HM26 was
added to the middle of the swarm plates (agar 0.3% (w/v) con-
taining defined medium with 40 mM KNO3; or 40 mM NH4Cl. The
plates were incubated at 42 °C, and the swarming radii were
measured daily. Three or four biological replicates were analysed.
The average values and standard deviations were calculated as
described in 2.7.1.

2.7.3. Ethanol resistance assay

The ethanol resistance assays were performed in complex me-
dium with or without 1% (v/v) ethanol from cells collected in the
mid-exponential and stationary phases. Cells were collected by
centrifugation at 13000g for 10 min and resuspended in 25% SW to
yield an ODggg of 3.75 to equalise cell densities. A 2 pL cell sus-
pension consisting of HM26-Alsm, HM26-ASm1, and HM26 was
added to the middle of swarm plates (agar 0.3% (w/v) containing

37

Biochimie 187 (2021) 33—47

complex medium or complex medium supplemented with 1% (v/v)
ethanol. The plates were incubated at 42 °C, and the swarming radii
were measured daily. At least three biological replicates were
analysed. The average values, growth rates, survival percentage to
ethanol stress [(radii ethanol/radii no-ethanol) x 100], and standard
deviations were calculated as described in 2.7.1.

2.7.4. Heat stress assay

The heat stress assay was performed with 1 mL of cells (HM26-
Alsm, HM26-ASm1, and HM26 strains) in a complex medium,
collected in the mid-exponential and stationary phases. The cells
were incubated at 65 °C for 15 min, 30 min, and 1 h, and then
cooled on ice. The cells that did not receive heat treatment served
as the control. The cells were plated on complex medium and
incubated at 42 °C for 7 days to obtain CFU/mL of culture using a
plate counting method. At least three biological replicates were
analysed. The survival percentage to heat stress [(CFU after treat-
ment/CFU no-treatment) x 100] and standard deviations were
calculated as described in 2.7.1.

2.7.5. Oxidative stress assay

The oxidative stress assay was performed using 1 mL aliquots
collected in the mid-exponential and stationary phases, using the
complex medium of HM26-Alsm, HM26-ASm1, and HM26 strains.
The cells were incubated in 2 mM H0, for 0 min (as a control),
15 min, 30 min, and 1 h and plated on complex medium at 42 °C for
7 days to obtain CFU/mL of culture using a plate counting method.
At least three biological replicates were analysed. The survival
percentage to oxidative stress [(CFU after treatment/CFU no-
treatment) x 100] and standard deviations in the function of
oxidative stress time were calculated as described in 2.7.1.

3. Results
3.1. Bioinformatics analysis of Ism gene in H. mediterranei

The gene encoding the Lsm protein was identified in the
H. mediterranei ATCC 33500" genome [42] using a BLAST search [46]
with the previously described archaeal Lsm protein in the genus
Haloferax [14]. H. mediterranei contains a single Ism gene
(HFX_RS09865), which encodes 76 amino acids with a theoretical
molecular mass of 8.25 kDa and pl of 3.9. Sequence analysis of the
Lsm protein showed that this protein belongs to the Lsm1 subfamily
of Lsm proteins. The Ism gene overlaps by four nucleotides with the
rpl37e gene, which encodes the L37e ribosomal protein
(HEX_RS09870). In H. volcanii, the promoter of the rpl37e gene is
located in the Sm2 motif of the Ism gene [36]; this promoter
sequence is completely conserved in H. mediterranei (Fig. 1A). A
BLAST search was used to analyse the sequence conservation of Lsm
protein in the genomes of microorganisms belonging to the Archaea
domain, specifically in the Euryarchaeota phylum. The multiple
sequence alignments of H. mediterranei Lsm1 with 21 Lsm1 proteins
of the Halobacteria class (Figure S2) and with 29 Lsm1 proteins of the
Euryarchaeota phylum (Figure S3) showed that the protein is highly
conserved in archaea, except for the regions outside the Sm1 and
Sm2 domains, which correspond to B-sheets 3 and 4, respectively.
Notably, the Sm1 and Sm2 motifs are highly conserved across the
Archaea domain (Figures S2 and S3). Consequently, the promoter
sequence of the rpl37e gene (AA-TTAT-AA) is also conserved (Fig. 1B).
Moreover, Arg4, Pro5, Leu6, Asp7, Tyr34, and Asp35 residues form a
specific binding pocket for uridine in P. abyssi [33], which are uni-
versally conserved (Figures S2, S3, and S4), indicating specific uri-
dine binding in all archaeal Lsm proteins analysed.

Eighty archaeal genomes were examined to analyse the con-
servation of the gene order. In 77 of the 80 archaeal genomes
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Fig. 2. Comparison of Lsm amino acid sequence of H. mediterranei with eukaryotic and bacterial sequence consensus. The grey shaded residues of the H. mediterranei Lsm
protein corresponding to the residues of the consensus sequence. The red shaded residues of the H. mediterranei Lsm protein corresponding to the highly conserved residues of the
consensus sequence. h: bulky, hydrophobic (V, I, L, M, E, Y, or W). The consensus sequences of eukaryotes and bacteria were obtained from Achsel et al., 1999 [49] and Sauer, 2013
[50].
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Fig. 3. Analysis of co-transcription of Ism and rpl37e genes under different culture media and growth conditions in H. mediterranei by reverse transcription-polymerase
chain reaction (RT-PCR). The expected size of bicistronic transcript is 404 bp. M: GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA). C*": negative
control, without reverse transcriptase. C"®: negative control, PCR prepared without cDNA. C+: positive control, PCR prepared with DNA isolated. A. CM*: complex medium with
25% SW at 42 °C (standard condition); NH4 + Glc: defined medium (25 % SW) with 40 mM ammonium and 10 g/L glucose at 42 °C; NO3 -+ Glc: defined medium (25% SW) with 40
mM nitrate and 10 g/L glucose at 42°C; GIc - Ngource: defined medium (25% SW) with 10 g/L glucose without nitrogen source at 42 °C. B. NHj - Csource: Glc: defined medium (25 %
SW) with 40 mM ammonium without carbon source at 42 °C; NO3 - Csource: defined medium (25 % SW) with 40 mM nitrate without carbon source at 42 °C. C. H,0,: complex
medium (25% SW) with 2 mM hydrogen peroxide at 42 °C; EtOH: Complex medium (25% SW) with ethanol 1% (v/v) at 42 °C; 15% SW: complex medium (15% SW) at 42 °C; 18% SW:
complex medium (18% SW) at 42 °C; 30% SW: complex medium (30% SW) at 42 °C; 32 °C: complex medium (25% SW) at 32 °C; 52 °C: complex medium (25% SW) at 52 °C; Exp:
exponential phase; Sta: stationary phase.
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Fig. 4. Co-transcription of Ism and rpl37e genes in H. mediterranei by northern blot analysis with specific Ism probe. The upper part shows the stained RNA gel with the 16S
ribosomal RNA band, while the lower part shows the signals of the northern blot. The expected size of the bicistronic transcript is 400 bases and that of the monocistronic transcript
is 273 bases. M: RiboRuler High Range RNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA). GIc - Nsoyrce: defined medium 25% SW with 10 g/L glucose without nitrogen source
at 42 °C; 15% SW: complex medium (15% SW) at 42 °C; 18% SW: complex medium (18% SW) at 42 °C; 30% SW: complex medium (30% SW) at 42 °C; 32 °C: complex medium (25%

SW) at 32 °C. Exp: exponential phase; Sta: stationary phase.

analysed, Ism and rpl37e genes are consecutively encoded and
transcribed in the same direction. In 56 genomes, the two genes
overlap (by one or four nucleotides), and in 21 genomes, they are
very closely spaced (6—495 nucleotides) (Table S2). These results
indicate that the gene order is highly conserved in archaea, and co-
transcription, as part of the conserved operon by a joint promoter,
can be assumed. Moreover, Ism and rpl37e co-transcription has
already been demonstrated experimentally in H. volcanii [36].

Halophilic archaeal proteins are characterised by an increase in
the number of acidic residues and a decrease in that of basic resi-
dues compared to their mesophilic counterparts [47,48]. Curiously,
the percentage of similarity between H. mediterranei and eukary-
otic species is more than 45% (Figure S5). The Lsm amino acid
sequence of H. mediterranei corresponds precisely to the amino acid
sequence consensus of eukaryotic Lsm proteins [49]. At the same
time, it only presents some similarities with the sequence
consensus of bacterial Hfq proteins [50] (Fig. 2).

3.2. Transcriptional expression and co-transcription of Ism and
rpl37e genes

RT-PCR analyses were performed using RNA from cells culti-
vated under different conditions to determine the transcripts of Ism
and rpl37e genes and the co-transcription of both. As expected, the
rpl37e gene, which encodes a ribosomal protein, is expressed in all
conditions tested during the exponential and stationary growth
phases (Figure S6). In contrast, the Ism gene was expressed in all
conditions except in a defined medium with 40 mM nitrate as a
nitrogen source and carbon starvation at different times (48, 96,
and 120 h) (Figure S7). Both genes were co-transcribed under
various conditions (Fig. 3). The co-transcription of Ism and rpl37e
genes occurred during nitrogen starvation throughout growth
(Fig. 3A). Simultaneously, co-transcription occurred during carbon
starvation, regardless of the nitrogen source (ammonium or ni-
trate) (Fig. 3B). Under the stress conditions tested (Fig. 3C), co-
transcription depended on the SW concentration and tempera-
ture. However, co-transcription did not occur under oxidative stress
conditions (2 mM H0,) or in the presence of ethanol (1%, v/v).
Specifically, both genes were co-transcribed in a complex medium
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with 15% SW in the exponential phase, in a complex medium with
18% SW in the stationary phase, and in the complex medium at
32 °C in the exponential phase. These results indicate that Ism and
rpl37e co-transcription occurs at SW concentrations and tempera-
tures lower than those required for optimal growth (25% SW and
42 °C), depending on the growth phase.

The RT-PCR technique allows the analysis of co-transcription of
Ism and rpl37e genes; however, it is not possible to determine
whether a monocistronic transcript is also expressed. Therefore,
the conditions under which co-transcription occurs were analysed
by northern blotting using a probe specific to the Ism gene. These
results indicate that under the conditions where co-transcription
takes place, only a bicistronic transcript is expressed (Fig. 4).

3.3. Deletion of the Ism gene and Sm1 motif

The Ism deletion mutant (HM26-Alsm) and the Sm1 motif
deletion mutant (HM26-ASm1) were generated using the pop-in/
pop-out method to determine the biological function of the
archaeal Lsm protein. The genomic organisation of the pop-out
clones (HM26-Alsm and HM26-ASm1) and parental strain
(HM26) are shown in the supplementary material (Figure S1).
Thirty percent of HM26-Alsm pop-out clones screened and 10% of
HM26-ASm1 pop-out clones screened presented the deleted
version. PCR screening, restriction analysis, and Southern blotting
revealed that the mutants were successfully constructed
(Figure S8); therefore, the Ism gene and the Sm1 domain are not
essential in H. mediterranei. Northern blot analyses were performed
to confirm the expression of the rpl37e gene in the HM26-Alsm and
HM26-ASm1 deletion mutants. The results indicate that the rpl37e
gene is expressed in all conditions tested in both deletion mutants;
therefore, the deletion of the Ism gene and Sm1 motif does not
affect its expression (Fig. 5).

3.4. Phenotypic characterisation of deletion mutants: HM26-Lsm
(R4 ApyrE2 Alsm1) and HM26-Sm1 (R4 ApyrE2 ASm1)

3.4.1. Growth curves
The growth of HM26-Alsm, HM26-ASm1, and HM26 was
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Fig. 5. Expression of the rpl37e gene in HM26-Alsm (A) and HM26-ASm1 (B) deletion mutants by northern blot analysis. The upper part shows the stained RNA gel with the
16S ribosomal RNA band, while the lower part shows the signals of the northern blot. The expected size is 177 bp. M: RiboRuler High Range RNA Ladder (Thermo Fisher Scientific,
Waltham, MA, USA). NH4 + Glc: defined medium 25% SW with 40 mM ammonium and 10 g/L glucose at 42 °C; NO3 + Glc: defined medium (25% SW) with 40 mM nitrate and 10 g/L
glucose at 42 °C; CM*: complex medium with 25% SW at 42 °C (standard condition); 15% SW: complex medium (15% SW) at 42 °C; 18% SW: complex medium (18% SW) at 42 °C;
30% SW: complex medium (30% SW) at 42 °C; 32 °C: complex medium (25% SW) at 32 °C; 52 °C: complex medium (25% SW) at 52 °C; H,0,: complex medium (25% SW) with 2 mM
hydrogen peroxide at 42 °C; EtOH: complex medium (25% SW) with 1% (v/v) ethanol at 42 °C.

analysed in the presence of different nitrogen sources. The HM26-
Alsm and HM26-ASm1 deletion mutants and the parental strain
HM26 showed no growth differences in defined media in the
presence of 40 mM ammonium; however, HM26-ASm1 presented a
more extended lag phase in 40 mM nitrate as a nitrogen source
(Figure S9). Comparison of HM26-ASm1, HM26-Alsm, and HM26
under standard growth conditions (complex medium with 25% SW
at 42 °C) revealed that the HM26-Alsm mutant exhibited a lower
growth rate and reached lower optical densities (Fig. 6A). According
to the salt concentration, the growth curve of the three strains
revealed that the growth of HM26-Alsm was not as optimal as that
of the parental strain HM26 at all salt concentrations tested, except
for 18% SW, while the HM26-ASm1 and HM26 strains had similar
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growth profiles (Fig. 6A—D). The comparison of HM26-ASm1,
HM26-Alsm, and HM26 at different temperatures showed that
HM26-Alsm reached lower optical densities at 32 °C (Figs. 6E) and
42 °C (Fig. 6A), while HM26-ASm1 and HM26 had similar growth
profiles. When the temperature increased, the growth was inde-
pendent on the strain (Fig. 6F). Curiously, the effect was reversed in
the presence of ethanol stress, as HM26-Alsm showed a higher
growth rate than HM26-ASm1 and HM26 (Fig. 6G). Finally, the
growth of the parental strain HM26 was more affected by oxidative
stress compared to the mutant strains (Fig. 6H). These results
establish that the growth capabilities of the mutant and wild-type
strains under various conditions were variable, presenting pheno-
typic differences. The growth rates and optical densities at the
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Fig. 6. Growth curves of deletion mutants (HM26-ASm1 and HM26-Alsm) and parental strain (HM26). A. Complex medium (25% SW) at 42 °C, (standard condition). B. Complex
medium (15% SW) at 42 °C. C. Complex medium (18% SW) at 42 °C. D. Complex medium (30% SW) at 42 °C. E. Complex medium (25% SW) at 32 °C. F. Complex medium (25% SW) at
52 °C. G. Complex medium (25% SW) with 1% (v/v) ethanol at 42 °C. H. Complex medium (25% SW) with 2 mM H,0, at 42 °C. HM26 ( @, black), HM26-ASm1 (@, blue) and HM26-

Alsm (@, red).

stationary phase as well as generation times were calculated
(Table S3).

3.4.2. Swarming assay according to nitrogen source

The swarming assay revealed that the mutant strains presented
a significantly greater swarming ability than HM26 from 144 h at
42 °C (Fig. 7, Table S3). Moreover, this result was observed inde-
pendent of the nitrogen source (Fig. 7A—D). This experiment was
performed using cell samples at exponential and stationary growth
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phases, and no significant differences were observed in swarming
abilities according to the growth phase (Figure S10, Table S4).

3.4.3. Ethanol resistance assay

The ethanol resistance assays were performed in complex me-
dium with or without 1% (v/v) ethanol from cells taken in the
middle of the exponential and stationary phases. The radii (cm) of
HM26, HM26-ASm1, and HM26-Alsm were smaller in the complex
medium with ethanol than in the complex medium. However,
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significant differences were observed only for HM26 and HM26-
ASm1 (Fig. 8A, Table S5). These results suggest that HM26-Alsm is
more resistant to ethanol than HM26 and HM26-ASm1. The sur-
vival percentage ([(radii ethanol/radii no-ethanol) x 100]) of HM26-
Alsm was significantly higher than that of the parental strains
HM26 and HM26-ASm1, which supports the results obtained
(Fig. 8B, Table S6). No significant differences in ethanol resistance
were observed according to the growth phase (Figure S11, Table S7).

3.4.4. Heat stress assay

Heat survival (65 °C) of HM26, HM26-ASm1, and HM26-Alsm
was analysed at different time points (15, 30, and 60 min) from cells
in the exponential and stationary phases (Fig. 9, Tables S8 and S9).
The HM26-Alsm mutant showed significantly reduced survival
percentage (<1%) at 15 min of treatment, both in the exponential
and stationary phases (Fig. 9). These results indicate that HM26-
Alsm is more sensitive to heating than HM26-ASm1 and HM26,
regardless of the cell growth phase. In both the exponential and
stationary phases, no significant differences were observed be-
tween HM26-ASm1 and HM26 at 15 min and 30 min after treat-
ment. In contrast, HM26-ASm1 presented a significantly higher
survival percentage at 60 min, both in the exponential and sta-
tionary phases, compared to HM26. These results suggest that
HM26-ASm1 is more resistant to heating than the parental strain
HM26 when the heat shock lasted for more than 30 min.

3.4.5. Oxidative stress assay

The oxidative stress resistance (H,0, 2 mM) of HM26, HM26-
ASm1, and HM26-Alsm was analysed at different times (15, 30, and
60 min) from cells in the exponential and stationary phases. As
expected, the survival of the parental strain HM26 was higher in
the exponential phase than in the stationary phase because of the
cell state. However, no differences were observed in HM26-Alsm,
and the survival of HM26-ASm1 was higher in the exponential
phase than in the stationary phase after 15 min of treatment. In
contrast, no differences were observed in survival after treatment
for 30 and 60 min (Fig. 10A, Table S11). The oxidative stress survival
of HM26-Alsm and HM26-ASm1 was significantly lower than that
of HM26 at 15 min after treatment versus HM26 from cells in the
exponential and stationary phases (Fig. 10B, Table S12). These re-
sults suggest that both deletion mutants are more sensitive to
oxidative stress than the parental strain.

4. Discussion

H. mediterranei contains a single Ism gene that overlaps by four
nucleotides with the rpl37e gene, which encodes the L37e ribo-
somal protein. The Ism gene is adjacent to the rpl37e gene in most
archaea genomes analysed (95.25%). Gene order in prokaryotes is
considerably less conserved than protein sequences. Only a few
operons, typically those that encode physically interacting proteins,
are conserved in most bacterial and archaeal genomes. It might be
assumed that the conserved gene-environment is co-regulated,
constituting operons, even when they contain additional pro-
moters [51,52]. Moreover, the Lsm and L37e ribosomal proteins
might interact to regulate translation. The homologous protein Hfq
cooperates with ribosomal proteins [53], playing a role in control-
ling the initiation of translation by binding at or near the ribosome
binding site [54] and may act as a novel auxiliary factor in ribosome
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biogenesis [55]. However, to date, there is no evidence of such in-
teractions in any archaeal species.

The co-transcription of Ism and rpl37e genes has been confirmed
in H. mediterranei with a single bicistronic transcript detected un-
der different conditions: (i) under nitrogen starvation at different
times (48, 96, and 120 h), (ii) in complex medium with 15% salt
concentration in the exponential phase, (iii) in complex medium
with 18% salt concentration in the stationary phase, and (iv) in the
complex medium at 32 °C in the exponential phase. These results
indicate that Ism and rpl37e co-transcription occurs at SW con-
centrations and temperatures lower than those required for
optimal growth (25% SW and 42 °C) and depends on the growth
phase. The Ism and rpl37e gene sequences are very similar to
H. volcanii, but the expression conditions are different; for example,
Ism and rpl37e are co-transcribed at high NaCl concentrations, and
Ism and rpl37e are not expressed at 30 °C in H. volcanii [14].
Therefore, Ism and rpl37e expression and co-transcription occur
differently in species of the same genus. Moreover, the Ism and
rpl37 genes are co-expressed as a bicistronic mRNA, and a mono-
cistronic rpI37R transcript is detected.

In contrast, a monocistronic Ism transcript was not detected
under the tested conditions in H. volcanii [36]. Instead, in
H. mediterranei, the Ism and rpl37e genes are expressed under all
conditions, and the Ism gene is expressed as a monocistronic
transcript under most conditions because there is no co-
transcription. These results suggest that Ism and rpl37e genes are
expressed as monocistronic transcripts by different promoters
located upstream of each gene, whereas co-transcription only oc-
curs under certain stress conditions (nitrogen starvation, low salt
concentration, and low temperature). Some archaeal genes are
transcribed as polycistronic or monocistronic mRNA depending on
the conditions, specifically in H. mediterranei [56] and Meth-
anosarcina thermophila [57]. The regulatory mechanism of gene
transcription in monocistronic and polycistronic transcription re-
mains to be analysed in H. mediterranei.

Archaeal Lsm interacts with several proteins associated with
translation, nucleic acid metabolism, stress-related and cell cycle,
and several sRNAs, suggesting their involvement in different
cellular pathways and their versatility [ 14]. According to the results
of Fischer et al., 2010 [14], the Ism gene is expressed in many con-
ditions and can interact with different proteins and sRNAs
depending on the environmental conditions. Moreover, rpl37e is
likely a constitutive gene, as it is expressed under all tested con-
ditions. The Ism deletion mutant (Ism gene with a specific rpl37e
promoter deleted) and the Sm1 motif deletion mutant were suc-
cessfully generated in H. mediterranei; therefore, the Ism gene is not
essential for this microorganism, even though it is involved in many
cellular processes. The Sm1 deletion mutant showed growth dif-
ferences compared to the parental strain under the highest and
lowest salt tested concentrations and under oxidative stress con-
ditions, which suggests that Lsm plays a crucial role in regulating
these stress conditions.

Moreover, the Sm1 deletion mutant showed no differences in
the defined media in the presence of 40 mM ammonium with the
parental strain but presented a more prolonged lag phase in 40 mM
nitrate as a nitrogen source. This outcome might indicate that Lsm
is involved in the regulation of nitrogen assimilation. This could be
required for optimal nitrate assimilation described in the cyano-
bacterium Anabaena sp. strain PCC 7120 [58]. As expected, the Ism

Fig. 7. Swarming assay of deletion mutants and HM26 according to nitrogen source from cells at exponential phase. HM26 (black), HM26-ASm1 (blue), and HM26-Alsm (red).
A. Images of swarming plates with 40 mM ammonium at different times. B. The swarming radii at different times on plates with 40 mM ammonium. C. Images of swarming plates
with 40 mM nitrate at different times. D. The swarming radii at different times on plates with 40 mM nitrate. * Statistically significant differences based on the Student's t-test
between the deletion mutant (HM26-ASm1 or HM26-Alsm) and parental strain (HM26) (p-value < 0.05).
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Fig. 8. Ethanol resistance assay of deletion mutants and HM26 from cells at the exponential phase. A. Growth of HM26 (black), HM26-ASm1 (blue), and HM26-Alsm (red) at
different times in complex medium (dark colours) and complex medium with ethanol 1% (v/v) (light colours) plates. * Statistically significant differences based on the Student's t-
test between complex medium and complex medium with ethanol (p-value < 0.05). B. Survival percentage of HM26 (black), HM26-ASm1 (blue), and HM26-Alsm (red) at different
times. Statistically significant differences based on the Student's t-test between the deletion mutant (HM26-ASm1 or HM26-Alsm) and parental strain (HM26) (p-value < 0.05).

deletion mutant exhibited severe growth differences compared
with the parental strain under all the tested conditions, unlike the
Sm1 deletion mutant, because of the deletion of the complete Ism
gene and specific rpl37e promoter.

Cellular motility is shown to be negatively affected in several
studies of Hfq deletion mutants [59—62]. However, there are no
studies related to motility in deletion mutants of the complete Ism
gene in archaea species. Interestingly, both deletion mutants
exhibited greater motility in the presence of different nitrogen
sources compared to the parental strain HM26. Deletion mutants of
the Sm1 motif in the Ism gene resulted in enhanced swarming ac-
tivity in the presence of two carbon sources, and genes related to
motility were upregulated in H. volcanii [36]. According to Maier
et al,, 2015 [36], the deletion of Sm1 might stress the cell, inducing
the movement to search for better environmental conditions. This
hypothesis agrees with our results, given the fact that the Ism
deletion mutant presents more swarming ability and is more
stressed than the Sm1 deletion mutant.

The interaction of sSRNAs or several proteins, including cell cycle
and stress-related proteins, with Lsm has been described in the
Archaea domain [14]. In addition, sRNAs might regulate the
expression of motility genes. For example, one archaeal sRNA gene
deletion mutant presents increased swarming motility [63], and
one bacterial SRNA regulates motility and biofilm formation in
response to changes in nutrient availability [64]. Therefore, these
results suggest that the Lsm protein of H. mediterranei could be
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involved in swarming activity by regulating sRNAs related to
motility or regulating cell cycle or stress proteins.

The bacterial homolog Hfq regulates the response to different
stress conditions, such as heat shock, oxidative stress, osmotic
stress, UV exposure, acid pH, and ethanol stress [22,26—30].
However, no study has been performed concerning the involve-
ment of Lsm proteins in archaeal species under stress conditions.
The growth of Hfq deletion mutants was inhibited in the presence
of ethanol, indicating that Hfq contributes to ethanol tolerance [30].
Unexpectedly, survival of the H. mediterranei Ism deletion mutant
after ethanol exposure was significantly higher than that of the
parental strain, while there were no significant differences between
the Sm1 deletion mutant and the parental strain. All these data
agree with the growth of H. mediterranei Ism deletion mutant in
liquid medium in the presence of ethanol, resulting in a shorter lag
phase. In addition, the sRNA gene deletion mutant in H. volcanii
presents increased swarming motility in the presence of ethanol,
which might be involved in the negative regulation of motility [63].
In this case, the Sm1 motif lacking in the Sm1 deletion mutant
might be necessary to control the ethanol stress response in
H. mediterranei via sRNA or protein regulation.

Furthermore, decreased survival after the thermal shock was
observed in hfq deletion mutants in different bacterial species
[26—28]. In our study, the Lsm mutant and the specific rpl37e
promoter (HM26-Alsm) showed significantly decreased survival
percentage less than 1% after 15 min of treatment. However, the
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mutant that only affected the Lsm protein (HM26-ASm1) showed
better thermal shock resistance after 1 h of treatment. This result
suggests that Lsm protein is involved in regulating the heat stress
response in the short term. In particular, the Sm1 motif is necessary
for this response. Besides, the oxidative stress resistance of HM26
and HM26-ASm1 depends on the growth phase, while HM26-Alsm
presents a similar survival rate, independent of the growth phase.
The oxidative stress survival of HM26-Alsm and HM26-ASm1 was
significantly lower than that of HM26 from 15 min after cell
treatment in the exponential and stationary phases. This result
establishes that both deletion mutants are more sensitive to
oxidative stress than the parental strain, which means that Lsm
regulates the oxidative stress response in H. mediterranei hfq
deletion mutants in different bacterial species [26,27,29].

5. Conclusion

The present study analysed the Ism gene from the extreme
haloarchaeon H. mediterranei under different conditions, including
various nitrogen sources and stress conditions. The results showed
that the Ism gene and the overlapping rpl37e gene are co-
transcribed, but their expression is regulated independently.
Deletion mutants of the Ism gene and Sm1 motif were generated
and extensively characterised under the same conditions to
investigate the metabolic processes in which the Lsm protein plays
an essential role. Our results suggest that Lsm protein plays a
crucial role in regulating these stress conditions (low/high salinity,
low/high temperature, heat shock, oxidative stress, and ethanol
stress).
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