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DEAD-box RNA helicases belong to an RNA helicase family
that plays specific roles in various RNA metabolism pro-
cesses, including ribosome biogenesis, mRNA splicing, RNA
export, mRNA translation and RNA decay. This study inves-
tigated a DEAD-box RNA helicase, AtRH7/PRH75, in
Arabidopsis. Expression of AtRH7/PRH75 was ubiquitous;
however, the levels of mMRNA accumulation were increased
in cell division regions and were induced by cold stress. The
phenotypes of two allelic AtRH7/PRH75-knockout mutants,
atrh7-2 and atrh7-3, resembled auxin-related developmental
defects that were exhibited in several ribosomal protein mu-
tants, and were more severe under cold stress. Northern blot
and circular reverse transcription-PCR (RT-PCR) analyses
indicated that unprocessed 18S pre-rRNAs accumulated in
the atrh7 mutants. The atrh7 mutants were hyposensitive to
the antibiotic streptomycin, which targets ribosomal small
subunits, suggesting that AtRH7 was also involved in ribo-
some assembly. In addition, the atrh7-2 and atrh7-3 mutants
displayed cold hypersensitivity and decreased expression of
CBF1, CBF2 and CBF3, which might be responsible for the
cold intolerance. The present study indicated that AtRH7
participates in rRNA biogenesis and is also involved in plant
development and cold tolerance in Arabidopsis.

Keywords: Arabidopsis ¢ AtRH7 e Cold stress ¢ DEAD-box
RNA helicase ¢ Embryo development e rRNA biogenesis.

Abbreviations: AtRH, Arabidopsis RNA helicase; CBF,
C-repeat binding factor; ETS, external transcribed sequence;
GUS, B-glucuronidase; ITS, internal transcribed sequence; 1/2
MS, half-strength Murashsige and Skoog, MV, methyl violo-
gen; NTC, nascent transcript cleavage; qRT-PCR, quantitative
real-time polymerase chain reaction(PCR); RPL, ribosomal
proteins of the large subunit; RTC, released transcript cleav-
age; RT-PCR, reverse transcription—PCR; WT, wild type.

Introduction =

RNA helicases are enzymes that can rearrange ribonucleopro-
tein complexes and modify RNA structures, and are therefore
involved in all aspects of RNA metabolism (Linder 2006,

Hubstenberger et al. 2013, Russell et al. 2013). On the basis of
the amino acid sequences and the structural features of these
proteins, RNA helicases have been grouped into helicase super-
family 1 and 2 (Fairman-Williams et al. 2010). The DEAD-box
family is the largest RNA helicase family and contains nine
conserved motifs that constitute the helicase core domain.
DEAD-box RNA helicase family members exhibit variable pro-
tein sizes and compositions of their N- and C-terminal exten-
sion sequences. These extension sequences have been proposed
to provide substrate binding specificity, signals for subcellular
localization or interaction domains with accessory compart-
ments (Cordin et al. 2006, Fairman-Williams et al. 2010, Byrd
and Raney 2012). Therefore, each DEAD-box RNA helicase plays
a specific and crucial role in particular RNA metabolic pro-
cesses, including transcription, tRNA and rRNA processing,
microRNA expression and processing, mRNA splicing, RNA
nucleocytoplsmic transportation, mRNA translation and RNA
degradation (Rocak and Linder 2004, Cordin et al. 2006, Linder
and Fuller-Pace 2013).

In total, 58 DEAD-box RNA helicases have been annotated in
the Arabidopsis genome (Okanami et al. 1998, Aubourg et al.
1999, Boudet et al. 2001, Mingam et al. 2004). Certain RNA
helicases have been associated with a variety of cellular func-
tions, plant development regulation and response to abiotic
and biotic stresses (Okanami et al. 1998, Aubourg et al. 1999,
Boudet et al. 2001, Mingam et al. 2004). For example, AtRH3,
AtRH22/HS3 and AtRH39 encode the chloroplastic DEAD-box
RNA helicases involved in intron splicing and rRNA maturation
in the chloroplast. Loss of function of AtRH3, AtRH22/HS3 or
AtRH39 leads to abnormal chloroplast development, which is
represented by a pale-green seedling phenotype (Gong et al.
2005, Kant et al. 2007, T.S. Huang et al. 2010, Xu et al. 2011, Hsu
et al. 2014, Khan et al. 2014). AtRH47/ISE1, localized to mito-
chondria, is essential for regulation of cell-cell transport via
plasmodesmata, and affects embryo  development
(Stonebloom et al. 2009, Burch-Smith et al. 2011). AtRH36/
SWAS3 is required for female gametophyte development and
plays an essential role in rRNA biogenesis (C.K. Huang et al.
20103, CK. Huang et al. 2010b, Liu et al. 2010). AtRH57 is
involved in rRNA biogenesis, glucose- and ABA-dependent
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inhibition of germination and early seedling development (Hsu
et al. 2014). Three DEAD-box RNA helicases, AtRH5, AtRH9 and
AtRH25, respond to multiple abiotic stresses (Kant et al. 2007,
Kim et al. 2008). AtRH38/LOS4 plays a crucial role in the export
of RNA molecules from the nucleus to the cytoplasm (Gong
et al. 2002, Gong et al. 2005). Despite the cellular and biological
functions of these RNA helicases in the various processes of
RNA metabolism, development and stress responses, the func-
tions of most DEAD-box RNA helicases in Arabidopsis remain
unclear and thus require further study.

In eukaryotic cells, the 455/35S rRNA precursor, which com-
prises 5'-ETS-18S rRNA-ITS1-5.85 rRNA-ITS2-25S rRNA-
3-ETS (ETS, external transcribed sequence; ITS, internal
transcribed sequence), is transcribed in the nucleolus by RNA
polymerase |, whereas 55 rRNA is transcribed by RNA polymer-
ase Ill. The 18S, 5.8S and 25S rRNAs are formed by cleavage of
the 455/35S rRNA precursor. DEAD-box RNA helicases have
been reported to play vital roles in rRNA biogenesis in several
organisms (Rodriguez-Galan et al. 2013, Thomson et al. 2013,
Woolford and Baserga, 2013, Ebersberger et al. 2014). In yeast
and humans, 18 and 25 distinct DEAD-box RNA helicases, re-
spectively, are required for rRNA biogenesis (Martin et al. 2013,
Rodriguez-Galan et al. 2013). These DEAD-box RNA helicases
are required to anneal and unwind small nucleolar RNA
(snoRNA)—pre-rRNA base pairings to modulate specific chem-
ical modifications following specific nuclease attacks, and re-
arrange rRNA-protein or protein—protein interactions for
highly dynamic compositional changes in each rRNA process-
ing step (Martin et al. 2013). Few RNA helicases involved in
plant ribosome biogenesis have been characterized. Defects in
AtRH36, AtRH57 or MTR4 result in pre-rRNA accumulation
(CK. Huang et al. 2010b, Lange et al. 2011, Hsu et al. 2014).
Each of these proteins might play crucial roles at various steps
of rRNA maturation, and distinct phenotypes are displayed in
their knockout mutants: absence of a homozygous mutant in
atrh36 (CK. Huang et al. 2010b); hypersensitivity to glucose
inhibition of seedling growth in atrh57 (Hsu et al. 2014); and
pointed first true leaf at the first true-leaf stage in mtr4 (Lange
et al. 2011). Thus, these RNA helicases require investigation at
the molecular level to determine their involvement in specific
rRNA processing steps.

The At5g62190 gene encodes AtRH7/PRH75, which is a 671
amino acid protein and exhibits three conserved domains,
namely DExDc, HELICc and GUCT, of the DEAD-box RNA heli-
cases. Previous studies have demonstrated that AtRH7/PRH75
loses its helicase activity through isoaspartyl formation, which
can be recovered using protein isoaspartyl methyltransferase
(Nayak et al. 2013). Seeds of atrh7/prh75 are deformed and
shrunken, which indicates that AtRH7/PRH75 is crucial for
seed development (Nayak et al. 2013). Although AtRH7/
PRH75 targets the nucleolus (Lorkovic et al. 1997) and is pre-
sumably involved in ribosome maturation, the exact cellular
function of this protein remains unknown.

This study investigated whether AtRH7/PRH75 plays a vital
role in pre-rRNA processing. The results indicated that AtRH7
expression was ubiquitous and activated in regions of cell

division of plants. The expression of AtRH7 was also induced
by cold stress. Two allelic atrh7 mutant lines displayed pheno-
types that resembled the auxin-related developmental defects
exhibited in several ribosomal protein mutants, and cold in-
tolerance. Moreover, these atrh7 mutants exhibited 185 rRNA
precursor accumulation, which resulted in the delay of rRNA
processing. Cold stress enhanced accumulation of the precur-
sor. These findings indicate that AtRH7 participates in rRNA
biogenesis and acts sequentially in adaptation to cold stress in
Arabidopsis.

Results

AtRH7 expression is ubiquitous and active in
regions undergoing cell division

Amino acid sequence analysis indicated that AtRH7 contained
conserved domains of the DEAD-box RNA helicase; an
N-terminal KDES domain rich in lysine (K), glutamic acid (D),
aspartic acid (E) and serine (S); and a C-terminal GYR domain
containing 21 glycine residues (Supplementary Fig. S1). An
amino acid sequence-based phylogenetic analysis indicated
that RH7 proteins were conserved in land plants
(Supplementary Fig. S2) and were slightly related to human
DDX21/Gu o RNA helicase.

To determine the relative expression levels of AtRH7 in
Arabidopsis, total RNAs were isolated from a variety of vegeta-
tive and reproductive tissues and were subjected to quantita-
tive real-time PCR (qRT-PCR) with specific primers
(Supplementary Table S2). The AtRH7 transcript was detected
in all of the selected tissues and organs, including imbibed
seeds, roots, whole seedlings, stems, shoot apices, flower
buds, pollens, siliques, and rosette, cauline and senescent
leaves (Fig. 1A). To analyze the temporal and spatial expression
patterns of AtRH7, transgenic plants expressing an AtRH7 pro-
moter-driven GUS (B-glucuronidase) chimeric gene were gen-
erated (Fig. 1B-M). Over 20 independent transgenic plants
were obtained and three transgenic lines were selected for
GUS activity analysis. GUS activity was detectable in the germi-
nating seeds (Fig. 1B) as well as the seedling cotyledons and
roots (Fig. 1C), and this activity was predominantly observed in
the vegetative apex (Fig. 1D), veins and distal zone of the coty-
ledon (Fig. 1E), root—hypocotyl transition zone (Fig. 1C), root
vasculature, primary root meristem and lateral root primor-
dium of the seedling (Fig. 1F). GUS activity in the mature ros-
ette leaf was primarily detected in the serrated margin and
trichomes (Fig. 1G-1). GUS activity in the flower was primarily
associated with the anthers, stigma, sepals, petals and recep-
tacle (Fig. 1)). During embryogenesis, GUS activity was detected
in the pre-cotyledon and root meristem at the heart (E,) and
torpedo (E,) stages (Fig. 1K, L). Moreover, the cotyledon ex-
hibited strong GUS staining, whereas the hypocotyl procam-
bium exhibited weak GUS staining at the bent cotyledon (Ey.)
stage (Fig. TM). Thus, AtRH7 expression was ubiquitous at all
plant developmental stages examined and was detected pre-
dominantly in regions undergoing cell division.
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Fig. 1 AtRH7 expression patterns. (A) Quantitative RT-PCR analysis of AtRH7 expression in Arabidopsis. Total RNA was isolated from imbibed
seeds, roots, whole seedlings, rosette leaves, stems, shoot apices, flower buds, pollens, siliques, and cauline and senescent rosette leaves.
Arabidopsis ACTT was used as an internal control. Error bars indicate the SDs of three replicate experiments. (B—-M) B-Glucuronidase (GUS)
activity in AtRH7 promoter-driven GUS transgenic Arabidopsis. GUS activity is shown in (B) an imbibed seed, (C) seedling, (D) seedling meristem,
(E) cotyledon, (F) root, (G) rosette leaf, (H, 1) leaf trichomes, (J) inflorescence, (K) heart embryo stage, (L) torpedo embryo and (M) bent
cotyledon embryo. Arrows indicate areas of high GUS activity at (C) the root—hypocotyl transition zone, (D) vegetative apex, (E) distal zone of
the cotyledon and (F) primary root meristem and lateral root primordium of the seedling. Scale bar =50 pm.
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AtRH7 disruption causes severe defects in
plant development

To elucidate the biological and cellular functions of AtRH7,
three independent T-DNA insertion mutant lines obtained
from the ABRC (Arabidopsis Biological Resource Center),
namely atrh7-1 (GABI-Kat 305C08), atrh7-2 (SALK_0606856)
and atrh7-3 (SALK_018195), were characterized and identified
using genomic DNA PCR (Supplementary Fig. S3A, B). RT-PCR
analysis detected AtRH7 mRNAs in the atrh7-1 mutant lines, in
which a T-DNA was inserted in the AtRH7 promoter region, but
not in the atrh7-2 and atrh7-3 mutant lines, in which T-DNA
was inserted at exon 8 and intron 7, respectively
(Supplementary Fig. S3C). Therefore, the atrh7-2 and atrh7-
3 mutant lines were selected to assess the role of AtRH7 in
Arabidopsis. Delayed seed germination was observed in both
atrh7 mutants as compared with wild-type (WT) seeds. Seed
germination rates of the atrh7-2 and atrh7-3 mutants were
45+7.9% and 43+9.5%, respectively, on day 3 (Fig. 2A;
Supplementary Table S3), and >94% of seeds of both atrh7
mutants were germinated after a 7 d incubation (Fig. 2B;
Supplementary Table S3). The atrh7-2 and atrh7-3 seedlings
displayed narrow points on the first leaves (Fig. 2C, D), short
roots and a few branched roots (Fig. 2E). Some cotyledons
displayed a vein structure with two closed loops, whereas
dead-end veins were observed in some cotyledons of the
atrh7-2 and atrh7-3 seedlings (Fig. 2F). The mature atrh7-2
and atrh7-3 plants exhibited a smaller overall size (Fig. 2G,
H), as well as a 6-7 d delay in bolting (Fig. 2G;
Supplementary Fig S4), compared with WT plants. After pol-
lination, the atrh7-2 and atrh7-3 plants produced shorter si-
liques than did WT plants (Fig. 21, J). The phenotypes of atrh7-2
and atrh7-3 mutants could be complemented fully by expres-
sion of AtRH7 cDNA (Supplementary Fig. S5).

AtRH7 involvement in embryo development

The segregation ratios of the atrh7-2 and atrh7-3 heterozygous
progeny were 1:2:0.43 (35:66:15) and 1:2:0.04 (51:98:2)
(Table 1), respectively. The distinct reduction in the number
of homozygotes among the atrh7-2 and atrh7-3 progeny sug-
gests that AtRH7 knockout may, in principle, cause defects in
embryogenesis, seed germination or seedling development.
However, all seeds from atrh7-2 and atrh7-3 heterozygotes ger-
minated, which suggested that AtRH7 does not affect seed
germination and seedling development. Therefore, embryo
morphology at all stages of embryogenesis was observed and
analyzed. Enlarged globular (Fig. 3A) and heart embryos (Fig.
3B) in the early stage and abnormal mature green cotyledons
(Fig. 3C) (development of only one cotyledon, three cotyle-
dons, or a mature green cotyledon with a twisted structure)
in the late stage of embryogenesis were observed in atrh7-2
homozygote plants. A consistent seed set was observed in
the siliques of the atrh7-3 homozygote plants (Fig. 3A, B).
The mature atrh7-2 mutant seeds were shrunken
(Supplementary Fig. S6), and approximately 5% of the
atrh7-2 seedlings displayed either a single cotyledon, asymmet-
ric cotyledons or three cotyledons (Fig. 3D). These results

indicated that AtRH7 deficiency caused defects in embryogen-
esis and initiation of asymmetric cell division.

The morphological progression of embryogenesis in
Arabidopsis has been categorized into the following stages:
pre-globular stage (E,,), globular stage (Eg), heart stage (Ep),
torpedo stage (E.), linear cotyledon stage (E,.), bent cotyledon
stage (E,c), mature green cotyledon stage (Eg) and terminated
dormant seed (Supplementary Fig. S7A). To examine the stage
at which AtRH7 deficiency affects Arabidopsis embryo devel-
opment, atrh7 (+/—) heterozygous mutants were observed at
each stage of embryogenesis. Approximately 25% of the de-
veloping seeds exhibited abnormal morphology in the atrh7-2
(+/—) and atrh7-3 (+/—) heterozygotes (Fig. 3E); 18% and 26%
pale green seeds were obtained from among 234 atrh7-2 seeds
and 258 atrh7-3 seeds, respectively. The WT siliques exhibited
synchronous seed development, with two or three sequential
developmental stages (Table 2). However, non-synchronous
seed development was observed in a silique of the atrh7-2
(4+/—) heterozygous plants; approximately 75% of the seeds
were normal green and at normal developmental stages,
whereas approximately 25% were pale green and their devel-
opment was arrested at the globular stage with enlarged globu-
lar embryos (Table 3). For example, among the 40 analyzed
embryos from Silique 6 (S6), four were arrested at the pre-
globular stage, 12 at the globular stage, one at the torpedo
stage, 20 at the linear cotyledon stage and three at the bent
cotyledon stage (Table 3; Supplementary Fig. S7B). In Silique 9
(S9), 39 embryos were analyzed, of which nine were arrested at
the globular stage and 30 at the mature green cotyledon stage
(Table 3; Supplementary Fig. S7B). These results indicate that
AtRH7 played a critical role at the globular stage during em-
bryogenesis in Arabidopsis.

AtRH?7 is necessary for tolerance to prolonged
cold stress in Arabidopsis

To examine AtRH7 expression under various stresses in
Arabidopsis, 2-week-old WT seedlings were treated with cold
(4°C for 12 h), osmotic (250 mM mannitol), salt (150 mM
Nacl), drought (10 min air drying), heat (37°C for 3 h) or oxi-
dative [5 UM methylviologen (MV)] stresses. Total RNAs were
isolated and subjected to qRT-PCR analysis. The level of AtRH7
transcripts was not affected in the seedlings under osmotic, salt,
drought and heat stresses; however, the cold-stressed seedlings
exhibited a 3-fold increase in AtRH7 mRNA expression levels
(Fig. 4A). These results indicated that AtRH7 expression re-
sponds to cold stress and that AtRH7 may participate in cold
tolerance. To assess their cold tolerance capability, WT, atrh7-2
and atrh7-3 seedlings were grown in growth chambers at 4 and
22°C, and their seedling morphologies were compared. The
atrh7-2 and atrh7-3 seedlings grown at 4°C displayed more
severe phenotypes of growth retardation, a pointed first leaf
and pale green true leaves compared with the atrh7-2 and
atrh7-3 seedlings grown at 22°C (Fig. 4B—D). Under prolonged
cold stress, the leaves of atrh7-2 and atrh7-3 plants became
withered and purple-colored (owing to anthocyanin accumu-
lation) and eventually died (Fig. 4D), whereas the leaves of WT
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Fig. 2 Phenotypes of the Arabidopsis atrh7 mutants. (A) Wild-type (WT), atrh7-2 and atrh7-3 seeds were germinated on 1/2 MS medium
supplemented with 1% sucrose for 3 d. (B) WT, atrh7-2 and atrh7-3 seedlings were grown on 1/2 MS medium supplemented with 1% sucrose for
5 d. (C) The first true leaves of WT, atrh7-2 and atrh7-3 seedlings. (D) Two-week-old WT, atrh7-2 and atrh7-3 seedlings. (E) Cotyledon vein
patterns of WT, atrh7-2 and atrh7-3 seedlings. (F, G) WT, atrh7-2 and atrh7-3 mutants were grown in pots under normal conditions for 35 d (F)
and 55 d (G). (H) Inflorescence of the WT, atrh7-2 and atrh7-3 mutants. (I) WT, atrh7-2 and atrh7-3 mutant siliques. Scale bar=1 cm.
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Table 1 The progeny genotypes from self-crossed wild-type and
heterozygous mutant plants

Parental genotype No. of progeny x* test
+/+ +/m m/m

wr 41 - - P=1

atrh7-1/AtRH7 4 11 5 P=0.86

atrh7-2/AtRH7 35 66 15 P =2.94E-3

atrh7-3/AtRH7 51 98 2 P =5.53E-11

+, wild-type allele; m, the mutant allele.

Table 2 Synchrony of embryogenesis in various developmental si-
liques in wild-type Arabidopsis

Silique No. of seeds at developmental stages Total embryos

Epe Es En  E Ec  Epe  Eng
S1 34 8 42
52 32 1 33
s3 20 19 39
s4 4 4o 44
s5 2 12 3 45
6 4 48 52
57 58 10 68
58 4 44

“ Pre-globular stage (E,g), globular stage (E;), heart stage (E), torpedo stage (E),
linear cotyledon stage (E,.), bent cotyledon stage (E,.) and mature green coty-
ledon stage (Emg).

Table 3 Delayed embryogenesis in the globular stage in various
developmental siliques in atrh7 heterozygous Arabidopsis

Silique No. of seeds at developmental stages Total embryos

Ee Eg E, E. Ec Epc Emg
S1 5 15 20
S2 1 9 14 10 34
S3 4 4 1 17 26
S4 3 7 16 10 36
S5 3 8 7 16 1 35
S6 4 12 1 20 3 40
S7 6 28 34
S8 4 4 8 17 33
59 9 30 39

“ Pre-globular stage (E,g), globular stage (E;), heart stage (E), torpedo stage (E),
linear cotyledon stage (E,.), bent cotyledon stage (E,.) and mature green coty-
ledon stage (Emg).

plants remained green and healthy (Fig. 4D). These results
indicated that AtRH7 plays a positive role in cold tolerance in
Arabidopsis.

To investigate the mechanism by which AtRH7 enhanced
cold tolerance, 2-week-old WT, atrh7-2 and atrh7-3 seedlings
were subjected to cold stress for 4-48 h, after which CBF1
(C-repeat binding factor 1), CBF2, CBF3 and COR15a expression
patterns were examined. The level of AtRH7 mRNA was

increased by cold treatment, peaked at 24 h of cold treatment
and then decreased slightly under cold stress for 48 h (Fig. 5A).
The WT seedlings exhibited increased CBF1, CBF2 and CBF3
expression levels under cold stress for 4, 8, 12, 24 and 24 h
(Fig. 5B). In contrast, the expression levels of CBF induced by
cold stress were markedly lower in the atrh7-2 and atrh7-3
seedlings (Fig. 5B). In addition, the mRNA levels of a CBF down-
stream gene, COR15a, were markedly lower in the atrh7-2 and
atrh7-3 seedlings than in WT seedlings (Fig. 5). These results
indicate that AtRH?7 is vital for the CBF-mediated cold response
system in Arabidopsis.

AtRH7 participates in rRNA biogenesis

rRNA biogenesis occurs in the nucleolus with transcription of
the 455/35S rRNA precursors by RNA polymerase | and multiple
processing steps of two alternative processing mechanisms:
nascent transcript cleavage (NTC) and released transcript
cleavage (RTC) (Lafontaine et al. 1995, Kressler et al. 1999,
Hang et al. 2014). AtRH7 is localized in the nucleolus
(Lorkovic et al. 1997); therefore, rRNA biogenesis processing
in atrh7-2 and atrh7-3 plants was examined. Two-week-old
WT, atrh7-2 and atrh7-3 seedlings were grown in a non-stress
condition (22°C) and under cold stress (4°C). Total RNAs were
isolated from the seedlings and subjected to qRT-PCR to evalu-
ate the abundance of the rRNA precursor. Specific primers were
designed to detect the various regions of 35S pre-rRNA
(Supplementary Fig. S8A). In the non-stressed condition, the
5-ETS, ITS1, ITS2 and 3'-ETS levels were about 2-fold higher in
the atrh7-2 and atrh7-3 plants compared with the WT plants
(Supplementary Fig. S8B). This result indicated that AtRH7
participates in 455/35S pre-rRNA processing in Arabidopsis.
The relative levels of 5’-ETS and ITS2 fragments in cold-stressed
seedlings were 2.5-fold higher in the atrh7-2 and atrh7-3 plants
than in the WT plants (Supplementary Fig. S8B), and the
relative levels of ITS1 fragments were 4.5- and 6-fold higher in
the atrh7-2 and atrh7-3 plants under cold stress, respectively,
than in WT plants (Supplementary Fig. S8B).

To examine further the accumulated pre-rRNAs in the
atrh7 mutants, total RNAs were isolated from either the
control or cold-stressed WT, atrh7-2 and atrh7-3 plants,
and then subjected to Northern blot analysis with specific
probes (Fig. 6A).

Three fragments, namely 355/33S, 32S and P-A3/P-A2, were
detected using the 5'-ETS probe (S5) (Fig. 6B). The accumu-
lated levels of the 355/33S fragment were higher in the atrh7
mutants than in the WT mutants, regardless of whether they
were treated with cold or not, whereas levels of 32S and P-A3/
P-A2 were only markedly increased in atrh7 mutants under cold
treatments. Three ITS1 probes, S7, P42 and P43, were used to
detect pre-rRNAs. Taking all data from ITS1 probes together,
fragments of 355/33S, 32S, 27SA(?), P-A3/P-A2 and 185-A3/18S-
A2 were detected (Fig. 6B). The accumulated levels of these
pre-rRNAs in the atrh7 mutants were higher than those in the
WT, except for that of the P-A3/P-A2 (Fig. 6B). Cold stress
treatments further increased the levels of 35S5/33S, 32S,
27SA(?), P-A3/P-A2 and 185-A3/18S-A2 in the atrh7 mutants
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A

atrh7-2 (+/-)

atrh7-3 (+/-)

Fig. 3 Seed development in the developing siliques of atrh7-2 homozygous and atrh7-2 (+/—) heterozygous plants. (A) The developing siliques
of the atrh7-2 and atrh7-3 homozygous mutants exhibited abnormal embryo development in the globular stage. The globular embryos are
indicated by red arrows. (B) Developing siliques of the atrh7-2 and atrh7-3 homozygous mutants exhibited abnormal embryo development in the
heart stage. The heart embryos are indicated by black arrows. (C) Developing siliques of the atrh7-2 homozygous mutants exhibited abnormal
embryo development in the mature green stage. (D) Abnormal seedling morphology observed in the atrh7-2 homozygous mutants. The atrh7-2
homozygous seedlings exhibited single or asymmetric cotyledons. (E) The number of aborted seeds in developing siliques produced by atrh7-2
(+/=) and atrh7-3 (+/—) heterozygotes was higher than in developing siliques of the WT. The aborted seeds are indicated by arrows. Scale
bar =100 pum.

9702 ‘2T Ateniged uo Ariqi 80UBI0S 81 TeOIUIS BIWBPROY e /610'seulnopiojxo-dody/:dny wouy pepeojumoq


http://pcp.oxfordjournals.org/

2
w o

| AtrH7

~
o

=

(=]
e b a2 b oW

Relative mRNA expression

:IIZMS ColdOsmotic Salt Drought Heat Oxidative

B WT

22°C, 16 d

Fig. 4 Cold-intolerant phenotype in the atrh7 mutants. (A) AtRH7
expression patterns under various stress treatments. Two-week-old
seedlings were subjected to cold (4°C for 12 h), osmotic (250 mM
mannitol for 12 h), salt (150 mM NaCl for 12 h), drought (air-dried for
10 min), heat (37°C for 3 h) and oxidative (5 tM MYV for 12 h) stresses.
Total RNA was isolated and subjected to qRT-PCR analysis. ACTT was
used as a control to normalize RNA signals. The qRT-PCR error bars
indicate the SDs of three replicate experiments. (B—D) Comparison of
the vegetative morphology of wild-type (WT), atrh7-2 and atrh7-3
seedlings under cold stress. The WT, atrh7-2 and atrh7-3 seedlings
were grown at 22°C for 16 d (B), 4°C for 28 d (C) or 4°C for 45 d (D).

(Fig. 6B; Supplementary Fig. S9), and were consistent with
results from gRT-PCR (Supplementary Fig. S8B). Using the
ITS2 probe (S9) to detect pre-rRNAs, the levels of 355/33S,
32S 27SA(?)/B and 7S pre-rRNAs were increased in the atrh7
mutants, compared with the WT in both normal and cold stress
conditions (Fig. 6B). The 18S (P4) and 25S (P10) probes were
used as internal controls.

Circular reverse transcription-PCR (RT-PCR) was per-
formed to determine the precise processing sites of accumu-
lated pre-rRNAs in the atrh7 mutants. Total RNAs of the WT,
atrh7-2 and atrh7-3 plants were circularized by an RNA ligase
and then subjected to cDNA synthesis with a specific primer,
18S cRT. Subsequently, the pre-rRNAs were amplified by PCR
using the primers shown in Fig. 7, and the nucleotide sequences
of the fragments were determined (Supplementary Fig. $10).
The accumulated levels of P-A3 and 20S were slightly higher in
the atrh7 mutants than in the WT plants, whereas the mature
18S RNA levels did not markedly differ between the WT and the
atrh7 mutants (Fig. 7A, B). Using the ITS1F and c18SR primer
pair, the P-A3, P’-A3 and 20S fragments were amplified, and the
amount of 20S was increased in the atrh7 mutants (Fig. 7C, D).
Interestingly, the P-A2 fragment was amplified (Fig. 7C, D;
Supplementary Fig. $10), implying that the unexpected pre-
rRNA fragments could be detected by Northern blot (P-A3/
PA2, Fig. 6B). The primer pair, 3'ETSF and 5'ETSR, was used
to amplify the pre-rRNAs; higher levels of 33S and 32S (A1) were
accumulated in the atrh7 mutants than in the WT (Fig. 7E, F).
Cold stress further increased the P-A3, 20S, 33S and 32S levels
(Fig. 7). Taken together, these results indicate that AtRH7 ex-
pression is required for processing mechanisms of the rRNA
precursor in Arabidopsis.

The atrh7 mutants exhibit resistance
to ribosomal antibiotics

To examine whether the atrh7 mutants show defective ribo-
some assembly, streptomycin, spectinomycin, chloramphenicol
and erythromycin were used to test the WT, atrh7 mutants and
AtRH7 complemented plants. The WT and AtRH7 comple-
mented lines developed longer roots than the atrh7 mutants
in half-strength Murashige and Skoog (1/2 MS) medium (Fig.
8A). However, the atrh7 mutants exhibited substantial resist-
ance to streptomycin and produced longer roots and more
intense green pigmentation in the cotyledons and leaves
under 30 pg ml~' streptomycin treatment than the WT or
AtRH7 complemented lines (Fig. 8B). In addition, the atrh7
mutants exhibited mild resistance to 20 ug ml™" spectinomycin
and 10 pg ml~" chloramphenicol, and a similar root length to
the WT or AtRH7 complemented lines was observed in both
treatments (Fig. 8C, D). In contrast, the atrh7 mutants ex-
hibited higher sensitivity and shorter roots under erythromycin
treatment, compared with those on 1/2 MS medium, but the
same trend as those growth on 1/2 MS medium was observed
(Fig. 8E). Image ) software was used to calculate the lengths of
roots from 15 seedlings grown in 1/2 MS medium with or with-
out antibiotics. The relative root length patterns were similar
when seedlings were grown on either 1/2 MS medium or
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Fig. 5 Expression of cold-responsive genes in atrh7 mutants. Total RNA was isolated from 2-week-old seedlings treated with cold stress (4°C) and
then was subjected to qRT-PCR analysis. Relative mRNA expression levels were determined by normalization relative to the abundance of ACT1
transcripts. Error bars indicate the SDs of three replicate experiments. (A) Expression of AtRH7 in seedlings treated with cold stress for 0, 12, 24
and 48 h. (B) Expression of CBF1, CBF2, CBF3 and COR15a in seedlings treated with cold stress for 0, 4, 8, 12 and 24 h.

erythromycin-containing medium, but the average root lengths
of all lines on erythromycin-containing medium were shorter
than those on 1/2 MS medium; whereas the atrh7 mutants
exhibited 1.5-fold longer or identical root lengths compared
with those of the WT and AtRH7 complemented lines under
streptomycin, spectinomycin and chloramphenicol treatments
(Fig. 8F). Various concentrations of antibiotics were examined,
and the results showed that the atrh7 mutants exhibited

substantial resistance to streptomycin, whereas they exhibited
mild resistance to spectinomycin and chloramphenicol, as
compared with the WT (Supplementary Fig. S11). These re-
sults indicate that the atrh7 mutation caused defects in rRNA
processing and accumulation of pre-rRNA products; these ef-
fects might impact on ribosome assembly and alter ribosome
conformation at antibiotic-binding sites, which would reduce
specific antibiotic affinity.
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185


http://pcp.oxfordjournals.org/

PCP C.-K. Huang et al. | The DEAD-box protein AtRH7 functions in pre-rRNA processing

PLANT & CELL PHYSIOLOGY

186

Discussion

The AtRH7 gene encodes a DEAD-box RNA helicase that con-
tains double-stranded RNA-unwinding activity (Nayak et al.
2013) and localizes in the nucleolus (Lorkovic et al. 1997).
The present results demonstrated that AtRH7 plays a critical
role in pre-rRNA processing in both NTC and RTC mechanisms
in Arabidopsis. Two allelic atrh7 mutants, atrh7-2 and atrh7-3,
exhibited several developmental defects during seed germin-
ation, seedling growth and embryogenesis. In addition, the mu-
tants displayed cold hypersensitivity and developmentally
defective phenotypes of greater severity compared with the
seedlings grown in the non-stressed condition. This study also
provided biochemical and biological evidence for the connec-
tion between rRNA biogenesis and plant development, as well
as adaptation to cold stress, in Arabidopsis.

Several reports have indicated that knockout of genes
involved in rRNA biogenesis, such as PARL1/Nucleolin, MTR4,
APUM23, AtXRN2 and DIM1A (Petricka and Nelson 2007,
Abbasi et al. 2010, Zakrzewska-Placzek et al. 2010, Lange
et al. 2011, Wieckowski and Schiefelbein 2012, Huang et al.
2014), and those involved in ribosome assembly, such as
RPL4A, RPL4D, RPS18, RPLSA, RPL5B, RPL23A, RPL27a,
RPL24B/SHORT VALVE1 (STV1) and RPL28A (Ito et al. 2000,
Nishimura et al. 2005, Yao et al. 2008, Rosado and Raikhel 2010,
Szakonyi and Byrne 2011), cause auxin-related phenotypes. All
these mutants exhibit abnormal vein structure in cotyledons, a
pointed first leaf in young seedlings, growth rate reduction in
roots and short siliques in the reproductive phase. Moreover,
loss of expression of RPL24B, RPL4a, RPL4d or RPL5 decreases
the translational levels of auxin response factors (ARFs), such
as ARF2, ARF3 and ARF5, in Arabidopsis (Yao et al. 2008,
Rosado et al. 2012). Auxin promotes cell growth and coincides
with an increase in the total nucleic acid and protein content
(Perrot-Rechenmann 2010). Recent studies have indicated that
auxin action requires the modulation of ribosome biogenesis
(Rosado and Raikhel 2010, Horiguchi et al. 2012). AtRH7 is
involved in rRNA processing, and two allelic atrh7 mutants
display phenotypes, including abnormal vein development in
the cotyledon, pointed first leaf and growth retardation in the
root and shoot, similar to those of mutants of ribosomal pro-
teins and rRNA processing factors. In addition, the expression
of AtRH7 is activated in the vegetative apex, vein, transition
zone, root meristem and serrated leaf margin, which correlate
with auxin-responsive cells. The present results support the
hypothesis that auxin-mediated development is required to
modulate ribosome biogenesis for ARF expression at the trans-
lational level of control.

The nucleolus, wherein rRNA biogenesis occurs, has regula-
tory functions in cell division in animal and yeast cells (Nazar
2004, Cmarko et al. 2008, Phipps et al. 2011, Woolford and
Baserga 2013). The nucleolus plays a crucial role in embryogen-
esis in Arabidopsis (Missbach et al. 2013). For instance, a nu-
cleolar protein, TORMOZ, is involved in 18S rRNA processing
and functions in regulating the cell division plane in early em-
bryogenesis (Griffith et al. 2007). In addition, two nucleolar
proteins, AtNob1 and AtNoc4, are involved in pre-185 rRNA

processing and affect the initiation of asymmetric cell division
during the heart stage and, thus, enlarged globular embryos are
exhibited in mutants of the respective genes (Missbach et al.
2013). The present study showed that AtRH7 plays a crucial role
in pre-18S rRNA processing (Figs. 6, 7) and 25% of embryos in
the two allelic atrh7 (+/—) heterozygotes showed developmen-
tal delay at the globular stage (Table 3). That the defect in
embryogenesis caused by ribosome haploinsufficiency was
observed at the globular stage suggested that cell division in
the post-globular stage is regulated by the nucleolar function of
18S rRNA processing for de novo mature rRNA synthesis and
ribosome assembly. However, given that AtRH7 was asymmet-
rically expressed in the heart, torpedo and cotyledon stages
during embryogenesis, AtRH7 might specifically participate in
the regulation of cell differentiation or mitotic cell division
during early embryogenesis.

Despite the fact that 25% of developing seeds exhibited ab-
normal development in both atrh7 heterozygotes, a small
number of atrh7-2 and atrh7-3 homozygotes were identified.
Moreover, some of progeny can be produced from both atrh7
homozygotes. This suggests that although AtRH7 plays a critical
role during seed development, it is not essential for embryo
development in Arabidopsis. In Arabidopsis, development of
seeds within a given silique is usually synchronous; therefore,
most seeds are matured at the same time. In the present study,
asynchronous developing seeds, that might be atrh7 homozy-
gotes, were observed in both atrh7 heterozygous plants. Most
of the seeds with delayed development stayed at the globular
stage, and few developed slowly to further stages. In turn, only
very few atrh7 homozygous seeds were produced from both
atrh7 heterozygous plants. In atrh7 homozygotes, even devel-
opment of seeds was slow but was synchronous within a given
silique. The siliques of homozygotes took a longer time than
those of the WT to desiccate and turn blown, and it might
benefit these slowly developing homozygous seeds to have
enough time to mature. Although the embryogenesis program
can proceed in atrh7 homozygous plants, defects in AtRH7
produced shrunken seeds and reduced seed number.

To adapt to cold stress, plants must control cold-
stress-related gene expression. The CBF-dependent cold re-
sponse pathway plays a dominant role in the development of
cold tolerance in Arabidopsis (Medina et al. 2011, Zhou et al.
2011). Expression of the three CBF genes was reduced by
30-50% in the two allelic atrh7 mutants compared with that
in the WT plants at 4°C, probably because of weak growth and
reduced rRNA biosynthesis rather than a direct impact on CBF
gene expression at the mRNA level. However, it is also possible
that AtRH7-mediated factors play roles in CBF gene expression
to sustain cold tolerance. Thus, expression of AtRH7 under cold
stress is critical to maintain the rRNA biogenesis and essential
for adaptation under low temperature in Arabidopsis.

Several DEAD-box RNA helicases have been reported to play
roles in the development of cold tolerance in plants (Gong et al.
2002, Gong et al. 2005, Owttrim 2006, Vashisht and Tuteja 2006,
Cartier et al. 2010, Guan et al. 2013). RCF1/AtRH42 is essential
for pre-mRNA splicing and is involved in the regulation of cold-
responsive gene expression to confer cold tolerance in
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Arabidopsis (Guan et al. 2013). Los4/AtRH38 participates in the
export of mRNAs from the nucleus to the cytoplasm and con-
fers chilling and freezing tolerance in Arabidopsis (Gong et al.
2002, Gong et al. 2005). The involvement of RNA helicases in
cold stress is also indicated in other species (Rocak et al. 2005,
Cartier et al. 2010, Owttrim 2013). The most likely mechanism is
that these RNA helicases serve as RNA chaperones to prevent
generation of energetically stable and non-functional misfolded
RNA molecules as a result of low temperature, by refolding
them into the correct structure (Jarmoskaite and Russell
2011, Kuhn 2012, Guan et al. 2013, Jarmoskaite and Russell
2014). In the present study, AtRH7 expression was induced by
cold treatment. Two allelic atrh7 mutants were cold intolerant,
and pre-rRNA accumulated in the atrh7 mutants, which further
increased under cold stress. A recent study that performed a
yeast two-hybrid analysis indicated that AtRH7 can interact
with a cold shock domain protein, AtCSP3, which contains an
RNA-binding domain and contributes to cold tolerance in
Arabidopsis (Kim et al. 2013). Thus, marked activation of
AtRH7 expression is essential for the development of cold tol-
erance in Arabidopsis. The AtRH7 induced by cold can either
serve as an RNA chaperone or complex with AtCSP3 to main-
tain the pre-rRNA structure for the production of mature
rRNA, thereby providing functional ribosome assembly for
cold-related protein translation.

Biogenesis of rRNA is initiated with the transcription of 45S/
35S pre-rRNA by RNA polymerase | in the nucleolus.
Approximately 70% of the pre-rRNA is processed through
NTC and the remaining 30% is processed through RTC, to gen-
erate the mature 18S, 5.85 and 25S rRNAs (Axt et al. 2014). The
rRNA processing mechanism is generally conserved in eukary-
otes (Sloan et al. 2013). In Arabidopsis, several pre-rRNA cleav-
age sites and the processing procedure differ from those in yeast
and humans (Rodriguez-Galan et al. 2013, Woolford and
Baserga 2013). The model of pre-rRNA processing in
Arabidopsis postulates that the A2 site is cleaved/processed
after removal of the 5'-ETS from P-A3 pre-rRNA (Zakrzewska-
Placzek et al. 2010, Hang et al. 2014). A recent study further
indicated an alternative pre-rRNA processing pathway in
Arabidopsis, in which the A2 site is cleaved from 32S pre-
rRNA (WEeis et al. 2015). In the present study, P-A2 pre-rRNA
was detected in both the WT and the atrh7 mutants by circular
RT—-PCR analyses, indicating that the A2 site can be processed
before 5'-ETS cleavage. Therefore, multiple ITS1 processing
pathways may exist in Arabidopsis: the pre-rRNA is cleaved at
the A2 or A3 site and then the 5'-ETS is removed; or the pre-
rRNA is cleaved at the A3 site, then the A3 to A2 region is
removed before the 5'-ETS is removed. Indeed, alternative
ITS1 processing pathways have been observed in humans and
yeast (Sloan et al. 2013).

A few processing factors have been proposed to be involved
in specific pre-rRNA processing sites in Arabidopsis. ALXRN2 is
a 5'- to 3'-dependent exonuclease that is involved in exposing
the P site for cleavage (Zakrzewska-Placzek et al. 2010), and
Apum?23 and MTR4 are involved in the degradation of poly-
adenylated rRNAs (Zakrzewska-Placzek et al. 2010, Lange et al.
2011, Huang et al. 2014). The results herein indicated that

AtRH7 plays a crucial role in ITST processing of pre-rRNA.
Two allelic atrh7 mutants accumulated a large amount of the
pre-rRNA. This pre-rRNA accumulation might have been
caused either by lower processing efficiency or a slower rate
of pre-rRNA processing in the atrh7 mutants than in the WT.
Although the various accumulated pre-RNAs that were stalled
at the A3 site cannot be distinguished in terms of whether they
were derived from NTC or RTC, accumulation of 32S and 33S in
the atrh7 mutants suggested that AtRH7 functions in the A3
site processing in RTC. An alternative explanation is that accu-
mulation of various A3 site pre-RNAs suppresses RTC process-
ing in a similar manner to the feedback inhibition of rRNA
processing hypothesized in yeast (Lafontaine et al. 1995,
Kressler et al. 1999).

Ribosomes containing rRNAs and ribosomal proteins are
essential for protein translation. The amount of ribosome is
closely associated with cell growth and proliferation (Byrne
2009, Horiguchi et al. 2012). Several aminoglycoside antibiotics
target either the small or large ribosomal subunits to inhibit
translation. For instance, streptomycin binds to 16S rRNA of
the bacterial ribosome, and site-specific mutation at the target
site of this antibiotic results in resistance to streptomycin
(Chernoff et al. 1994). Although most aminoglycoside antibi-
otics are weakly active against eukaryotic ribosomes, 185 rRNA
has the capacity to be bound by aminoglycoside antibiotics
(Kaul et al. 2005, Hobbie et al. 2007, Hua and Bedwell 2008).
Moreover, mutations in eukaryotic 18S rRNA affecting transla-
tion and resistance to aminoglycoside antibiotics have been
demonstrated (Kaul et al. 2005, Hobbie et al. 2007, Hua and
Bedwell 2008). The atrh7 mutants accumulated abnormal pre-
18S rRNA and the seedlings were hyposensitive to strepto-
mycin. When streptomycin bound to Arabidopsis 185 rRNA,
the abnormal pre-18S rRNA assembled into the small ribosomal
subunit, which then reduced the binding affinity for strepto-
mycin. Similar results have been reported for accumulation of
pre-18S rRNA in the apum23 and atrh57 mutants (Abbasi et al.
2010, Hsu et al. 2014), which are hyposensitive to streptomycin
as seedlings.

The human RNA helicase DDX21/Gu o similar to AtRH7
interacts with ribosomal protein L4 (RPL4), which is a compo-
nent of the ribosomal large subunit (Stelzl and Nierhaus 2001,
Yang et al. 2005). Seedlings of the Arabidopsis rpl4 mutant dis-
play resistance to the antibiotics chloramphenicol and erythro-
mycin, both of which target the large subunit (Rosado et al.
2010). However, the rpl4 mutant also exhibits hyposensitivity
to streptomycin during the root growth of seedlings (Rosado
et al. 2010). In Escherichia coli, absence of the RPL4 protein
leads to elimination of the small subunit components S5, S12
and 16S rRNA (Apirion and Saltzman, 1974, O’Connor et al.
2004). Thus, although RPL4 is a component of the large subunit
for protein synthesis, the absence of RPL4 can alter the whole
ribosome structure, thereby reducing the binding affinity for
antibiotics and resulting in resistance or hyposensitivity to anti-
biotics (Gabashvili et al. 2001). The atrh7 mutants exhibited
hyposensitivity to the antibiotic streptomycin, which targets
the small subunit. An explanation is that abnormal pre-18S
rRNA may be incorporated into the small ribosomal subunit,
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which then forms aberrant ribosomes that cause hyposensitivity
to streptomycin. In addition, AtRH7 may interact with RPL4; loss
of AtRH7 expression may prevent RPL4 forming the tunnel en-
trance site of antibiotics, as in rp/4 mutants (Rosado et al. 2010).

Materials and Methods =

Plant materials and growth conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this study were of the
Columbia (Col-0) background. The Arabidopsis T-DNA insertion mutants
atrh7-1  (GABI-Kat ~ 305C08), atrh7-2  (SALK_060686) and atrh7-3
(SALK_018195) were obtained from the Salk Institute Genomic Analysis
Laboratory through the ABRC. Arabidopsis seeds were surface sterilized, stratified
at 4°C for 3 d in the dark, plated on 1/2 MS medium that contained 0.8% agar
supplemented with 1% sucrose, and grown under a 16 h/8 h (light/dark) photo-
period (light intensity 80 imol photons m™~>s™") at 22°C for 2 weeks. Two-week-
old seedlings were transferred to soil and grown in the same conditions.

Primers

All primers used in this study are listed in Supplementary Table S2.

Plasmid construction

The AtRH7 coding region was amplified with Hifi DNA polymerase (Yeastern)
using cDNAs from 2-week-old Arabidopsis seedlings as templates and gene-
specific primers (Supplementary Table S2), and then cloned into the T&A
Cloning vector (Yeastern) to generate pAtRH7. To investigate the temporal and
spatial expression patterns of AtRH7, the DNA region from 581 to 20 bp up-
stream of the AtRH7 start codon was amplified by PCR using specific primers
(Supplementary Table S2). The PCR products were digested with Ascl and Pacl
and then ligated into the pMDC163 binary vector (Curtis and Grossniklaus
2003) upstream of the GUS gene, to generate pMDC163AtRH7GUS. For func-
tional complementation of the atrh7 mutants, AtRH7 cDNA was isolated from
pAtRH7 with Ascl and Pacl and then ligated into the pMDC32 vector (Curtis
and_Grossniklaus 2003) downstream of the 35S promoter, to generate
pMDC32AtRH7.

Quantitative RT-PCR

Total RNA was isolated using the TRIzol Reagent (Invitrogen). The RNA samples
were treated with DNase and, subsequently, first-strand cDNA was synthesized
from the total RNA extracted using the SuperScript Il Reverse-Transcriptase kit
(Invitrogen). Subsequently, a 10-fold dilution of the first-strand cDNA was
subjected to qRT-PCR using FastStart Essential DNA Green Master (Roche)
and an iQ5 RT-PCR machine (Bio-Rad). The procedure was independently
repeated at least three times, and the relative expression of the genes was
expressed as a ratio of the target gene mRNA abundance to the Arabidopsis
ACTT1 (Actin-1) abundance. The data were analyzed using the iQ5 2.1 software
in accordance with the manufacturer’s instructions. The gene-specific primers
used for gRT-PCR are listed in Supplementary Table S2.

Plant transformation

Agrobacterium tumefaciens strain GV3101 was used to transfer the plasmids
into Arabidopsis using the floral dipping method (Clough and Bent, 1998).
Transgenic plants were selected with hygromycin (25 pig mi™") and self-pollin-
ated to generate homozygous lines.

Characterization of the atrh7-1, atrh7-2 and
atrh7-3 alleles and segregation analysis

To analyze the genotypes of the progeny derived from the atrh7-1, atrh7-2 and
atrh7-3 mutants, genomic DNA was isolated from 2-week-old seedlings and
subjected to PCR using an LBal primer and AtRH7 gene-specific primers
(Supplementary Table S2).

AtRH7 expression analysis

Total RNA from roots, shoot apices and whole seedlings was isolated from
2-week-old seedlings grown on 1/2 MS medium. Total RNA of stems, flower
buds, pollen, siliques, and rosette, cauline and senescent leaves was isolated
from 6-week-old plants. In addition, total RNA was isolated from imbibed seeds
stored in water for 3 d. These total RNAs were subjected to qRT-PCR to analyze
AtRH7 expression in each tissue.

Transgenic plants carrying the AtRH7 promoter-driven GUS expression cas-
sette were used for detection of GUS activity. The samples, consisting of seed-
lings, flowers, rosette leaves, stems and embryos, were incubated overnight in
GUS staining solution at 37°C (Jefferson et al. 1987). Subsequently, Chl was
extracted using 95% ethanol. The samples were observed and photographed
using an Olympus IX71 inverted microscope (Olympus) equipped with a digital
camera.

Embryogenesis analysis

Siliques at various developmental stages were isolated from WT and atrh7
heterozygous and homozygous mutant plants and then incubated in Hoyer’s
solution (Ge et al. 1998) for 1 h. The developing seeds were observed and
photographed using an Olympus 1X71 inverted microscope (Olympus)
equipped with a digital camera.

Northern blot analysis

Total RNA was isolated from 2-week-old seedlings treated with cold stress for 1
week, using the TRIzol Reagent (Invitrogen). A 5 g aliquot of total RNA was
separated on a 1.2% agarose gel that contained 6% formaldehyde, transferred to
a Hybond N+ membrane (GE Healthcare) and hybridized at 42°C with a spe-
cific oligo DNA probe (Supplementary Table S2) labeled by T4 polynucleotide
kinase using [y->’P]JATP. Membranes were exposed to Biomax MR film (Kodak)
at -70°C.

Circular RT-PCR

For circular RT-PCR analysis (Abbasi et al. 2010), total RNA was isolated from
2-week-old seedlings grown at 22°C and from seedlings treated with cold stress
(4°C) for 1 week. Following DNase treatment, the RNA samples were self-ligated
using T4 RNA ligase (Invitrogen). First-strand cDNA was produced from the
ligation products using the SuperScript Il Reverse-Transcriptase Kit
(Invitrogen) with the primers 18S cRT and 5.8S cRT. The cDNA was amplified
by PCR using specific primers (Supplementary Table S$2). The PCR products
were subcloned into the T&A Cloning vector and then sequenced.

Stress treatments

To assess AtRH7 expression in response to various abiotic stresses, 2-week-old
WT seedlings grown on 1/2 MS medium were subjected to the following stress
conditions for 12 h each: 4°C (cold stress); 1/2 MS medium supplemented with
250 mM mannitol (osmotic stress); 1/2 MS medium supplemented with 150
mM sodium chloride (NaCl; salt stress); or 1/2 MS medium supplemented with
5 WM MV (oxidative stress). In addition, 2-week-old WT seedlings were incu-
bated in a growth chamber at 37°C for 3 h (heat stress) or directly air-dried for
10 min (drought stress).

Antibiotic treatments

Seeds were directly germinated on 1/2 MS medium supplemented with the
following antibiotics and incubated in a growth chamber at 22°C under a 16
h/8 h (light/dark) photoperiod for up to 14 d: 30 pg ml™" streptomycin
(targets the small ribosomal subunit); 20 ugml™" spectinomycin (targets
the large ribosomal subunit); 10 ig ml™" chloramphenicol (targets the large
ribosomal subunit); or 30 ug ml~" erythromycin (targets the large ribosomal
subunit).

Supplementary data =

Supplementary data are available at PCP online.
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