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Sorbonne Universités, UPMC Université Paris 06, Centre National de la Recherche Scientifique, Institut de
Biologie Paris-Seine, Unité Mixte de Recherche 7622, Biologie du Développement, F-75005 Paris, France (I.B.-S.,
F.C, J.L., C.B.); Institute of Plant Sciences Paris Saclay IPS2, Centre National de la Recherche Scientifique,
Institut National de la Recherche Agronomique, Université Paris-Sud, Université Evry, Université Paris-Saclay,
Batiment 630, 91405 Orsay, France (S.P.); and Institute of Plant Sciences Paris Saclay IPS2, Paris Diderot,
Sorbonne Paris-Cité, Batiment 630, 91405 Orsay, France (S.P.)

The regulation of plant gene expression, necessary for development and adaptive responses, relies not only on RNA
transcription but also on messenger RNA (mRNA) fate. To understand whether seed germination relies on the degradation of
specific subsets of mRNA, we investigated whether the 5’ to 3’ RNA decay machinery participated in the regulation of this
process. Arabidopsis (Arabidopsis thaliana) seeds of exoribonuclease4 (xrn4) and varicose (ves) mutants displayed distinct dormancy
phenotypes. Transcriptome analysis of xr1n4-5 and vcs-8 mutant seeds allowed us to identify genes that are likely to play a role in
the control of germination. Study of 5" untranslated region features of these transcripts revealed that specific motifs, secondary
energy, and GC content could play a role in their degradation by XRN4 and VCS, and Gene Ontology clustering revealed novel
actors of seed dormancy and germination. Several specific transcripts identified as being putative targets of XRN4 and VCS in
seeds (PECTIN LYASE-LIKE, ASPARTYL PROTEASE, DWD-HYPERSENSITIVE-TO-ABA3, and YELLOW STRIPE-LIKE5) were
further studied by reverse genetics, and their functional roles in the germination process were confirmed by mutant analysis.
These findings suggest that completion of germination and its regulation by dormancy also depend on the degradation of

specific subsets of mRNA.

The presence of mRNAs in dried orthodox seeds was
discovered 50 years ago (Dure and Waters, 1965), and
since this pioneering work, they have been detected in
all seed species studied so far (Nakabayashi et al., 2005;
Kimura and Nambara, 2010; Bazin et al., 2011). They
accumulate during seed development and are called
stored mRNA or long-lived mRNA because they retain
their function as long as the seed remains alive. Al-
though they were initially thought to contribute to
protein synthesis during the very early stages of seed
germination (Dure and Waters, 1965), the absence of a
requirement of active transcription for the completion
of this process has shown that they can have a more

! This work was supported by the European Commission (Seventh
Framework Program, Theme KBBE2012.1.1-01, EcoSeed project).

2 These authors contributed equally to the article.

3 Present address: Université Paris Est Créteil, Institute of Ecology
and Environmental Sciences Paris, UMR7618, 94010 Créteil, France.

* Address correspondence to christophe.bailly@upmc.fr.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Christophe Bailly (christophe.bailly@upmc.fr).

J.L. and C.B. conceived the research plans and supervised the ex-
periments; 1.B.-S., S.P., and F.C. performed experiments; J.L., C.B,,
and L.B.-S. analyzed the data and wrote the article.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.01933

important role than expected (Rajjou et al., 2004). Thus,
it has been proposed that they may serve as templates
for protein synthesis throughout the whole germination
process and that the balance between their degradation,
their sequestration by cytoplasmic granules, their as-
sociation with polysomes, and the neosynthesis of
novel subsets of mRNA governs germination comple-
tion and dormancy alleviation (Bazin et al., 2011,
Galland et al., 2014; Basbouss-Serhal et al., 2015; Galland
and Rajjou, 2015).

Seed dormancy is defined as the inability to germi-
nate in apparently favorable conditions (Bewley, 1997)
and allows timely appropriate germination, thus per-
mitting suitable seedling development and subsequent
population establishment. Seed dormancy is regulated
by the environmental conditions prevailing at the time
of seed dispersal and by the plant hormones abscisic
acid (ABA) and GA, mainly. Major molecular regula-
tors of seed germination have been identified using
transcriptomic approaches (Holdsworth et al., 2008),
which ultimately led to the buildup of integrative
gene regulatory networks (Bassel et al., 2011). Gene
coexpression networks have helped to identify novel
molecular actors involved in transcriptome repro-
gramming during seed maturation (Righetti et al,
2015) and in germination (Dekkers et al., 2013). How-
ever, recent data also suggest that posttranscriptional
events are likely to be more appropriate to explain the
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germination process. For example, it has been demon-
strated that there is no apparent correlation between the
transcriptome and the translatome (i.e. the polysome-
associated fraction of mRNAs) in germinating seeds.
Indeed, only a subset of the mRNAs stored during seed
maturation or neosynthesized during seed imbibition
are effectively targeted to translation, as shown in
sunflower (Helianthus annuus; Layat et al., 2014) or in
Arabidopsis (Arabidopsis thaliana; Basbouss-Serhal
et al., 2015) seeds. In addition, Bazin et al. (2011) have
shown that specific mRNAs could become oxidized
during seed dormancy alleviation, thus impairing their
translation during seed imbibition, although they re-
main present in the transcriptome. These data clearly
raise the question of the molecular basis of seed ger-
mination and challenge the actual dogma of the tran-
scriptional regulation of this process.

The stability and decay of mRNA has progressively
emerged as a fundamental step in the regulation of
eukaryotic gene expression. The 5’ to 3’ and 3’ to 5’
pathways of mRNA decay were first identified in yeast
(Saccharomyces cerevisiae; Mitchell and Tollervey, 2000;
Parker and Song, 2004), but most components of the
RNA turnover machinery are conserved in multicellu-
lar eukaryotes, thus suggesting similar basic mecha-
nisms (Chiba and Green, 2009). The first step of mRNA
decay is the deadenylation process, which shortens the
poly(A) tail through the activity of the CCR4-Not
complex (Chen et al., 2002). The main 3’ to 5° RNA
degradation machinery of eukaryotic cells is a multi-
subunit complex called the exosome, found in both
cytoplasm and nuclear compartments (Januszyk and
Lima, 2014). In the nucleus, the exosome is involved in
the processing or quality control of different types of
RNA, such as mRNAs, tRNAs, ribosomal RNAs, and
small nuclear RNAs (Lange et al., 2014). In the cyto-
plasm, the exosome functions in minor degradation
pathways and the mRNA surveillance system, such as
nonsense-mediated decay (Chlebowski et al., 2013). In
the case of the 5’ to 3’ degradation, deadenylation is
followed by decapping, which is catalyzed by the
conserved eukaryotic decapping complex VARICOSE
(VCS)-DCP1-DCP2 (Dunckley and Parker, 1999; She
et al., 2004, 2006; Xu et al., 2006). DCP2 is the catalytic
subunit, and its activity can be highly regulated (Xu
et al.,, 2006; Ling et al., 2011). DCP1 interacts directly
with DCP2 and is an essential activator of DCP2 activity
(She et al., 2004; Xu et al., 2006). DCP1 phosphorylation
promotes mRNA decapping, presumably through
ribonucleic complex formation (Borja et al., 2011; Xu
and Chua, 2012). VCS is the Arabidopsis ortholog of
human Heldls/Gel and is required for the interaction
of DCP1 with DCP2 (Fenger-Gron et al., 2005). For ex-
ample, its interaction with DCP1 and DCP2 is involved
in the postembryonic development in Arabidopsis (Xu
et al., 2006). The activity of the decapping complex is
regulated by environmental signals such as drought,
which controls DCP1 phosphorylation by the MPK6
kinase (Xu and Chua, 2012). An important function of
the decapping complex is to limit the accumulation of

aberrant mRNAs, thereby preventing their entry into
the small RNA pathway and silencing process
(Martinez de Alba et al., 2015). The decapped tran-
scripts are then digested by 5’ to 3" exoribonucleases
(Nagarajan et al., 2013). The RNA decay is performed in
the cytosol by an exoribonuclease called XRN1 in yeast
and mammals (PACMAN in Drosophila melanogaster),
while in the nucleus, a second enzyme, called XRN2 in
animals and RAT1 in yeast, is active.

In Arabidopsis, three genes have been identified as
homologous to XRN2, while no sequence homology
could be found for XRN1. AtXRN2 and AtXRN3 func-
tion in the nucleus, similar to yeast XRN2, while
AtXRNH4 is localized in the cytoplasm and is the func-
tional homolog of yeast XRN1 (Kastenmayer and
Green, 2000). XRN4 is a component of the signaling
cascade for ethylene perception and is also called EIN5
(Potuschak et al., 2006; Olmedo et al., 2006). AtXRN4
degrades a limited set of polyadenylated transcripts
and 3’ cleavage products of microRNA (miRNA)-
mediated cleavage (Souret et al., 2004; Rymarquis et al.,
2011) and is involved in the adaptation to heat stress
(Merret et al.,, 2013). Decapping components DCP1,
DCP2, and VCS and the 5’ to 3’ exoribonuclease XRN4
are present in cytoplasmic foci called processing bodies
(Xu and Chua, 2011). Arabidopsis DCP5 also is con-
sidered an additional processing body component that
associates with DCP1 and DCP2 and is required for
mRNA decapping (Xu and Chua, 2009). Processing
bodies constitute specialized cellular compartments of
mRNA turnover (Fillman and Lykke-Andersen, 2005),
and these dynamic complexes were first identified in
yeast and human (Sheth and Parker, 2003; Cougot
et al., 2004) and later in plants (Weber et al., 2008). The
phenotypes of processing body mutants in Arabi-
dopsis suggest that their function is more related to
development or response to the environment than to
housekeeping (Xu et al.,, 2006; Merret et al., 2013;
Nguyen et al.,, 2015). The degradation of a specific
mRNA is a tightly regulated process that relies on the
changes of its specific interaction with mRNA-binding
proteins to form ribonucleic complexes (Lee and
Lykke-Andersen, 2013). It also depends on its innate
characteristics, since the features of the 5’ and 3’ un-
translated regions (UTRs), the cap structure at the 5’
end, the poly(A) tail at the 3’ end, and specific se-
quence elements located within a transcript are known
to play a role in mRNA stability (Mignone et al., 2002;
Geisberg et al.,, 2014). Additionally, miRNAs and
small interfering RNAs also cause endonucleolytic
cleavage, thus leading to gene silencing, a major
mechanism affecting plant development (Gregory
et al., 2008).

Seed germination being a developmental process that
requires major timely regulated changes in the gene
expression program, it is highly plausible that it could
involve mRNA decay. However, the function of mRNA
decay in seed germination and dormancy is largely
unknown to date; therefore, we have investigated the
role of 5’ to 3’ decay in this process. The objective of this
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work was to determine whether Arabidopsis seed
germination, as modulated by dormancy, might rely
on the 5’ to 3’ selective decay of transcripts. We have
phenotyped the seed germination of mutants vcs and
xrn4, which allows us to propose a possible role of 5’
to 3’ mRNA decay in seed germination and dor-
mancy. The transcriptomes of seeds of xrn4-5 and
vcs-8 mutants were analyzed during their imbibition
at 25°C in darkness, a condition preventing the ger-
mination of dormant seeds only (Leymarie et al,,
2012). This led to the identification and characteri-
zation of putative targets of XRN4 and VCS having a
role in the regulation of dormancy. We conclude that
the decapping complex and XRN4-mediated decay
play critical roles in the regulation of Arabidopsis
seed dormancy.

RESULTS
RNA Decay Mutants Have a Dormancy Phenotype

We have studied the phenotype of dormancy of seeds
of mutants altered in the 5’ to 3" mRNA decay ma-
chinery (i.e. the xrn4 [xrn4-3 and xrn4-5] and vcs [vcs-8
and vcs-9] mutants; Supplemental Table S1). Five weeks
after sowing, xrn4 mutant plants presented a faster
development, while vcs mutant plants were smaller
when compared with wild-type plants (Fig. 1A). To
confirm the phenotypes observed, we quantified some
developmental traits for each genotype (Supplemental

Fig. S1). The length of the floral stem of xrn4 mutant
plants was similar to that of Columbia-0 (Col-0), while
it was smaller in vcs mutant plants (Supplemental Fig.
S1A). vcs mutant plants produced fewer seeds per si-
lique and per plant and smaller seeds than wild-type
plants (Supplemental Fig. S1, B-D). Seeds of xrn4
were more abundant per silique and per plant than in
Col-0, but the mutation did not alter the seed size
(Supplemental Fig. S1, B-D). Whatever the mutant, the
plants produced morphologically normal seeds and in
sufficient amounts for the rest of the study.

At harvest, Col-0 seeds were dormant, since 100%
germinated at 15°C (Fig. 1B) but only 25% germinated
at 25°C in darkness (Fig. 1C). After-ripening treatment
(at 20°C and 56% relative humidity) increased the ger-
mination of Col-0 seeds at 25°C to 70% after 2 weeks
and to 100% after 3 weeks (Fig. 1, D and E). At 15°C, all
mutant lines germinated after 5 d, but xrn4 seeds ger-
minated more slowly (Fig. 1B). Germination at 25°C
revealed that xrn4 seeds were more dormant than Col-0
seeds, since only 5% germinated after 8 d, while vcs
seeds were less dormant, since around 50% of seeds
from this mutant germinated at this temperature (Fig.
1C). Two weeks of after-ripening were enough to to-
tally alleviate the seed dormancy of vcs mutants,
whereas only ~40% of xrn4 seeds germinated at 25°C
after this duration of dry storage (Fig. 1D). After
3 weeks of after-ripening, all genotypes became non-
dormant, since 100% germination was attained after 7 d
at 25°C (Fig. 1E).

Figure 1. Seeds of Arabidopsis mutants

A affected in 5’ to 3" mRNA decay have a
dormancy phenotype. A, Plant devel-
opment 5 weeks after sowing. B to E,
Germination of freshly harvested seeds
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5’ to 3' mRNA Decay Affects ABA/GA Metabolism
and Signaling

The potential for germination of freshly harvested
seeds of Col-0 and mutants was studied in the presence
of the major hormonal regulators of dormancy, ABA
and GA. ABA treatment (10~ m) slowed germination at
15°C of seeds of all genotypes, since it increased by 50%
to 70% the time to reach 50% germination for Col-0 and
vcs and had an even stronger effect on the germmatlon
of xrn4 mutant seeds (Table I). At 25°C, GA; (107> m)
promoted the germination of all genotypes in a similar
way. However, these treatments still discriminated the
high-dormancy (xrn4) and low-dormancy (vcs) pheno-
types, since seeds of vcs mutants germinated faster than
seeds of xrn4 mutants (Table I).

In addition, we determined the abundance of
transcripts involved in ABA and GA metabolism and
signaling using quantitative real-time reverse tran-
scription (qRT)-PCR in seeds of Col-0, vcs-8 (its phe-
notype was roughly similar to that of vcs-9), and xrn4-5
after 24 h of imbibition in water in the dark at 25°C (i.e.
before radicle protrusion; Fig. 2). We performed this
study with the xrn4-5 mutant because RNA degrada-
tion data were already published for this allele (Souret
etal., 2004; Rymarquis et al., 2011). In seeds of the vcs-8
mutant, the low-dormancy genotype, the abundance
of transcripts related to ABA synthesis (NCED6 and
NCED?9), ABA signaling (ABA-INSENSITIVES5 [ABI5]),
and GA catabolism (GA20x2) was reduced compared
with seeds of Col-0, while transcripts related to ABA
catabolism (CYP707A2), GA activation (GA30x1 and
GA200x4), and GA signaling (SLP2) were more abun-
dant (Fig. 2). In contrast, in seeds of the xrn4-5 mutant,
the abundance of transcripts related to ABA synthesis
(NCED6 and NCED9Y), ABA signaling (ABI5), and GA
catabolism (GA20x2) was higher than in Col-0,
whereas the abundance of transcripts of CYP707A2,
related to ABA catabolism, and Ga3ox1, involved
in GA activation, decreased. The abundance of SLP2
and GA20ox4 was not altered by the xrn4-5 mutation

(Fig. 2).

Transcriptome Analysis Reveals Features of Transcripts
Putatively Degraded by XRN4 and VCS during
Seed Imbibition

A transcriptomic analysis was performed with seeds
of vcs-8 and xrn4-5 mutants and Col-0 in order to
identify the targets of XRN4 and VCS. We analyzed the
transcripts in seeds after 24 h of imbibition at 25°C in
the dark using CATMAV7 microarrays to compare each
mutant versus the wild type. This time point was cho-
sen based on previous work (Basbouss-Serhal et al.,
2015) and because it corresponded to 75% of the
amount of time required for the initiation of germina-
tion of nondormant seeds.

MA plots representing the distribution of expression
ratios of all transcripts showed that major variations

Table 1. Effects of ABA and GA; on time to reach 50% termination
(T50) of seeds of vcs-8, vcs-9, xrn4-3, and xrn4-5 mutants compared
with Col-0 seeds at 15°C and 25°C in darkness

Means = sp of triplicate experiments are shown. T50 values are in
hours. ND, Not determined (50% germination was not reached).

T50
Seeds 15°C 25°C

Water ABA (107° ) Water GA,; (107° M)
Col-0 60 = 1.4 91 = 1.3 ND 55 1.2
vcs-8 50 = 0.7 84 £ 1.5 108 48 = 1.3
ves-9 450,55 80=x1.7 10014 45=17
xrmn4-3 78 = 1.5 187 £0.5 ND 63 1.3
xm4-5 72207 192 *14 ND 64 1.9

were included between log, ratio values of —1.5 and
+1.5 (Supplemental Fig. S2). Gene expression was
considered to be different after Ben]amml and Hoch-
berg correction (P = 0.05) and for a log ratio above 0.5
or under —0.5, at least for one comparison. The micro-
array data were validated by performing qRT-PCR
with 17 genes. They showed a high correlation between
% RT-PCR and microarray transcript abundance, with

values ranging from 0.71 to 0.95 (Supplemental Fig.
S3). A full list of differentially abundant transcripts in
xrn4-5 and vcs-8 mutants is given in Supplemental Data
Set S1; however, we focused the functional analysis on
the genes that were specifically more abundant in the
mutants. Indeed, transcripts being putative targets of
mRNA decay mediated either by XRN4 or VCS in wild-
type seeds should be more abundant in the corre-
sponding mutants than in Col-0.

A Venn diagram (Fig. 3A) shows that 973 transcripts
were more abundant in seeds of xrn4-5 and that 2,312
transcripts were more abundant in seeds of vcs-8 com-
pared with seeds of Col-0 at 24 h of imbibition at 25°C.
Among these differentially abundant transcripts, 794
transcripts were common between the two mutants,
but we considered that they could not be related to
dormancy since the phenotypes of the two mutants
were opposite (Fig. 3A). Therefore, attention was
paid to the transcripts specifically more abundant in
each mutant, representing 179 transcripts in xrn4-5
(Supplemental Data Set S2) and 1,518 transcripts in vcs-8
(Supplemental Data Set S3). Genes known to be targets
of some miRNAs represented 55 genes out of 179 more
abundant in xrn4-5 but only 135 genes out of 1,518
up-regulated in vcs-8 (Supplemental Data Set S4).

To determine the characteristics of the transcripts
whose decay by XRN4 or VCS might play a role in
dormancy, we explored the structural properties of
mRNAs specifically more abundant in xrn4-5 or vcs-8
mutants. For both mutants, the total length of mRNAs
and of the 5" UTR (downloaded from The Arabidopsis
Information Resource [TAIR]) of all transcripts was not
correlated with their abundance (Fig. 3, B-E). Free
secondary energy (AG) and GC content of the 5’ UTR
were calculated for the transcripts specifically more
abundant in each mutant but also for the transcripts


http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/
http://www.plantphysiol.org

5500 3500 f ¢
: NCEDG6 : NCED9
& &
o 400 | o 400 |
(8] (&}
S 5
S 300 | © 300 |
a a
=200 | & o0
o N =3 a
3 3
@ 100 | |—X—‘ . @ 100 | ’—x—l b
o ©
T 77, oo e s
Col-0 vcs-8 xrn4-5 Col-0 vcs-8 xrn4-5
350
> 300 [ CYP707A2 5300 | ABI5
@
® 250 | b % ¢
e r7 2
8 200 | / 8 200
c | -
2 150 } / 3
© a / © a
2 00 | / £ 100
S 50 | / § .
(= =
0 0 =
Col-0 vcs-8 xrn4-5 Col-0 vcs-8 xrn4-5
S 500 | GA30x7 5 500 | GA200x4
© il
= 400 | b
(0]
S 2
T b @ E
g 200 T 300 | 7
c
5 2 7
© a S 20 | /
% 100 % ) / )
@ @2 100 f /
S c g | /
= -
R o
Col-0 vcs-8 xrn4-5 Col-0  vecs-8  xrn4-5
= 500  GA20x2 500 f
o c = b
8 8 SLP2
o 400 | o 400 |
Q Q
S G
T 300 T 300 |
a a
® 200 } ® 200 }
2 a 2 a a
Q Q
2 100 | ’—x—l B 2 100 } |—x—|
g L)
= I =
0 0

Col-0 vcs-8 xrn4-5 Col-0 vcs-8 xrn4-5

Figure 2. The transcript abundance of genes involved in ABA and GA pathways is affected in mRNA decay mutants. The quantification of transcript
abundance is shown for NCED6, NCED9, CYP707A2, ABI5, SLP2, Ga3ox1, Ga200x4, and Ga2ox2 in seeds of Col-0 (white bars), vcs-8 (striped bars),
and xrn4-5 (dotted bars) after 24 h of imbibition at 25°C. a.u., Arbitrary unit (100 value was attributed to Col-0). Means = sp of triplicate experiments are
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Figure 3. mRNA decay modifies the seed transcriptome and is related
to transcript features. A, Venn diagram showing the number of tran-
scripts displaying significant increases in abundance (after Benjamini
and Hochberg correction; ratio > 0.5) in xrn4-5 and vcs-8 mutants
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of 973 and 2,312 transcripts more abundant in xrn4-5 and vcs-8 mu-
tants, respectively, were identified. B and C, Relationship between
mRNA total length and mRNA abundance in xrn4-5 (B) and vcs-8 (C)
mutants. Each point of the scatterplots represents log,, (MRNA total
length) on the x axis versus the ratio of change in mRNA log, expression
(mutant to Col-0) on the y axis for transcripts more abundant in mutant
seeds. nt, Nucleotides. D and E, Relationship between the length of
mRNA 5" UTRs and mRNA abundance in xrn4-5 (D) and vcs-8 (E)
mutants. Each point of the scatterplots represents log, (5" UTR length)

whose abundance was constant between Col-0 and the
mutants. To allow a valid comparison of constant and
up-regulated genes, we first established a list of con-
stant genes for each mutant (Supplemental Data Set S5).
It corresponded to a range of ratios between —0.2 and
+0.2 for xrn4-5 or between —0.3 and +0.3 for vcs-8. The
major part of the transcripts more abundant in xrn4-5
and ucs-8 was characterized by a low AG and a high GC
content (Fig. 3, F-I), while this was not the case for
constant transcripts. We also searched motifs overrep-
resented in the 5" UTR of transcripts specifically more
abundant in xrn4-5 and vcs-8 mutants using TAIR and
the Motif Analysis tool (Table II). In Table II, ME rep-
resents the factor of enrichment of the motif in the 5’
UTR of the transcript in comparison with its occurrence
in the Arabidopsis genome and E represents the expect
value corresponding to the significance of the motif.
We identified 17 overrepresented motifs in xrn4-5
mutants characterized by ME values higher than 9.1
and E values lower than 2.22e'° (Table II). For vcs-8,
10 overrepresented motifs were found with ME values
between 6.1 and 11.12 and E values lower than 7.3e
(Table II). Three overrepresented common motifs were
found in motifs of transcripts more abundant in xrn4-5
and vcs-8 mutants (Table II).

Specific Targets of XRN4 and VCS Regulate
Seed Germination

Putative functions were assigned to the transcripts
more abundant in xrn4-5 and vcs-8 mutants using the
Gene Ontology (GO) TAIR categorization, and they
were visualized as functional clusters after redundancy
reduction via REVIGO (Fig. 4). On this representation,
colors indicate the user-provided P value and the size of
the circles is relative to the frequency of GO terms in the
underlying GO database. Interestingly, GO analysis of
transcripts specifically abundant in the xrn4-5 mutant
revealed that the biological functions response to stress,
hormone metabolism, transcription, RNA binding, and
signaling were the most represented (Fig. 4A). The

on the x axis versus the ratio of change in mRNA log, expression (mutant
to Col-0) for transcripts more abundant in mutants on the y axis. Fand G,
Distribution of transcripts specifically more abundant in xrn4-5 (F) and
vcs-8 (G) mutants (striped bars) and of transcripts displaying no signif-
icant change in abundance (black bars), compared with Col-0, as a
function of the minimal free energy (AG) of secondary structure. mRNA
classes were clustered based on the free energy of their secondary
structure using a 10 kcal mol ™" step. The distribution of up-accumulated
or constant transcripts in xrn4-5 and vcs-8 seeds was statistically dif-
ferent, as determined by )(2 test (P < 0.05). H and I, Distribution of
transcripts specifically more abundant in xrn4-5 (H) and vcs-8 (I) mu-
tants (striped bars) and of transcripts displaying no significant change in
abundance (black bars), compared with Col-0, as a function of their GC
content. MRNAs classes were clustered based on the free energy of their
secondary structure using a 5% GC content step. The distribution of
up-accumulated or constant transcripts in xrn4-5 and vcs-8 seeds was
statistically different, as determined by x? test (P < 0.05).
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Table 1l. Common cis-elements identified in the 5" UTR of the tran-
scripts more abundant in seeds of xrn4-5 and vcs-8 mutants after 24 h
of imbibition at 25°C

Analysis was performed on subsets of 973 and 2,312 transcripts
that were more abundant in xrn4-5 and vcs-8 mutants, respectively.
ME represents the factor of enrichment of the motif in the 5" UTR (up
to —500 bp) of the transcript analyzed in comparison with its occur-
rence in the Arabidopsis genome. E represents the expect value cor-
responding to the significance of the motif. The motifs in boldface are
common to both mutants.

Mutant Motif ME E

xrn4-5 GCTCAG 13.15 7.10e-21
TTGACT 22.14 8.84e-73
TGGTTA 21.19 1.41e-82
CTCAGT 18.61 2.74e-12
CGTCAA 17.14 5.11e-22
AGCTGG 15.16 2e-40
TTAGAG 15.15 5.82e-51
TCTCCG 15.41 2.22e-10
TGGAGC 13.03 4.50e-20
CAGACG 9.55 4.36e-99
GCGCTG 9.55 4.36e-99
AGCGCT 9.40 4.44e-63
CCGCAG 9.34 3.20e-10
CTGCGG 9.35 1.45e-20
CAGCTG 9.22 3.20e-19
CCCCAG 9.10 2.70e-20
ATGTAT 9.10 4.10e-15

vcs-8 TTTTTC 11.12 2.88e-05
ATTGCA 11.12 2.88e-05
TGCTTG 10.88 7.30e-03
CTCTCT 10.51 1.28e-04
AGAGAG 10.51 1.28e-04
GTCCTG 9.58 2.45e-09
CAGACG 9.21 2.16e-59
GCGCTG 9.15 2.46e-29
AGCGCT 9.10 1.34e-23
GGCCGC 6.10 3.42e-12

transcripts more abundant in the vcs-8 mutant belonged
to the lipid metabolism, protein metabolism, cell wall,
transport, transcription, RNA binding, and redox cat-
egories (Fig. 4B). The more relevant GO categories are
detailed in “Discussion.”

Given that XRN4 and VCS are known to be involved
in the 5' to 3’ decay process, we postulated that the
transcripts up-regulated in each mutant were degraded
through this pathway in the wild type, even though the
participation of other decay mechanisms cannot be to-
tally excluded. To assess that point, we followed the
stability or the degradation of some of these transcripts
in seeds of the wild type and the xrn4-5 and vcs-8 mu-
tants. This was achieved by determining the abundance
of these transcripts at different time points during
seed imbibition in the presence of cordycepin, an
inhibitor of transcription (Gutierrez et al., 2002).
We chose four genes presenting high ratio changes
in our transcriptomic analysis (Supplemental Data
Sets S2 and S3): putative ASPARTYL PROTEASE
(ASP; Atlg66180), PECTIN LYASE-LIKE (PLY;
At3g62110; Cao, 2012), DWD-HYPERSENSITIVE-TO-

ABA3 (DWA3; Atlg61210), and YELLOW STRIPE-
LIKE5 (YSL5; At3g17650). As controls, we also
analyzed the change in abundance of transcripts known
to be targeted by XRN4 (i.e. MYB33 [At5g06100] and
MYB65 [At3g114401]; Souret et al., 2004). In the Col-0
background, the level of all transcripts tested decreased
during seed imbibition in the presence of cordycepin
(Fig. 5). The decay of control genes (MYB33 and
MYB65) depended on XRN4 but also on VCS, since
their abundance was not decreased markedly in seeds
of xrn4-5 and vcs-8 mutants during imbibition in the
presence of cordycepin (Fig. 5, A and B). ASP degra-
dation was XRN4 dependent, since the abundance of
this transcript did not vary in seeds of xrn4-5 imbibed in
the presence of cordycepin (Fig. 5C). Degradation
of DWA3 and YSL5 was VCS dependent (Fig. 5, E and
F), while PLY degradation depended on both genes
(Fig. 5D).

In order to gain functional insights on the role of
mRNA decay in seed dormancy, we characterized the
phenotype of dormancy alleviation of two mutant al-
leles corresponding to each of the previously studied
genes: i.e. asp, ply, dwa3, and ysI5 (for mutant accessions,
see Supplemental Table S1). The germination percent-
ages, measured after 7 d at 25°C in the dark, of seeds
from these mutants was evaluated after different du-
rations of after-ripening (Fig. 5G). The number of days
of after-ripening required to reach 50% germination is a
criterion that is related to dormancy intensity. It corre-
sponded to 25.5 d in Col-0 but only 16 d for asp. In
contrast, it increased to 27.5 d for dwa3, 29 d for ysl5,
and 30 d for ply mutants (Fig. 5G). This suggested that
seeds from asp mutants were less dormant while seeds
of the other analyzed mutants were slightly more dor-
mant than Col-0 seeds (Fig. 5G). Since seeds of asp
mutants displayed a clear phenotype of low dormancy
(Fig. 5G), we investigated their responses to ABA and
GA treatments (Supplemental Fig. S4). ABA (107° )
similarly delayed the germination of freshly harvested
seeds of the wild type and asp mutants at 15°C, whereas
the beneficial effect of GA; (5 X 10~* M) on germination
at 25°C was magnified in seeds of both asp mutants
(Supplemental Fig. 54).

DISCUSSION

Although mRNA decay was historically less studied
than transcription, there is increasing evidence that it
can play a major role in developmental and environ-
mental responses (Belostotsky and Sieburth, 2009;
Maldonado-Bonilla, 2014). The degradation of RNA
could indeed be more efficient and rapid for fine-tuning
gene expression than mobilizing the transcription ma-
chinery, and we hypothesized that it could play a major
role in germination.

To address this hypothesis, we studied mutants af-
fected in two major components of the 5’ to 3' mRNA
degradation pathway in eukaryotes (i.e. deadenylation-
dependent decapping and nucleotic cleavage by
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Figure 4. mRNA decay targets molecular regulators of seed germination and dormancy. GO classification of transcripts spe-
cifically more abundant in xrn4-5 (A) and vcs-8 (B) mutants after 24 h of imbibition at 25°C was obtained using REVIGO (http://
revigo.irb.hr; Supek et al., 2011), which allows a two-dimensional space representation according to the semantic similarity of
GO terms (semantically similar GO terms remain close together in the plot). The size of the circles indicates the frequency of the
GO term in the GO database (more general terms are represented by larger circles), and the color of the circles indicates the
P value (scale at right; blue and green circles represent GO terms with more significant P values than orange and red circles).

exoribonuclease), VCS and XRN4, respectively (Chiba
and Green, 2009). The effect of the mutations on plant
development was assessed in order to exclude any
strong phenotype that might have an indirect effect on
seed germination. The effects were most important for
vcs mutants (Deyholos et al., 2003), although vcs-8 and
vcs-9 appeared as leaky mutant alleles compared with
ves-7 (Goeres et al., 2007). The effects of xrn4 mutations,
already described elsewhere (Olmedo et al., 2006;
Potuschak et al., 2006; Gregory et al., 2008), were less
drastic in our growth conditions. For example, we did
not observe late flowering, as mentioned by Olmedo
et al. (2006). The absence of a strong pleiotropic effect of
mutations on plant development and seed production
pattern, therefore, allowed comparisons of germination
phenotypes. As shown previously (Leymarie et al,
2012), freshly harvested Arabidopsis Col-0 seeds fully
germinated at 15°C in the dark, when dormancy is not
expressed, but seeds of xrn4-5 mutants germinated
slowly (Fig. 1B). At 25°C, only 25% of freshly harvested
Col-0 seeds germinated, confirming that they were
dormant (Fig. 1C). After-ripening of Col-0 seeds for
4 weeks at 20°C and 56% relative humidity allowed
dormancy alleviation, as shown by Basbouss-Serhal
et al. (2016; Fig. 2E). Seeds of vcs mutants were less
dormant than Col-0 seeds, whereas seeds of xrn4-5
were more dormant, as shown with freshly harvested
seeds and during after-ripening (Fig. 2, C-E). These
results indicate that VCS and XRN4 proteins are likely
to play a role in the regulation of dormancy, which was
confirmed by the effect of hormone application (ABA or
GA,) during the germination of freshly harvested seeds,
since it allowed us to similarly rank the mutants
according to their level of dormancy (Table I). The cross
talk between the dormancy phenotypes of mutants and
hormones also was investigated by analyzing the
transcript abundance of genes related to Arabidopsis

seed dormancy in xrn4-5 and vcs-8 mutants. We fo-
cused on ABA and GA metabolism and responses
because the balance of ABA and GA is the major reg-
ulator of Arabidopsis seed dormancy (Finch-Savage
and Leubner-Metzger, 2006; Finkelstein et al., 2008;
Nambara et al., 2010). As expected, seeds of the dor-
mant mutant xrn4-5 displayed a higher abundance of
transcripts related to dormancy (ABA anabolism and
response, GA inactivation) and lower levels of genes
related to germination (ABA catabolism, GA activation
and response), while seeds of nondormant vcs mutants
displayed the opposite pattern of gene expression (Fig.
2). Thus, the alteration of germination in 5’ to 3’ mRNA
decay mutants used here is likely to be related to the
canonical hormonal pathway of dormancy regulation.

We then analyzed the transcriptomes of freshly har-
vested seeds of xrn4-5 and vcs-8 mutants (after 24 h of
imbibition at 25°C) and compared them with those of
the wild-type Col-0. This work was focused on the
transcripts that were more abundant in the mutants,
since they are likely to be direct targets of decay in the
wild type (Souret et al., 2004; Gregory et al., 2008), while
transcripts less abundant in mutants would correspond
to secondary effects of the mutations (Rymarquis et al.,
2011). We identified 973 transcripts more abundant in
the xrn4-5 mutant (i.e. putative targets of XRN4 in wild-
type seeds) and 2,312 transcripts more abundant in the
vcs-8 mutant (i.e. putative targets of VCS; Fig. 4A). This
discrepancy in the number of transcripts has to be
considered with regard to the stronger phenotype of the
vcs-8 mutant for other development aspects (Fig. 1;
Supplemental Fig. S1; Deyholos et al., 2003) and is in
agreement with previous work, since XRN4 appears to
target a limited set of transcripts in standard growth
conditions (Merret et al., 2013). We identified 794 com-
mon transcripts between the two mutants, and they
represent the major part of XRN4 targets (Fig. 3A),
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Figure 5. The 5’ to 3’ mRNA decay of
specific transcripts is associated with
dormancy alleviation. A to F, mRNA
stability analyzed by the quantification
of transcript abundance during seed
imbibition with cordycepin (a tran-
scription inhibitor) in Col-0 (black circles),
vcs-8 (open orange circles), and xrn4-5
(closed green triangles) for transcripts

of MYB33 (At5g06100; A), MYB65
(At3g11440; B), ASP (At1g66180; C), PLY
(At3g62110; D), DWA3 (At1g61210; E),
and YSL5 (At3g17650; F). Means = sp of
triplicate experiments are shown. Aster-

isks indicate differences between mutant
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which is probably related to the fact that the exoribo-
nuclease activity of XRN4 is directed against mRNA
decapped by the decapping complex involving VCS.
This overlap was not observed when comparing
mRNA decay in dcp2? and xrn4 mutants, leading to the
hypothesis that other exoribonucleases than XRN4
might exist (Goeres et al., 2007) and also could explain
why the two-thirds of the transcripts more abundant in
vcs mutants were not more abundant in xrn4.

In addition, the transcriptomic analysis of xrn4-5
and vcs-8 mutants revealed an increase of numerous
miRNA targets compared with the wild type
(Supplemental Data Set S4). This is particularly relevant
because XRN4 and VCS have been shown to be in-
volved in either the degradation of 3’ products of
miRNA-mediated cleavage or in miRNA-guided
translational repression, respectively (Souret et al.,
2004; Motomura et al.,, 2012). The proportion of
miRNA targets was particularly high for transcripts

dwa3-1 (DSDSs=28 d)
dwa3-2 (DSDS,=27 d)

£ and Col-0 (ANOVA and Newman-
Keuls tests, P = 0.05). G, Effect of the
duration of after-ripening treatment
at 20°C at 56% relative humidity on
subsequent germination percentage
after 7 d at 25°C of Arabidopsis seeds.
Col-0, asp-1 (SALK_025595), asp-2
(SALK_041567), ply-1 (SALK_017839),

ply-2 (SALK_031921), dwa3-1 (SALK_092993),
dwa3-2 (SALK_058391), ysl5-1 (SALK_105596),
and ys/5-2 (SALK_058656) mutants were
assayed during dry storage. The after-rip-
ening requirement for each genotype was
estimated by calculating the number of
days of after-ripening required to reach 50%
germination (DSDS) and is indicated at
right. Values are means of three biological
replicates = sp.

accumulated in xrn4 (55 of 79; Supplemental Data Set
54), in accordance with the contribution of XRIN4 to the
miRNA-mediated decay already demonstrated by
Souret et al. (2004). For example, Souret et al. (2004) and
Rymarquis et al. (2011) also identified the following
targets of miRNA as being regulated by XRN4 in Ara-
bidopsis: the cleavage of SCARECROW-like HAM1
(At2g45160) RNA is mediated by miR171 (Llave et al.,
2002), ARF8 (At5g37020) is a target of miR167, AP2-like
(At4g36920) is a target of miR172, AGO1 (At1g48410) is
a target of miR168, and MYB33/65 (At5g06100 and
At3g11440) is a target of miR159 (Rhoades et al., 2002;
Kasschau et al., 2003). For vcs-8 mutants, we identified
only 135 miRNA targets among the 1,518 up-regulated
transcripts (Supplemental Data Set S4). CUC2
(At5g53950), a target of miR164 (Laufs et al., 2004), was
identified previously by Motomura et al. (2012) as being
not degraded in the vcs-6 mutant. The increase of
miRNA targets in the exoribonuclease and decapping
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mutants suggests that the miRNA-dependent degra-
dation process might play a role in seed dormancy, as
suggested by Nonogaki (2014).

Our attempt to identify mRNA properties associated
with the abundance of transcripts in xrn4-5 and vcs-8
mutants highlighted the role of the 5" UTR, while the
analysis of the 3’ UTR did not reveal any conclusion
(data not shown). Our analysis indicates that total
mRNA length and 5’ UTR length were not implicated in
the selectivity of XRN4 and VCS (Fig. 4, B-E), but we
show that a strong secondary structure and high GC
content of the 5 UTR made the transcripts more sen-
sitive to degradation (Fig. 4, F-I), as reported previ-
ously in yeast (Muhlrad et al., 1995; Doma and Parker,
2006) and in mammals (Zhang et al., 2011). It already
has been suggested that secondary structures or up-
stream open reading frames in the 5’ UTR can play a
role in mRNA degradation (Oliveira and McCarthy,
1995). The GC content of the 5" UTR and 5’ UTR length
can influence mRNA structure near the 5 cap, thus
regulating posttranscriptional processes (Gu et al.,
2014). In particular, the competition between the for-
mation of the translation initiation complex and the
degradation machinery at the 5" UTR has been shown
to regulate the stability of various transcripts (de la
Cruz et al., 2002; Dvir et al., 2013). However, the role of
the RNA structure of the 5 UTR in RNA degradation is
still poorly documented in plants. To determine the role
of the 5" UTR on mRNA decay, we identified 17 hexa-
mer motifs overrepresented in the 5" UTR of transcripts
more abundant in xrn4-5 mutants (Table II). Nine
motifs (GCTCAG, TTGACT, CTCAGT, CGTCAA,
AGCTGG, TTAGAG, TCTCCG, TGGAGC, and
GCGCTG) were identified previously as overrepre-
sented in targets of XRN4 in Arabidopsis plants
(Rymarquis et al., 2011). For the vcs-8 mutant, we
identified 10 overrepresented motifs (Table I). Some of
them (TTTTTC, ATTGCA, and TGCTTG) were identi-
fied as specific for uncapped transcripts in the Arabi-
dopsis flower system (Jiao et al., 2008). Three motifs
were common between transcripts up-regulated in
xrn4-5 and vcs-8 mutants (CAGACG, GCGCTG, and
AGCGCTT) and could directly interact with the
decapping complex and XRN4.

With regard to the opposite dormancy phenotypes of
vcs-8 and xrn4-5 seeds (Fig. 1C), VCS is likely to be in-
volved in decapping transcripts that can positively
regulate germination (1,518) or that are not related to
this process (794), whereas the activity of XRIN4 targets
179 transcripts involved in the maintenance of dor-
mancy. The clusters of transcripts found specifically
more abundant in xrn4-5 or vcs-8 mutants were classi-
fied according to GO functions and visualized as
REVIGO scatterplots (Fig. 4). The GO category tran-
scription, RNA binding was common to both mutants
and contained many transcription factors, which dem-
onstrates that both germination and dormancy main-
tenance require specific transcription, although this
process is not strictly necessary for sensu stricto ger-
mination (Rajjou et al., 2004). For example, several

WRKY transcription factors (Tripathi et al., 2014) were
identified only in the nondormant vcs-8§ mutants
(Supplemental Data Set S3). WRKY60 (At2g25000) and
WRKY63 (Atlg66600) have already been shown as be-
ing negative regulators of ABA signaling (Liu et al,,
2012; Ren et al., 2010), and WRKY22 (At4g01250) is in-
duced significantly by hydrogen peroxide treatment
(Zhou et al., 2011), which could be related to the role of
reactive oxygen species (ROS) in germination or dor-
mancy alleviation (Bailly et al., 2008; Leymarie et al.,
2012). Auxin-inducible transcription factors also were
more represented in vcs-8 (ARF5 [At1gl19850], IAA4
[At5g43700], IAA2 [At3g23030], IAA11 [At4g28640],
IAA18 [At1g51950], and AXR5 [At4g14560]; Guilfoyle
and Hagen, 2007). They could be related to the growth
process occurring after germination sensu stricto.
Among the transcription factors regulated by XRN4
(Supplemental Data Set S2), several transcripts re-
lated to ABA signaling were identified, such as ABI5
(At2g36270; Lopez-Molina et al., 2002; Dekkers et al.,
2016) or MYB33 (At5g06100; Kim et al., 2008).

Clustering analysis showed that the transcripts that
were specifically more abundant in the xrn4-5 mutant
(i.e. that should be degraded in wild-type seeds to
permit dormancy alleviation) fell mainly into the three
categories: hormone metabolism, response to stress,
and signaling. In the GO category hormone metabo-
lism, we found regulators of hormonal pathways re-
lated to dormancy (Supplemental Data Set S2). For
example, the ABA response element-binding factors
ABF3 and ABF4 (At4g34000 and At3g19290) are in-
volved in ABA signaling (Mufiiz Garcia et al., 2014),
and At3g02480 encodes a protein of the Late Embryo-
genesis Abundant family that is known to be often
ABA induced (Parcy et al., 1994). PHYTOCHROME-
INTERACTING FACTOR6 (At3g62090) already has
been suggested to play a role in Arabidopsis primary
dormancy (Penfield et al., 2009). Inhibition of germi-
nation in the wild type also might be related to the
presence of many transcripts of heat shock proteins,
such as HSP17 (At5g12030), HSP20 (At1g52560,
At1g53540, At1g59860, and Atlg07400), HSP70
(At3g12580), or HSPI90 (At5g52640), degraded by
XRN4. The involvement of heat shock proteins in the
inhibition of germination already has been shown in
sunflower (Layat et al, 2014) and Arabidopsis
(Basbouss-Serhal et al., 2015), suggesting that their
chaperone activity can play a role in the maintenance of
dormancy.

Transcripts accumulated in the vcs-8 mutant, whose
degradation would prevent seed germination of the
wild type, were enriched in the GO categories hormone,
redox, cell wall, and transport (Fig. 4C; Supplemental
Data Set S3). In the GO category hormone metabolism,
we found regulators of the hormonal balance that
drives the germination process (Finch-Savage and
Leubner-Metzger, 2006). The ABA hydroxylase
CYP707A1 (At4g19230), for example, is involved in
ABA degradation and is considered a key point of the
control of germination (Millar et al., 2006; Okamoto
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et al., 2006). The 1-aminocyclopropane-1-carboxylic
acid oxidase ACO1 (At2g19590) represents a major
step of ethylene synthesis (Corbineau et al., 2014), and
At2g14900 is involved in the GA response. The in-
volvement of ROS signaling in dormancy alleviation
was confirmed here by the overrepresentation of the
GO category redox in the vcs-8 mutant. Our data sug-
gest that the increase in ROS content occurring during
seed germination could be related to a decay in tran-
scripts related to the enzymatic ROS scavenging, such
as the monodehydroascorbate reductases MDARI
(At3g52880) and MDAR4 (At3g27820; Bailly et al., 2004)
and several thioredoxins (At3g51030, At5g39950,
At2g32920, and At1g77510), a family of proteins known
to regulate seed germination (Marx et al., 2003;
Montrichard et al., 2003; El-Maarouf-Bouteau et al.,
2013). Glutathione involvement also was suggested
with the presence of the glutathione-disulfide reductase
GR1 (At3g24170), GLUTATHIONE SYNTHETASE2
(At5g27380), and a glutaredoxin (At3g57070). Cell wall
modifications (extensibility, degradation, and synthe-
sis) are critical to allow cell expansion and radicle
elongation (Bewley, 1997; Nonogaki et al., 2007; Wang
et al., 2015; Sechet et al., 2016). Here, in seeds of the
low-dormancy mutant vcs-8, transcripts of expansins
such as EXPA20 (At4g38210), extensins (Atlg76930
and At2g43150), several pectin lyases (At3g06770,
At3g16850, At5g48900, Atl1g67750, and At3g62110), the
galacturonosyltransferase GAUT1 (At3g61130), cellu-
lose synthases (At5g22740, At4g07960, and At3g07330),
and the Xyl transferase XGD1 (At5g33290) appeared to
be more abundant than in seeds of the wild type
(Supplemental Data Set S3). Cytoskeleton elements also
were overrepresented in this category with tubulin
(At4g20890 and Atl1g75780) and actin (At5g07740,
At5g55400, and At1g52080). Myosins (At3g19960,
At3g56480, At2g34730, At5g07890, and At2g20290) and
dynein (At1g23220) accumulation could be related to
the stimulation of intracellular trafficking (Diaz-
Camino et al., 2005; Wang et al., 2015). The GO cate-
gory transport also was overrepresented in seeds of the
vcs-8 mutant, including sugar or oligopeptide trans-
porters that may be associated with the germination
process (Aluri and Biittner, 2007). For example, the
peptide transporter PTR1 (At3g54140) already has been
identified in germinating seeds (Dietrich et al., 2004;
Stacey et al., 2006; Layat et al., 2014), such as the metal
transporter YSL5 (At3g17650; Waters et al., 2006).

The functional role of VCS and XRN4 in the regula-
tion of germination was finally confirmed. Using some
selected genes, we showed that the transcripts more
abundant in xrn4-5 and vcs-8 mutants were indeed
targets of XRN4 and VCS by assessing their stability
using the transcriptional inhibitor cordycepin. Our data
confirmed the known pathways of decay of MYB33 and
MYB65 by XRN4, and we showed that they also were
targets of VCS. The decay of ASP was XRN4 dependent,
while the degradation of PLY, DWA3, and YSL5 was
VCS dependent (Fig. 5, D-F). We phenotyped seeds of
mutant plants corresponding to these transcripts (two

alleles for each) in order to demonstrate their role in the
regulation of dormancy. While asp seeds were less
dormant than those of Col-0, seeds of ply, ysl5, and dwa3
were more dormant (Fig. 5G). This suggests that ASP
protein might be involved in dormancy maintenance
and that the degradation of the related mRNA is made
by XRN4, thus releasing dormancy. ASP is a predicted
Al family aspartyl protease that is responsive to
ascorbic acid and light, but its role in plants is not yet
elucidated (Gao et al., 2011). Interestingly, we show
here that seeds of asp mutants were more sensitive to
GA,;, which suggests that ASP might be involved in the
repression of GA signaling, whereas it would not in-
teract with ABA signaling (Supplemental Fig. 54). PLY,
YSL5, and DWAS3, whose seeds of the mutants were
more dormant, could play a role in the completion of
the germination process. Enzymes involved in cell wall
degradation, such as pectin lyases, have been shown to
play important roles in germination (Bewley, 1997). No
data are available about YSL5, but YSL1 and YSL3 are
involved in iron transport at the seed level (Waters
et al., 2006). DWA3 is involved in the negative regula-
tion of ABA responses (Lee et al., 2008, 2010). Interest-
ingly, comparison of the translatome between dormant
and nondormant seeds shows that PLY, YSL5, and
DWAS3 transcripts were more associated with poly-
somes in germinating nondormant seeds after 24 h
of imbibition at 25°C (Basbouss-Serhal et al., 2015).
Therefore, these transcripts must be degraded to
maintain dormancy.

CONCLUSION

In conclusion, we show here that the regulation of
germination by dormancy in Arabidopsis seeds relies
on the specific decay of positive and negative regulators
of this complex process. We demonstrate the role of 5’
to 3 mRNA degradation and the involvement of
mRNA secondary structure and specific motifs in the
selectivity of the decay. This work, which also allowed
us to reveal several new regulators of seed dormancy
and germination, opens novel fields of investigation in
seed biology that should lead to other pathways of
mRNA fate in seeds.

MATERIALS AND METHODS
Plant Material and Germination Assays

All mutant lines from Arabidopsis (Arabidopsis thaliana) were in the Col-0
background and are listed in Supplemental Table S1. T-DNA insertions in ho-
mozygous mutant plants were checked by PCR using two sets of primers
designed on the Salk database (http://signal.salk.edu/cgi-bin/tdnaexpress).
Seeds were stratified at 4°C for 2 to 4 d before sowing, and plants were grown at
20°C to 22°C under long days (16 h of light/8 h of dark). Seeds were harvested
dormant and were either stored at harvest at —20°C to maintain dormancy or
dormancy was alleviated by after-ripening consisting of storage in 56% relative
humidity at 20°C for 3 weeks (Basbouss-Serhal et al., 2016). Germination assays
were performed at 15°C or 25°C in darkness in three biological replicates of
50 seeds for each genotype in 9-cm petri dishes on a layer of cotton wool
covered by a filter paper sheet soaked with water or with ABA (107° m) or


http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01933/DC1
http://signal.salk.edu/cgi-bin/tdnaexpress
http://www.plantphysiol.org/
http://www.plantphysiol.org

GA, (107 m). A seed was considered germinated when the radicle had pro-
truded through the testa. Germination was scored daily for 8 d, and the results
presented correspond to the mean of the germination percentages obtained for
three biological replicates.

RNA Extraction

RNA was extracted from dormant seeds after 24 h of imbibition at 25°C in
three biological replicates. For each extraction, 30 mg of seeds was ground in
liquid nitrogen, and total RNA was extracted by a hot phenol and polyvinyl-
pyrrolidone procedure according to Verwoerd et al. (1989) and purified with
Macherey-Nagel nucleospin XS columns according to the manufacturer’s in-
structions. RNA extract was analyzed by a spectrophotometer (Nanovue; GE
Healthcare) to determine the RNA concentration at 260 nm, and RNA quality
(230400 nm) also was checked on agarose gels.

qRT-PCR

Total RNA (1 ug) was treated with DNase I (Sigma) and then was reverse
transcribed with Revertaid reverse transcriptase (Fermentas). The cDNAs
obtained were checked by agarose gel electrophoresis and with PCR amplifi-
cation of the actin gene (26 cycles). Amplification was then performed with real-
time PCR in Mastercycler epgradients Realplex* (Eppendorf) using 5 uL of
30X diluted cDNA solution. Real-time PCR was performed with the Maxima
SYBR Green/qPCR Master Mix (Fermentas) in a 15-uL reaction volume with
0.23 um of each primer (Eurogentec). The program for running quantitative
PCR was initiated at 95°C for 10 min followed by 30 cycles at 95°C for 30 s,
56°C for 30 s, and 72°C for 30 s. As reference genes, fragments of UBIQUITINS
and At4g12590 were amplified. The sequences of the primers used are pre-
sented in Supplemental Table S2. Critical thresholds were calculated using
Realplex’ software (Eppendorf), and relative expression was calculated
according to Hellemans et al. (2007). An arbitrary value of 100 was assigned
to the Col-0 seeds, which were used as a control sample for normalization
(Pfaffl, 2001). Results presented are means * sp of three biological replicates.
Statistical analyses were performed with StatBox 6.40 software (Grimmer
Logiciel). Data were normally distributed and with equal variance, and
Newman-Keuls tests (a« = 0.05) were performed after ANOVA.

DNA Microarray Hybridization Studies and Analysis

Microarray analysis was carried out at the Institute of Plant Sciences Paris-
Saclay using the CATMAV? array based on Agilent technology. The CATMAv7
design of the Arabidopsis genome was made with gene annotations included in
FLAGdb++, an integrative database around the plant genome (http://urgv.
evry.inra.fr/FLAGdb; Deérozier et al., 2011). The single high-density CATMAv7
microarray slide contains four chambers, each containing 149,916 primers. Each
60-bp primer is triplicate in each chamber for robust analysis and in both
strands. As part of all probes, 35,754 triplicates correspond to genes in TAIR
8 (among which 476 probes correspond to mitochondrial and chloroplast
genes), 1,289 probes correspond to EUGENE software predictions + 658 probes
for miRNA/MIR, and finally there are 240 controls. Three independent bio-
logical replicates were produced. For each comparison, one technical replicate
with fluorochrome reversal was performed for each biological replicate (i.e.
four hybridizations per comparison). The labeling of complementary RNAs
with Cy3-dUTP or Cy5-dUTP was performed as described in the Two-Color
Microarray-Based Gene Expression Analysis Low Input Quick Amp Labeling
manual (Agilent Technologies). The hybridization and washing were per-
formed according to Agilent Microarray Hybridization Chamber User Guide
instructions (Agilent Technologies). Two-micrometer scanning was performed
with InnoScan900 scanner (Innopsys), and raw data were extracted using
Mapix software (Innopsys). For each array, the raw data comprised the loga-
rithm of median feature pixel intensity at wavelengths 635 nm (red) and 532 nm
(green). For each array, a global intensity-dependent normalization using the
loess procedure (Yang et al., 2002) was performed to correct the dye bias. The
differential analysis is based on log ratios averaging over the duplicate probes
and over the technical replicates. Hence, the number of available data points for
each gene equals the number of biological replicates and is used to calculate the
moderated Student’s ¢ test (Smyth, 2004). Under the null hypothesis, no evi-
dence that the specific variances vary between probes is highlighted by limma;
consequently, the moderated ¢ statistic is assumed to follow a standard normal
distribution. To control the false discovery rate, adjusted P values found using

the optimized false discovery rate approach of Storey and Tibshirani (2003)
were calculated. We considered as differentially expressed probes with an
adjusted P = 0.05. Analysis was done with R software. The function Squeeze-
Var of the library limma was used to smooth the specific variances by com-
puting empirical Bayes posterior means. The library kerfdr was used to
calculate the adjusted P values.

Microarray data from this article were deposited at the Gene Expression
Omnibus (http:/ /www.ncbi.nlm.nih.gov/geo/; accession no. GSE68268) and
at CATdb (http://urgv.evry.inra.fr/CATdb/; project no. AU14-08_xrn_vcs)
according to Minimum Information about a Microarray Experiment standards.

GO Analysis

Subsets of genes were classified according to GO categories with the Clas-
sification SuperViewer Tool in the Bio-Analytic Resource for Plant Biology
(http:/ /bar.utoronto.ca). GO analysis results are presented using the software
REVIGO (http:/ /revigo.irb.hr; Supek et al., 2011), which allows one to plot the
GO data in two-dimensional space. REVIGO summarizes long, unintelligible
lists of GO terms by finding a representative subset of the terms using a simple
clustering algorithm that relies on semantic similarity measures. REVIGO al-
lows one to visualize the clusters in scatterplots in two-dimensional space,
assigning x and y coordinates to each term so that more semantically similar GO
terms also are closer in the plot. The disc color gradient (blue to red colors)
indicates the degree of GO enrichment corresponding to P values, while the disc
size is proportional to the frequency of the GO term in the underlying database.
The allowed similarity used was small (0.5), and the semantic similarity mea-
sure was SimRel.

Characterization of the 5’ UTR

A database of the 5" UTR of transcripts that are differentially abundant in
xrn4-5 and vcs-8 mutants was generated from TAIR (http://www.arabidopsis.
org using the tool Bulk data retrieval with the Arabidopsis Genome Initia-
tive numbers). Since this analysis took into account the 5’ UTR sequences up to
—500 bp, we identified 2,298 5" UTR sequences from the 2,312 transcripts dif-
ferentially abundant in vcs-8 and 826 5’ UTR sequences from the 973 transcripts
differentially abundant in xrn4-5. The minimal energy for secondary structures
was calculated using RNAfold. The nucleotide composition of UTRs was de-
termined using MFOLD (http://mfold.rna.albany.edu/). Overrepresented
motifs in the 5" UTR were identified on UTRs of transcripts more abundant in
mutants with TAIR. Motif enrichment represents the ratio of the frequency of
the motif overrepresented in the coexpressed genes to the frequency of this
motif in the 5" UTR in the whole genome of Arabidopsis (calculated with TAIR).
Annotations of miRNA targets were according to the Arabidopsis miRNA
target database (http://ppi.bioinfo.asia.edu.tw/At_miRNA/index.php).

mRNA Stability

To assess mRNA stability, we analyzed the level of several transcripts in
Col-0, xrn4-5, and vcs-8 dry seeds and seeds incubated for 6, 16, and 24 h at
25°C in darkness with 50 um cordycepin, which inhibits transcription. Total
RNA was extracted, and mRNA levels were assessed by qRT-PCR analyses as
described above. The percentages of the remaining mRNAs calculated rela-
tive to dry seeds for each genotype were plotted against time, and a regres-
sion curve was obtained.

Accession Numbers

Gene data from this article can be found in Supplemental Table S1 and
correspond to Gene Expression Omnibus (http://www.ncbinlm.nih.gov/
geo/) accession number GSE68268.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phenotypic characterization of the growth and
seed production of Col-0, xrn4-3, xrn4-5, vcs-8, and vcs-9 plants grown at
22°C.

Supplemental Figure S2. MA plots of transcripts in xrn4-5 and vcs-8 mu-
tants.
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Supplemental Figure S3. Validation of microarray results by qRT-PCR.

Supplemental Figure S4. Effects of ABA and GA on the germination of
seeds of asp mutants.

Supplemental Table S1. Characterization of the T-DNA mutant lines
studied.

Supplemental Table S2. Sequences of primers used for qRT-PCR experiments.

Supplemental Data Set S1. mRNA abundance in xrn4-5 and vcs-8 mutants
after 24 h of imbibition at 25°C.

Supplemental Data Set S2. GO clustering of transcripts more abundant in
xrn4-5.

Supplemental Data Set S3. GO clustering of transcripts more abundant in
ves-8.

Supplemental Data Set S4. Target of miRNA up-regulated in xrn4-5 and
vcs-8 mutants.

Supplemental Data Set S5. Constant genes chosen for the mRNA feature
analysis (AG and GC content calculations).
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