











Figure 2. Transcription of the speF and Smr45C RNAs. (A) Nucleotide sequence (both DNA strands) of the SMc02983-SMc02984 IGR expressing the speF
and Smr45C RNA elements. Numbering indicates coordinates in the S. meliloti 1021 genome. The -35 and -10 hexamers of the predicted c”°-dependent
promoters (P1 and P2) are boxed. Black arrowheads indicate the predicted start and end of the speF RNA as annotated in the Rfam database. Nucleotide
positions of 5’ and 3’ ends previously determined for the Smr45C sRNA are boxed and a double arrowhead in red indicates its TSS. A double arrowhead
in green indicates the predicted TSS for speF from the P2 promoter. The proposed speF and Smr45C coding sequences are in green and red letters,
respectively. (B) Northern analysis of speF and Smr45C RNAs. Sequences of the 25-mer oligonucleotides used to probe the membranes are underlined
in (A). RNA samples were: TY, log TY cultures; TY(S), stationary phase TY cultures; MM, log minimal medium cultures; MM(L), luteolin-induced log MM
cultures; N, mature alfalfa nodules. Molecular weight markers are shown to the right of the panels. 55 RNA was also probed as RNA loading control.

from the newly identified promoter P2,
independently of Smr45C in the bio-
logical conditions tested. In agreement
with this observation, a S. meliloti map
of TSS generated by RNA-Seq of total
RNA revealed transcripts with 5'-ends at
3,105,292 and 3,105,166 nt positions in
this region of the S. meliloti chromosome
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(A. Becker and ].P. Schliiter, personal
communication). Altogether, these new
experimental evidences further support
classification of Smr45C as a Hfq-binding
sRNA, likely unrelated to the speF RNA
element.

Distribution of the ar sRNA families
in the Rhizobiales. The occurrence of the

RNA Biology

or sSRNA families in sequenced bacterial
species of the Rhizobiales was further
assessed using the Infernal models (CMs)
generated in this work. The results of
this comparative analysis are summarized
in Figure3. With the only exception of
Smr35B (ar35), which is encoded in the

chromosome-like replicon pSymB, all our
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Figure 3. Conservation of the S. meliloti Smr sRNAs in the Rhizobiales. CMs generated in this work along with the name of the query S. meliloti SRNA
sequences are listed to the left. The newly predicted chromosomal copies of the Smr14 gene are indicated with an asterisk. All bacterial species
with representatives of the ar RNA families are indicated on top of the panel grouped by taxonomic families i.e., Rhizobiaceae, Brucellaceae,
Phyllobacteriaceae, Bartonellaceae, Xanthobacteriaceae and Beijerinckaceae, as follows; Sm, S. meliloti 1021; Smed, S. medicae WSM419; Sf, S. fredii
NGR234; At, Agrobacterium tumefaciens C58; Ar, A. radiobacter K84; Av, A. vitis S4; AH13, A. sp H13-3; ReCIAT, Rhizobium etli CIAT652; ReCFN, R. etli CFN42;
Rlv, R. leguminosarum bv. viceae 3841; RIt1325, R. leguminosarum buv. trifolii WSM1325; RIt2304, R. leguminosarum buv. trifolii WSM2304; Ba19941, Brucella
abortus bv. One 9-941; BaS19, B. abortus S19; Bs23445, B. suis ATCC23445; Bs1330, B. suis 1330; Bmi, B. microti CCM4915; Bo, B. ovis ATCC25840; Bc, B. canis
ATCC 23365; Bma, B. melitensis bv. abortus 2308; Bm16M, B. melitensis bv. 1 16M; Bm23457, B. melitensis ATCC23457; Oa, Ochrobactrum anthropi
ATCC49188; MI, Mesorhizobium loti MAFF303099; Mc, M. ciceri bv. biserrulae WSM1271; MBNC, M. sp BNC1; Bah, Bartonella henselae Houston-1; Bac,

B. clarridgeiae 73; Bat, B. tribocorum CIP105476; Bag, B. quintana Toulouse; Bab, B. bacilliformis KC583; Bag, B. grahamii as4aup; Ac, Azorhizobium
caulinodans ORS571; Sn, Starkeya novella DSM506; Xa, Xanthobacter autotrophicus Py2; Ms, Methylocella silvestris BL2, Bi, Beijerinckia indica subsp
indica ATCC9039. Grey bars indicate distribution of each sRNA family in these bacterial species. If more than one, the number of chromosomal and
extrachromosomal copies of each sRNA gene is also indicated.

query sRNA genes are chromosomally
1021. Overall,
structure-based clustering of the homo-
logs identified with each of the CMs
essentially correlates with the phylogeny
of the order (en.wikipedia.org/wiki/Small_
non_coding RNAs_in_the_endosymbiotic_
diazotroph_%CE%B]1-proteobacterium_
Sinorhizobium_meliloti). The dominant
distribution pattern is represented by
or7, or9 and orl4 CMs that identified
members in the three taxonomic families
of the order that include the bacterial
species most closely related to S. meliloti
i.e., Rhizobiaceae, Brucellaceae and Phyllo-
bacteriaceae. The our15 family was also found
to be widely distributed in the Rhizobiales

but lacks chromosomally-encoded relatives

located in S. meliloti

in Mesorhizobium species (family Phyllo-
bacteriaceae). The widest distribution
corresponded to ar45 which occurrence
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extended to species of other three taxo-
nomic families with larger phylogenetic
distances to S. meliloti i.c., Bartonellaceae,
Xanthobacteriaceae and Beijerinckaceae.
or/, or9 and ou45 members are all
encoded by single-copy genes with well-
defined promoter regions on the main
bacterial chromosomes. Further, with a
very few exceptions, complete microsyn-
teny, i.e., conservation of upstream and
downstream genes, was observed for
representatives of all these three sRNA
families in genomes of bacterial species
from the same taxonomic family whereas
only one of the two flanking genes
appears variable across the Rhizobiales
(en.wikipedia.org/wiki/%CE%B1r7_RNA;
en.wikipedia.org/wiki/%CE%B1r9_RNA
and en.wikipedia.org/wiki/%CE%B1r45_
RNA). Thus, the current distribution
pattern of the a7, ar9 and ar45 sRNA

RNA Biology

families in bacteria is likely the result of
the vertical inheritance of their respective
sRNA genes located in the ancestral
chromosome of the Rhizobiales.

In contrast, sSRNA genes of the arl5
and orl4 families exist in highly variable
copy numbers in the individual genomes;
many of them located on extrachromoso-
mal replicons i.e., large accessory plasmids
in Rhizobiaceae/Phyllobacteriaceae repre-
sentatives and the second chromosome in
Brucella species. arl5 members occur in
two chromosomal copies in 19 genomes
of bacteria belonging to the Rhizobiaceae
and Brucellaceae families. These two genes
are clustered in the same IGR in genomes
from Rhizobiaceae whereas in Brucella
species map to distant positions on chro-
mosome I. The second chromosomal oir15
loci were missed by our search in the
genomes of B. melitensis bv. abortus 2308,
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B. melitensis bv.1 16M and Ochrobactrum
anthropi ATCC49188. With the excep-
of A tumefaciens C58 and
R. leguminosarum bv. trifolii 2304, at least
a third orl5 gene is located in extrachro-
mosomal replicons of the host genomes.
The arl4 RNA family showed an even
more complex distribution pattern in the
Rhizobiales. Two tandem copies of the
S. meliloti Smr14C2 (formerly Smr14C)
and Smrl14C3 homologous genes were
identified in Sinorhizobium and
Mesorhizobium  species ~ whereas  in
O. anthropi ATCC49188, Agrobacterium
and Brucella species the second chro-
mosomal gene predicted by the orl4
CM does not occur in such a syntenic
context. A variable number of additional

tions

also

arl4 copies (up to six more in the genome
of R leguminosarum  bv.  trifolii
WSM1325) were identified in the main
chromosome and accessory plasmids of
most of the bacterial species belonging to
the Rhizobiaceae and Phyllobacteriaceae
families. The arl5 and orl4 family
members are mostly encoded in IGRs
with a few exceptions of genes predicted
within or antisense to annotated ORFs.
However, these ORFs are frequently small,
putatively coding for hypothetical proteins
and/or absent from syntenic positions
in bacterial genomes, thus representing
probable protein
coding regions (en.wikipedia.org/wiki/
%CE%B1r14_RNA#Genomic_Context;
en.wikipedia.org/wiki/%CE%B1r15_RNA
#Genomic_Context). In general, tandemly-
arranged orl5 and orl4 genes occur in
complete or partial microsynteny with the
flanking genes in genomes of Rhizobiaceae

mis-annotations  as

and Phyllobacteriaceae as do their homo-
logs on the main chromosome of
O. anthropi ATCC49188 and Brucella
species. However, microsynteny is much
more fragmented or even absent for many
of the remaining chromosomal and plas-
midic copies of the arl4 and arl5 loci.
Altogether,  these suggest
that orl4 and orl5 constitute families
of paralogous sRNA gene copies in the
Rhizobiales  probably

duplication events of their respective ances-

observations

emanated from

tral chromosomal genes over evolutionary
time scales. Nonetheless, horizontal transfer
events could certainly contribute to the
current distribution patterns of some orl4
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and orl5 gene copies, particularly of those
occurring without signs of microsynteny in
the accessory plasmids of plant-interacting
bacteria. Noteworthy, some of the arl5
loci were flanked by insertion sequences
or transposase-encoding genes, among
other genetic elements involved in mobi-
lity events and genomic rearrangements
(en.wikipedia.org/wiki/%CE%B1r15_RNA
#Genomic_Context).

Finally, the or35 family exhibits a more
restricted and dispersed representation,
not only at the species but also at the
strain levels. Only seven candidates were
identified by the or35 Infernal models
in addition to the S. meliloti Smr35B
sRNA. Three of these predicted Smr35B
homologs are encoded on the chromo-
somes of A. tumefaciens C58, O. anthropi
ATCC49188, and R. leguminosarum bv.
viceae 3841, whereas the remaining four
ar35 genes are extrachromosomal and
were identified on the R. e#i CFN42
plasmid p42f, R. leguminosarum bv. viceae
3841 plasmid pRL11 and R. leguminosarum
bv. trifolii 1325 plasmids pRI132502 and
pRI132504. Again, the majority of the
ar35 genes appeared to be independent
transcription units with recognizable pro-
with the exceptions of the
chromosomal and plasmidic loci of R
leguminosarum bv. viceae 3841 and R. etli
CFN42, respectively, which putatively
overlap to annotated ORFs of unpre-
dicted function. S. meliloti 1021 and O.
anthropi ATCC49188 or35 genes occur

in complete microsynteny with the flank-

moters

ing genes whereas the genomic regions
of the other six or35 representatives
revealed partial or no conservation at all
(en.wikipedia.org/wiki/%CE%B1r35_RNA
#Genomic_Context).

arl4 and arl5 representatives are dif-
ferentially regulated in S. meliloti. The
orl4 and orl5 CMs also identified several
related genes in the S. melilori 1021
genome. A third copy of the Smr15C
locus was found in the megaplasmid
pSymA (Smrl15A) and up to 5 additional
copies of the query Smr14C2-encoding
gene, were also identified; two of them
chromosomally located (Smr14C1 and
Smr14C3), two in pSymA (Smrl4Al
and Smr14A2) and the remaining one
in pSymB (Smr14B) (Fig.4). Similarly
to the situation of Smr15C1/Smr15C2,
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genes arranged in tandem in the same
S. meliloti 1021 IGR encode Smr14C2
and Smr14C3. All the newly predicted
Smrl4- and Smrl5-like sRNAs in the
S. meliloti genome are encoded in IGRs,
with the exception of Smrl4B, which is
encoded antisense to the SMb20591 gene
(Fig. 4).

Oligonucleotides specific to all the
Smr14 and Smr15 loci were used to probe
S. meliloti RNA obtained from log and
stationary phase cultures in TY broth
(Fig.4). These experiments confirmed the
growth-dependent expression of Smr14C2,
Smr15C1 and Smr15C2 transcripts with
preferential accumulation of Smr15C1
upon entry of bacteria into stationary
phase (Fig.4). Despite their sequence
and structural similarity Smr15C1 and
Smr15C2 displayed opposite expression
profiles. Strikingly, this set of Northern
hybridizations did not reveal sings of
expression of any of the other five Smrl14
genes whereas the Smrl5A transcript was
barely detected on gels (Fig.4). Multiple
nucleotide sequence alignments of the
promoter regions of all the genes encod-
ing arl5 and orl4 members in species
of the Rhizobiales identified diverse
conserved motifs that could contribute
to the differential expression of these
genes in specific biological conditions (en.
wikipedia.org/wiki/%CE%B1r14_RNA#
Promoter_Analysis; en.wikipedia.org/wiki/
%CE%B1r15_RNA#Promoter_Analysis).
Supporting this prediction, RNA-Seq of
the S. meliloti sRNAs expressed in a
number of stress conditions has rendered
number of reads for the
S. meliloti oar14- and orl5-like transcripts,
possibly correlating with a diversity of
accumulation profiles.’

variable

Discussion

The repertoire of non-coding RNAs
expressed by the legume endosymbiont
S. meliloti is one of the best characterized
among those of its o-proteobacterial
counterparts.”” However, current informa-
tion about the function of these transcripts
in bacteria is certainly scarce. The first set
of sRNAs identified in the reference strain
S. meliloti 1021 included eight transcripts
with genomic boundaries experimentally
determined by independent approaches.*’
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Figure 4. Northern analysis of the Smr14 and Smr15 sRNAs in S. meliloti. Maps of the genomic regions (not drawn to scale) of all the genes predicted by
the ar14 and ar15 CMs in S. meliloti 1021 are shown to the left of the panels. Numbers denote coordinates of the genes in the genome. Name of
the oligonucleotide probes used to hybridize each membrane are indicated to the right and their corresponding nucleotide sequences are listed in
Table 2. RNA samples were obtained from logarithmic (log) and stationary phase (st) S. meliloti 1021 cultures in TY broth. 5S RNA was also probed as RNA

Here, we have performed a comprehens-
ive computational comparative analysis of
these eight sRNA sequences to identify
conserved structural motifs  putatively
relevant to their function as well as to
assess their conservation patterns in bac-
terial genomes. CMs derived from align-
ments of the Smr sRNA homologs first
identified Smr22C as the S. meliloti
ortholog of the ubiquitous 6S sRNA.
This RNA constitutes an example of a
well-characterized ~ #rans-acting  protein-
binding sRNA." The remaining seven
transcripts represent structural and func-
tional novel prokaryotic sSRNAs and were
collected into six different Infernal models.
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These CMs were used to accurately identify
new members of each family in available
sequenced bacterial genomes. This search
revealed conservation of the Smr sRNAs
in bacterial species belonging to the order
of the Rhizobiales within the a-subgroup
of proteobacteria and, hence these RNA
families were accordingly termed or. Such
a distribution pattern, limited to phylo-
genetically related bacterial species, is a
general feature of the Hfg-dependent
base-pairing riboregulators." Indeed, the
consensus secondary structures deduced
from each family model evidenced Hfq-
binding and exposed aSD signatures in
orl5 and orl4 transcripts as recognizable
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functional motifs involved in the sRNA-
target mRNA interaction. In this regard,
it is also noteworthy that previously
reported pull-down experiments as well
as stability assays on a S. meliloti hfy
mutant background independently con-
firmed the Smr-Hfq interactions pre-
dicted by our CMs.'”*

Two particular CMs representing the
arl5 and or45 families rendered partial
hits to the Rfam models corresponding
to the suhB and speF non-coding RNA
elements, respectively. The secondary
structure of the arl5 sRNAs is predicted
to consist of three hairpin motifs, in good
agreement with the mapping of the
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A. tumefaciens Smr15C1 homolog (AbcR1)
by enzymatic probing.*' Furthermore,
the aSD-containing 5' hairpin loop of
A. tumefaciens AbcR1 has been shown to
be the functional domain of this trans-
cript for targeting the 5'-UTR of the
mRNA the GABA-binding
protein.”’ Confirming these experimental
results preliminary predictions of Smr15C1/
C2-mRNA interactions in S. meliloti using

encoding

diverse bioinformatics tools anticipate a
major involvement of the 5 hairpin in
target recognition (O. Torres-Quesada
and J.I. Jiménez-Zurdo, unpublished
results). This 5' stem loop is a variable
or missing domain in suhB-like tran-
scripts. Our comparative analysis revealed
a similar situation for the ar35 sRNA
family and its variant or35b. The dis-
persed occurrence of the ar35 loci in the
Rhizobiales points also to the primary
hairpin of these molecules as a functional
domain, which probably has co-evolved
with its target protein or mRNA in these
genomes. Some 5' located sSRNA domains
have been shown to be critical elements
for specific pairing-based mRNA target
recognition that can act autonomously
when fused to unrelated sSRNA mole-
cules.?? Therefore, the structural modules
shared by orl5/suhB and ar35/0r35b
could be regarded as a kind of o-
proteobacteria-specific “structural Legos”
which could accommodate autonomous
5' domains to create functionally diverse
sRNAs.?

We have also shown that the S. meliloti
Smr45C sRNA and its
mRNA containing the cis-regulatory ele-
ment speF are detected as different RNA
species on Northern membranes under
several biological conditions. Nonetheless,
our comparative analysis also revealed

downstream

that Smr45C always occurs in a syntenic
context with a downstream ornithine
decarboxylase-encoding  gene in  the
Rhizobiales  (en.wikipedia.org/wiki/%CE
%B1r45_RNA). Therefore, it cannot be
ruled out that under not yet tested specific
biological conditions, probably relevant
to polyamine biosynthesis, speF and
Smr45C can be transcribed as a single
cis-acting RNA element likely controlling
translation of the ornithine decarboxylase
enzyme. Possible processing of sRNAs
from riboswitches was first described in
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E. coli.** Furthermore, a dual function of
a sRNA as trans- and cis-acting riboregu-
lator has been recently reported for a lysine
riboswitch which lies in the 5-UTR of
the lysine transporter gene in Listeria
monocytogenes.”

Chromosomal location and conserva-
tion of at least one of the flanking protein-
coding genes are also dominant features
of the intergenic base pairing sSRNA loci.!
The or7, o9 and or45 CMs represent
new examples of bacterial sSRNAs encoded
by conserved unique chromosomal genes
that occur in extensive microsynteny
across phylogenetically related —species.
However, single-copy genes hardly repre-
sent 58% of the total gene content of
the S. meliloti genome.” The genomes of
plant-interacting bacteria usually evidence
high levels of paralogy suggesting that their
expansion through gene duplications has
been little constrained during the evolu-
tion, facilitating the acquisition of new
adaptive functions for life in the soil and
within plant cells.>* The arl4 and arl5
family members occur in multiple copies
in the Multiple
sRNA copies are not unusual in bacteria,
although  the

advantages of these reiterations have been

individual ~genomes.

physiological/ecological

only investigated in a subset of cases.'
Seemingly homologous sRNAs could act
cither redundantly, serving as backups
in critical pathways, additively sensing
different

environmental

stimuli to integrate diverse
signals,  independently,
regulating different set of genes or hier-
archically upon each other.*** In this
work we have investigated the expression
in free-living bacteria of the Smrl4 and
Smrl5 genes copies identified by the
respective covariance models in S. meliloti
1021. Northern experiments, promoter
predictions and reported RNA-Seq data’
provide evidences for the differential regula-
ton of these genes. In particular, the
opposite expression patterns of Smr15Cl
and Smr15C2 contrast with those of their
A. tumefaciens homologs, which encoding
genes are similarly arranged in tandem in
the circular chromosome of this bacterium
but showed identical expression profiles.'
Interestingly, Smr15Cl1 retained its accu-
mulation pattern in a S. meliloti ASmr15C2
derivative and vice versa suggesting that
these sSRNAs act independently or additively
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rather than hierarchically as riboregulators
in S. meliloti (O. Torres-Quesada and
J.I. Jiménez-Zurdo, unpublished). On the
other hand, the undetectable expres-
sion of some transcripts in our assays,
particularly of those grouped within the
arl4 sRNA family anticipates that they
could be only expressed under not
tested specific biological conditions to
fulfill different adaptive functions in this
bacterium.

In summary, our findings provide a
baseline for the forthcoming investigation
of the functional plasticity and evolution of
the small non-coding RNAs in S. meliloti
and related plant-interacting bacteria.

Materials and Methods

Computational tools and methods. In a
first step the smr gene sequences were
BLASTed with default parameters against
all currently available bacterial genomes
(1,615 sequences at 20 April 2011; www.
ncbi.nlm.nih.gov). The regions exhibiting
signidcant homologies to the query se-
quence (78-89% similarity) were used to
generate automated infernal alignments®
for each family. This initial alignment was
hand-curated and manually inspected to
deduce a consensus secondary structure
for each family. The consensus structure
was also independently predicted with the
program locARNATE® in an automatic
manner and differences reconciled giving
priority to the structural conservation.
Given the initial hand-curated structural
alignment of close homologs Infernal was
used to interrogate the same set of bacter-
ial genomes, searching for new members
of the models. The alignment process
was repeated during three iterations. The
candidates obtained with the Infernal
models were selected as members of a
given family if their Infernal E-value
was el0™® or lower, or after manual
inspection for those with higher Infernal
E-values. The hierarchical cluster-tree
for each family is derived by WPGMA
clustering of the pairwise alignment dis-
tances and the optimal number of clusters
was calculated from the using
RNAclust (www.bioinf.uni-leipzig.de/
~kristin/Software/RNAclust/). A Stockholm
format text file of each family alignment
is provided in the links to the family wiki

tree
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Table 2. Oligonuclotide probes used in northern hybridizations

sRNA Nucleotide sequence

speF 5'-CTTCAGTAACCCCGGCTGTTGGAGA-3'
Smr45C 5'-CCGCACCGTCGTTGCTTCAAGATGT-3'
Smr14C1 5-AACCGACCGAATGCCGGGCGCCGTG-3’
Smr14C2 5-TGCTTGATCTGATTGGCAACCGGGA-3’
Smr14C3 5-ACCGGCGGGCGTCATAAAGGCGATT-3'
Smr14A1 5-AACCGATCGGCGTCTTGCGCCGTGG-3’
Smr14A2 5-GAGGAAAGGTCGCTCGCATATCGAA-3'
Smr14B 5-GTGCGCCGGGCTTTCGATCCTGACC-3'
Smr15C1 5-GAGGAGAAAGCCGCTAGATGCACCA-3’
Smr15C2 5-ACTGGGAGGAGAAGCCACCAAAGAT-3’
Smr15A 5-GGAGGAAAACTGCCATGCGCATCAA-3’

Target sequence®
3,105,282-3,105,258
3,105,328-3,105,304
206,954-206,930
1,667,552-1,667,528
1,667,818-1,667,794
1,220,715-1,220,739
1,328,303-1,328,279
1,605,895-1,605,919
1,698,728-1698,704
1,698,928-1698,904
552,875-552,899

?Coordinates of the sequence stretches complementary to each probe in the S. meliloti 1021 genome
according to iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi.

pages at en.wikipedia.org/wiki/Small
noncoding RNAs_in_the_endosymbotic_
diazotroph_%CE%B1-proteobacterium_
Sinorhizobium_meliloti.

In order to study the microsinteny of
each or family, we located and extracted
the flanking genes of their respective
members. Non-annotated ORFs were
further annotated using Blast2GO,*"** and
the high-throughput pipelines ProtSweep,
and DomainSweep.”> The obtained
results were later manually inspected in
order to annotate and predict a biological
function for these ORFs. In the few cases
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