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ABSTRACT

Spliceosome activity is tightly regulated to ensure
adequate splicing in response to internal and exter-
nal cues. It has been suggested that core compo-
nents of the spliceosome, such as the snRNPs, would
participate in the control of its activity. The experi-
mental indications supporting this proposition, how-
ever, remain scarce, and the operating mechanisms
poorly understood. Here, we present genetic and
molecular evidence demonstrating that the LSM2-8
complex, the protein moiety of the U6 snRNP, reg-
ulates the spliceosome activity in Arabidopsis, and
that this regulation is controlled by the environmen-
tal conditions. Our results show that the complex
ensures the ef ciency and accuracy of constitutive
and alternative splicing of selected pre-mRNAs, de-
pending on the conditions. Moreover, miss-splicing
of most targeted pre-mRNAs leads to the generation
of nonsense mediated decay signatures, indicating
that the LSM2-8 complex also guarantees adequate
levels of the corresponding functional transcripts. In-
terestingly, the selective role of the complex has rel-
evant physiological implications since it is required
for adequate plant adaptation to abiotic stresses.
These ndings unveil an unanticipated function for
the LSM2-8 complex that represents a new layer of
posttranscriptional regulation in response to exter-
nal stimuli in eukaryotes.

INTRODUCTION

In eukaryotes, introns are removed from the precursor
MRNAs (pre-mRNAs) in a process known as splicing.
The splicing is catalyzed by a highly evolutionary con-

served multimegadalton ribonucleoprotein (RNP) com-
plex, the spliceosome, constituted by ve small nuclear
RNPs (snRNPs) and many non-snRNP proteins {). The
snRNPs are composed by small nuclear uridine-rich RNAs
(U1, U2, U4, U5 and U6 snRNASs) and their corresponding
interacting proteins (1), and can be classi ed in two groups
depending on these proteins. One group comprises U1, U2,
U4 and U5 snRNPs, whose snRNAs interact with the Sm
multiprotein complex. The U6 snRNA, meanwhile, inter-
acts with the related Sm-like (LSM) 2...8 heteroheptameric
complex 2), and forms the other group. The splicing is a
highly dynamic process in which the spliceosome under-
goes many conformational and compositional changes to
coordinate a sequential assembly of snRNPs and a vari-
able array of non-snRNP proteins aimed to generate func-
tional spliceosomal subcomplexes. These subcomplexes dis-
play speci c roles, depending on the snRNPs they include.
U1 and U2 snRNPs de ne those responsible for the recog-
nition of the splicing sites (E and A subcomplexes), while
subsequent substitution of U1 by U5 and U6 snRNPs ends
up with the formation of the catalytic subcomplexes (B* and
C) (2). Among all snRNPs, the U6 snRNP seems to have a
critical function in the catalytic reaction that takes place in
the splicing and, accordingly, the U6 is the snRNA with the
highest evolutionary conservation 8).

In recent years, numerous studies have investigated the
mechanisms controlling the spliceosome activity. Results re-
vealed that the determination of pre-mRNA splicing pat-
terns is subjected to a tight regulation involving several
RNA sequence elements and non-spliceosomal protein reg-
ulators such as the serinarginine (SR)-rich and heteroge-
neous nuclear RNPs (hnRNPs) proteins 4). The interac-
tion of these regulators with thecis-elements largely deter-
mines the spliceosome activity. The different regulatory ele-
ments and proteins allow a variable assembling of introns
and exons that, in turn, results in the formation of vari-
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ous mRNA transcript isoforms from the same pre-mRNA
in one of the most versatile posttranscriptional regulatory
mechanisms of gene expression named alternative splic-
ing. This mechanism, prevalent in higher eukaryotes, sig-
ni cantly enhances transcriptome and proteome plastic-
ity, and plays a relevant role in controlling the responses
to external and internal stimuli (4...% Interestingly, recent
data suggest that, in addition to the non-spliceosomal pro-
teins (i.e. SRs and hnRNPs), some core components of the
spliceosome (i.e. snRNPs) might also be involved in mod-
ulating the alternative splicing. Thus, in human cells, low
levels of SmBB’, an integral part of U1, U2, U4 and U5
snRNPs, originate a reduction in the number of alterna-
tive exons present in several transcripts encoding RNA-
processing and RNA-binding factors (7). Moreover, the
functional characterization of Arabidopsis mutants Ism4
and IsmY sadlrevealed that the core components of the
splicing machinery LSM4 and LSM5 proteins are required
for the correct alternative splicing of several genes related
to salt response and the circadian clockg...10 Similarly, a
decrease in the levels of human LSM2, 3, 4, 6 and 7 pro-
teins, lead to alterations in the alternative splicing patterns
of genes implicated in cell proliferation and or apoptosis
(11).

The LSMs are evolutionary conserved RNA-binding
proteins, typically associated in heteroheptameric ring
shaped complexes, with a function in mMRNA metabolism.
We reported that in Arabidopsis, as in yeast and animals,
the eight canonical LSM proteins are organized in two het-
eroheptameric complexes, LSM1...7 and LSM2...8, speci -
cally localized in the cytoplasm and nucleus, and de ned by
the subunits LSM1 and LSMS8, respectively {2). The Ara-
bidopsis LSML1...7 complex is involved in accurate mRNA
turnover by promoting decapping and subsequent 53
degradation (12,13). The analysis of Arabidopsis nulllsm8
mutants unveiled that LSM8 is essential for the assembly
of the LSM nuclear complex and that this complex acts
in pre-mRNA splicing through U6 snRNA stabilization,
thus allowing the formation of the U6 snRNP (12). The ca-
pacity of the LSM2...8 complex to regulate the spliceosome
activity, however, has not yet been established in any or-
ganism. As mentioned above, several studies indicate that
some LSMs, including LSM2, 3, 4, 5, 6 and 7, may reg-
ulate alternative splicing in plants and animals §...1,14).
Still, it must be kept in mind that all these proteins, in ad-
dition to participating in the LSM2...8 complex, are also in-
tegral components of the LSM1...7 complex®), which has
been described to control the stability of transcripts encod-
ing alternative splicing factors (5). Their role in alterna-
tive splicing regulation, therefore, might be more related to
their participation in the decapping activation complex than
in the U6 snRNP. Here, we present genetic and molecular
evidence that the LSM2...8 complex, and consequently the
U6 snRNP, regulates the spliceosome activity. Remarkably,
our results show that the function of the complex in regu-
lating the spliceosome activity is controlled by external sig-
nals. Indeed, genome-wide transcriptomic analyses fm8
plants demonstrate that the Arabidopsis LSM nuclear com-
plex is essential for the correct constitutive and alternative
splicing of selected pre-mRNAs, depending on the environ-
mental situation, and to maintain adequate levels of the cor-
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responding functional transcripts. The selective role of the
complex has substantial physiological implications since it
differentially modulates plant adaptation to abiotic stress
conditions. Furthermore, our results also show that the
LSM2...8 complex, and therefore the U6 snRNA, differen-
tially accumulate in response to abiotic stresses, suggesting
that the levels of U6 snRNP contribute to shape the spliceo-
some activity according to the external entourage. The un-
covered function of LSM2...8 represents a new layer of post-
transcriptional regulation in response to external stimuli in
eukaryotes.

MATERIALS AND METHODS
Plant materials, growth conditions and tolerance assays

Arabidopsis thalianaColumbia (Col-0) ecotype was used in
all experiments as wild-type (WT) plant. Thelsm8-1and
Ism8-2mutants andc-Ism8plants were previously described
(12). Plants were grown at 20C in pots containing a mixture
of organic substrate and vermiculite (3:1, ¥v) or on Petri
dishes containing% Murashige and Skoog medium, sup-
plemented with 1% (w v) sucrose and solidi ed with 0.9%
(w/v) plant agar (GM medium), under long-day photope-
riod (16 h of cool-white uorescent light, photon ux of
90 mol mS? s°1). Low temperature treatments for gene
expression and immunoblot analyses were performed by
transferring 2-week-old plants to a growth chamber set to
4 C for different times under long-day photoperiods with a
photon ux of 40 mol m®? s°1, Salt treatments for gene
expression and immunoblot analyses were accomplished
by transferring 2-week-old plants grown vertically in Petri
dishes under standard conditions on nylon mesh to plates
containing GM medium supplemented with 150 mM NacCl
for different times. Tolerance to freezing temperatures was
determined on 2-week-old plants grown on soil as previ-
ously described 16). Tolerance to salt stress was analyzed
by transferring 7-day-old seedlings growing vertically in
plates containing GM medium to new plates supplemented
with 150 mM NacCl. The tolerance was quanti ed as the per-
centage of root length and fresh weight of the plants after
one week of NaCl treatment with respect to non-stressed
plants. In all cases, data reported are expressed as the mean
and the standard error of the mean of six independent ex-
periments with, at least, 40 plants each.

Microscopy analysis

Subcellular localization of LSM8-GFP fusion protein was
accomplished by confocal microscopy in roots of 7-day-old
c-Ism8seedlings grown on GM medium under control con-
ditions or exposed 48 h to 4C or 10 h to 150 mM NacCl.
Microscopy images were collected using a Confocal Laser
Spectral microscope TCS SP5 (Leica Mycrosystem). The
excitation line for imaging GFP fusions was 488 nm.

Immunoblot analysis

Total protein extracts were obtained fromc-lsm8and WT
plants grown under control conditions or exposed to 4C or
150 mM NacCl for different times (see above). Proteins were
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separated electrophoretically in 15% SDS-polyacrylamide
gels and blotted to Hybond-P PVDF membranes (Amer-
sham) according to the manufactureres protocol. A rabbit
anti-GFP was used as primary antibody (Abcam; Cat. No.
ab290), and a goat anti-rabbit IgG-HRP as secondary anti-
body (Santa Cruz Biotechnology; Cat. No. sc2030). Signals
were detected with the ECL Western Blotting Detection Kit
(Amersham), according to the manufactureres protocol. In
all cases, equal loading of samples was veri ed by staining
the membranes with Coomassie Blue. All assays were per-
formed in triplicate employing three independent biological
samples.

Gene expression analysis and RNA sequencing experiments

For quantitative real-time PCR (qPCR) experiments, to-
tal RNA was extracted using TRIzol reagent (Life Tech-
nologies) and subsequently treated with DNase | (Roche).
cDNA was synthesized with the iScripf cDNA Synthesis
Kit, following the manufacturerss instructions (Bio-Rad),
and used as a template for gPCR assays employing the
SsoFast EvaGreen Supermix (Bio-Rad) in an iQ2 thermal
cycler machine (Bio-Rad) with the speci ¢ primers listed
in Supplementary Table S1. The relative expression values
were calculated using theAT4G26410gene as a reference
(17). Fold change was calculated by means of the Csy
method (18). All assays were performed in triplicate with
three independent RNA samples.

For RNA sequencing (RNA-seq) experiments, total
RNA was extracted with TRIzol reagent (Life Technolo-
gies) and puri ed with the RNeasy Plant Mini Kit (Qia-
gen). cDNA libraries were generated from three indepen-
dent RNA preparations each. RNA quality determination,
library preparation and subsequent sequencing in an lllu-
mina HiSeq 2000 platform were performed by the staff of
the Beijing Genome Institute. Approximately, 50 million 91
base pair (bp) paired-end reads per sample were generated
and >90% reads were aligned to the TAIR10 Col-0 refer-
ence genome using SOAP210) with default parameters.
Gene expression levels were calculated using the RPKM
(reads per kilobase per million reads) method20). Differ-
entially expressed genes (DEGs) were identi ed using the
algorithm developed by Audic and Claverie 21) to obtain
a P-value for each gene between any pair of samples. Then,
a False Discovery Rate (FDR) analysis was performed to
determine the threshold ofP-values in multiple tests. We
established a FDR 0.001 and a fold changet 2 as cut-offs
for any given DEG.

Detection of differential alternative splicing events

To identify and quantify alternative splicing events, the
reads from RNA-seq experiments were rst mapped to the
TAIR10 Col-0 reference genome using the TopHat software
(22) with default parameters. Read alignments were then
processed with the SAMtools software package2@) to gen-
erate a pileup le (coverage maps) for each sample. To de-
tect alternative 5 splice site (A5SS), alternative 3splice site
(A3 SS) and exon skipping (ES) events, we employed the
SplAdder software (4) using the highest con dence level.
This toolbox takes the RNA-Seq alignments generated by

TopHat and the Arabidopsis annotation data (TAIR10) as
inputs to yield a splicing graph representation of all anno-
tated transcripts adding new exons and introns. To mini-
mize the false positive rate, we only considered the events
with at least ve reads in any of the samples analyzed. In
addition, for A5 SS and A3SS events, we discarded reads
with a length difference< 6 bp between the detected alter-
native forms, and with a length difference respect to the cor-
responding annotated exons 4 bp. For ES events, we dis-
carded events affecting exons 7 bp. To detect intron re-
tention (IR) events, an in-house developed script was used.
Introns were de ned as regions that are anked by two ex-
ons and do not overlap 100% with exons, or combinations
of exons, annotated in TAIR10 reference genome. The num-
ber of reads mapping to these intron regions was calculated
from the coverage maps generated with SAMtools. In these
analyses, we considered as retained introns only those dis-
playing a mean of more than ve reads per base through-
out their sequences in, at least, one of the samples. Intron
retention levels were always calculated as a ratio between
the expression levels of the introns and those of the corre-
sponding genes. Introns detected as retained in WT plants
were annotated as alternatively spliced. All introns not an-
notated as alternatively spliced in WT plants were classi ed
as constitutively spliced. In all cases (ASS, A3SS, ES and
IR), events with fold change+ 2 in Ism8-1respect to WT
plants andQ-value 0.05, calculated by Fisheres exact tests,
were regarded as signi cant differential ones. Events exclu-
sively observed in thdsm8-1mutant, and with a mean of, at
least, ve reads per base throughout their sequences, were
also considered signi cant and their assigne®-value was
zero.

Validation of intron retention events

Intron retention events were validated by gPCR using spe-
ci ¢ primers (Supplementary Table S1). gPCR reactions
were always carried out in triplicate with three RNA sam-
ples different from those employed in the RNA-seq experi-
ments. The expression oAT4G26410was used as reference
to normalize the data obtained (7).

Gene ontology enrichment analysis

Gene ontology (GO) categorization was performed with the
ThaleMine data mining tool from Araport ( www.araport.
org). Signi cantly enriched GO terms (P-value 0.05) were
established using a Holm-Bonferroni corrected hypergeo-
metric test.

Sequence analysis

The size and GC content of introns and exons were calcu-
lated from the TAIR10 reference genome. The identi ca-
tion of MRNAs with nonsense-mediated decay (NMD) fea-
tures generated by altered splicing events was based on the
TAIR10 reference genome and the criteria previously de-
scribed @5) (i.e. premature termination codon and a 3UTR
longer than 350nt, 3UTR longer than 350nt, more than
55nt between the stop codon and a downstream intron, up-
stream open reading frame (UORF) longer than 35 amino
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acids, uORF overlapping with the start codon of the main
ORF). Searching for sequence motifs in introns was carried
out by scanning their whole sequence using the MEME suit
(www.meme-suit.org. The nucleotide frequencies around
the 5 and 3 splice sites (ve nucleotides in each side of
the exon' intron junctions) and in the branch site were de-
termined and displayed as a sequence logo with the We-
bLogo application (http://weblogo.threeplusone.comy. The
sequences of the exadrintron junctions were obtained from
the TAIR10 reference genome. The sequence of the branch
site for each intron was obtained from the database of plant
splice sites and splicing signals ERISdI®6).

Statistical analysis

Data sets were statistically analyzed with Prism 6 software
(GraphPad Software Inc., USA). Comparisons between
two groups were made by using the one-tailetitest. Com-
parisons between multiple groups were made by one-way
or two-way ANOVA followed by Dunnett test depending
whether one or two variables were considered, respectively.

Data availability

The complete genome-wide data from this publication were
submitted to the Gene Expression Omnibus database/vw.
ncbi.nim.nih.gov/geo) under accession number GSE87415.
The full names of the genes mentioned in this article are
included in Supplementary Table S2.

RESULTS

The LSM2...8 complex controls the ef ciency and accuracy of
constitutive and alternative pre-mRNA splicing in Arabidop-
sis

As mentioned above, we previously described that the Ara-
bidopsis LSM2...8 complex is required for pre-mRNA splic-
ing through U6 snRNA stabilization (12). To establish its
possible function in regulating the ef ciency and accuracy
of constitutive and/ or alternative pre-mRNA splicing, we
performed a high-coverage RNA-seq analysis on 2-week-
old WT and Ism8-1plants grown in soil at 20 C. To identify
and quantify alternative splicing events, the resulting reads
(around 50 million, 91 bp paired-end per genotype) were
mapped to the Arabidopsis genome (TAIR10 version) using
the TopHat software (22), and read alignments were pro-
cessed with SAMtools and SplAdder softwares43,24). To
identify IR events, in addition to the TopHat and SAMtools
softwares, an in-house script was used. Introns were de ned
as regions anked by two exons, as annotated in TAIR10,
and having no overlap with them or with any other combi-
nation of exons. In addition, only introns displaying a mean
of more than ve reads per base throughout their sequence
in, at least, one of the samples were considered as retained
introns. Intron retention levels were always calculated as a
ratio between the expression levels of the introns and those
of the corresponding genes.

When comparing data obtained fromlsm8-1with those
from WT plants, mutants showed alterations in 1677 splic-
ing events corresponding to 1291 different genes (fold
changexz 2; Fisheres exact test)  0.05) (Supplementary
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Table S3). These alterations could be pooled into four main
categories, namely IR (79.8%), ES (6.6%), ASS (7.0%)
and A3 SS (6.6%) (FigurelA). Intron retention was by far
the most abundant category and, consequently, we mainly
focused on this type of anomalies when proceeding with
our study. Data revealed that the LSM2...8 complex con-
trolled the adequate removal of 1339 introns from 1065
genes, 932 corresponding to constitutively and 407 to alter-
natively spliced introns (Figure1A and Supplementary Ta-
ble S3). These numbers represented around 1.2% and 5.7%
of all constitutively (79 081) and alternatively (7099) spliced
introns identi ed in WT plants under our standard condi-
tions, which were similar to those reported earlier10) (Fig-
ure 1B). Results from RNA-seq experiments were validated
by analyzing, in independent RNA samples, the retention of
a number of constitutively and alternatively spliced introns
in Ism8-1and Ism8-2 mutants by means of qPCR assays.
Constitutively and alternatively spliced introns not affected
by the Ism8-1mutation were also validated. In all cases, the
retention patterns were coincident with those inferred from
RNA-seq experiments (FigurelC), indicating a low false
positive rate.

Intron retention events frequently originate transcripts
with NMD signatures that are poorly translated (25). These
events, therefore, may in uence the levels of functional tran-
scripts and, thus, the corresponding proteins. Interestingly,
the introns retained inlsm8-1plants, constitutively and al-
ternatively spliced, gave rise to 890 mRNAs (83.6% of all
MRNAs with IR events) displaying one or more features of
NMD targeted transcripts (Table 1). We concluded, there-
fore, that the LSM2...8 complex plays a critical role in con-
trolling the ef ciency and accuracy of both constitutive and
alternative pre-mRNA splicing in Arabidopsis, this role be-
ing more signi cant on the latter, and the levels of func-
tional transcripts.

The Arabidopsis LSM2...8 complex controls the constitutive
and alternative splicing of speci c introns from selected pre-
MRNAs depending on the environmental conditions

Recent ndings from our laboratory uncovered that the
Arabidopsis LSM1...7 cytoplasmic complex targets speci ¢
transcripts for decapping and subsequent degradation, de-
pending on the environment (3). Then, we decided to
explore the possibility that the LSM2...8 complex could
also differentially control the constitutive and/ or alterna-
tive splicing of speci ¢ introns, depending on the environ-
mental conditions. With this aim, we rst carried out a high-
coverage RNA-seq analysis on 2-week-old WT andsm8-
1 plants exposed to low temperature (4C, 24 h) or high
salt (150 mM NacCl, 10 h). In the case of cold treatment,
plants were grown in soil. For salt application, plants were
grown on GM medium. After processing reads ( 50 mil-
lion, 91 bp paired-end per genotype and condition) as de-
scribed above, we identi ed 1060 and 2503 altered splicing
events (fold changet 2; Fisher’'s exact testQ  0.05) in
Ism8-1plants subjected to cold and salt stress, correspond-
ing to 861 and 1860 different genes, respectively (Figure
2A and Supplementary Tables S4 and S5). Again, IR was
the most represented event in both challenging conditions
(73.8% under cold and 88.9% under high salt) (FigurgA
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Table 1. Introns retained in Ism8-1mutants under control (20 C), cold (4 C) or high salt (NaCl) conditions that generate transcripts with NMD features

Environmental

SC intron > uORF Non-NMD
condition Intron type PTC? 3UTR > 350nP 55nt¢ 5 uORF¢ overlap®  Gene$ (%) gene§ (%)
20C Constitutive 735 8 3 7 7 890 (83.6) 175 (16.4)

Alternative 313 7 4 3 2
4C Constitutive 442 7 3 11 4 531 (81.7) 119 (18.3)
Alternative 161 2 0 2 0
NaCl Constitutive 1442 20 18 56 16 1454 (85.4) 249 (14.6)
Alternative 294 10 3 7 6
aPremature termination codon (PTC) and a 3UTR longer than 350nt.
b3 UTR longer than 350nt.
®More than 55 nt between stop codon (SC) and a downstream intron.
dUpstream open reading frame (UORF) longer than 35 amino acids.
®UORF overlapping with the start codon of the main ORF.
fTotal number of genes containing at least one retained intron causing NMD features.
9Total number of genes containing retained introns that do not generate NMD features.
A 4°C NaCl
Altered splicing events No.events % No.genes No.events % No.genes
Intron retention (IR) 782 73.8 650 2,226 88.9 1,703
Exon skipping (ES) 84 7.9 83 77 3.1 63
Alternative 5’ splice site (A5’SS) 98 9.2 92 92 3.7 76
Alternative 3’ splice site (A3’SS) 96 9.1 88 108 4.3 84
Total: 1,060 (861 genes) Total: 2,503 (1,860 genes)
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Figure 2. The LSM2...8 complex differentially controls constitutive and alternative splicing in Arabidopsis plants exposed to low temperature and high salt
conditions. (A) Quanti cation of altered splicing events (IR, ES, A5SS, A3SS) identi ed in Ism8-1respect to WT plants under cold (4C) or high salt
(NaCl) conditions. The total number of different genes affected by the ensemble of altered splicing events identi ed is shown in parentheses. (B aihd C
Percentage of constitutively (CS) and alternatively spliced (AS) introns with increased retention ism8-1plants exposed to cold (4C) (B) or salt stress
(NaCl) (C) relative to the total number of the corresponding introns identi ed in WT plants subjected to the same conditions. (D and E) Venn diagrams
showing the overlap between the constitutivelyl¥) and alternatively (E) spliced introns speci cally retained inlsm8-1with respect to WT plants under cold

(4 C) or high salt (NaCl) conditions. The number of speci c and common genes identi ed is indicated.

and Supplementary Tables S4 and S5). Mutant plants ex-
posed to low temperature exhibited 782 introns from 650
genes with anomalous splicing, 575 corresponding to con-
stitutively and 207 to alternatively spliced introns (Supple-
mentary Table S4). These introns represented about 0.7%
and 2.3% of all constitutively and alternatively spliced in-
trons identi ed in cold-treated WT plants, respectively (Fig-
ure 2B). When subjected to high salt,lsm8-1 plants dis-
played alterations in the splicing of 2226 introns belong-
ing to 1703 genes. On this occasion, 1845 corresponded to

constitutively and 381 to alternatively spliced introns (Sup-
plementary Table S5), which roughly represented 2.2% of
all constitutively and alternatively spliced introns detected
in salt-treated WT plants (Figure 2C). Hence, the LSM2...
8 complex differentially regulates the ef ciency and accu-
racy of both constitutive and alternative pre-mRNA splic-
ing in Arabidopsis in response to cold and salt stress. No-
tably, while in the case of cold stress the function of the com-
plex is more in uential on alternative than on constitutively

Downloaded from https://academic.oup.com/nar/article-abstract/45/12/7416/3804421/Environment-dependent-regulation-of-spliceosome
by Umea University Library user
on 15 September 2017



7422 Nucleic Acids Research, 2017, Vol. 45, No. 12

pre-mRNA splicing, under salt stress the complex acts in a
similar way on both types of splicing.

The different impact of the Ism8-1 mutation on consti-
tutive and alternative splicing of pre-mRNAs in response
to low temperature and salinity strongly suggested that, in-
deed, according to our assumption, the Arabidopsis LSM
nuclear complex could control the splicing of specic in-
trons from selected pre-mRNAs, depending on the environ-
mental circumstances. To con rm this possibility, we com-
pared the introns targeted by the complex under cold (Sup-
plementary Table S4) or high salt (Supplementary Table S5)
but not under any of the control conditions [soil (Supple-
mentary Table S3) and GM medium (Supplementary Ta-
ble S6)]. Remarkably, 380 (92.5%) and 1211 (97.5%) consti-
tutively spliced introns resulted to be speci cally regulated
by LSM2...8 in response to low temperature and high salt,
respectively (Figure2D and Supplementary Table S7). In
the case of alternatively spliced introns, 111 (95.7%) and
181 (97.3%) were speci cally controlled by the complex un-
der cold and salt stress, respectively (FigurE and Sup-
plementary Table S8). Only 31 constitutively (Figure2D)
and 5 alternatively (Figure 2E) spliced introns were regu-
lated by LSM2...8 under both abiotic stresses (Supplemen-
tary Table S9). qPCR assays of several speci ¢ and non-
speci ¢ IR events in independent RNA samples from WT,
Ism8-1and Ism8-2 plants exposed to low temperature or
high salt were performed to validate the data from RNA-seq
analyses. The events assayed corresponded to constitutively
(Figure 3) and alternatively (Figure 4) spliced introns, af-
fected and not affected by thdsm8-1mutation. In all cases,
the retention patterns were coincident with those inferred
from RNA-seq experiments, indicating that the rate of false
positives was very low.

A detailed sequence analysis of all introns, constitutively
and alternatively spliced, retained inlsm8-1under cold or
salt stress revealed that, as in control conditions, most of
them led to pre-mRNAs with characteristics of NMD tar-
gets. Particularly, 81.7% and 85.4% of the pre-mRNAs con-
taining IR events in Ism8-1plants exposed to 4C or NaCl,
respectively, displayed one or more NMD features (Table
1). Moreover, as expected, most introns retained ifsm8-
1 speci cally under these stress conditions also led to pre-
MRNAs with NMD signatures (79.8% in response to low
temperature and 83.9% to high salt) (Tabl®), strongly sug-
gesting a function for the LSM nuclear complex in main-
taining the levels of selected functional transcripts when
plants are exposed to challenging situations. On the whole,
all results described above provided genetic and molecular
evidence that the Arabidopsis LSM2...8 complex controls
the correct splicing of selected pre-mRNAs in response to
different environmental conditions and, more important,
that this differential control is carried out by targeting spe-
ci c constitutively and alternatively spliced introns, depend-
ing on the condition to which plants are exposed. Further-
more, our data indicated that the complex is essential to
guarantee appropriate levels of functional transcripts, and
in all likelihood proteins, corresponding to the genes con-
taining the targeted introns.

The Arabidopsis LSM2...8 complex differentially regulates
plant tolerance to abiotic stresses by controlling the constitu-
tive and alternative splicing of speci c introns from selected
abiotic stress-related pre-mRNAs

Interestingly, gene ontology (GO) analysis revealed that a
signi cant number of the genes identi ed in our RNA-seq
experiments that contained introns speci cally targeted by
the LSM2...8 complex under cold or high salt conditions
were involved in abiotic stress responses. Out of the rst six
enriched GO categories, eresponse to colds (GO: 0009409)
was the one with a highest value of fold enrichment (fold
change= 4.3;P = 2.6x 10°°) among the genes with introns
targeted at 4 C (Figure 5A and Supplementary Table S10).
Among the genes with introns targeted in response to salt
stress, sresponse to salt stresse (GO: 0009651) was the second
GO category with higher fold enrichment (fold change=
3.4;P = 6.7x 10°!?) (Figure 5B and Supplementary Table
S11). Itis worth noting, furthermore, that some of them had
even been reported to play a role in Arabidopsis tolerance
to freezing and or salt stress. These RNA-seq results were
validated by analyzing the retention of several constitutively
and alternatively spliced introns, whose adequate removal
was speci cally controlled by the LSM nuclear complex un-
der low temperature or high salt conditions, in indepen-
dent RNA samples from WT, Ism8-1and Ism8-2plants ex-
posed 24 h to 4C or 10 h to 150 mM NaCl through gPCR
assays. Thus, we investigated introns belonging to genes
described to regulate freezing tolerance, such as the tran-
scriptional regulatorsMYB96, PRR5 and RVEL1 or the cy-
tokine receptor AHK3 (27...30 or salt tolerance, including
the interferon-related developmental regulatoiSAT32, the
Na*/H* antiporter NHX1, the E3 ubiquitin ligase SIS or
the protein kinaseWNKS8 (31...34 in Arabidopsis. Figures
5C and D display that, in all cases, the retention patterns ob-
served were as those deduced from RNA-seq experiments.
Considering that 79.8% and 83.9% of the introns specif-
ically retained in Ism8-1 plants under cold or salt stress,
respectively, led to the generation of pre-mRNA isoforms
with features of NMD targets (Table 2), the data reported
above indicated that the LSM2...8 complex could be impli-
cated in Arabidopsis tolerance to freezing and high salt.
Freezing tolerance was analyzed in non-acclimated and cold
acclimated (4 C, 7 days) 2-week-old WTJsm8-1land Ism8-2
plants exposed 6 h to various freezing temperatures. Non-
acclimated mutants presented a similar capacity to tolerate
freezing as the WT, the LTso (temperature that causes 50%
lethality) values being in both cases around ...6Q(Supple-
mentary Figure S1). In contrast, the freezing tolerance of
cold acclimatedlsm8-1and Ism8-2plants was signi cantly
higher than that of WT. In this case, the calculated LT
values were ...8.2 for WT plants and ...9.0C for Ism8mu-
tants (Figure 6A and B). Salt tolerance was assayed in 7-
day-old WT, Ism8-1and Ism8-2seedlings grown one addi-
tional week on plates containing 150 mM NaCl. Mutants
displayed shorter main roots and lower fresh weights than
WT seedlings (Figure6C and D), manifesting their higher
sensitivity to salt stress. All these ndings suggested that,
in fact, the LSM2...8 complex would differentially regulate
Arabidopsis tolerance to abiotic stresses by ensuring the ad-
equate levels of functional transcripts from selected genes
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Figure 3. The Arabidopsis LSM2...8 complex controls the splicing of speci c constitutively spliced introns in response to different environmental conditions
Different constitutively spliced introns speci cally retained inlsm8plants under cold (top line), high salt (second line) or both conditions (third line). The
bottom line shows constitutively spliced introns non-affected insm8 plants under any condition. The name of the gene containing the corresponding
constitutively spliced intron is indicated in each case. A diagram of the pre-mRNA regions, including the retained introns (orange bars) with theklative
positions in the representative gene model and the anking exons (blue bars), together with the captures of the corresponding read coverage tractesimdxd
from the IGV software is shown in the left. The quanti cation of retained introns in WT, Ism8-1and Ism8-2plants exposed to low temperature (4C) or salt
stress (NaCl) by gPCR assays is displayed in the right. Bars indicate the standard error of the mear=( 3). Asterisks (*) indicate signi cant differences (P
0.01, *P  0.001, **P  0.0001) betweetssm8mutants and WT plants, as determined by ANOVA-test.n.d. indicates non-detected events by qPCR.
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Figure 4. The Arabidopsis LSM2...8 complex controls the splicing of speci c alternatively spliced introns in response to different environmental conditions.
Different alternatively spliced introns speci cally retained inlsm8plants under cold (top line), high salt (second line) or both conditions (third line). The
bottom line shows alternatively spliced introns non-affected insm8 plants under any condition. The name of the gene containing the corresponding
alternatively spliced intron is indicated in each case. A diagram of the pre-mRNA regions, including the retained introns (orange bars) with theidagve
positions in the representative gene model and the anking exons (blue bars), together with the captures of the corresponding read coverage tractasiméd
from the IGV software is shown in the left. The quanti cation of retained introns in WT, Ism8-1and Ism8-2plants exposed to low temperature (4C) or salt
stress (NaCl) by gPCR assays is displayed in the right. Bars indicate the standard error of the mean=( 3). Asterisks (*) indicate signi cant differences (P
0.01,*P 0.001, **P  0.0001) betweerlsm8mutants and WT plants, as determined by ANOVA-test. n.d. indicates non-detected events by qPCR.
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