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Abstract
DEAD-box RNA helicases comprise a large family and are involved in a range of RNA pro-

cessing events. Here, we identified one of the Arabidopsis thaliana DEAD-box RNA heli-

cases, AtRH7, as an interactor of Arabidopsis COLD SHOCK DOMAIN PROTEIN 3

(AtCSP3), which is an RNA chaperone involved in cold adaptation. Promoter:GUS trans-

genic plants revealed that AtRH7 is expressed ubiquitously and that its levels of the expres-

sion are higher in rapidly growing tissues. Knockout mutant lines displayed several

morphological alterations such as disturbed vein pattern, pointed first true leaves, and short

roots, which resemble ribosome-related mutants of Arabidopsis. In addition, aberrant floral

development was also observed in rh7mutants. When the mutants were germinated at low

temperature (12°C), both radicle and first leaf emergence were severely delayed; after

exposure of seedlings to a long period of cold, the mutants developed aberrant, fewer, and

smaller leaves. RNA blots and circular RT-PCR revealed that 35S and 18S rRNA precur-

sors accumulated to higher levels in the mutants than in WT under both normal and cold

conditions, suggesting the mutants are partially impaired in pre-rRNA processing. Taken

together, the results suggest that AtRH7 affects rRNA biogenesis and plays an important

role in plant growth under cold.

Introduction
In eukaryotes, ribosome biosynthesis is a complicated cellular process that sequentially takes
place in the nucleolus, nucleoplasm, and cytoplasm [1,2]. Ribosome biogenesis includes tran-
scription of ribosomal DNA to pre-rRNA, followed by rRNA processing and modification, and
the assembly of rRNA with ribosomal and non-ribosomal proteins to form preribosomes,
which then mature in the cytoplasm [2,3]. A large number of trans-acting factors, including H/
ACA-box snoRNPs, C/D-box snoRNPs, endo- and exo-RNases, RNA helicase, kinases, AAA-
type ATPase, ABC proteins and GTPases, are involved in these processes [2,4,5].
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DEAD-box proteins comprise the largest family of RNA helicases, and exist in most organ-
isms [6,7]. They possess 12 conserved motifs that are involved in ATPase, helicase, and RNA-
binding activities, and participate in a variety of RNA-associated events from transcription to
RNA decay [8,9]. To date, many DEAD box proteins have been shown to be involved in ribo-
some biogenesis. Five DEAD-box proteins exist in Escherichia coli, and four of them are
involved in ribosome biogenesis in different ways [10,11]. For instance, deletion of csdA results
in a decrease in the 50S subunit and an increase in the 40S subunit, as well as suppression of
growth under low temperature [12]. In Saccharomyces cerevisiae (yeast), 15 DEAD-
box proteins are required for different steps in ribosome biogenesis [6]. In contrast to E.coli,
DEAD-box protein functions in ribosome biogenesis are essential for yeast survival under nor-
mal growth conditions [6]. TheHomo sapiens (human) DEAD-box family contains 36 mem-
bers, and several of them are essential for ribosome biogenesis [13].

Plants have a large family of DEAD-box proteins; the Arabidopsis genome encodes 58
DEAD-box proteins [14]. A number of Arabidopsis DEAD box RNA helicases play important
roles in plant abiotic and biotic stress tolerance via their functions in specific RNA processing
events [15–20]. Some DEAD-box proteins are involved in the regulation of plant growth and
development through ribosome biogenesis [21–27]. For example, AtRH36/SWA3 is involved
in 18S rRNA processing and controls female gametogenesis [25,26]. AtRH57 affects small ribo-
somal subunit formation and rRNA processing, and its mutants show enhanced sensitivity to
glucose and ABA [27]. Three DEAD-box proteins, AtRH39, AtRH3 and AtRH22, are specifi-
cally involved in chloroplast rRNA biogenesis [21–24]. Despite recent extensive studies on
DEAD-box proteins, the functions of many members remain uninvestigated.

Plant cold shock domain (CSD) proteins are RNA chaperones that destabilize RNA second-
ary structures [28]. One of the Arabidopsis CSD proteins, AtCSP3, is induced during cold accli-
mation and serves as an RNA chaperone in vivo [29]. A loss-of-function mutant of AtCSP3
(atcsp3-2) is sensitive to freezing, while AtCSP3 overexpressors display enhanced tolerance
against freezing [29]. Therefore, AtCSP3 is considered to be a positive regulator of freezing tol-
erance [29]. AtCSP3 interacts with several different nuclear and cytoplasmic proteins that are
involved in RNA metabolism, suggesting that AtCSP3 participates in a wide range of RNA pro-
cessing events within the cells [30].

Here, we analyzed biological functions of AtRH7, an interactor of AtCSP3 [30]. Knockout
mutants of AtRH7 displayed several morphological alterations during vegetative and reproduc-
tive growth. In addition, the mutants exhibited severe defects in germination and leaf develop-
ment under long-term low temperature conditions. Accumulation of rRNA precursors in rh7
mutant plants corroborated the hypothesis that AtRH7 affects ribosome biogenesis.

Results

Identification of AtRH7 as an interactor of AtCSP3
Using AtCSP3 as a bait in a yeast two-hybrid screen, we previously identified several potential
interactors including the DEAD-BOX RNA helicase AtRH7/PRH75 (At5g62190) [30]. To ver-
ify the interaction between AtCSP3 and AtRH7, we first performed an in vitro pull-down
assay. As shown in Fig 1A, AtRH7-6xHis was able to interact with GST-AtCSP3, but not with
GST alone. We also utilized bi-molecular fluorescence complementation (BiFC) assays to con-
firm the interaction in vivo. Onion cells were co-bombarded with nYFP-AtCSP3, where
AtCSP3 was fused to the N-terminus of YFP, and cYFP-AtRH7, where AtRH7 was fused to the
C-terminus of YFP. Reconstituted YFP signals, indicating interaction between AtCSP3 and
AtRH7, were observed within the nucleus of the transformed cells (Fig 1B). This YFP signal
pattern was similar to the GFP signal from onion cells transformed with AtRH7-GFP (Fig 1C).
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By comparing signals from the nucleolus marker (AtFbr-RFP), it was concluded that AtRH7
localizes mainly to the nucleolus and to a minor degree to the nucleoplasm (Fig 1C). Together,
these data indicated that AtRH7 forms a complex with AtCSP3 mainly in the nucleolus, with a
smaller portion in the nucleoplasm.

Phylogenetic analysis of AtRH7
To address the evolutionary and functional relationships of AtRH7, a phylogenetic tree was
created for DEAD-box RNA helicases from Arabidopsis [14,31], human [32], yeast [8] and E.
coli [33], utilizing the core helicase regions of proteins without N- and C- terminal extension
sequences (Fig 2A). AtRH7 formed a clade with three other Arabidopsis, three human and five
E. coli DEAD-box RNA helicases. AtRH7 was most closely related to human DDX21 and
DDX50, which participate in ribosome biogenesis [34]. Within Arabidopsis, AtRH7 was closely
related to AtRH3, AtRH9/PMH1 and AtRH53/PMH2. AtRH3 is a chloroplast protein involved
in group II intron splicing and ribosome biogenesis [21,22]. AtRH9 and AtRH53 are associated
with a large complex in mitochondria [35], and AtRH53 is required for group II intron splicing
in mitochondria [36]. It is interesting to note that all five E. coli DEAD-box RNA helicases are
present in this clade, while this clade lacks yeast DEAD-box RNA helicases. Together, the phy-
logenetic analysis indicated that AtRH7 belongs to a family whose members are involved in
rRNA and mRNA processing.

AtRH7 complements the cold-sensitive phenotype of the E. coli csdA
mutant
Given that we found AtRH7 to be an interactor of AtCSP3, we determined the expression of
AtRH7 in response to cold. qRT-PCR analysis revealed that the transcript levels of AtRH7

Fig 1. AtRH7 is an interactor of AtCSP3. (A) In vitro pull-down assay of AtRH7-6xHis protein with GST or
GST-AtCSP3 fusion proteins. GST-AtCSP3 and GST proteins were used as bait to pull down the AtRH7-
6xHis protein from the induced E.coli extracts. The immunoblot detection of prey protein was performed using
anti-6xHis. Aliquots of AtRH7-6xHis input (10%) is shown. (B) BiFC assay analysis of the interaction between
AtRH7 and AtCSP3 in vivo. The plasmids pSAT4-nEYFP-AtCSP3 and pSAT4-cYFP-AtRH7 were
bombarded into onion epidermal cells, and the cells were observed after a 16-h incubation at 22°C in dark.
(C) Co-subcellular localization of AtRH7-GFP and AtFbr-RFP (nucleolus marker). Scale bars = 20μm.

doi:10.1371/journal.pone.0154040.g001
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gradually increased in response to cold and were induced 2.3-fold after 24 h of cold treatment
(Fig 2B). Since one of the E. coli AtRH7 homologues, CsdA (cold shock DEAD-box protein A),
is cold inducible and has a function associated with CSD proteins in E. coli [12,33], we tested
whether there is functional conservation between CsdA and AtRH7. Accordingly, we per-
formed a complementation assay using the E. coli ΔcsdAmutant. The ΔcsdAmutant is deficient
in growth at low temperatures [33]. The mutant containing the vector alone exhibited sup-
pressed growth at 17°C, whereas the growth suppression could be relieved by expression of
AtRH7 or CsdA. By contrast, AtRH15, another DEAD-box RNA helicase that interacts with
AtCSP3 [30], could not complement the cold sensitivity of the ΔcsdAmutant (Fig 2C). This
result suggested that AtRH7 shares a conserved function with E.coli CsdA under cold
conditions.

Fig 2. Complementation assay of AtRH7 in E.coli ΔcsdAmutant. (A) Phylogenetic tree of DEAD-box helicase family members from Arabidopsis, human,
yeast and E. coli; only core helicase domains were analyzed. Red box indicates the clade that includes AtRH7. (B) Quantitative real-time PCR (qRT-PCR)
analysis of expression of AtRH7 in Col-0 wild-type seedlings with cold treatment. Expression of AtRH7was normalized to expression of ACT2. The data
represent the means of three independent experiments ± SD. (C) Complementation ability of AtRH7 in the cold-sensitive E.coli ΔcsdAmutant. The wild-type,
ΔcsdAmutant and ΔcsdAmutant cells harboring pINIII-CsdA (positive control), pINIII-AtRH7 and pINIII-AtRH15 were spotted on LB-agar plates and the cells
were incubated at 37°C and 17°C for 14 h and 72 h hours, respectively.

doi:10.1371/journal.pone.0154040.g002
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AtRH7 is expressed ubiquitously in plants, with higher levels in rapidly
developing tissues
Semi-quantitative RT-PCR was performed to analyze the expression levels of AtRH7 in differ-
ent plant tissues. AtRH7 was expressed ubiquitously in all Arabidopsis tissues analyzed (Fig
3A). Transgenic plants expressing AtRH7pro:GUS were created to investigate tissue-specific
expression patterns of AtRH7. GUS histochemical assays of the transgenic plants showed that
the AtRH7 promoter drove expression in most tissues of the plants. GUS activity was observed
in all tissues of 2- and 5-d-old seedlings (Fig 3B and 3C). In 2-week-old plants, we observed
strong GUS staining in rapidly developing tissues including the young rosette leaves, the lateral
roots, and the root tips; comparatively weaker activity was also detected in other parts of the
plants (Fig 3D–3G). During the reproductive stage, we detected GUS expression in rosette and

Fig 3. Expression pattern of ATRH7 in different tissues. (A) Semi-quantitative RT-PCR analysis of AtRH7
expression in different tissues. ACTIN2 was used as control. (B—L) GUS staining analysis of ATRH7pro:
GUS transgenic plants. (B) 2-d-old seedling. (C) 5-d-old seedling. (D) 2-week-old plant. (E) to (G) Higher
magnification images of (D) showing the surface of the new leaf, the lateral root, and the primary root tip,
respectively. (H), (I), and (J) rosette leaf, cauline leaf, and flower of 6-week-old plant. (K) Pollen from (J).
Scale bars = 1 mm in (B), (C), (D), (H), (I), and (J); 50 μm in (E), 20 μm in (G), and 10 μm in (F) and (K).

doi:10.1371/journal.pone.0154040.g003
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cauline leaves and floral organs, with strong staining in the stigma, anthers, and pollen (Fig
3H–3K). Thus, our analysis of AtRH7pro:GUS transgenic plants revealed that expression of
AtRH7 is ubiquitous, with higher levels in rapidly growing tissues.

rh7mutants display growth and developmental alterations resembling
those of ribosome-related mutants
To study the biological functions of AtRH7, we utilized two T-DNA insertion mutants, rh7-5
and rh7-8, containing insertions in exon 4 and exon 8, respectively (S1A Fig). Disruption of the
AtRH7 expression in these mutants was confirmed by semi-quantitative RT-PCR (S1B Fig).

Both mutant lines displayed several growth and developmental defects compared with WT.
The mutants showed narrow and pointed first true leaves (Fig 4A), and the vascular pattern of

Fig 4. Phenotype analysis of rh7-5 and rh7-8mutants under 22°C. (A) 10-d-old rh7mutants displayed narrow pointed first leaves. (B) to (D) Cleared
plants of WT and rh7mutants. (B) rh7mutants show incomplete vascular development with disconnected tertiary and quaternary veins. (C) rh7mutants
exhibit an aberrant vein pattern in cotyledons, which cannot form closed areoles on the top. (D) Triple, double, fused and quadruple cotyledons of rh7
mutants. (E) An inflorescence of rh7-5; arrow indicates pistil that grew out of buds. (F) Aberrant floral organ of mutants, with stamen filaments shorter than
carpel. (G) Siliques from one inflorescence. (H) Cleared siliques of WT and rh7mutants, panels (a), (b) and (c) represent different types of siliques from (G).
Scale bars = 5mm in (A); 1 mm in (B) to (F) and (H); 1 cm in (G).

doi:10.1371/journal.pone.0154040.g004
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these leaves was disturbed, forming more disconnected tertiary and quaternary veins (Fig 4B),
a phenotype which resembles those of rpl4a, rpl4d, atprmt3, apum23 and the nucleolin mutants
[37–40]. Cotyledons of the mutants also displayed defects in vein pattern that frequently
included opened areoles (Fig 4C). In addition, approximately 1% of the mutants emerged with
triple, fused, single, or quadruple cotyledons, which has also been observed in mutants of ribo-
somal proteins and ribosome biogenesis proteins (Fig 4D) [37,41,42]. Besides the phenotypes
observed in shoots, rh7mutants also exhibited shorter roots than WT (S2A Fig). Stigmas
remain within buds before anthesis in WT, while in rh7mutants, the pistil was longer than
sepal with a visible stigma (Fig 4E, S2B Fig). In WT, the length of the staminal filament at
anthesis should be approximately equal to that of the carpel, so that pollen can be delivered
from anther onto stigma. In rh7mutants, approximately half of the flowers displayed shorter
stamens than that of WT, and this difference might cause the failure of fertilization (Fig 4F).
The siliques of the rh7mutants developed inconsistently, contained fewer seeds, and exhibited
reduced fertility, with some displaying a similar appearance to the WT, but others displaying
aborted growth (Fig 4G and 4H). Furthermore, some seeds exhibited slightly shrunken appear-
ance with an abnormal, winkled surface (S2C Fig).

To confirm that the rh7 phenotypes were caused by the loss-of-function of AtRH7, we created
a transgenic rh7-5mutant that expressed AtRH7 under the control of its own promoter. A slightly
lower level of AtRH7 expression was observed in the complementation plants than in theWT
(S3A Fig). The transgenic plants rescued almost all the phenotypes observed with rh7-5 (S3B–S3F
Fig); however, the root length phenotype was only partially complemented (S3D Fig). Together,
these data suggested that AtRH7 plays important roles in plant growth and development.

Germination and growth defects of rh7mutants under cold conditions
To explore whether AtRH7 affects plant growth under cold conditions, we first performed a
germination test of WT and rh7mutants at normal (22°C) and low (12°C) temperatures. At
22°C, the radicle emergence of rh7mutants was slightly delayed as compared with WT. The
rh7mutants also showed a delay of approximately 2 d in the production of first leaf (Fig 5A).
When germination was conducted at 12°C, we found that the delay in radicle emergence in the
mutants was extended, as the mutants completed radicle emergence with a 4-d delay relative to
WT. Furthermore, rh7mutants failed to develop the true leaf within one month, while WT
emerged and completed first leaf emergence between the 16th to 20th day (Fig 5B and 5C). To
investigate whether AtRH7 regulates seed germination in response to other abiotic stresses, we
tested the germination rates of WT and rh7mutants under high salt and osmotic conditions.
Compared with WT, the germinations of rh7mutant seeds under both high salt and osmolality
were slightly delayed (S4 Fig), similar to under normal conditions (Fig 5A). Therefore, it
appears that AtRH7 may be involved in seed germination specifically under cold stress.

After prolonged growth at 12°C, the mutants eventually developed rosette leaves but they
were malformed and did not expand to normal size (Fig 5C and 5D); these types of abnormal
leaves were never observed when the mutants were grown at 22°C (Fig 5C). We also compared
the growth at 4°C. The WT plants developed three rosette leaves after 6 weeks growth under
4°C, while only the first pair of true leaves emerged in the mutants (S5A Fig). When the growth
period was extended to 18 weeks, mutants were much smaller thanWT and exhibited yellowish
cotyledons (S5B Fig). These results suggested that AtRH7 is required for growth under cold
conditions.

To further characterize leaf morphological alteration at low temperature, 7-d-old seedlings
grown at 22°C were transferred to 12°C and further grown up to 5 weeks. The mutant plants
exhibited smaller plant stature than the WT or complementation plants (Fig 6A, S3F Fig), and
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developed fewer total leaves that showed aberrant morphologies such as slightly wrinkled adax-
ial surfaces, upwardly curling leaves, and, sometimes, short petioles (Fig 6B and 6C). Besides
the expanded leaves, SEM analysis revealed that the rosette center of the mutants developed
several extremely tiny leaves that did not grow further (Fig 6D). In addition, some leaves dis-
played needle-like shapes (Fig 6D). When the seedlings germinated at 22°C were transferred to

Fig 5. Germination analysis of rh7mutants under 22°C and 12°C. (A) Germination of rh7mutants at optimal temperature (22°C) compared with WT. (B)
Germination of rh7mutants andWT at low temperature (12°C). The percentages of germinated seeds in (A) and (B) were counted by the seeds with radicle
and first true leaf larger than 1 mm respectively. Each plate had 45 seeds per genotype. (C) Photographs of plates used to generate data in (A) and (B). (a) 2
weeks after germination at 22°C; (b) and (c) 4 and 7 weeks after germination at 12°C. (D) Higher magnification images of mutants germinated at 12°C. Top
and bottom panels indicate mutants after germination at 12°C for 7 weeks and 10 weeks, respectively. Note that the first true leaf of rh7mutants did not
emerge within one month at 12°C, but after prolonged cold treatment, the mutants gradually developed true leaves with an extremely small size and aberrant
shape. Scale bar = 1 mm in (D).

doi:10.1371/journal.pone.0154040.g005
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soil and grown at 4°C, the mutant also showed a delay in growth and development, but the
phenotype was less severe (S5C Fig).

AtRH7 affects ribosomal RNA biogenesis in the nucleolus
The mutations in AtRH7 cause several growth and developmental alterations that resemble the
phenotypes of mutants defective in ribosomal proteins or factors involved in ribosome

Fig 6. Aberrant leaf phenotype of rh7mutants compared with WT under low temperature (12°C). (A)
The phenotype of WT and rh7mutants germinated at 22°C for 1 week, then transferred to 12°C and
incubated for another 5 weeks. (B) Cotyledons and rosette leaves of plants in (A). (C) Typical plants of WT
and rh7mutants from (A). Circle indicates slightly wrinkly surface; arrow indicates upwardly curling leaf
margin. (D) Observation of rosette center of mutants from (A) by scanning electron microscopy. Asterisk
indicates a needle-like leaf. Scale bars = 1 cm in (B); 5 mm in (C); 1 mm in (D, left panel) and 2 mm in (D, right
panel).

doi:10.1371/journal.pone.0154040.g006
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biogenesis. This suggested that AtRH7 might be required for rRNA biogenesis. To examine
this possibility, we performed RNA blot analysis to determine the accumulation of rRNA pre-
cursors in WT and rh7mutants. The RNA blots were hybridized with probes that specifically
bind to the 5’ external transcribed spacer (5’ETS) or internal transcribed spacer 1 (ITS1) (Fig
7A). We found that the rRNA precursors, most obviously 35S rRNA (indicated by an arrow),
accumulated to a higher level in the mutant as compared with WT at 22°C (Fig 7B and 7C, S6
Fig). After 1 and 7 d exposure to low temperatures, the rRNA precursor level was slightly
increased in WT. Much higher levels of the 35S, 27SA and possible P-A3 rRNA precursors
accumulated in the rh7mutant (Fig 7B and 7C, S6 Fig). These data suggested that AtRH7 is
involved in rRNA biogenesis, which is affected by low temperatures.

To address the precise step in pre-rRNA processing at which AtRH7 is involved, we per-
formed circular RT-PCR (cRT-PCR) with cDNA synthesized by the primer that is specific to
18S rRNA. As compared to WT, the 18S-A3 intermediate accumulated to a higher level in rh7
mutant under both normal and cold conditions; however, no consistent results for P-A3 rRNA
were observed (Fig 8B, S7 Fig). This suggested the mutation of AtRH7 affects the 18S rRNA
processing in plants. We also analyzed the 25S rRNA and 5.8s rRNA processing by cRT-PCR.
As shown in Fig 8D, no clear differences were observed between WT and rh7mutant under
normal or cold conditions.

Several ribosome biogenesis mutants exhibit resistance to aminoglycoside antibiotics
[27,37–39], a phenotype which is caused by aberrations in ribosome function and rRNA pro-
cessing. We therefore tested whether the rh7mutants show resistance to antibiotics. Seedling

Fig 7. RNA gel blot analysis of pre-rRNA processing. (A) The structure of primary rRNA transcript in Arabidopsis. p1 and p2 probes, which specifically
bind to 5’ETS and ITS1, respectively, were used for RNA blots. (B), (C) RNA gel blot analysis of 35S pre-rRNA processing. 2-week-old WT and rh7-5 plants
were incubated at 4°C in (B) or 12°C in (C) for an additional 1 d or 7 d. Total RNA isolated from prepared samples was separated in 1.2% agarose, transferred
to membranes, and hybridized with the probes indicated in (A). Ethidium bromide-stained rRNA was used as loading control. Arrow indicates 35S pre-rRNA,
circle indicates 27SA, and asterisk indicates possible P-A3.

doi:10.1371/journal.pone.0154040.g007
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growth on media containing a range of antibiotics was monitored. As compared with WT, root
growth of the rh7mutants was less inhibited on the medium containing spectinomycin or
streptomycin, indicating that the mutant shows partial resistance against these aminoglycoside
antibiotics. No difference in seedling growth was observed on the plates supplemented with
gentamicin, hygromycin or the non-amynoglycoside antibiotics, tetracycline and chloram-
phenicol (S8 Fig). The resistance to spectinomycin and streptomycin in the mutant supported
the previous results that AtRH7 is involved in rRNA biogenesis.

Discussion
RNA helicases are involved in multiple steps of RNA metabolism, such as transcription, splic-
ing, transport, and translation [9]. AtRH7 belongs to a subfamily of DEAD-box RNA helicases
that includes human DDX21 and DDX50 together with three other Arabidopsis RNA helicases.

Fig 8. Analysis of 35 pre-rRNA processing by circular RT-PCR. (A) The diagram shows various pre-rRNA processing intermediates amplified by 18S
cRT-PCR. (B) Increased accumulation of 18S-A3 intermediates in rh7-5mutant. Representative EtBr-stained 1.5% (w/v) gels for 18S rRNA cRT-PCR are
shown. The total RNA was isolated fromWT and rh7-5mutant without and with 7 d 4°C treatment. After RNA circularization and reverse transcribed by 18Sc
primer, the pre-18S rRNA intermediates was analyzed by RT-PCR with 5×8, 5×7 and 5×6 primer sets respectively. (C) The diagram of 5.8S rRNA and 25S
rRNA intermediates amplified by cRT-PCR. (D) The EtBr-stained gel for 5.8S rRNA and 25S rRNA cRT-PCRs are shown. Various 5.8S rRNA and 25S rRNA
intermediates were applied by 11×12 and 2×4 primer sets respectively.

doi:10.1371/journal.pone.0154040.g008

An ArabidopsisDEAD-Box RNA Helicase for Growth in Cold

PLOS ONE | DOI:10.1371/journal.pone.0154040 April 26, 2016 11 / 21



AtRH7 is most similar to DDX21 and DDX50 and shares a glycine/arginine-rich domain and a
GUCT domain in addition to the core DEAD-box region with them. DDX21 participates in
several stages of ribosome biogenesis including rRNA transcription and rRNA processing [43].
The other Arabidopsis DEAD-box RNA helicases, AtRH3, AtRH9 and AtRH53, in this sub-
family localize to chloroplast or mitochondria [21,35]. Accordingly, the localization data sug-
gest that AtRH7 may share a common function with DDX21 in nucleus. Intriguingly, all E. coli
RNA helicases are also included in this subfamily. This subfamily thus appears to represent
one of the most conserved DEAD-box RNA helicase class.

AtRH7 was previously identified as an interactor of AtCSP3 [30], which is a cold-inducible
RNA chaperone that unwinds double stranded nucleic acids [29]. AtCSP3 can complement the
cold-sensitive phenotype of the E. coli cold shock protein quadruple mutant (cspA, cspB, cspE,
cspG), indicating functional conservation between plant and bacterial CSD proteins [29]. Simi-
larly, we demonstrated that heterologous expression of AtRH7 complements the cold-sensitive
phenotype of the csdAmutant, while another AtCSP3-interacing DEAD-box RNA helicase,
AtRH15, does not complement the mutant (Fig 2C). This suggests that AtRH7 and CsdA
might share a conserved function under cold conditions. Functional characterization revealed
that CsdA is involved in 40S ribosome assembly at low temperature, possibly altering the RNA
structure of a 50S precursor [12].

The functional characterization of AtRH7 demonstrated that AtRH7 is a ribosome biogene-
sis factor that regulates plant growth and development under both optimal and cold conditions
(Figs 4, 7 and 8). Recently, Huang et al. [44] reported characterization of rh7mutants, and
showed several phenotypes that were similar to our observation. They reported that several
rRNA precursors accumulated to higher levels in rh7mutants than WT. The levels of the pre-
cursors further elevated by 4°C treatment in the mutant but not in WT. We also observed accu-
mulation of rRNA precursors in rh7mutants (Figs 7 and 8) and the accumulation was elevated
in response to cold in both rh7 and WT, although levels of the accumulation were consistently
higher in the mutants. It was reported previously that the level of rRNA precursors were ele-
vated following exposing to low temperature in wild type Arabidopsis [45]. Currently, it is
unknown how these precursors are accumulated under cold or how AtRH7 can reduce the
accumulation. Low temperature can introduce the undesirable secondary structure to RNA
[46,47], which may disturb association between pre-rRNA and its processing factors, and cause
deficiency in pre-rRNA processing in plants. Therefore, the cold-inducible AtRH7 may unwind
the misfolded pre-rRNA, and ensure the proper pre-rRNA processing.

In Arabidopsis, deficiency of ribosome biogenesis is associated with resistance to several
antibiotics [27,37–39]. Our antibiotics resistance assay showed that rh7mutants exhibited
increased resistance to spectinomycin in addition to streptomycin that is also reported by
Huang et al. [44] (S8 Fig). Spectinomycin and streptomycin target the 16S rRNA of the bacte-
rial ribosome and inhibit protein synthesis [48–50]. Streptomycin can also interact with
eukaryotic 18S rRNA [51]. A mutation in yeast 18S rRNA increases its sensitivity to streptomy-
cin [51]. However, it is unknown if spectinomycin can target to eukaryotic 18S rRNA. In Ara-
bidopsis, the rh57mutants are less sensitive to streptomycin and spectinomycin, and display
reduced levels of the 40S ribosomal subunit [27]. Consistent with our cRT-PCR results, the
antibiotic resistance of the mutant suggests that AtRH7 might have a function in 40S ribosome
biogenesis and assembly.

At normal growth temperatures, the two knockout rh7mutant lines displayed several
growth and developmental defects including narrow and pointed first leaves, retarded root
growth, and disturbed vein patterns. These phenotypes are also observed by Huang et al. [44].
In addition to these phenotypes, we also observed aberrant floral organ development, including
a visible anther before anthesis and shorter staminal filaments relative to carpels. Similar
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phenotypes were also found in several auxin-related mutants, such as yuc2 yuc6, arf1 arf2 and
ap2m [52–54]. In these mutants, the staminal filaments are shorter than those of WT. Several
studies have shown that the morphological alterations caused by mutations in ribosomal pro-
teins or ribosome biogenesis factors contribute to the deficiency of auxin responsiveness. For
instance, ribosomal proteins RPL4A, RPL4D, RPL5A, and STV1 (RPL24B) affect translation
re-initiation of auxin response factors (ARFs) [55,56]. Nucleolin and apum23mutants display
altered distribution and reduced expression of the auxin reporter gene DR5-GUS [39,40].
Based on a function of AtRH7 in rRNA biogenesis, it is possible to speculate that the defects in
floral organs of rh7mutants are a result of the alteration of auxin response caused by aberrant
ribosome biogenesis.

AtRH7 has been shown to be essential for growth at 4°C, and rh7mutants cannot survive
during prolonged 4°C treatment [44]. In this study, we analyzed phenotypes of rh7mutants
grown at a milder cold temperature (12°C), and found that AtRH7 plays an important role in
leaf morphogenesis under cold conditions. At 12°C, the germination and post-germination
growth of rh7mutants were markedly delayed. When rh7 seedlings were moved to cold, we
observed a variety of leaf abnormalities, including short petiole, curled leaves and needle-like
leaves (Fig 6). These data suggested that AtRH7 is required not only for survival of plant in
cold but also normal leaf development. Several studies have shown that defects in ribosome
biogenesis are associated with a cold-sensitive phenotypes [57–62]. In Arabidopsis, REIL1 and
REIL2, homologs of the yeast 60S ribosomal maturation factor Reil1p, are required for growth
under low temperatures [63]. Arabidopsis REIL1 can complement the cold-sensitive phenotype
of yeast Δrei1 [63], and the Arabidopsis reil1 reil2 double mutant displays delayed germination,
and arrested growth and development of the first true leaf under 10°C. The phenotype of the
reil1 reil2 double mutant is in general agreement with the phenotype of rh7mutants under
12°C. In addition, the upwardly curled leaves were also observed in reil2mutants grown at
10°C for 5 to 6 weeks. Together with the study of REIL1 and REIL2 [63], these data may imply
a connection between the regulations of ribosome biogenesis and plant growth, and leave
development in the cold.

The interaction of AtRH7 with AtCSP3 was confirmed by in vitro and in vivo analyses.
Intriguingly, interactions between CSD proteins and DEAD-box RNA helicases have been
shown in other organisms. In Bacillus subtilis, two cold-induced DEAD-box proteins, named
CshA and CshB, interact with CSPs to destabilize misfolded RNA and ensure proper initiation
of translation [64]. In Chironomus tentans, a DEAD-box RNA helicase, hrp84, is associated
with a CSD protein, ctYB-1 in nucleus and cytoplasm, and the hrp84-ctYB-1 complex might
affect mRNA translation efficiency [65]. Together with AtCSP3-AtRH7, there might be con-
served interaction between CSD proteins and DEAD-box RNA helicases in regulation of RNA
secondary structures. AtCSP3 positively regulates abiotic stress tolerance through a non-CBF
pathway [29,66]. AtRH7 is currently shown to be involved in pre-rRNA processing and chilling
tolerance. So far, no common function was found between these proteins. Considering the fact
that AtCSP3 and AtRH7 interact within the nucleolus, a plausible function of the AtC-
SP3-AtRH7 complex is regulation of ribosome biogenesis. This hypothesis is supported by our
interactome analysis of AtCSP3 [30]. In the analysis, Gar1, AtNUC-L1 and three ribosomal
proteins were identified as interactors of AtCSP3, suggesting that AtCSP3 participates in ribo-
some biogenesis and rRNA metabolism [30]. The cold-inducible AtCSP3 displays a nucleic
acid melting activity in the absence of ATP and functions as an RNA chaperone [29]. AtRH7
has been shown to possess ATP-dependent RNA helicase activity to unwind duplex RNA to
single strands [67]. Therefore, AtRH7 and AtCSP3 may cooperatively regulate secondary struc-
tures of rRNA within the nucleolus, and ensure the proper pre-rRNA processing in Arabidop-
sis. Although we did not detect any ribosome-related morphological alterations and chilling
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sensitive phenotype in the atcsp3mutant [29], this can be explained by a possible overlapping
function with AtCSP1 [68], the other class II CSD protein of Arabidopsis, in rRNA processing.
Future study should be focused on the function of AtCSP1/3 in chilling tolerance to establish
the working model for the AtCSP3-AtRH7 complex in pre-rRNA processing under low
temperature.

Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia was used as wild type (WT) in this study. The T-DNA
insertion mutants, rh7-5 and rh7-8 (SALK 016729 and SALK 060686, respectively) were
obtained from the Arabidopsis Biological Research Center (http://abrc.osu.edu/). The homozy-
gous mutants were analyzed by semi-quantitative RT-PCR using gene-specific primer sets (S2
Table); all primers were synthesized by Hokkaido System Science (Sapporo, Japan). The
mutant andWT seeds were surface-sterilized with 75% ethanol for 30 min, and were spread on
MS medium containing 2% sucrose and 0.8% agar. The plates were maintained at 4°C for 2 d
for stratification, and then moved into a growth chamber set at 22°C (16 h light/ 8 h dark).

In vitro pull-down assay
Production and purification of the GST-AtCSP3 fusion protein was performed as previously
described [29]. For preparing the AtRH7-6xHis fusion protein, the entire coding region of
AtRH7 was amplified with AtRH7-pET23(+)F and AtRH7-pET23(+)R primers (S2 Table) and
cloned into the BamHI-XhoI site of the vector pET23(+) (Novagen) to yield pET23-AtRH7. E.
coli BL21 (DE3) cells containing pET23-AtRH7 were grown in 50 mL LB with ampicillin at
37°C until an OD600 reached 0.5. The recombinant protein was induced by addition of IPTG
(0.1mM) and the culture was further growth at 25°C for 4 h. Cells were harvested by centrifu-
gation and resuspended in 5 mL phosphate-buffered saline (PBS). Cells were then disrupted by
sonication. Following sonication, crude extract was obtained by centrifugation and subse-
quently used for pull-down assay. Approximately 1 μg of either GST or GST-AtCSP3 was
mixed with the crude extract (100 μL) in PBST (PBS with 1% Triton X-100) to reach a total vol-
ume of 200 μL. Then 30 μL glutathione-sepharose was added to the mixture, which was then
incubated at 4°C for at least 3 h. After three washes with PBST, the beads were boiled in
2.5×SDS loading buffer and the supernatant was loaded on SDS-PAGE gels. Immunoblotting
was performed as previously described [69], and the detection was carried out with anti-6xHis
antibodies (MBL, Nagoya, Japan).

BiFC assay
For BiFC assays, the AtRH7 ORF was cloned into the EcoRI-BamHI site of pSAT4-cEYFP-N1
[70] to yield cYFP-AtRH7. AtCSP3 cloned into pSAT4-nEYFP-N1 (nYFP-AtCSP3) was
described previously [30]. For subcellular localization analysis, the AtRH7 ORF was cloned
into the SalI site of the pUC18-35S:GFP vector to produce pUC18-35S:AtRH7. Construction of
pH7RWG2.0-AtFbr1 was described previously [69]. The subsequent transient expression
using onion cells and microscope observation were performed as previously described [30].

Phylogenetic analysis
Full-length amino acid sequences of DEAD-box proteins from Arabidopsis, yeast, human and
E.coli were collected from NCBI (www.ncbi.nlm.nih.gov). We used the NCBI BLASTp (blast.
ncbi.nlm.nih.gov/Blast.cgi) conserved domain identification tool to find the core regions of
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each protein and to exclude the variable N/C termini (blast.ncbi.nlm.nih.gov/Blast.cgi). The
amino acid sequences were aligned with Geneious Pro 7.1.8 software (Biomatters, Auckland,
New Zealand), and the phylogenetic tree was created with MEGA 6.06 [71] using Neighbor
Joining method with a Bootstrap of 1000. The DEAD-box RNA helicases used for phylogenetic
tree are list in S1 Table.

Bacterial complementation
The ORFs of AtRH7, AtRH15, and csdA were cloned into the pINIII expression vector [72]
using the NdeI-BamHI site. The plasmids were transformed into E. coli ΔcsdAmutant cells
[33]. The transformants were grown in LB until the OD600 reached 0.6. The serially diluted cul-
tures were spotted on LB plates, then the plates were incubated either at 37°C or 17°C, and the
growth of cells was observed daily.

Transgenic expression of AtRH7pro:GUS
A genomic fragment containing 5’-upstream region of AtRH7 (2089 bp) was amplified by PCR
using the AtRH7pro pBI121 Forward and Reverse primers (S2 Table). The PCR product was
digested with HindIII and XbaI, and inserted into pre-digested pBI121 vector (Clontech) to
make a translational fusion to GUS. The resulting vector was introduced into Agrobacterium
tumefaciens strain GV3101, and subsequently transformed into Arabidopsis plants according
to a modified floral-dip method [73,74]. For GUS staining, the tissues from transgenic plants
were stained at 37°C overnight in 1 mM 5-bromo-4chloro-3-indolyl-β-D-glucuronide
(X-Gluc) solution, then washed several times in 70% ethanol.

Germination assays
To avoid dormancy variation, WT and rh7, seeds were collected from the plants grown under
the same conditions. Fully mature seeds were dried and stored at 4°C for at least 1 month. Sur-
face-sterilized WT and rh7mutant seeds (45 seeds each) were sown on MS medium. The plates
were placed at 4°C for 2 days for stratification, and then were transferred to growth chambers
set at 12°C or 22°C under long-day conditions (16 h light/ 8 h dark). The number of seeds with
a radicle and first leaf were counted daily. For salt and osmotic stress, the seeds were sown on
MS medium containing 130 mMNaCl (for high salt) or 300 mMmannitol (for high osmolal-
ity). After stratification, the plates were transferred to 22°C, and the seeds with a radicle were
counted daily. For growth under cold, 7-d-old WT and rh7mutant plants, which were germi-
nated at 22°C, were transferred to new plates and kept at 12°C or 4°C for the indicated times.

Electron microscopy
Scanning electron microscopy (SEM) images were obtained using a Hitachi TM-1000 table-top
scanning electron microscope (Hitachi High-Technologies Corporation).

RNA isolation and RNA gel blot analysis
Total RNA was isolated from 12-d-old plants with or without cold treatment using the RNase
Plant Mini Kit (Qiagen). RNA blots were prepared as described by Karlson et al. [75] with
some modifications. Briefly, 3.5 μg total RNA was separated electrophoretically on 1.2% aga-
rose gels and then blotted onto nylon membranes. Digoxigenin-labeled probes specific to 5ETS
and ITS1 (S1 Table) were hybridized to the membrane. The hybridization signals were ana-
lyzed using the DIG detection system (Roche Life Science) and results were visualized with a
LAS3000 luminoimager (Fuji Photo Film).
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Quantitative real-time PCR (qRT-PCR)
qRT-PCR was performed using an ABI 7500 Real-time PCR systems (Applied Biosystems)
with SYBR Premix Ex Taq II (Tli RNnasH Plus) (Takara).The PCR was performed as follow:
95°C for 30 s, 40 cycles of 95°C 5 s, 60°C for 34 s. Three biological replicates for each sample
were analyzed, and at least two technical replicates were performed for each biological repli-
cate. Transcripts were normalized to the ACTIN2. Primers used in this experiment were listed
in S2 Table.

Circular RT-PCR assay
Circular RT-PCR was performed as previously described [38,39]. Briefly, total RNA was ligated
with T4 RNA ligase 1 (New England Biolabs), then the first-strand cDNA was synthesized
using the primers specific to 18S rRNA, 5.8S rRNA or 25S rRNA. Various rRNA intermediates
were amplified with specific prime sets (S2 Table). Identity of the amplified bands was deter-
mined by sequencing.

Supporting Information
S1 Fig. Gene structure and transcript levels of AtRH7 in two T-DNA insertion lines. (A)
Gene structure of AtRH7 and the positions of the T-DNA insertion in the rh7mutants (rh7-5/
SALK 016729 and rh7-8/SALK 060686). The black boxes and lines indicate the exons and
untranslated regions, introns respectively. The arrows indicate the primers used for detecting
the transcripts by RT-PCR. The triangles represent the T-DNA insertion positions in the SALK
lines. (B) RT-PCR analysis of the AtRH7 transcripts in wild type (WT), rh7-5 and rh7-8. The
ACTIN2 transcript was amplified as control.
(PDF)

S2 Fig. Phenotypes of rh7mutants. (A) Shorter root length phenotype of rh7mutants, 4-d-
old plants were incubated vertically at 22°C for a further 1 week. (B) Root length of (A), the
results were calculated from three independent experiments, n = 8. The data represent the
means ± SD, �� P< 0.01 by t test. (C) In some of the rh7mutants, the pistil is longer than the
sepal. (D) Aberrant surface of rh7mutant seeds. Scale bar = 1 cm in (A), 1mm in (C), and
250 μm in (D)
(PDF)

S3 Fig. Phenotype analysis of rh7-5 complementation plants. (A) RT-PCR analysis of AtRH7
expression level in complementation plants, ACTIN2 was used as control. (B) Pointed first
rosette leaf phenotype of 10-d-old WT, rh7-5mutant and complementation plants. (C) Cleared
shoots of 10-d-old WT, rh7-5 and complementation plants. (D) Root length of WT, rh7-5 and
complementation plants incubated vertically. (E) Aberrant floral phenotype. The numerator
indicates the number of flowers with normal stamen filament and carpel length, and denomi-
nator represents total number of flower observed. (F) Phenotype of WT, rh7-5 and comple-
mentation plants grown at 12°C for 5 weeks. Scale bars = 1 cm in (B) and (F); 1 mm in (C) and
(D).
(PDF)

S4 Fig. AtRH7 does not affect the germination under high salt and osmotic conditions. The
germination of WT and rh7mutant seeds after stratification (4°C dark for 2 days) was counted
based on the number of seeds with a radicle. Each plate had 45 seeds per genotype.
(PDF)
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S5 Fig. Growth defects of rh7mutants under 4°C. (A), (B) Well-germinated 1-week-old WT
and rh7mutants were transferred to 4°C, then photographed after 6 weeks (A) and18 weeks
(B) following transfer to 4°C. (C) 18-day-old WT and rh7mutant were grown in soil at 4°C for
4 months Scale bar = 1 cm.
(PDF)

S6 Fig. RNA blot analysis of 35S rRNA and rRNA precursor in mutants and complementa-
tion plants. RNA blot analysis of 35S rRNA and rRNA precursor in mutants and complemen-
tation plants. RNA was isolated from plants with or without 7-d 4°C treatment. Probes used in
this experiment were as described in Fig 7A.
(PDF)

S7 Fig. Sequences of rRNA intermediates obtained from cRT-PCR. DNA fragments of
cRT-PCR were cloned into pGEM-T Easy vector, and multiple clones were amplified and
sequenced.
(PDF)

S8 Fig. Antibiotic treatments of WT and rh7mutants.WT and rh7mutant seeds were
directly germinated on plates with or without the indicated antibiotics; then the plates were
incubated vertically under long-day conditions in a growth chamber for 2 weeks.
(PDF)

S1 Table. DEAD-box RNA helicases used in creating phylogenetic tree.
(PDF)

S2 Table. Primers used in this work.
(PDF)
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