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Abstract Nisin, a polycyclic antibacterial peptide produced by
Lactococcus lactis, is stable at low pH. Improving the acid tol-
erance of L. lactis could thus enhance nisin yield. Small non-
coding RNAs (sRNAs) play essential roles in acid tolerance by
regulating their target mRNAs at the post-transcriptional level.
In this study, a novel SRNA, s015, was identified in L. lactis F44
via the use of RNA sequencing, qRT-PCR analysis, and
Northern blotting. s0/5 improved the acid tolerance of
L. lactis and boosted nisin yield at low pH. In silico predictions
enabled us to construct a library of possible s015 target mRNAs.
Statistical analysis and validation suggested that s015 contains a
highly conserved region (5-GAAAAAAAC-3’) that likely en-
compasses the regulatory core of the SRNA. atpG, busAB, cysD,
ilvB, tcsR, ung, yudD, and ywdA were verified as direct targets of
s015, and the interactions between s015 and its target genes
were elucidated. This work provided new insight into the adap-
tation mechanism of L. lactis under acid stress.
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Introduction

Bacteria are subjected to various kinds of environmental stress-
es, including heat/cold shock, oxidative stress, osmotic stress,
and low pH conditions (Romeo et al. 2007; Wang et al. 2015,
2016b; Zere et al. 2015). In order to cope with enormous en-
vironmental fluctuations, microorganisms have evolved vari-
ous mechanisms to maintain the intracellular homeostasis.
Small non-coding RNAs (sRNAs) play essential roles in reg-
ulating the growth and survival via post-transcriptional control
of gene expression in both eukaryotic and prokaryotic cells
(Wagner and Romby 2015). Furthermore, SRNAs can be in-
duced by environmental changes (Siqueira et al. 2016) and act
as crucial regulators for stress responses (Wang et al. 2015,
2016b; Zere et al. 2015) and virulence (Bardill et al. 2011).
For example, the SRNAs ArcZ, DsrA, and RprA contribute to
acid tolerance in Escherichia coli, and DsrA and RprA are
induced under acid stress (Bak et al. 2014). Located between
and on the opposite strand of genes encoding two acid re-
sponse transcriptional regulators called gadX and gadW, the
SRNA gadY can form base pairs with the 3'-untranslated region
of the gadX mRNA, thereby conferring increased stability and
allowing for accumulation of gadX mRNA and increased ex-
pression of downstream acid resistance genes (Opdyke et al.
2004). Additionally, in Synechocystis, the expression of the
SRNA NsiR4 was induced by nitrogen limitation (Klahn et al.
2015), as was NrsZ (nitrogen-regulated SRNA) (Wenner et al.
2014).

Although small non-coding RNAs represent a very re-
cent discovery, examples of SRNAs in Gram-positive bac-
teria are still plentiful. In Lactococcus lactis MG1363, a
recently published transcriptome landscape revealed novel
hypothetical small regulatory RNAs involved in carbon up-
take and metabolism. Although analysis indicated some
previously undescribed small RNAs that could have a
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regulatory role in low pH conditions, their specific roles and
regulatory mechanisms have not been corroborated (van der
Meulen et al. 2016).

In Gram-positive bacteria, SRNAs are known to hybridize
with the target mRNAs to inhibit or promote the translation
process. The most common sRNAs are trans-encoded sSRNAs,
which can regulate translation initiation, RNA stability, or
protein activity by forming short segments of partial nucleo-
tide complementarity with their target genes. Translation ini-
tiation can be inhibited by several different mechanisms de-
pending on the specific location that (a) SRNA pairs directly
with the ribosome-binding site (RBS) locus to block the initi-
ation of translation, (b) SRNA induces secondary structural
changes in the RBS locus that unfold translation-inhibitory
structures or hide the RBS, or (c) SRNA targets downstream
of the first five codons in an area where mRNAs are generally
sensitive to the antisense inhibition of translation initiation
(Storzetal. 2011). Trans-encoded sSRNAs have many different
target mRNAs, and there is evidence that SRNA-mediated
control of translation is prominent in bacteria (Boisset et al.
2007; Chunhua et al. 2012; Huntzinger et al. 2005; Morfeldt
et al. 1995).

Some sRNAs are remarkably conserved, indicating that
they serve critical cellular functions (Updegrove et al. 2015).
In Salmonella, one example is SdsR, which is transcribed by
the general stress o-factor and employs two different regions
to interact with individual targets (Frohlich et al. 2016). In
Pseudomonas aeruginosa, the sSRNA RgsA, which can regu-
late the mRNA of the global transcriptional regulator Fis and
the acyl carrier protein AccP, also possesses a conserved re-
gion that acts as a regulatory core of the SRNA (Lu et al.
2016).

As an antimicrobial peptide with 34 residues, nisin is
known to show a broad spectrum of antimicrobial activity
against gram-positive bacteria as well as gram-negative bac-
teria (Rayman et al. 1981; Stevens et al. 1991; Xuanyuan et al.
2010). Previous studies have suggested that nisin could show
a relatively higher stability and activity in the environment
with lower pH value (Zhang et al. 2014). Improving acid
tolerance of L. lactis F44 could hence enhance nisin yield
(Zhang, et al. 2016).

In this study, we identified the novel sSRNA sO15 in
L. lactis, which was found to be widely conserved across
many L. lactis strains. We showed that s015 contributed to
the growth and survival of L. lactis F44 subjected to acid
stress. In silico analysis of the direct targets of sO15 demon-
strated that it interacted with its targets at a specific, conserved
site. Furthermore, we verified that SRNA s015 directly bound
to its targets atpG, busAB, cysD, ilvB, tcsR, ung, yudD, and
ywdA by an antisense mechanism. This work revealed a new
sRNA s015 that contributes to increased acid tolerance in
L. lactis and could serve as a more general model for SRNA-
mediated stress responses.

@ Springer

Materials and methods
Bacterial strains and growth conditions

The L. lactis F44 (wild type) strain used in this work was
derived from L. lactis YF11 (Zhang et al. 2014, 2016).
YF11 is accessible from the China General Microbiological
Culture Collection Center under the accession number
CGMCC7.52. Escherichia coli BL21 was used for the valida-
tion of target genes, and E. coli TG1 was used for plasmid
construction. L. lactis was cultured in seed medium (1.5%
yeast extract, 1.5% peptone, 2% KH,PO,4, 1.5% sucrose,
0.15% NaCl, 0.015% MgS0O47H,0) at 30 °C. E. coli BL21
and TGl strains were cultured in LB medium (1% tryptone,
0.5% yeast extract, and 1% NaCl) at 37 °C. Micrococcus

flavus ATCC 10240 was used for nisin titer assay and cultured

in LB medium at 37 °C. The plasmids used in this study are
shown in Supplementary Table S1.

RNA extraction and small transcript Northern blots

F44 cells were harvested during mid-log phase (ODggg 3.5—
4.0) by centrifugation. Total RNA was extracted using the
Trizol (Invitrogen, 15596108) procedure according to the man-
ufacturer’s instructions. RNA pellets were dissolved in DEPC-
H,0. Northern blotting was performed as described with sev-
eral modifications (van der Meulen et al. 2016). Briefly, at least
10 pug of total RNA was added to 7 ul RNA loading buffer
(Sigma R1386 USA) and heated at 65 °C for 10 min before
separation on 15% urea polyacrylamide gels. RNAs were
transferred to nylon membranes (Thermo AM10100) and
cross-linked at 120 Jusing a UV cross-linker. Membranes were
dried at 80 °C. Pre-hybridization was performed at 42 °C for
30 min. The blots were then hybridized overnight at 42 °C in
hybridization buffer (Sigma H7033 USA) containing a single-
stranded RNA 5’ biotin-labeled probe. s015 sRNA and 5S
RNA were detected by 5’ end-labeled Nbio s015 (5'-
AUGGUUUUCUCGAUUCAUUUUU GUCCUUAA-3")
and Nbio 5S (5'-GGCCACUCGCCUAUCUCCCA
GGGGGCAACC-3'), respectively. The membranes were
washed three subsequent times with SSC wash buffers supple-
mented with 0.1% SDS (2%, 0.5%, and 0.1x%, respectively).
Finally, the hybridization signals were visualized by BIO-
RAD ChemiDoc XRS.

qRT-PCR

Two micrograms of total RNA extracted from F44 cells as
described above was reverse transcribed using the
TIANScript RT Kit (TIANGEN) according to the manufac-
turer’s instructions. The resulting cDNAs were stored at
—80 °C until qRT-PCR analysis. qRT-PCR was performed
with Power SYBR Green PCR Master Mix (Applied
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Biosystems). Briefly, a 20 pl reaction solution containing 1—
1000 ng of cDNA, 1 ul each of forward and reverse primers
(10 mM) (see Supplementary Table S2 for a list of primers
used), 10 pl of 2x Ultra SYBR Mixture (with ROX), and 3 ul
of sterile water was analyzed on a LightCycler 480 Real-Time
PCR System (Roche, Switzerland) according to the manufac-
turer’s instructions. Reactions were run in triplicate in three
independent experiments for each condition. The 16S rRNA
gene was used as an internal control to normalize cycle thresh-
old (CT) values. Differences in the relative expression levels
were calculated with the 22D method (Zhang et al. 2016).

Construction of an sSRNA 5015 deletion, complementation,
and overexpression strains

The homologous double crossover recombination method
was used to construct a L. lactis F44 5015 deletion mutant
(As015). A detailed protocol has been published previously
(Zhu et al. 2014).

The sRNA expression plasmid pLEB-sRNA was construct-
ed from the pLEB124 plasmid backbone with some modifi-
cations. The p45-promoter-MCS-terminator fragments in-
cluding EcoRI/BgIII restriction sites were amplified using
non-template PCR. The EcoRl/Bg/lI-digested PCR fragments
were cloned into the EcoRI/Bglll-digested pLEB 124 plasmid.
The sRNA sequences were amplified from L. lactis F44 and
cloned into the sSRNA expression vector pLEB-sRNA using
the homologous recombination method with EasyGeno Kit
(TIANGEN). The overexpression and complementation
strains (F44-ps015 and F44-cs015, respectively) were obtain-
ed by electroporation (2.45 kV) of the pLEB-sRNA-s015 vec-
tor into F44 and F44-As015, respectively.

The accession number of s015 is KY985350, and the tran-
scriptome sequencing raw data has been submitted to
sequence read archive (SRA): SRP105011-PRINA383925,
SRS2139720-sRNA.

Acid tolerance assays

The F44, F44-As015, F44-ps015, and F44-cs015 L. lactis
strains were incubated for three generations before being used
in acid tolerance assays. Bacteria of the youngest generation
were grown to early logarithmic phase (ODggg 5.0-5.5) at
30 °C. Cells were harvested by centrifugation (8000 1/s,
8 min, 4 °C) and re-suspended in the same volume of 0.9%
NaCl. Cells were then exposed to tryptone aqueous solution
(2% tryptone, 0.5% NaCl) at different pH levels (2.0, 3.0, 4.0,
5.0, or 7.0) for 2 h. After treatment, cells were diluted and
plated on seed medium. Colony-forming units (CFUs) before
and after stress treatment were determined by counting colo-
nies after 24 h of incubation. The strain survival was calculat-
ed as the ratio of the CFU at the different sampling times
normalized to the ratio obtained at pH 7.0.

Cell growth assay and nisin titer

The F44, F44-As015, F44-ps015, and F44-cs015 L. lactis
strains were incubated for three generations and cultured in
fermentation broth (1.5% peptone, 1.5% yeast extract, 1.5%
sucrose, 2.0% KH,PQOy,, 0.15% NaCl, 0.3% corn steep liquor,
0.26% cysteine, and 0.015% MgSO,4-7H,0). Optical density
(OD) was measured at 600 nm every 2 h with a TU-1810
spectrophotometer to monitor cell growth. The nisin titer as-
say was performed as described previously (Zhang et al.
2016).

In silico analysis of RNA structures

The mfold web server was used to predict the structures of
folded RNAs, including both sRNAs and target mRNAs
(Waugh et al. 2002; Zuker 2003; Zuker and Jacobson 1998).
Default folding conditions were used except for temperature,
which was set to 30 °C.

sRNA target prediction

Target predictions for s015 were obtained using three dif-
ferent online programs: sTarPicker (SRNATarBase) (Wang
et al. 2016a), CopraRNA (Comparative prediction algo-
rithm for small RNA targets) (Busch et al. 2008; Wright
et al. 2014) and Interacting RNA (IntaRNA) (Pain et al.
2015), and Target RNA 2.0 (Kery et al. 2014). These pro-
grams are available at http://ccb.bmi.ac.cn/starpicker/,
http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp,
and http://cs.wellesley.edu/~btjaden/TargetRNA2/,
respectively.
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Fig. 1 a Northern blot of s0/5 in L. lactis F44 at pH 7.0 and pH 5.0.
Grayscale analysis indicated a 1.42-fold IOD value (pH 5.0, 31,228.207
vs. pH 7.0, 22,011.945). b qRT-PCR of' s015 at pH 7.0 and pH 5.0. Values
are normalized to pH 7.0. The error bars represent +1 standard deviation.
Statistical differences between each group were analyzed using Student’s
t test; ***p < 0.0005
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Lactococcus lactis subsp. lactis F44-s015

TAATTGGACTAGTTTTAGTTTTTI T CATTAAGGACAAAAAT GAAT CGAGAAAACCATTACCCGAAAAGTTTTATCAGAAAAAAGTTTTTTGCGCTTGGATTTTTATTICCACTCTTTG 117
Lactococcus lactis subsp. cremoris MG1363 TAATTGGTTIGCTTTTAGTTTTTT TCATTAAGGAGAAGAAGGGACCARARARACCAGTAGCTARARAGTTTTATCAGAARARAATTTTTT

'PCATTCC: 109

Lactococcus lactis subsp. cremoris NZ9000 TARTTGGTTIGCTTTTAGTTTTTTTCATTAAGCGAGAAGAAGGGACCARARAAACCAGTAGCTARAAAGTTTTATCAGAARARAATTTTTTGGGCATGGATTTITCATTCC———————~ 109

Lactococcus lactis strain AI06
Lactococcus lactis subsp. lactis CV56

TAATTGGACTAGTTTTAGTTTTTT - CATTAAGGACAAAAATGAAT CGAGAARACCATTACGCGAAAAGTTTTATCAGAAAARAAGTTTTTTGGGCTTGGATTTTTATICCATTCTTTG 116
TAATTGGACTAGTTTTAGTTTTTTTCATTAAGGACAARAAT GAATCGAGAAAACCAT TACCCGAAAAGTTTTATCAGAARAAAGTTTTTTGCCCTEGGATTTTTATTICCACTCTTTG 117

Lactococcus lactis subsp. lactis KLDS 4.0325AATTGGACTAGTTTTAGT T TTT T TCATTAAGGACAAARAATGAAT CGAGAARACCATTACCCCARAAGTTTTATCAGAARAAAGTTTTTTCGGGCTTGGATTTTTATTICCACTCTTTG 117

Lactococcus lactis subsp. lactis 111403
Lactococcus lactis subsp. lactis 10-1

TAATTGGACTAGTTTTAGTTTTTITCATTAAGGACAAAAATGAATCGAGARAACCATTACCCGARAAGTTTTATCAGAAAAARAGTTTTTTGGGCTTGGATTTTTATTCCACTCTTTG 117
TAATTGGACTAGTTTTAGTTTTTTTCATTAAGGACAAARATGAATCGAGAAAACCATTACCCGARA

TTTATCAGAARAR

TGGGCTT TTATTCCACTCTTTG 117

Lactococcus lactis subsp. lactis strain A12 ~PAATTGGACTAGTTTTAGLL Lttt tCATTAAGGACAARAAT GAAT CGAGAAAACCATTACCCGAARAGTTTTATCAGARAAARGT TTTTTGGGCTEGGATTTTTATTICCACTCTTTG 117

Lactococcus lactis subsp. lactis strain SO
Lactococcus lactis subsp. lactis KF147

TAATTGGACTAGTTTTAGTTTTTT T CATTAAGGACAAAAAT GAAT CGAGAARACCATTACCCGAAAAGTTTTATCAGAAAAAAGTTTTTTGGGCTIGGATTTTTATTICCACTCTTTG 117
TAATTGGACTAGITTTAGTTTITT TCATTAAGGACAARAAAT GAATCGAGAAAACCATTACGCGAAAAGTTTTATCAGAAAARAGTTTTTTGCCCTEGGATTITTATTICCACTCTTTG 117
Lactococcus lactis subsp. lactis NCDO 2118 TAATTGGACTAGTTTTAGTTTTITTTCATTAAGGACARAAAT GAAT CGAGARAACCATTACGCGAAAAGTTTTATCAGAAARA Ly
sedokokokokok kol skokokokokokokokskokok tokiokokskokok dokokokok skokok solokokokokokok sk ok

EGGATTTTTATTCCACTCTTTG 117
st ol ok ok ok sk s s s s ol o ok kool sk ook ok ok ok ok ook okok sk kol ok ok ok ok

Fig.2 5015 is broadly conserved across L. lactis strains. The figure shows alignment of s0/5 homologs in related strains. The bases in color are highly

conserved

Validation of SRNA targets using reporter fusion

Plasmids for these experiments were constructed as described
(Urban and Vogel 2007). Briefly, all SRNA plasmids were
constructed from the pRSF-Dute-1 plasmid backbone. First,
the s015 sequence and a nonsense control 77fB (gi 49175990)
sequence were amplified from the L. lactis F44 and E. coli
DH5a genomes, respectively. BamHI and HindllI restriction
sites were added to the sequences during amplification. The
BamHI/HindIll-digested PCR fragments were cloned into the
BamHI/Hindlll-digested pRSF-Dute plasmid. For LacZ-
target fragment-eGfp fusion cloning, the pACYC Dute-1 plas-
mid was used as the backbone. First, the residues spanning
codons 2-59 of the lacZ gene were amplified. Next, the region
spanning from the last 30—40 codons of the upstream C-
terminal region to the first 10-15 codons of a potential target
gene were fused to the second codon of eGfp. Meanwhile, the
two fragments above were fused to construct lacZ-target frag-
ment-eGfp. Ncol and Xhol restriction sites were added to the
fusion DNA fragment, which was then digested and cloned

into the Ncol/Xhol-digested pACYC plasmid. This plasmid
was called pACYC-target (Fig. S1 A). Each pACYC-target
plasmid was transformed along with an SRNA plasmid (either
s015 or the nonsense control rrfB) into E. coli BL21 (Fig. S1
B).

Results

Identification of s015, a novel small non-coding RNA
upregulated under acid stress

To study the role of sSRNAs in regulating the response to acid
stress in L. lactis F44, the transcriptome at both pH 5.0 and
pH 7.0 was sequenced using the Illumina HiSeq 2000 se-
quencing platform, and transcript levels were compared be-
tween the two conditions (sample SRS2139720—sRNA).
The RNA-sequencing results revealed that several sSRNAs
were upregulated under acid stress, including s015, which is
located in an intergenic region. To confirm the results of the

Fig. 3 Effect of s015 deletion in a 4500
L. lactis F44. a The survival rate o 51 Bl F44 [ [] Fﬁ .
Of L. lactis F44, F44-As015, F44- 8 | F44-A5015 00 e Fi4ps015
ps015, and F44-cs015 at various = 4] = iy £ 3500mm Fd4-cso015
pH levels compared to survival _g S 3000 ‘ )
rate at pH 7.0. The gray bars g T 2500 3
indicate fold changes in CFU a ; 2000
(calculated as means from acid _g £ 1500
tolerance experiments) relative to & = 1000
pH 7.0. b Growth characteristics & 500
of L. lactis F44, F44-As01 5, F44-
ps015, and F44-cs015. ¢ Nisin pH50 pH40 PpH3.0 pH20 4 6 8 10 12
yield of L. lactis F44, F44-As01 5, :
time/h
F44-ps015, and F44-cs015. d The
unit nisin production of L. lactis b d 650
F44, F44-As015, FA4-ps015, and 6]~ Fas
F44-cs015 ~#— F44-As015 o 600+
54— F44-ps015 3
—— F44-cs015 8 550
o 44 3
S S 5001
O 31 >
% 4504 - F44
2- 5 F44-As015
4004 —— F44-ps015 %
11 - F44-cs015
y . i . . . 350 : : ; . :
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Table 1 Relative survival ratio of F44-As015, F44-ps015, and F44-
cs015

F44-As015 F44-ps015 F44-cs015
pH 5.0 0.738 £0.119 1.427 +0.309 0.981 +£0.296
pH 4.0 0.581 £0.169 2.334+0.452 1.096 £ 0.227
pH 3.0 0.282 + 0.048 1.504 £0.452 1.102 £0.138
pH 2.0 0.162 +£0.051 4219+0416 1.217 £0.265

transcriptome sequencing data, we identified sSRNA s015
(KY985350) by Northern blot analysis (Fig. 1a) and qRT-
PCR (Fig. 1b), showing that it was upregulated in low pH
conditions.

High conservation of s0/5 across L. lactis strains would
suggest an important function in this species. We found that
the s015 gene is indeed conserved in other 11 related L. lactis
strains, and the most highly conserved regions, namely nucle-
otides 12-33 and 63-108, are shown in Fig. 2.

5015 facilitates L. lactis F44 acid tolerance and nisin
production

To explore the function of SRNA s015, we constructed the s015
deletion strain F44-As015 as well as an 5015 complemented
strain (F44-cs015) and an 5015 overexpression strain (F44-
ps015). As the fermentation process progresses, the bacterial
cells suffer increasing levels of acidic stress. In order to evaluate
the effects of s015 under varying degrees of acid stress, L. lactis
F44, F44-As015, F44-ps015, and F44-cs015 were exposed to
pH conditions ranging from 5.0 to 2.0 for 2 h. Results indicated
that the F44-As015 strain displayed a lower survival ratio in
acidic conditions compared to the wild type, while the F44-
ps015 strain showed a higher survival ratio. The survival ratio
of F44-cs015 fluctuated around that of the wild-type strain
(Fig. 3a and Table 1). We also compared the growth of the four
strains in the fermentation broth and found that the wild-type
strain grew faster than the F44-As015 strain. However, com-
pared with F44-As015 and L. lactis F44, little difference can
be observed on the growth of F44-cs015 and F44-ps015,

Fig. 4 a The secondary structure a AU
of s015 as predicted by mfold. b ¢ A
Venn diagram showing the OOO\ qAA
overlap among the putative s015 o \\77 \
. . AN
target genes identified by target XA OO 90
RNA 2.0, CopraRNA and O«y:’\ "2
IntaRNA, and sTarPicker. ¢ The 60 OO\\ OO
putative target genes identified by \UO\\ o®
one or more prediction programs u @ C
A
8]
A A—U
U U G (,A/\ C—G
G UjA A CG
A—U U—A A
U—A U—A A—U~—__
C—Gog AU Nyg A—U 100
A—U/ C—G A—U
G—U U—A A—U
, G—U_ _U—A G—U i
5'—UAAUU 9]6] UCGA AUUCCAC UCUUUG —3
b c
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TargetRNA2.0 5 Copee A busAB 127 phnD
and IntaRNA L PP P
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yudD
ywdA
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Fig.5 The regions binding with targets predicted by a target RNA 2.0, b CopraRNA and IntaRNA, and ¢ sTarPicker. The probability distribution figure
shows the probability of s015 binding with target mRNAs. The corresponding targets are listed below

respectively (Fig. 3b). Previous studies have suggested that im-
proving acid tolerance of L. lactis F44 could enhance nisin yield
(Zhang et al. 2016). Thus, we suspected that the F44-As015
deletion strain might produce less nisin compared to the wild-
type one, as it displays reduced acid tolerance. Accordingly, we
hypothesized that F44-ps015 would have improved nisin yields
due to its increased acid tolerance and that F44-cs015 would
have a similar nisin yield to the wild-type F44. To test this, we
measured nisin production using a fermentation assay. As expect-
ed, compared to the wild type, the F44-As015 strain produced
less nisin and the F44-ps015 strain had a slightly increased nisin
yield. The F44-cs015 strain had a lower nisin yield compared to
the wild-type strain (Fig. 3c). Nisin production is generally
growth dependent. To account for the impact of biomass on

our results, we calculated the nisin yield per unit biomass.
Figure 3d shows that the thus-normalized nisin yield of the
F44-ps015 strain is the highest, while that of the F44-As015
strain is the lowest. No significant difference was observed be-
tween the normalized nisin yields of F44 and F44-cs015.
Together, these data suggested that s015 plays a crucial role in
maintaining the growth of L. lactis F44 and improving its nisin
yield in acidic conditions.

Prediction of target mRNAs of s015 in L. lactis F44 via
computational analysis

To further characterize SRNA s015 in L. lactis F44, the second-
ary structure of s015 was analyzed using the mfold web server

Table 2 mRNA levels of eight

target genes in F44-As015 Target Function qRT-PCR gRT-PCR
compared to F44 as quantified by =~ g¢ne PHT) (pH 5)
qRT-PCR
atpG ATP synthase F1 subunit gamma 1.422 +£0.090  0.720 £ 0.144
busAB ABC transporter permease/substrate-binding protein 2.068 +0.365 5.172 £ 0.698
cysD O-Acetyl-L-homoserine sulthydrolase/O-acetyl-L-serine 0.415+0.135 1.630 + 0.308
sulthydrolase
ilvB Acetolactate synthase large subunit 1.010+£0.104  0.466 £0.071
tesR Two-component response regulator 0.396 = 0.124 0.494 £ 0.071
ung Uracil-DNA glycosylase 0.406 £0.149  0.519 +0.004
yudD Flavin-nucleotide-binding protein 1.152 +0.177 1.643 +0.814
ywdA Hypothetical protein 0.837 +£0.031 2.119 £ 0.684
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Fig. 6 a mRNA expression levels of candidate genes in L. lactis F44-
As015 compared to the wild type at pH 7.0 and 5.0. b eGfp levels of
candidate genes and ¢ a negative control as measured using reporter
plasmids. Error bars represent the SD. Statistical differences between
each group were analyzed using Student’s ¢ test; *p < 0.05,
*#*p < 0.005, ***p < 0.0005

(Zuker 2003). Four stem-loop structures were predicted, as
shown in Fig. 4a. The first stem-loop and the second one are
rich of A-U pairs, indicating an unstable region to bind to target
mRNAs. Potential targets of s015 were predicted by three soft-
ware programs: sTarPicker, CopraRNA, and IntaRNA, and
Target RNA 2.0; results are shown in Table S3. The target genes
identified by each program are summarized in a Venn diagram
in Fig. 4b and c. A region located between the first and the
second stem-loop structure of s015 was identified as the possi-
ble regulatory core. The predicted interaction regions of s015
controlled 74 candidate targets (Fig. 5a—c). Twelve predicted
target genes, atpG, busAB, cysD, ilvB, tcsR, ung, yudD, ywdA,
yrbl, fisW, tesK, and SufS, were selected for further validation.

Validation of s015 target genes by qRT-PCR and reporter
fusions

To investigate the effect of s015 on 12 target genes, the tran-
scription levels of these target genes in L. lactis F44 and
F44-As015 were analyzed by qRT-PCR. As shown in Fig.
6a, at pH 7.0, the mRNA levels of atpG, busAB, and yudD
were higher in F44-As015 compared to F44, while the mRNA
levels of cysD, tcsR, and ung were lower. ilvB and ywdA

mRNA levels displayed little difference between two strains.
AtpH 5.0, the mRNA levels of atpG, busAB, cysD, yudD, and
ywdA were higher in F44-As015 compared to F44, while the
mRNA levels of ilvB, tcsR, and ung were noticeably lower (as
shown in Table 2). But the mRNA level of yrbl, fisW, tcsK,
and SufS showed little change in F44-As0/5 compared to
F44 at both pH 7.0 and pH 5.0 (data not shown). Taken to-
gether, these results suggested that s015 is responsible for the
inhibition of appG, busAB, cysD, yudD, and ywdA as well as
upregulation of ilvB, tcsR, and ung at pH 5.0.

To further assess the effect of s015 on its target genes, we
designed fusion constructs containing a lacZ gene fragment in
front of the binding sites of each target gene followed by a
green fluorescent protein (GFP) driven by a constitutive pro-
moter. The eGfp levels were then assayed in the presence of
either a nonsense SRNA or sSRNA s015 after co-transforming
along with the target gene::eGfp fusion construct into E. coli
BL21 (Fig. S1). Compared to the nonsense sSRNA, s015 re-
pressed atpG::eGfp, busAB::eGfp, cysD::eGfp, ilvB::eGfp,
yudD::eGfp, and ywdA::eGfp by approximately 2.56-fold,
2.50-fold, 2.17-fold, 1.61-fold, 1.61-fold, and 1.67-fold, re-
spectively. In contrast, it increased tcsR::eGfp and ung::eGfp
by 1.85-fold and 1.31-fold, respectively (Fig. 6b). A negative
control, yidC::eGfp, showed almost no difference in eGfp
level between the nonsense control and sRNA s015 (Fig.
6¢). Collectively, these results demonstrated that sO15 could
either inhibit or activate its target genes at the post-
transcriptional level.

The conserved region of SRNA s015 directly
inhibits/activates target gene expression by an antisense
mechanism

Bioinformatics analysis suggested that the predicted targets,
atpG, busAB, cysD, ilvB, tcsR, ung, yudD, and ywdA, are
direct binding partners of s015 (Fig. 7a—h). To experimentally
assess the putative base-pairing interactions, mutations of nu-
cleotides within the predicted interaction regions were intro-
duced. Specifically, sO15-mut-1 involved mutations in nucle-
otides 18-26 (GAAAAAAAC — CTTTTTTTG) (Fig. 7b, c,
d, e, g, h), and s015-mut-2 involved mutations in nucleotides
99-104 (TATTCC — ATAAGG) (Fig. 7a). Our experiments
showed that both mutated sRNAs failed to regulate target
mRNAs in the manner of the wild-type s015 (Table 3). We
observed the repression decreased moderately in eGFP levels
in the strain with s015-mut-1 compared to wild-type s015 for
atpG::eGfp (~1.19-fold for sO15-mut-1 vs. ~2.56-fold for
wild-type 5015, relative to the nonsense control), cysD::eGfp
(1.02-fold vs. ~2.17-fold), ilvB::eGfp (~1.22-fold vs. ~1.61-
fold), and yudD::eGfp (~1.16-fold vs. ~1.61-fold). The eGfp
level of tcsR::eGfp was repressed by 1.25-fold when trans-
formed with s015-mut-1, while it was activated by 1.85-fold
when transformed with sO15 (Table 3). And ung::eGfp was
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Fig.7 Predicted base-pairing interactions between s015 and a busAB, b tcsR, ¢ ung, d cysD, e ilvB, £ ywdA, g atpG, and h yudD as determined using the
CopraRNA program. Mutations introduced in s015 to test these interactions are indicated in gray

activated by 1.74-fold for sO15-mut-1 while by 1.28-fold for
wild-type s015 relative to the nonsense control. The eGfp
level of ywdA::eGfp was not significantly different for s015-
mutl compared to the wild-type s015 because the predicted
interaction region for this gene was not located in the mutated
region (Fig. 8a). Because busAB is the only one predicted to
bind to s015-mut-2 region, while the other genes are all pre-
dicted to bind to the first region, s015-mut-2 was only applied
to busAB. For s015-mut-2, the eGfp level of busAB was re-
pressed ~1.15-fold compared with ~2.50-fold for wild-type
sRNA s015 (Fig. 8b). These results verified that sO15 regu-
lates many of its targets, atpG, cysD, ilvB, tcsR, ung, and
yudD, using the conserved regions we identified.

@ Springer

Discussion

In this study, we demonstrated that the novel SRNA s015 plays
a critical role in the response to acid stress in L. lactis and
employs an unstable region to regulate target genes involved
in multiple pathways. Here, SRNA s015 was identified as a
novel trans-encoded sRNA in L. lactis F44, and its homologs
are conserved in other 11 L. lactis strains.

In L. lactis F44, it has been shown that nisin yield can be
enhanced by improving acid tolerance (Zhang et al. 2016).
Here, we showed that sO015 was highly transcribed under acid
stress. The growth and relative survival in acidic conditions of
the F44-As015, F44-ps015, and F44-cs015 strains compared
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Table 3  eGFP levels of the fusion reporter relative to the nonsense
SRNA control

Target gene sO15 s015-mut

atpG 0.3949 £ 0.0206 0.8454 +0.1965
busAB 0.3600 £ 0.0742 0.8709 + 0.0920
cysD 0.4621 +0.2432 0.9801 £ 0.0636
ilvB 0.6201 + 0.0426 0.8217 £ 0.0592
tesR 1.8470 + 0.3929 0.8030 + 0.0462
ung 1.275 £0.0630 1.743 £ 0.2576
yudD 0.6210 +0.1301 0.863 +0.0823
ywdA 0.6084 + 0.046 0.6027 +0.0293
vidC 1.005 + 0.0256

to the wild-type L. lactis F44 strain indicate that sO15 can
improve acid tolerance in L. Lactis F44. Accordingly, one unit
biomass of the s015 overexpression strain L. lactis F44-ps015
produced a higher yield of nisin compared to the same bio-
mass of the wild-type F44, F44-cs015, and F44-As015
strains. We could thus infer that sO15 enhanced nisin yield
by improving the acid tolerance of L. /actis F44.

The secondary structure of sSRNAs determines their target
specificity. Specific regions are responsible for maintaining sta-
bility and binding to the RBS and/or coding sequence (CDS) of
target mRNAs. Bioinformatics and statistical analysis of predict-
ed s015 target genes revealed that s015 employs a conserved
region to interact with individual targets. In Salmonella, two
conserved regions of SdsR, one located in the distal sequence
of the first stem-loop and the other located downstream of an
RNaseE-dependent cleavage site in the center of SRNA SdsR
molecule, could regulate target genes (Frohlich et al. 2016). In
P, aeruginosa, sSRNA RgsA also possess a conserved region that
acts as the regulatory core of the SRNA to inhibit its targets (Lu
et al. 2016). In this vein, our work indicated that sO15 has a
highly conserved single-stranded region (1826, GAAAAAAA
C) that was able to bind to several target mRNAs, as this region is
not stable and can easily cross-link with specific target mRNAs,
including atpG, cysD, ilvB, tcsR, ung, yudD. In contrast, the gene
ywdA was not predicted to interact at the conserved single-

[

Fig. 8 s015-target mRNA 3.0
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K= )
Fig. 9 s015 employs a conserved target site (/ight yellow box) to regulate

six target mRNAs identified in this study, s015 cross-links with mRNA
busAB on the /ight blue region

stranded region, and accordingly, we showed that the s015-
mut-1 effected no change in eGfp levels compared to the wild-
type s015. From our data, we inferred that the region of s015
encompassing nucleotides 1826 (GAAAAAAAC) is the inter-
action region responsible for the regulation of many specific
target genes (Fig. 9).

Targeting deeper into the CDS (i.e., downstream of the first
five codons in an area where mRNAs are generally sensitive to
antisense inhibition of translation initiation) has been reported as
a common mechanism of SRNA-mediated regulation (Frohlich
et al. 2012). In this work, the region of s015 encompassing
nucleotides 10-32 was shown to bind to the deeper CDS (co-
dons 5-13) of atpG, and the eGfp validation experiment showed
that atpG was repressed by s015. These results suggested that
s015 might repress the expression of afpG through the transla-
tion blockage as occurs in P, aeruginosa with regulation of fis by
the SRNA RgsA (Lu et al. 2016).

Base-pairing between an sSRNA and its target mRNA usually
leads to mRNA degradation, repression of translation, or both
(Storz et al. 2011; Waters and Storz 2009). A wealth of SRNAs
bind to the RBS of their target genes to repress translation and
decrease mRNA levels. For example, in P aeruginosa, RgsA
interacts with a region within the acpP RBS to form a “kissing

interactions were validated by
mutating the predicted target gene
interaction sites in s015 SRNA.
s015 was mutated to a s015-mut-
1 or b 5075-mut-2. Statistical
differences between each group
were analyzed using Student’s ¢
test; *p < 0.05, **p < 0.005,
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complex” (Lu et al. 2016). Here, we found that s075 could bind
around the RBS of busAB, cysD, and ywdA, leading to the re-
pression of transcript levels through translational inhibition. In
Enterobacteria, the MicC sRNA binds to the coding sequence of
the ompD mRNA and directly promotes its degradation (Pfeiffer
et al. 2009). Here, yudD mRNA was degraded due to secondary
structure changes induced by binding of s015. The 5" UTR of
target mRNAs may fold into a hairpin that sequesters the RBS
into a double-stranded secondary structure, inhibiting translation
initiation. The SRNAs RprA, DsrA, and ArcZ can bind to a spe-
cific site within the 7poS 5" UTR and sequester sequences that
would otherwise participate in forming the translation-inhibitory
structure, thereby relieving translational inhibition (Mika and
Hengge 2014; Soper and Woodson 2008). In a similar vein,
our data suggested that s015 could relieve the RBS blocks of
tesR and ung mRNAs by binding to the base-pair sequence that
formed a double-stranded hairpin. For ilvB, validation by qRT-
PCR and reporter plasmids yielded conflicting results. Further
study indicated that a possible binding site of i/vB was located
upstream of the start codon. This might indicate the competition
between the two binding targets and needs to be investigated
further.

Located in intergenic regions and shown to act on targets
elsewhere in the genome, trans-encoded sSRNAs control multiple
target mRNAs via imperfect base-pairing, and there is evidence
that this mechanism is prominent in bacteria (Boisset et al. 2007;
Chunhua et al. 2012). The sSRNA 5015 is present in the intergenic
region between two ORFs, as is shown in Fig. S3. Due to the
distance between 5015 and its flanking ORFs, it is likely that it
does not interact directly with these ORFs; rather, it is more
plausible that its targets are located elsewhere in the genome.

To summarize, as a non-coding regulator, s015 assisted
L. lactis F44 in surviving acidic conditions. Although not all
predicted s015 target candidates were validated in this work, we
have identified several target genes (atpG, busAB, cysD, ilvB,
tesR, ung, yudD, and ywdA) and characterized their interactions
with s015. Taken together, our data indicate that the SRNA s015
has vital roles in regulating genes involved in responding to
acid stress. Our study could assist us better understand how
L. lactis responds to various environmental stress conditions.
These findings also enhance our knowledge of the mechanisms
that s015 directly inhibit or activate target mRNAs.
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