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ECERIFERUM7 (CER7)/AtRRP45B core subunit of the exosome, the main cellular 39-to-59 exoribonuclease, is a positive
regulator of cuticular wax biosynthesis in Arabidopsis (Arabidopsis thaliana) inflorescence stems. CER7-dependent exosome
activity determines stem wax load by controlling transcript levels of the wax-related gene CER3. Characterization of the
second-site suppressors of the cer7 mutant revealed that small interfering RNAs (siRNAs) are direct effectors of CER3
expression. To explore the relationship between the exosome and posttranscriptional gene silencing (PTGS) in regulating
CER3 transcript levels, we investigated two additional suppressor mutants, wax restorer1 (war1) and war7. We show that
WAR1 and WAR7 encode Arabidopsis SUPERKILLER3 (AtSKI3) and AtSKI2, respectively, components of the SKI complex
that associates with the exosome during cytoplasmic 39-to-59 RNA degradation, and that CER7-dependent regulation of wax
biosynthesis also requires participation of AtSKI8. Our study further reveals that it is the impairment of the exosome-mediated
39-59 decay of CER3 transcript in the cer7 mutant that triggers extensive production of siRNAs and efficient PTGS of CER3. This
identifies PTGS as a general mechanism for eliminating highly abundant endogenous transcripts that is activated when 39-to-59
mRNA turnover by the exosome is disrupted. Diminished efficiency of PTGS in skimutants compared with cer7, as evidenced by
lower accumulation of CER3-related siRNAs, suggests that reduced amounts of CER3 transcript are available for siRNA
synthesis, possibly because CER3 mRNA that does not interact with SKI is degraded by 59-to-39 XRN4 exoribonuclease.

The cuticle is an extracellular hydrophobic structure
that coats primary aerial surfaces of land plants. It serves
as a key barrier that restricts transpirational water loss,
and provides protection from abiotic and biotic stresses
(Kunst and Samuels, 2003; Kosma et al., 2009; Reina-Pinto
and Yephremov, 2009). It also plays an important role in
drought stress signaling (Wang et al., 2011) and prevents
organ fusions during plant development (Sieber et al.,
2000). The two major cuticle constituents are cutin and
cuticularwax. Cutin is an aliphatic polyester composed of
C16 and C18 oxygenated fatty acids and glycerol that
functions as a structural scaffold. It is overlaid and em-
bedded with cuticular wax, a mixture of very long chain
fatty acids and their derivatives, including primary alco-
hols, wax esters, aldehydes, alkanes, ketones, and sec-
ondary alcohols (Samuels et al., 2008). Wax also usually

contains small amounts of cyclic components, such as
triterpenoids and sterols (Jetter et al., 2006).

Formation of wax components has been well-studied,
and enzymes catalyzingwax biosynthetic reactions have
been characterized (Bernard and Joubès, 2013). Trans-
port of cuticular wax to the cuticle has been shown to
involve ATP-binding cassette transporters and lipid
transfer proteins (Pighin et al., 2004; Bird et al., 2007;
Debono et al., 2009; Kim et al., 2012), but in contrast to
wax biosynthesis, our knowledge of this process is in-
complete. Similarly, regulation of wax production is not
fully understood. Wax biosynthesis can be induced by
environmental stress and hormone treatment (Kosma
et al., 2009), and several transcriptional regulators have
been shown to affect wax accumulation. These include
an APETALA2 (AP2) domain-containing transcription
factorWAX INDUCER1/SHINE1, whose overexpression
results in glossy leaves with an increased wax load
(Aharoni et al., 2004; Kannangara et al., 2007); MYB30,
expressed in response to bacterial pathogen attack,
which promotes the transcription of the fatty acid elon-
gase complex genes (Raffaele et al., 2008); MYB96, which
directly activates the promoters of several wax biosyn-
thetic genes upon abscisic acid treatment or drought
stress (Seo et al., 2011); and an AP2/ERF-type tran-
scriptional repressor, DECREASEWAXBIOSYNTHESIS,
which regulateswax accumulation during diurnal light/
dark cycles and is involved in the organ-specific regu-
lation of total wax loads on plant surfaces (Go et al., 2014;
Suh and Go, 2014).
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Besides transcription factors, cuticular wax loads
are also influenced by two additional proteins: an E3
ubiquitin ligase encoded by the ECERIFERUM9 (CER9)
gene that acts as a negative regulator of both wax and
cutin monomers (Lü et al., 2012), and CER7/RRP45B
core subunit of the exosome that regulates wax
production during inflorescence stem development
(Hooker et al., 2007). The exosome is an evolutionarily
conservedmultiprotein complex that mediates cellular
RNA processing and degradation in the 39-to-59
direction in both the nucleus and the cytoplasm
(Houseley et al., 2006; Chekanova et al., 2007; Lange
et al., 2014). Extensive studies of the yeast and human
exosome complexes indicated that all nine core exo-
somal subunits were required for its integrity and
function (Allmang et al., 1999a, 1999b; Liu et al., 2006).
In light of this holistic view of the eukaryotic exosome
complex, the discovery that a core subunit of the
exosome is involved in a specialized plant process
such as cuticular wax deposition (Hooker et al., 2007)
was surprising. Further investigation of the plant
exosome demonstrated that two additional core exo-
somal subunits of Arabidopsis (Arabidopsis thaliana)
exhibited functional specialization. The RRP41 sub-
unit was shown to be involved in the development of
the female gametophyte, whereas the RRP4 subunit
was required for embryogenesis (Chekanova et al.,
2007). Furthermore, unlike in yeast and metazoa
where the intactness of the exosome complex is es-
sential for function, the loss of the CSL4 subunit is
not detrimental to plant growth and development
(Chekanova et al., 2007).
To gain additional insight into regulation of wax de-

position by the CER7/RRP45B subunit, we carried out a
screen for second-site suppressors of cer7-associatedwax
deficiency and isolated a series of wax restorer (war)
mutants (Lam et al., 2012). Systematic identification of
genes disrupted in these war lines revealed that the
majority encode enzymes of the small interfering RNA
(siRNA) biosynthetic pathway. We demonstrated that
siRNAs negatively regulate wax deposition in Arabi-
dopsis stems by posttranscriptional gene silencing
(PTGS) of the key wax biosynthetic gene CER3 and
that siRNA levels in turn are determined by CER7/
RRP45B-dependent exosome activity (Lam et al.,
2012, 2015).
To further explore the relationship between the

CER7-dependent exosome and PTGS in regulating
CER3 transcript levels, we have characterized two
additional cer7 suppressor mutants, war1 and war7.
Positional cloning and analysis of WAR1 and WAR7
genes indicated that they carry mutations in Arabi-
dopsis SUPERKILLER3 (AtSKI3; At1g76630) and
AtSKI2 (At3g46960), respectively, that encode com-
ponents of the SKI complex. In Arabidopsis, as in
other eukaryotes studied thus far, SKI proteins have
been shown to be required for cytoplasmic 39-to-59
RNA degradation by the exosome (Houseley et al.,
2006; Dorcey et al., 2012; Halbach et al., 2013; Lange
et al., 2014; Zhang et al., 2015), but evidence for their

functional association into a complex is missing.
Detailed analyses of the phenotypes of the ski single
and ski cer7 double mutants reported here demon-
strate that all SKI proteins participate in the CER7/
RRP45B-mediated control of wax deposition in de-
veloping Arabidopsis inflorescence stems, and sup-
port the notion that they act in the same pathway or
complex.

RESULTS

Mutation in AtSKI3 Restores the cer7-1 Wax Deficiency

The war1 mutant was identified from a cer7-1 for-
ward genetic screen, as described previously (Lam
et al., 2012). This second-site mutation results in re-
covery of near wild-type cuticular wax load on the cer7-
1 inflorescence stems (Figs. 1A and 2A).

To pinpoint the mutation in war1, the war1-3 cer7-
1 suppressor line was first backcrossed to cer7-1. The
approximately 3:1 segregation ratio of glossy mutant
to waxy wild-type phenotypes (631:205; x2 = 0.26, P.
0.5) in the F2 population indicated that wax restoration
was caused by a recessive mutation in a single nuclear
gene. An outcross of war1-3 cer7-1 in the Landsberg
erecta (Ler) background to the Arabidopsis Columbia-0
(Col-0) cer7-3 mutant was performed to create a
mapping population for identification of the WAR1
gene. Rough mapping using 17 F2 plants that dis-
played a waxy stem phenotype indicated that the
mutation in war1-3 lies on chromosome 1 between the
markers T4O12 and F18B13 (Fig. 1B). An enlarged F2
population containing 714 waxy plants was then used
for fine mapping that narrowed down the war1-3
mutation to a 120-kb region, flanked by the markers
F14G6 and F7O12, which contains 29 annotated genes.
DNA sequencing of this region revealed a C-to-T sin-
gle nucleotide mutation at position 491 in the second
exon of At1g76630, predicted to result in a premature
stop codon (Fig. 1C). Mutations in the At1g76630 gene
were also detected in two additional war1 alleles, un-
covered from the same suppressor screen; war1-2
contains a single base-pair (C) deletion at position 1952
in the ninth exon, leading to a frame shift and an early
stop codon at position 1957, whereas war1-1 has a G-
to-A mutation at position 148 of the first intron, which
may affect the nuclear mRNA processing or preclude
the translation of a functional protein product. These
data indicate that WAR1 is At1g76630 (Fig. 1C).

TheAt1g76630 gene encodes a predicted polypeptide
of 1168 amino acids. Sequence analysis with the protein
domain prediction tool SMART (http://smart.embl-
heidelberg.de/) revealed that theWAR1 protein has six
tetratricopeptide repeat domains clustered at the N
terminus and exhibits 23% identity and 40% similarity
with the Saccharomyces cerevisiae SUPERKILLER3
(ScSKI3) C-terminal arm (Fig. 5A). To confirm that mu-
tations in AtSKI3 can restore wax deficiency of cer7, we
obtained two T-DNA insertion alleles, GABI_140B07
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and SALK_099525, previously designated ski3-5 and
ski3-7 (Yu et al., 2015). T-DNA insertion sites in the
11th intron of AtSKI3 in ski3-5 and in the 19th exon
in ski3-7, respectively, were established by DNA se-
quencing (Fig. 1C). Semiquantitative reverse tran-
scription (RT)-PCR using total RNA extracts of the
whole stems demonstrated that the overall abun-
dance of the AtSKI3 mRNA in ski3-5 was similar to
the wild type, whereas ski3-7 retained only trace
amounts of mRNA, implying that the gene disrup-
tion in ski3-7 is more severe (Fig. 1D). In contrast, all
three original war1 suppressor mutants, war1-1/ski3-8,
war1-2/ski3-9, and war1-3/ski3-10, had only slightly
lower AtSKI3 mRNA levels than the wild type. Ho-
mozygous ski3-5 and ski3-7 single mutants do not
exhibit a stem wax phenotype or any other visible
phenotype. However, when crossed into the cer7-3
background, both ski3-5 and ski3-7 can rescue the

stem wax phenotype of the cer7 mutant like other
war1/ski3 alleles (Fig. 1A).

Stem wax analyses by gas chromatography with
flame ionization detection (GC-FID) showed that all
war1 cer7-1 suppressors and ski3 cer7-3 double mu-
tants contain considerably higher wax loads than the
cer7 single mutants (Fig. 2A). Additionally, in these
lines, the dramatic reduction in alkane pathway
components characteristic of cer7 was also restored
to the wild type (Fig. 2B; Supplemental Table S4).
CER3 transcript accumulation, examined by real-
time PCR, was also partially or completely restored
to wild-type levels (Fig. 2C). To further corroborate
the conclusion that the mutation in AtSKI3 is re-
sponsible for the recovered waxy phenotype of
the suppressors, transgene complementation of the
war1-3 cer7-1 suppressor line with genomic AtSKI3,
fused to green fluorescent protein (GFP) and driven

Figure 1. Identification of WAR1 as SKI3 compo-
nent of the SKI complex required for CER7-
mediated control of cuticular wax biosynthesis. A,
Stems of 6-week-old Ler wild-type (WT), cer7-1,
war1 cer7-1, Col-0 wild-type, cer7-3, and ski3
cer7-3mutant plants showing the suppression of the
cer7 wax-deficient phenotype in the war1 cer7-1
and ski3 cer7-3 mutants as indicated by glaucous
stems. B, Schematic representation of the chromo-
somal location of war1 as determined by fine-
mapping. The markers used for mapping and the
number of recombinants are indicated. C, Sche-
matic representation of the AtSKI3 gene structure.
The exons are indicated as white boxes and introns
as black lines. The translational start site is repre-
sented by the bent arrow. The positions and types of
the mutations in ski3 alleles are also shown. D, RT-
PCR analysis of AtSKI3 transcript levels in stems of
war1 and ski3 mutants compared with the corre-
sponding wild type.
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by its native promoter, was carried out. The intro-
duction of AtSKI3-GFP converted wild-type waxy
stems of war1-3 cer7-1 to glossy bright green cer7-like
stems in transgene recipients (Fig. 9D), indicative of
successful complementation. Collectively, these re-
sults demonstrate that WAR1 is AtSKI3. The war1
alleles were therefore renamed ski3 (Supplemental
Table S1).

WAR7 Is AtSKI2, the Putative Helicase of the
SKI Complex

An additional mutation that rescues the cer7-
related stem wax deficiency, war7, was mapped to
chromosome 3 in the vicinity of marker T6H20 (Fig.
3A) and AtSKI2 (At3g46960), which encodes the
RNA helicase subunit of the SKI complex (Jolivet
et al., 2006; Dorcey et al., 2012). Because the SKI
complex is conserved across many uni- and mul-
ticellular organisms, including yeast, Drosophila,
Arabidopsis, and humans, we suspected that muta-
tions in AtSKI2, just like those in AtSKI3, might also
be able to restore the wax phenotype of the cer7

mutant. We therefore sequenced AtSKI2 in the war7-
1 cer7-1 and war7-3 cer7-1 suppressors. Comparisons
with the wild-type sequence revealed nonsense
C-to-T mutations at nucleotide 6909 of AtSKI2 in
war7-1 and at nucleotide 2493 in war7-3. Both these
mutations produce a premature stop codon that
would truncate the protein and likely inactivate it
(Fig. 3B). In contrast, war7-2 contains a G-to-A sub-
stitution at position 1 of the eighth intron of the
AtSKI2 gene, which might lead to mRNA splicing
and protein translation defects.

We identified three more alleles ofAtSKI2 in T-DNA
insertional mutant collections: ski2-5 (SALK_141579),
ski2-6 (SALK_122393), and ski2-3 (SALK_063541).
The T-DNA insertion was within the third intron in
the ski2-5 allele, and in the last exon in both ski2-6
and ski2-3. RT-PCR analysis using stem RNA dem-
onstrated that AtSKI2 mRNA levels in war7-2 and
ski2-5were similar to the wild type, reduced in war7-
1, war7-3, and ski2-3, and undetectable in ski2-6 (Fig.
3C). All of the homozygous ski2 T-DNA mutants
were indistinguishable from the wild type with re-
spect to their stem wax loads. When these ski2 alleles

Figure 2. Analyses of wax profiles and
CER3 transcript levels of war1 cer7-1 and
ski3 cer7-3mutants. A, Stem wax loads of
war1 cer7-1 and ski3 cer7-3 double mu-
tants compared with their corresponding
wild type (WT) and cer7 single mutant.
Values represent means 6 SD (n = 3). B,
Stem wax composition of war1-3 cer7-
1 and ski3-7 cer7-3 double mutants com-
pared with their corresponding wild type
and cer7 mutants. Wax compositions for
all double mutants are restored to wild-
type-like ratios of major wax components.
C, CER3 transcript levels of war1 cer7-
1 and ski3 cer7-3 double mutants com-
pared with their corresponding wild type
and cer7 single mutants. ACTIN2 was
used as an internal control, and control
samples were normalized to 1. Values
represent means 6 SD (n = 3).
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were crossed into the cer7-3 background, they could
restore the cer7-3 stem wax load to near wild-type
levels (Fig. 4, A and B). Wax accumulation and
composition was verified by GC-FID analysis and
confirmed that all war7 cer7-1 suppressors and ski2
cer7-3 double mutants displayed wild-type-like wax
profiles (Fig. 4, B and C; Supplemental Table S4).
Real-time PCR also demonstrated wild-type or near
wild-type CER3 transcript levels in these suppressor
and double mutant lines (Fig. 4D). These results in-
dicate that WAR7 is AtSKI2. Hence, the war7 alleles
will hereafter be referred to as ski2 (Supplemental
Table S2).

Sequence alignment showed that AtSKI2 and ScSKI2
share 43% identity and 59% similarity over 1000 amino
acids at the C terminus (Fig. 5B), mainly covering the
entire helicase region that is essential for RNA binding
and ATP hydrolysis (Halbach et al., 2013). In contrast,
theN terminus of ScSKI2 that is necessary and sufficient
for interaction with ScSKI3 and ScSKI8 in yeast does
not exhibit significant homology with the Arabidopsis
AtSKI2. This does not, however, preclude successful
interactions of AtSKI2 with AtSKI3 and AtSKI8 sub-
units as demonstrated by pull-down experiments in
Arabidopsis (Dorcey et al., 2012; Zhang et al., 2015).

AtSKI8, the Third Component of the SKI Complex, Is Also
Necessary for Stem Wax Deposition

It is well-documented that a third component of
the SKI complex, named SKI8, is indispensable for
the cytoplasmic functions of the exosome (Brown
et al., 2000; Orban and Izaurralde, 2005; Dorcey
et al., 2012). To determine whether AtSKI8 works
together with AtSKI2 and AtSKI3 to regulate stem
wax biosynthesis in Arabidopsis, we obtained two

T-DNA insertional mutants in the AtSKI8 gene from
the Arabidopsis Biological Resource Center and
employed them for reverse genetic analyses. The
T-DNA insertion in ski8-6 (SALK_060207) is in the 59 un-
translated region, while ski8-7 (SALK_139885) harbors an
insertion in the second exon that strongly affects AtSKI8
mRNA level (Fig. 6; Supplemental Table S3). Both ski8-7
and to a lesser extent ski8-6 display dwarf and bushy
phenotypes (Fig. 7, A and B), and the ski8-7mutation also
results in flower abnormalities (Dorcey et al., 2012) absent
from ski8-6. When ski8-6 and ski8-7 were crossed into the
cer7-3 background, the resulting double mutants showed
dramatically improved wax accumulation on inflores-
cence stems compared with cer7-3 and substantially re-
stored CER3 transcript levels (Fig. 7, C–F; Supplemental
Table S4). Based on these data, we conclude that in ad-
dition to AtSKI3 and AtSKI2, AtSKI8 also takes part in
CER7-mediated regulation of stem wax biosynthesis,
perhaps in a complex with AtSKI2 and AtSKI3.

AtSKI3 and AtSKI2 Are Localized to the Cytoplasm and
Cytoplasmic Granules

To investigate if AtSKI3 and AtSKI2 function in the
cytoplasm like the yeast and metazoan SKI complexes,
AtSKI3-GFP and AtSKI2-GFP fusions under the control
of the AtSKI3 and AtSKI2 native promoters, respec-
tively, were transformed into war1-3 cer7-1 and war7-
1 cer7-1 mutants. Introduction of both transgenes
resulted in the conversion of waxy stems into wax-
deficient stems (Fig. 9, C–F), indicative of restored
AtSKI3 and AtSKI2 functions and correct cellular lo-
calization of the AtSKI3-GFP and AtSKI2-GFP proteins.
For both proteins, green fluorescence signals were
detected in the cytoplasm of root cells (Fig. 8, A, B, D,
and E) as well as in cytoplasmic granules of unknown

Figure 3. Identification of WAR7 as SKI2 com-
ponent of the SKI complex required for CER7-
mediated control of cuticular wax biosynthesis.
A, Schematic representation of the chromo-
somal location of war7 as determined by rough-
mapping. The markers used for mapping and the
number of recombinants are indicated. B, Sche-
matic representation of the AtSKI2 gene structure.
The exons are indicated as white boxes and in-
trons as black lines. The translational start site is
represented by the bent arrow. The positions and
types of the mutations in ski2 alleles are also
shown. C, RT-PCR analysis of AtSKI2 transcript
levels in stems of war7 and ski2 mutants com-
pared with the corresponding wild type (WT).
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function (Fig. 8, C and F), but were excluded from the
nuclei. Cytoplasmic localization of AtSKI2 and AtSKI3,
consistent with their roles as auxiliary factors required
for exosomal activities in the cytoplasm, has been
demonstrated previously (Zhang et al., 2015; Yu et al.,
2015), but not their presence in the cytoplasmic gran-
ules shown here. This suggests the possibility that one
or more activities of the AtSKI proteins might require
their association into processing bodies (P bodies), cy-
toplasmic protein complexes known to be involved
in degradation and translational arrest of mRNA
(Maldonado-Bonilla, 2014). Further localization stud-
ies, including colocalization of AtSKI proteins with

confirmed P body components, are needed to address
this hypothesis.

AtSKI3 and AtSKI2 Cannot Rescue Yeast ski3 xrn1 and
ski2 xrn1; ScSKI3 and ScSKI2 Cannot Functionally
Complement war1-3 cer7-1 and war7-1 cer7-1

Biochemical analyses carried out by several groups
indicate that AtSKI2 and AtSKI3 are part of the cyto-
plasmic SKI complex in Arabidopsis, which also in-
cludes the AtSKI8 subunit (Dorcey et al., 2012; Zhang
et al., 2015). Moreover, the yeast ScSKI8 ortholog was

Figure 4. Analyses of stem wax pheno-
types, wax profiles, and CER3 transcript
levels of war7 cer7-1 and ski2 cer7-3 mu-
tants. A, Stems of 6-week-old Lerwild-type
(WT), cer7-1, war7 cer7-1, Col-0 wild-
type, cer7-3, and ski2 cer7-3mutant plants
showing the suppression of the cer7 wax-
deficient phenotype in thewar7 cer7-1 and
ski2 cer7-3 mutants as indicated by glau-
cous stems. B, Stem wax loads of war7
cer7-1 and ski2 cer7-3 double mutants
compared with their corresponding wild
type and cer7 single mutant. Values repre-
sent means 6 SD (n = 3). C, Stem wax
composition of war7-2 cer7-1 and ski2-6
cer7-3 double mutants compared with
their corresponding wild type and cer7
mutants. Wax compositions for all double
mutants are restored towild-type-like ratios
of major wax components. D, CER3 tran-
script levels ofwar7 cer7-1 and ski2 cer7-3
double mutants compared with their cor-
responding wild type and cer7 single mu-
tants. ACTIN2 was used as an internal
control, and control samples were nor-
malized to 1. Values represent means 6 SD

(n = 3).
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shown to rescue the dwarf phenotype of the Atski8
mutant (Dorcey et al., 2012), consistent with the notion
that yeast and Arabidopsis SKI8 subunits are func-
tionally equivalent. To determine if this is also the case
for the SKI2 and SKI3 components, we performed re-
ciprocal complementation experiments in S. cerevisiae
and Arabidopsis. When a construct containing the
AtSKI3 coding region driven by the ScSKI3 promoter
was introduced into the yeast ski3 xrn1mutant (Johnson
and Kolodner, 1995), it failed to rescue the ski3 xrn1
growth phenotype (Fig. 9A). Similarly, the transgene
containing the ScSKI3 coding region under the control
of the native AtSKI3 promoter failed to substitute for
AtSKI3 in controlling wax biosynthesis on Arabidopsis
inflorescence stems (Fig. 9, C and D). These results were
not surprising because protein sequence alignments
show that AtSKI3 and ScSKI3 are highly divergent, and
that AtSKI3 lacks tetratricopeptide repeats 28 to 33,
whose deletion causes lethality in a yeast strain lacking
XRN1 due to the loss of its ability to interact with
ScSKI2 and ScSKI8 (Wang et al., 2005; Fig. 5A).

Even though yeast and Arabidopsis SKI2 subunits
show a greater degree of sequence similarity, with
the helicase region mostly conserved in both AtSKI2

and ScSKI2 proteins (Fig. 5B), heterologous com-
plementation of the yeast ski2 xrn1 mutant was
also unsuccessful (Fig. 9B). In a reciprocal experi-
ment, AtSKI2p::ScSKI2 transgene was also unable to
complement the wax phenotype of the war7-1 cer7-
1 mutant (Fig. 9, E and F). These results suggest that
the observed differences between yeast and Arabi-
dopsis SKI3 and SKI2 proteins lead to distinct or-
ganizations of their respective SKI complexes. At
present, it is not possible to deduce why this is the
case, since the essential interacting domains that are
required for tethering SKI2 and SKI8 to SKI3 in yeast
have not been identified for the Arabidopsis SKI
proteins.

All AtSKI Complex Subunits Are Required for the
Exosome-Mediated Regulation of CER3-Related siRNA
Levels and Thereby the Determination of CER3
Transcript Accumulation

Previously, we have shown that the CER7/RRP45B
core subunit of the exosome determines cuticular
wax loads on Arabidopsis stems by affecting levels of

Figure 5. Comparison of structures of SKI proteins
in S. cerevisiae (Sc) and Arabidopsis (At). A, Do-
main structure of the subunit SKI3 in yeast and
Arabidopsis. Individual TPR motifs are indicated as
blue boxes. B, Domain structure of the subunit SKI2
in yeast and Arabidopsis. The N-terminal region is
shown in red, the helicase region in pink, and the
insertion domain in yellow. C, Domain structure of
the subunit SKI8 in yeast and Arabidopsis. WD40
motifs are shown as green rectangles. Structures of
ScSKI proteins are derived from the structural
analysis reported in Halbach et al. (2013). Struc-
tures of AtSKI proteins are based on the alignments
to yeast sequences.

Figure 6. AtSKI8 gene structure and transcript levels in ski8 mutants. A, Schematic representation of the AtSKI8 gene structure.
The 59 and 39 untranslated regions are indicated as gray boxes, exons as white boxes, and intron as black line. The translational
start site is represented by the bent arrow. The positions of the T-DNA insertion in ski8 alleles are also shown. B, RT-PCR analysis of
AtSKI8 transcript levels in stems of ski8 mutants compared with the wild type (WT).
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siRNAs involved in PTGS of CER3, a key wax biosyn-
thetic gene. To directly assess if all three SKI proteins,
AtSKI2, AtSKI3, and AtSKI8, work alongside CER7/
RRP45B in the exosome-mediated control of wax depo-
sition by controlling CER3-related siRNA accumulation,
we examined the abundance of two such siRNA species,
siRNA-1 (59-UGACAUGUAACAGAUCAGGCU-39) and
siRNA-2 (59-AACAGAUUGAUCACGAAUGGC-39;
Lam et al., 2015), as well as steady-state CER3 transcript
levels, in ski single and ski cer7 double mutants in
comparison to cer7.
As shown in Figure 10, ski3, ski2, and ski8mutants, as

well as ski3 cer7-3, ski2 cer7-3, and ski8 cer7-3 double
mutants, accumulated considerably lower levels of the
two siRNAs of interest than the cer7 mutant. Conse-
quently, the CER3 transcript abundance was greater
in all the ski and ski cer7 mutant lines compared with
the wax-deficient cer7. However, due to the persis-
tence of the small silencing RNAs in the ski single and
double mutants, CER3 transcript concentration in these

genotypes generally did not reach wild-type levels (Fig.
10C). Because mutations in all three SKI genes have a
similar overall effect on siRNA accumulation, CER3
expression, and cuticular wax accumulation, which is
distinct from cer7, it is likely that SKI proteins function
as a complex in assisting exosome-mediated CER3
mRNA turnover.

DISCUSSION

Characterization of the Arabidopsis wax-deficient
cer7 mutant revealed that the CER7/AtRRP45B core
subunit of the RNA-degrading exosome complex takes
part in a uniquely plant process, the regulation of cu-
ticular wax biosynthesis, by affecting the transcript
concentration of wax biosynthetic gene CER3 (Hooker
et al., 2007). Whether CER7 carries out this func-
tion as part of the intact exosome, or in a different
context, is not known. To elucidate the mechanism of

Figure 7. Analyses of mutant pheno-
types, wax profiles, and CER3 transcript
levels of ski8 cer7-3 mutants. A, Six-
week-old Col-0 wild type (WT), cer7-3,
ski8-6, and ski8-7 cer7-3 mutants. B,
Six-week-old Col-0 wild type, cer7-3,
ski8-7, and ski8-7 cer7-3 mutants. C,
Stems of 6-week-old Col-0 wild type,
cer7-3, and ski8 cer7-3 mutant plants
showing the suppression of the cer7
wax-deficient phenotype ski8 cer7-3
mutants as indicated by glaucous stems.
D, Stemwax loads of ski8 cer7-3 double
mutants compared with Col-0 wild type
and cer7 singlemutant. Values represent
means 6 SD (n = 3). E, Stem wax com-
position of ski8-7 cer7-3 double mutant
compared with Col-0 wild type and
cer7-3 mutant. Wax compositions of
ski8 cer7-3 double mutants are restored
to wild-type-like ratios of major wax
components. F, CER3 transcript levels of
ski8 cer7-3 double mutants compared
with Col-0 wild type and cer7-3 single
mutant. ACTIN2was used as an internal
control, and control samples were nor-
malized to 1. Values represent means6
SD (n = 3).
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CER7-mediated control of wax production, we per-
formed a cer7 suppressor screen that resulted in the
identification of siRNAs as direct effectors of CER3
expression (Lam et al., 2012, 2015). Based on these re-
sults, we hypothesized that CER7-dependent exosomal
degradation of siRNAs, or their precursors, involved in
PTGS of the CER3 gene is required to promote wax
production in the wild-type stem. To further investigate

this intriguing regulatory process, and determine if it
involves other players in addition to CER7 and siRNAs,
we characterized two novel cer7 suppressors, war1 and
war7, and cloned the genes disrupted in these mutant
lines. Identification of WAR1 and WAR7 revealed that
they encode proteins with sequence similarity to SKI3
and SKI2, respectively, components of the SKI complex
known to be required for many cytoplasmic functions

Figure 9. Yeast SKI proteins cannot func-
tionally complement Arabidopsis ski mu-
tants, and Arabidopsis SKI proteins cannot
functionally complement yeast ski mu-
tants. A, AtSKI3 cannot restore the growth
of the yeast ski3 xrn1 mutant. B, AtSKI2
cannot restore the growth of the yeast ski2
xrn1 mutant. C and D, ScSKI3 cannot re-
store the wax deficiency of war1-3 cer7-1.
E and F, ScSKI2 cannot restore the wax
deficiency of war7-1cer7-1. WT, Wild
type.

Figure 8. AtSKI3 and AtSKI2 are localized to
the cytoplasm, but excluded from the nuclei. A
and B, Confocal images roots of transgenic
Arabidopsis plants expressing the AtSKI3p:
AtSKI3-GFP construct. C, AtSKI3-GFP signal is
also found in brightly fluorescing granules
throughout the cytoplasm. D and E, Confocal
images roots of transgenic Arabidopsis plants
expressing theAtSKI2p:AtSK23-GFP construct. F,
AtSKI2:GFP fluorescence is also localized to the
cytoplasmic granules. Bars = 50 mm.
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of the RNA exosome, the major eukaryotic 39-to-59
exoribonuclease (Brownet al., 2000;Orban and Izaurralde,
2005). Results of our reverse genetic analysis indicate
that, in addition to AtSKI2 and AtSKI3, efficient regu-
lation of CER3 expression also requires participation of
the AtSKI8 protein.
The well-studied SKI complex of S. cerevisiae func-

tions as a tetramer of SKI3, SKI2, and SKI8 subunits that
assemblewith 1:1:2 stoichiometry (Halbach et al., 2013).
The only protein with enzymatic activity in yeast is the
SKI2 RNA helicase, whereas SKI3 and SKI8 subunits
have structural roles and modulate the activity of SKI2
(Halbach et al., 2013). An additional protein, SKI7, links
the SKI complex with the exosome in yeast (Araki et al.,
2001). Evidence for structural association of the Arabi-
dopsis SKI proteins was first provided by Dorcey et al.,
(2012), who successfully coimmunoprecipitatedAtSKI3
and AtSKI2 with the GFP-ATSKI8 subunit. Zhang et al.
(2015) confirmed direct interaction betweenAtSKI2 and

AtSKI3 proteins by pull-down experiments, and iden-
tified the AtSKI7 component. Our analyses of the ski
mutants described here further demonstrate that all
three SKI proteins of Arabidopsis are required for the
exosomal degradation of the CER3 transcript during
stem wax deposition. As in CER7, mutations in AtSKI3,
AtSKI2, or AtSKI8 result in higher levels of siRNAs that
control CER3 expression, and consequently reduced
CER3 transcript levels in comparison to wild type.
Collectively, these results suggest that SKI proteins
likely function in a complex, and that the SKI complex
and the CER7-dependent exosome act together in con-
trolling CER3 transcript levels.

Given that exosomal 39-to-59 RNA degradation of
CER3 mRNA requires participation of SKI proteins, it
is surprising that ski mutants suppress the cer7 phe-
notype. All ski lines accumulate considerably lower
amounts of CER3-related siRNAs than the cer7mutant,
which results in greater CER3 transcript levels, and

Figure 10. Accumulation ofCER3-related siRNAs andCER3 transcripts in ski single and ski cer7 doublemutants in comparison to
cer7 and the wild type (WT). A, Detection of siRNA-1 in Col-0 wild type, cer7-3, ski, and ski cer7-3mutants by real-time PCR. B,
Detection of siRNA-2 in Col-0 wild type, cer7-3, ski, and ski cer7-3 mutants by real-time PCR. C, Detection of CER3 transcript
levels in Col-0 wild type, cer7-3, ski, and ski cer7-3 mutants by real-time PCR. ACTIN2 was used as an internal control, and
control samples were normalized to 1. Values represent means 6 SD (n = 3).
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much higher wax loads in comparison to cer7. This ski
phenotype is apparent even in ski cer7 double mutants.
Suppression of the cer7-related wax deficiency by ski
mutations can be explained if SKI proteins are

necessary to trigger the production of high levels of
siRNA resulting in strong PTGS of CER3. How could
SKI proteins be necessary for siRNA production? Until
recently, PTGS and bidirectional cytoplasmic RNA

Figure 11. Model illustrating the roles of SKI
complex and CER7 in triggering the PTGS to
regulate cuticular wax biosynthesis in Arabi-
dopsis. A, In the wild type (WT), both 39-59 and
59-39 decay pathways are used to degrade ex-
cess CER3 mRNA; therefore, PTGS of CER3 is
not triggered and CER3 is expressed and cutic-
ular wax production proceeds. B, In the cer7
mutant, 39-59 decay is blocked. However, the
CER3 mRNA threaded by SKI complex is no
longer accessible for 59-39 decay; therefore,
accumulated CER3 mRNA triggers robust PTGS,
resulting in wax deficiency. C, In ski mutants,
most of the CER3 mRNA is diverted to the 59-39
pathway for degradation. This leads to dimin-
ished PTGS of CER3 and near-wild-type wax
loads. D, In the ski cer7 double mutants, most of
the CER3 mRNA is also channeled to the 5-39
degradation, leaving a small amount of CER3
transcript for siRNA production.
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decay pathways, which include the 39-to-59 exosome
and 59-to-39 XRN4 exoribonuclease, have been consid-
ered independent mechanisms that eliminate en-
dogenous aberrant mRNAs or exogenous mRNAs.
However, new evidence has revealed that bidirectional
RNA degradation pathways serve as primary cellular
responses that prevent accumulation of undesirable
mRNAs, and repress PTGS (Zhang et al., 2015; Yu et al.,
2015), perhaps by reducing the amount of available
aberrant or transgene mRNA used for siRNA produc-
tion. Impairment or overload of either one of the bidi-
rectional RNA degradation pathways has been shown
to activate siRNA production and PTGS (Yu et al.,
2015). In light of this new information, it is possible that
in wild-type plants excess CER3 mRNA that does not
enter the 39-to-59 exosomal decay pathway through the
SKI complex is degraded instead by the 59-to-39 XRN4
exoribonuclease, and siRNA production is not trig-
gered (Fig. 11A). This results in optimal expression of
CER3 and stem wax biosynthesis. In the cer7 mutant,
the SKI complex presumably delivers CER3 mRNA to
the impaired exosome that cannot degrade it. The as-
sociation with the SKI complex makes CER3 mRNA
unavailable for 59-to-39 XRN-mediated decay, and the
buildup of CER3 transcript triggers robust PTGS of
CER3 that causes wax deficiency (Fig. 11B). In ski mu-
tants, in the absence of the functional SKI complex to
thread the CER3 transcript to the exosome, much of the
CER3 mRNA that accumulates in the cytoplasm is
diverted to the 59-to-39 XRN4 pathway for degradation.
This leads to a reduced amount of CER3 transcript
available for siRNA biosynthesis, diminished PTGS of
CER3, and near-wild-type wax loads in ski mutants
(Fig. 11C). The same thing happens in the ski cer7
double mutants because the dysfunctional ski complex
components still prevent access of the CER3 mRNA to
the exosome (Fig. 11D).

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) mutant lines cer7-1 (Ler background;
Koornneef et al., 1989), cer7-3 (Col-0 background; SAIL-747-B08), Atski3-7
(SALK_099525), Atski2-5 (SALK_141579), Atski2-6 (SALK_122393), Atski2-3
(SALK_063541), Atski8-6 (SALK_060207), and Atski8-7 (SALK_139885) were
obtained from the Arabidopsis Biological Resource Center (http://www.
arabidopsis.org/), and Atski3-5 (GABI_140B07) was ordered from GABI_Kat
(Max Planck Institute for Plant Breeding Research). Wild-type and mutant
seeds were stratified for 2 to 3 d at 4°C, and germinated on AT-agar plates
(Somerville and Ogren, 1982) for 7 to 10 d and transplanted to soil (Sunshine
Mix 4; SunGro). All plants were grown at 20°C under continuous light (90–110
mmol m22 s21 photosynthetically active radiation) in an environmental growth
chamber.

Mapping of Suppressor Mutations

To identify themutated genes in suppressor lines, each suppressor line in Ler
backgroundwas crossed to cer7-3 in Col-0 ecotype and grown to produce the F2
generation. Leaf genomic DNA from 16 or 17 individual plants with the wild-
type waxy stem phenotype was extracted on FTA cards (Whatman). These
DNA samples were subjected to PCR amplification using simple sequence
length polymorphism markers to determine linkage of the mutated genes. To

further narrow the mapping interval of thewar loci, more than 2000 plants were
screened with simple sequence length polymorphism markers until a small
region was delineated.

Genotyping

Genomic DNA was extracted as described by Berendzen et al. (2005) and
used for PCR amplification. All the T-DNA insertion lines were genotyped
using gene-specific primers (http://signal.salk.edu/tdnaprimers.2.html) and
LBb1.3 (except GABI 140B07, for which o8409 was used) as listed in
Supplemental Table S5.

Cuticular Wax Extraction and Analysis

Cuticular waxes were extracted from 4- to 6-week-old Arabidopsis stems.
Stems were immersed in chloroform containing 10 mg of n-tetracosane
(internal standard) for 30 s. Samples were blown to dryness under a
stream of nitrogen and redissolved in 10 mL of N,O-bis(trimethylsilyl)tri-
fluoroacetamide (Sigma) and 10 mL of pyridine (Fluka). Derivatization of the
samples was performed at 80°C for 1 h. After that, excess N,O-bis(trimethylsilyl)
trifluoroacetamide and pyridine were dried under a stream of nitrogen, and
samples were dissolved in 30 mL of chloroform. Gas-liquid chromatography
was performed using an HP 7890A series gas chromatograph equipped with
a flame ionization detector and a 30-m HP-1 column using hydrogen as
the carrier gas. Gas chromatography was carried out with temperature-
programmed on-column injection and oven temperature set at 50°C for 2 min,
raised by 40°Cmin21 to 200°C, held for 2 min at 200°C, raised by 3°Cmin21 to
320°C, and held for 30 min at 320°C.

Quantification of wax components was carried out by comparing the flame
ionization detector peak areas with the internal standard. Stem surface areawas
calculated by photographing stems prior to wax extraction, measuring the
number of pixels, converting them to cm2, and multiplying by p.

RT-PCR and Quantitative RT-PCR

RT-PCR was used to analyze the expression levels of AtSKI genes in
different ski alleles and their corresponding wild-type ecotypes. Total RNA
was extracted from 4- to 5-week-old stems using TRIzol reagent (Invi-
trogen) according to the manufacturer’s protocol. RNA quantification was
carried out using Nano-Drop 8000 (Thermo Scientific). One microgram of
total RNA was treated with DNaseI (Fermentas) and then used for first-
strand cDNA synthesis using iScript RT supermix (Bio-Rad). For RT-PCR,
the cycle number and amount of template were optimized for all frag-
ments to generate products in the linear range of the reaction. The actin
gene ACTIN2 (At3g18780) was used as a constitutive control with
primers ACTIN2-F and ACTIN2-R. Gene-specific primers are listed in
Supplemental Table S5.

Quantitative RT-PCR was performed using gene-specific primer sets from
Supplemental Table S5 in a 20-mL volume with iQ SYBR Green supermix (Bio-
Rad). The reactions were performed in triplicates and run on the iQ5 real-time
PCR detection system (Bio-Rad). Data were analyzed using themethod of Pfaffl
(2001), and control samples were normalized to 1. Small RNA detection was
designed and performed according to the protocol provided by Wesley et al.
(2001).

Plasmid Construction and Yeast and Plant Transformation

A6,037-bpDNAgenomic fragment containing 696 bpof theupstreamregion
ofAtSKI3minus the stop codonwas amplified fromwild-type Col-0 plantswith
primers AtSKI3p-attB1 and AtSKI3-attB2-noSTOP shown in Supplemental
Table S5, using Phusion DNA polymerase (New England Biolabs). Gateway
adapters were added using the adapter protocol (Invitrogen). This 6037-bp
fragment was cloned into pDONR207 using BP Clonase II (Invitrogen) and
sequenced to confirm that no mutations were introduced during PCR ampli-
fication. The fragment was then recombined into the destination vector pGWB4
(Nakagawa et al., 2007) using LR Clonase II (Invitrogen) to generate pGWB4:
ProAtSKI3:AtSKI3-GFP.

An 8077-bp DNA genomic fragment including 1016 bp of the upstream
region of AtSKI2 minus the stop codon was amplified from wild-type Col-0
plants with primers AtSKI2p-attB1 and AtSKI2-attB2-noSTOP shown in
Supplemental Table S5, using Phusion DNA polymerase (New England
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Biolabs). Gateway adapters were added using the adapter protocol (Invi-
trogen). This 8077-bp fragment was cloned into pDONR207 using BP Clonase II
(Invitrogen) and sequenced to confirm that no mutations were introduced by
PCR. The fragment was recombined into the destination vector pGWB4
(Nakagawa et al., 2007) using LR Clonase II (Invitrogen) to generate pGWB4:
ProAtSKI2:AtSKI2-GFP.

To generate a construct of ScSKI3 that can be expressed inArabidopsis, yeast
SKI3 was amplified from pAJ264 (SKI3 subclone in YEp351; Johnson and
Kolodner, 1995) using primers ScSKI3-attB1 and ScSKI3-attB2, and cloned into
pDONR207 using BP Clonase II (Invitrogen). The 696-bp promoter of AtSKI3
was amplified from pGWB4:ProAtSKI3:AtSKI3-GFP with primers AtSKI3p-
attB4 and AtSKI3p-attB1R, and inserted into pDONRGP4-P1R (Nakagawa
et al., 2008) using BP Clonase II (Invitrogen). Both fragments were then
recombined into the destination vector R4PGWB4_SRDX_HSP (Oshima et al.,
2011) using LR Clonase II (Invitrogen) to generate R4PGWB4:ProAtSKI3:
ScSKI3:SRDX.

To generate a construct of ScSKI2 that can be expressed inArabidopsis, yeast
SKI2 was amplified from pAJ66 (SKI3 subclone in YEp351; Johnson and
Kolodner, 1995) using primers ScSKI2-attB1 and ScSKI2-attB2, and cloned into
pDONR207 using BP Clonase II (Invitrogen). The 1016-bp promoter of AtSKI2
was amplified from pGWB4:ProAtSKI2:AtSKI2-GFP with primers AtSKI2p-
attB4 and AtSKI2p-attB1R, and inserted into pDONRGP4-P1R (Nakagawa
et al., 2008) using BP Clonase II (Invitrogen). Both fragments were then
recombined into the destination vector R4PGWB4_SRDX_HSP (Oshima et al.,
2011) using LR Clonase II (Invitrogen) to generate R4PGWB4:ProAtSKI2:
ScSKI2:SRDX.

These constructswere sequenced to confirm that no errors were present, and
then transformed into Agrobacterium tumefaciens strain GV3101, pMP90 (Koncz
and Schell, 1986). war1-3 cer7-3 and war7-1 cer7-1 mutants were transformed
using the floral dip method (Clough and Bent, 1998).

GFP fluorescence was examined with a Zeiss Pascal Excite laser scanning
confocal microscope (Carl Zeiss MicroImaging GmbH). A 488-nm excitation
wavelength with the emission filter set at 500 to 530 nm was used for GFP. All
confocal images obtained were processed with Adobe Photoshop 5.0 software.

For expression in yeast, AtSKI3 coding regions, amplified from Arabi-
dopsis cDNA with primers AtSKI3-F and AtSKI3-R, were fused to ScSKI3
promoter, amplified by PCR from pAJ264 (SKI3 subclone in YEp351;
Johnson and Kolodner, 1995), and inserted into sites of SmaI and XbaI in
YEp351. Then, the ScSKI3 terminator was amplified with primers ScSKI3t-F
and ScSKI3t-R from pAJ264, and inserted into the sites of XbaI and HindIII
in YEp351 to produce YEp351:ScSKI3p:AtSKI3:ScSKI3t. AtSKI2 coding
regions, amplified from Arabidopsis cDNA with primers AtSKI2-F and
AtSKI2-R, were fused to ScSKI2 promoter and ScSKI2 terminator, amplified
by PCR from PAJ66 (SKI2 subclone in YEp351). The generated fragment
was inserted into SmaI and PstI sites in YEp351 to generate YEp351:
ScSKI2p:AtSKI2:ScSKI2t. These constructs were sequenced and trans-
formed into Saccharomyces cerevisiae strains AJY107 (RDKY2060 with
pRDK297) and AJY100 (RKY2053 with pRDK297), respectively (Johnson
and Kolodner, 1995), using the method described by Gietz and
Woods (2002). Transformed cells were grown on Leu2 plates for 4 d.
Individual transformed colonies were streaked on Leu2 plates containing
5-fluoroorotic acid.

Accession Numbers

Sequence data from this article can be obtained from the Arabidopsis Ge-
nome Initiative or GenBank/EMBL databases under the following accession
numbers: CER7, At3g60500; CER3, At5g57800; SKI3, At1g76630; SKI2,
At3g46960; SKI8, At4g29830; and ACTIN2, At1g49240.
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