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The cuticle is an extracellular matrix composed of cutin polyester and waxes that covers aerial organs of land plants and

protects them from environmental stresses. The Arabidopsis thaliana cer7 mutant exhibits reduced cuticular wax accu-

mulation and contains considerably lower transcript levels of ECERIFERUM3/WAX2/YORE-YORE (CER3/WAX2/YRE), a key

wax biosynthetic gene. We show here that CER7 protein is a putative 39-59 exoribonuclease homologous to yeast Ribonu-

clease PH45 (RRP45p), a core subunit of the RNA processing and degrading exosome that controls the expression of CER3/

WAX2/YRE. We propose that CER7 acts by degrading a specific mRNA species encoding a negative regulator of CER3/

WAX2/YRE transcription. A second RRP45p homolog found in Arabidopsis, designated At RRP45a, is partially functionally

redundant with CER7, and complete loss of RRP45 function in Arabidopsis is lethal. To our knowledge, CER7 is currently the

only example of a core exosomal subunit specifically influencing a cellular process.

INTRODUCTION

The epidermal cells of primary organs of all land plants are

covered with a cuticle, a continuous lipid layer that limits non-

stomatal water loss, prevents organ fusion during development

(Lolle et al., 1998; Sieber et al., 2000), and protects plants against

numerous biotic and abiotic environmental factors, including

bacterial and fungal pathogens, temperature extremes, and UV

light. The cuticle is composed of cutin, an insoluble polyester of

C16 and C18 hydroxy and epoxy fatty acids and glycerol (Graça

et al., 2002; Nawrath, 2002) that is surrounded and covered with

waxes, predominantly aliphatic derivatives of very long chain

fatty acids easily extracted with organic solvents (Kunst and

Samuels, 2003).

In recent years, genetic studies have yielded some insights

into wax biosynthetic pathways (Kunst et al., 2006) and uncov-

ered a transporter that can move wax constituents across the

plasma membrane (Pighin et al., 2004). However, little is known

about the regulation of cuticular wax deposition, an issue of

fundamental importance for the development of plant cultivars

with improved cuticle properties that are more resistant to

environmental stresses. Currently, the only regulatory proteins

known to affect wax production are the WAX INDUCER1/SHINE

family in Arabidopsis thaliana and WAX PRODUCTION ACTIVA-

TOR1 in Medicago truncatula (Aharoni et al., 2004; Broun et al.,

2004; Zhang et al., 2005). Overexpression of these APETALA2/

ETHYLENE RESPONSE FACTOR–type transcription factors dra-

matically enhances wax accumulation in leaves of transgenic

plants, but their in planta roles in regulating wax deposition have

not yet been confirmed by analysis of loss-of-function mutants.

To identify mutants defective in regulation of wax production,

we examined the expression of the cloned wax biosynthetic

genes in all the wax-deficient eceriferum (cer) lines of Arabidop-

sis described by Koornneef et al. (1989). The cer7 mutant was

found to have reduced transcript levels of CER3/WAX2/YORE-

YORE (YRE) (CER3 is allelic to WAX2/YRE; O. Rowland and

L. Kunst, unpublished data), a gene that encodes a protein of

unknown function required for the production of ;80% of wax in

Arabidopsis stems (Chen et al., 2003; Kurata et al., 2003). We

therefore hypothesized that the CER7 protein was a regulator of

wax biosynthesis that acts by controlling the levels of CER3/

WAX2/YRE transcription. To examine if this is indeed the case,

we identified the CER7 gene by a map-based approach and

investigated the mechanism by which the CER7 protein controls

cuticular wax deposition.

RESULTS

The cer7 Mutant Phenotype and Cloning of the CER7 Gene

The recessive cer7-1 mutant allele with bright green glossy

stems and siliques in the Landsberg erecta (Ler) background of

Arabidopsis was first described by Koornneef et al. (1989).

Cuticular wax analysis of cer7 plants indicated that the stem

and silique wax loads were reduced to ;30% (Goodwin et al.,

2005; Figure 1) and 50% of wild-type levels, respectively, whereas

the leaf wax load was similar to that of the wild type (Figure 1).

A positional cloning approach was used to identify the CER7

gene, which had been previously mapped to 87.1 centimorgans
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on chromosome 3 (Koornneef et al., 1989) (Figure 2A). Comple-

mentation with a genomic fragment including the At3g60500

coding sequence and 1.4 and 0.3 kb of 59 and 39 sequence,

respectively, rescued the wax deficiency of the cer7-1 mutant,

demonstrating that it is the CER7 gene (Figure 2B). We identified

two additional alleles of CER7 in the T-DNA insertional mutant

collections: cer7-2 (SALK_003100; Alonso et al., 2003) and cer7-3

(SAIL_747_B08; Sessions et al., 2002). Neither of these mutants

was able to complement cer7-1 in crosses. Sequencing of

At3g60500 in the cer7-1 mutant identified a point mutation, a

substitution of C to T at nucleotide 532 of the open reading frame.

This mutation introduces a premature stop codon that would

severely truncate the protein and likely inactivate it (Figure 2C).

The T-DNA insertion in the cer7-2 allele was located in the 59

promoter region, while cer7-3 was disrupted in the 7th exon of

CER7 (Figure 2C). RT-PCR amplification of the CER7 coding

sequence using RNA isolated from stems showed that the abun-

dance of CER7 transcript was similar to the wild type in cer7-1,

that cer7-2 has reduced levels of CER7 transcript, and that the

cer7-3 allele has no detectable full-length transcript (Figure 2D).

In addition to the wax deficiency observed in all three cer7 alleles,

cer7-3 mutant seeds had low viability. When every seed from nine

siliques was sown on an agar plate, only 14 of the 387 seeds ger-

minated. Transformation of the cer7-3 mutant with the At3g60500

genomic fragment complemented both the wax deficiency and

the seed viability phenotype (Figure 6B; data not shown).

CER7 Encodes an Exosomal Exoribonuclease-Like Protein

Analysis of the predicted 439–amino acid CER7 protein revealed

that it has a conserved RNase PH domain and exhibits 42%

identity with a human POLYMYOSITIS/SCLERODERMA75 (PM/

Scl-75) protein and 38% identity with the yeast RRP45p (Figure

3). The yeast and human homologs have been characterized as

39-59 exoribonucleases, core subunits of the RNA-processing

and degrading exosome (Butler, 2002; Raijmakers et al., 2004).

The yeast and human exosomes contain six RNase PH subunits

arranged in a ring-like structure similar to the bacterial POLY-

NUCLEOTIDE PHOSPHORYLASE enzyme (Liu et al., 2007). An

Arabidopsis homolog for one of these subunits, yeast RRP41p,

has been characterized (Chekanova et al., 2000). In the Arabi-

dopsis genome, there are seven annotated open reading frames

with homology to the RNase PH family of exosomal proteins. A

bootstrapped neighbor-joining tree of the Arabidopsis, yeast

(Saccharomyces cerevisiae), and human RNase PH protein

sequences (Figure 4) shows that CER7 groups with the human

and yeast RRP45 homologs, with 99% bootstrap support. An

additional member of this clade is the At3g12990 gene product

from Arabidopsis, designated At RRP45a. CER7 and At RRP45a

are 88% identical over amino acids 1 to 307 (Figure 3). However,

the CER7 protein is 132 amino acids longer than At RRP45a

and has a putative nuclear localization signal (absent from

At RRP45a) at its C terminus, suggesting that the subcellular lo-

calization or the mechanism of nuclear import of these two pro-

teins may be different.

CER7 and At RRP45a Functions Partially Overlap

To determine whether there is a specific function associated with

At RRP45a that diverges from that of CER7, we obtained two

lines, SALK_064229 and GABI_655D02 (Li et al., 2003; Rosso

et al., 2003), with T-DNA insertion points just before the 59 un-

translated region and in the 6th exon, respectively. Expression

analysis by RT-PCR showed that the abundance of At RRP45a

transcript was similar to the wild type in SALK_064229 but that

the GABI_655D02 line designated At rrp45a (Figures 2C and 2D)

had no detectable full-length transcript. However, the At rrp45a

mutant had no visible phenotype, even though wax analysis data

indicate a minor reduction in silique, stem, and leaf wax content.

To establish the extent of the functional overlap between the

two apparent Arabidopsis homologs, CER7 and At RRP45a, we

examined their expression domains, subcellular distribution, and

their ability to complement the yeast rrp45 and the Arabidopsis

cer7-3 mutants. Expression analyses showed that both CER7

and At RRP45a were transcribed in all tissues, including the stem

epidermis involved in cuticular wax synthesis (Figures 5A and

5B). To visualize CER7 and At RRP45a in planta, green fluores-

cent protein (GFP) fusions of both proteins were transiently

expressed in tobacco (Nicotiana tabacum) under the constitutive

35S promoter. Examination of tobacco epidermal cells revealed

that CER7:GFP and At RRP45a:GFP were both localized in the

cytoplasm and the nucleus but specifically excluded from the

nucleolus (Figure 5C). Since this pattern is very similar to that

seen for GFP alone, we confirmed that the transformed cells

were expressing full-length fusion proteins by a protein gel blot

(data not shown). We also observed an identical localization

pattern, but with a weaker GFP signal, using stably transformed

cer7-1 plants whose waxless phenotype was complemented by

the CER7:GFP protein (data not shown).

To test whether CER7 and At RRP45a proteins can both

perform exosomal functions in yeast cells, the plant cDNA clones

were introduced into a yeast rrp45 null mutant (Allmang et al.,

1999a) under the control of the constitutive GDP promoter. The

introduction of the CER7 cDNA complemented the yeast mutant

phenotype (Figure 6A), allowing growth and the formation of

Figure 1. cer7 Mutants Have Reduced Cuticular Wax Loads on Stems

and Siliques.

Total wax loads on stems, siliques, and leaves of wild-type, cer7, and At

rrp45a plants. Each bar represents the mean of three independent

analyses of wax extracts from three pooled individuals 6 SD.
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colonies. Introduction of the At RRP45a cDNA also partially

rescued the rrp45 yeast mutant but was much less effective than

CER7. In addition, we expressed the cer7-1 cDNA in yeast and

found that it was unable to complement the mutant phenotype,

confirming that the cer7-1 mutant protein is inactive.

To investigate if the C-terminal domain unique to CER7 is

relevant to its function in cuticular wax deposition, we introduced

a stop codon into the CER7 genomic clone to correspond to the

stop codon encoded in the At RRP45a gene and attempted to

complement the cer7-3 mutant with this truncated CER7 variant.

Wax loads from 20 independent transgenic lines carrying the

truncated CER7 gene were only slightly lower than those of

cer7-3 plants transformed with the CER7 genomic clone (Figure

6B), indicating that the 132–amino acid C-terminal extension of

CER7 is not essential for its wax regulatory function.

To extend our functional assessment of CER7 and At RRP45a

proteins, we compared their ability to complement the cer7

mutant. Expression of either gene in the cer7-3 mutant back-

ground using the CER7 promoter rescued the cer7 wax defi-

ciency (Figure 6B). Collectively, these data indicate that CER7

and At RRP45a proteins have mostly redundant functions and

that they can both mediate wax deposition in Arabidopsis.

Loss-of-function mutations in core exosome subunits, includ-

ing RRP45, are virtually lethal in yeast, with rrp45 mutants

capable of only very limited growth (Allmang et al., 1999a). Given

the poor seed viability of the cer7-3 allele even in the presence of

wild-type At RRP45a, we expected that the disruption of both of

these genes would result in embryo lethality. To test this hy-

pothesis, we crossed the At rrp45a mutant with cer7-3. Of 1078

F2 progeny from this cross, 131 plants exhibited the cer7 wax-

deficient phenotype. Genotyping of these cer7 plants showed

that none of them was homozygous for a mutation at the At

RRP45a locus, suggesting that the double mutant is not viable.

Furthermore, an examination of the developing seeds in five

siliques from each of four individual F2 progeny that were ho-

mozygous for the At rrp45a mutant allele and heterozygous for

the cer7-3 allele revealed that only 51.4% of the seeds matured.

This ratio suggests that the double mutation is gametophytic

lethal. Alexander staining of the pollen from these F2 plants

showed that a large percentage of the pollen was also inviable.

To further verify the transmission of the cer7-3 mutant allele in

the At rrp45a mutant background, several of these F2 progeny

were test-crossed to the At rrp45a mutant. None of the 13

progeny obtained when the At rrp45a homozygote/cer7-3 het-

erozygote was used as the female parent or the 40 progeny

obtained when the At rrp45a homozygote/cer7-3 heterozygote

was used as the male parent carried the cer7-3 mutant allele.

These results support the inference that the double mutant is

gametophytic lethal for both male and female gametophytes.

Nevertheless, a few of the double mutant gametophytes mustFigure 2. CER7 and At RRP45a Gene Structures and Transcript Levels

in cer7 and At rrp45a Mutants.

(A) Schematic representation of the chromosomal location of CER7 and

markers used to fine-map the locus.

(B) Stem wax loads relative to the wild type (Ler) of cer7-1 and cer7-1

transformed with a noncomplementing gene (cer7-1 þ N) and At3g60500

(cer7-1þ CER7). Bars represent means 6 SD (n ¼ 3, 3, 3, and 10).

(C) Schematic representation of the CER7 (At3g60500) and At RRP45a

(At3g12990) gene structures, including the coding sequences (exons,

black; introns, white), 59 and 39 untranslated regions (gray), and upstream

and downstream sequences (white). The positions and types of lesions

of the cer7 and At rrp45a mutant alleles are indicated.

(D) RT-PCR analysis of CER7 and At RRP45a transcript levels in cer7 and

At rrp45a mutants compared with the corresponding wild types.
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survive. If the lethality were absolute, it would be impossible to

obtain any F2 plants homozygous for one mutation and hetero-

zygous for the other, unless the genetic background on the

female parent affected the gametophytic viability. Rare trans-

mission of the cer7-3 allele in double mutant gametophytes,

however, would explain the non-Mendelian segregation ratio

obtained for the number of F2 progeny obtained from the cer7-3,

At rrp45a cross that showed the cer7 phenotype.

Regulation of Cuticular Wax Deposition by CER7

We examined transcript levels of CER1, CER2, CER3/WAX2/

YRE, CER4, CER5, and CER6 in the cer7 mutant background to

test if any of the wax-related genes that have been cloned might

be regulated by CER7. Of these, only CER3/WAX2/YRE mRNA

levels were significantly affected (data not shown). Reduced

steady state levels of the CER3/WAX2/YRE mRNA in the cer7

mutant (Figure 7A) suggested that CER7 acts as a positive reg-

ulator of CER3/WAX2/YRE transcription. To further dissect the

CER3/WAX2/YRE transcriptional regulation by CER7, we mon-

itored the expression of the bacterial b-glucuronidase (GUS)

gene under the control of the YRE promoter (Kurata et al., 2003)

in cer7-1 and wild-type plants. As previously reported (Kurata

et al., 2003), high levels of GUS activity were detected in wild-

type stems and siliques expressing the ProYRE:GUS construct,

whereas only residual GUS activity could be detected in the

cer7-1 mutant and exclusively in the abscission zone below the

silique (Figures 7B and 7C). These results confirm that CER7

promotes the expression of CER3/WAX2/YRE. Since CER7 is a

ribonuclease, it probably acts indirectly, possibly by degrading

the transcript of a CER3/WAX2/YRE repressor. In the absence of

functional CER7 protein in the cer7 mutant, accumulation of such

a repressor on the promoter of the CER3/WAX2/YRE gene would

inhibit its transcription (Figure 8).

DISCUSSION

In a search for mutants deficient in regulation of cuticular wax

biosynthesis, we identified the cer7 line with decreased stem

wax load due to a considerably reduced expression of the wax

biosynthetic gene CER3/WAX2/YRE. We used the cer7 mutant to

clone the CER7 gene and examined the role of CER7 in wax

production.

The cer7 mutation was found in At3g60500, one of the two

Arabidopsis genes encoding proteins homologous to the yeast

exosomal subunit RRP45p. Complementation of the S. cerevisiae

rrp45 mutant confirmed that CER7 is a functional homolog of yeast

RRP45p, predicted to be one of the 39-59 exoribonucleases that

form the core ring of the exosome, an evolutionarily conserved

macromolecular complex involved in RNA processing and degra-

dation (Raijmakers et al., 2004). The two Arabidopsis RRP45

proteins, designated At RRP45a and At RRP45b (CER7), have

overlapping expression domains in Arabidopsis (Figures 5A and

Figure 3. CER7 and At RRP45a Are Similar to Yeast RRP45 and Human

PM/Scl-75.

Alignment of amino acid sequences of CER7 and At RRP45a with yeast

RRP45 (Sc RRP45) and human RNase PH exosomal subunits PM/Scl-75

(Hs RRP45), RRP42, and RRP41 (Hs designation). Identical residues are

indicated in black and similar residues in gray. The predicted nuclear

localization signal is boxed.
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5B), are distributed in the cytoplasm and the nucleus (Figure 5C),

and when expressed under the control of the CER7 promoter can

both rescue wax deficiency of the cer7 mutant (Figure 6B). How-

ever, while the cer7 mutant exhibits a major reduction in cuticular

wax load and low seed viability, the At rrp45a loss-of-function line

does not show a pronounced wax phenotype or altered seed

viability under the growth conditions used for this study. In addi-

tion, CER7 is superior to At RRP45a in complementing the yeast

rrp45 mutant and restoring growth of yeast cells (Figure 6A).

Thus, it appears that these two proteins are not functionally iden-

tical and that CER7 is the major RRP45 homolog in Arabidopsis,

whereas At RRP45a plays an accessory role.

Each of the 10 core exosomal components is essential for

yeast viability (Houalla et al., 2006). Similarly, an analysis of the

Arabidopsis rrp4 null mutant demonstrated that the At RRP4

exosomal subunit is indispensable in a plant (Chekanova et al.,

2002). The fact that cer7 alleles are viable, but that the cer7 At

rrp45a double mutant is not, suggests that the At RRP45a

homolog can perform the essential exosomal functions. In this

respect, it is worth mentioning that At RRP45a is approximately

twofold upregulated (data not shown) in the cer7-3 mutant

lacking CER7, which may be critical for its survival. Interestingly,

however, the somewhat higher levels of At RRP45a expression

did not alleviate wax deficiency of the cer7-3 allele.

In yeast, partial loss-of-function mutations in different exoso-

mal subunits sometimes result in very similar molecular pheno-

types. This observation initially led to the proposal that an intact

complex is required for exosome-mediated RNA processing and

degradative functions (Mitchell et al., 1997; Anderson and Parker,

1998; Allmang et al., 1999b) but that individual subunits could

also have some distinct functions. Recent work by several re-

search groups revealed that there is indeed functional specializa-

tion of different core exosome subunits. For example, microarray

analysis of global gene expression in several temperature-

sensitive exosome mutants showed that distinct subpopulations

of mRNA species accumulated in different mutant lines. Specifically,

the absence of the nuclear exosome-associated subunit RRP6 in

yeast caused an upregulation of mRNA species involved in cell

wall biosynthesis and iron homeostasis (Houalla et al., 2006). It

has also been reported that loss of RRP4 and RRP41 proteins

resulted in unique developmental arrests, with the loss of RRP4

leading to aberrant embryogenesis and mutation in RRP41

Figure 5. CER7 and At RRP45a Have Similar Expression Patterns and

Subcellular Distributions.

(A) RNA gel blot analysis showing CER7 and At RRP45a hybridization to

total RNA isolated from roots, stems, leaves, flower buds, and siliques of

Arabidopsis. GAPC was used as a loading control.

(B) RT-PCR amplification of CER7 and At RRP45a using total RNA

prepared from whole stems and from peeled stem epidermis.

(C) CER7-GFP and At RRP45a-GFP fusion proteins expressed in to-

bacco epidermal cells are localized in the cytoplasm and nucleoplasm of

the nucleus but are excluded from the nucleolus. Bar ¼ 10 mm.

Figure 4. CER7 and At RRP45a Are Orthologs of Yeast RRP45 and

Human PM/Scl-75.

Bootstrapped neighbor-joining phylogram of RNase PH-like exosomal

proteins from Arabidopsis (At designations), yeast (Sc designations), and

human (Hs designations). The clade including CER7 and the one including

the well-characterized Arabidopsis homolog of Sc RRP41 are shaded.
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affecting the female gametophyte (D.A. Belostotsky, personal

communication). However, currently there are no other exam-

ples in eukaryotes of a core subunit of the exosome specifically

influencing a cellular process, such as cuticular wax biosynthesis.

An alternative possibility that wax biosynthesis may not be

sensitive to the loss of the CER7 subunit in particular but to a

certain minimal level of functional exosome complex also needs

to be considered in view of a recent report by Dziembowski et al.

(2007). This study shows that the RRP44/Dis3 subunit alone is

responsible for the yeast exosome core activity and suggests

that the RNase PH subunits, including RRP45, are catalytically

inactive members of the complex, serving as scaffolding and

interacting with accessory proteins. If this is the case, cer7 wax

deficiency could be due to reduced activity of the exosome

complex as a whole. However, another recent study of the struc-

ture and function of the exosome complex reported that the

human RRP41/RRP45 dimer alone also has catalytic activity (Liu

et al., 2007). Thus, at least this subcomplex may have a special-

ized role(s) in addition to its exosomal function.

The diverse cellular processes in which the exosome partic-

ipates take place in the cytoplasm and the nucleus. The distri-

bution of the exosome complex has been confirmed in these

cellular locations, with the highest concentration reported in the

nucleoli (Raijmakers et al., 2003, 2004). This is not the case with

the CER7 protein in Arabidopsis. Our localization data show that

CER7 is present in the cytoplasm and the nucleoplasm but

excluded from the nucleolus (Figure 5C). Thus, CER7 may not be

involved in nucleolar rRNA processing reactions. Furthermore,

the absence of CER7 from the nucleolus suggests that various

RNA processing and degradation functions of the exosome may

not involve a complete set of core subunits. Instead, different

subunits may act individually or by assembling into distinct sub-

complexes as required for executing specialized functions, a

model recently proposed for Drosophila (Graham et al., 2006).

Several lines of evidence support the idea that CER7 controls

cuticular wax production in Arabidopsis stems by affecting the

expression of CER3/WAX2/YRE, a key component of the de-

carbonylation pathway of wax biosynthesis in Arabidopsis. First,

Figure 7. CER7 Regulates CER3/WAX2/YRE Transcription.

(A) RT-PCR analysis of CER3/WAX2/YRE and GAPC mRNA in cer7-1

(Ler) and cer7-3 (Col-0) stems and their corresponding wild types.

(B) ProYRE -directed GUS expression in wild-type (top) and cer7-1 (bot-

tom) stem and silique segments.

(C) Quantitative assays of GUS activity in protein extracts of stems from

three ProYRE:GUS transgenic lines in wild-type and cer7-1 backgrounds.

Each symbol represents the mean 6 SD of three analyses of extracts

obtained from three pooled individuals from each line; different symbols

represent independent transformed lines. MU, 4-methylumbelliferone.

Figure 6. Functional Analysis of CER7 and At RRP45a.

(A) The 103 serial dilutions of yeast strain YCA20 (Drrp45) transformed

with GDP:Sc RRP45 (positive control), GDP:At RRP45a, GDP:CER7,

GDP:cer7-1, or the empty vector.

(B) Stem cuticular wax loads relative to the wild type (Col-0) of cer7-3

and cer7-3 transformed with the empty vector (cer7-3 þ ev), CER7

(cer7-3 þ CER7), CER7 truncated to the length of At RRP45a (cer7-3 þ
cer7tr), and At RRP45a driven by the CER7 promoter (cer7-3 þ PC7:45a).

Bars represent means 6 SD (n ¼ 3, 3, 16, 14, 50, and 26).
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the stem wax composition of cer7 mutants is very similar to that

of cer3 mutants (Goodwin et al., 2005), with substantial de-

creases in the compounds generated by the decarbonylation

pathway and minimal effects on the primary alcohols, products

of the acyl-reduction pathway. Second, the wax profile of the

cer3 cer7 double mutant is almost indistinguishable from that of

either single mutant (data not shown), implicating the two genes

in the same pathway. Third, CER3/WAX2/YRE transcript levels

in the cer7 mutant are reduced. Fourth, expression of the

ProYRE:GUS reporter gene resulted in high levels of GUS activity

in the wild type and virtually no GUS activity in the cer7 mutant

background, demonstrating that CER7 is required for transcrip-

tion of the CER3/WAX2/YRE (Figure 7). However, since loss-of-

function mutations in CER7 result in reduced CER3/WAX2/YRE

transcript accumulation, indicating that CER7 is a positive reg-

ulator of CER3/WAX2/YRE transcription and that CER7 probably

causes degradation of its target, the CER7-mediated control of

CER3/WAX2/YRE transcript levels is likely indirect. Our results

support a model in which CER7 is required for degradation of a

particular mRNA species specifying a repressor of CER3/WAX2/

YRE transcription (Figure 8). In wild-type cells, CER7 ribonucle-

ase would degrade the repressor, allowing wax production via

the decarbonylation pathway to proceed. In cer7 mutants, in the

absence of CER7 activity, the repressor would not be degraded,

and it would interfere with CER3/WAX2/YRE expression, conse-

quently inhibiting wax production.

In summary, our results show that wax production in Arabi-

dopsis is controlled, at least in part, by the mRNA stability of a

repressor that is recognized and degraded by the CER7 ribonu-

clease. Identifying the mRNA target of the CER7 ribonuclease will

be critical in defining the individual steps involved in this process.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana mutant lines cer7-1 (Koornneef et al., 1989), cer7-2

(SALK_003100), and cer7-3 (SAIL_747_B08) were obtained from the

ABRC (www.arabidopsis.org), and At rrp45a (GABI_655D02) was ordered

from GABI-Kat (Max Planck Institute for Plant Breeding Research). Plants

were germinated on Arabidopsis agar plates (Somerville and Ogren, 1982)

and grown in soil (Sunshine Mix 5; SunGro) at 208C under continuous light

(90 to 120 mE/m2/s PAR).

Cuticular wax was extracted and analyzed as reported by Millar et al.

(1999).

Fine-Mapping and Cloning of CER7

To map the cer7-1 mutation, cer 7-1 (Ler) was crossed with wild-type

plants (Col-0), and genomic DNA from 605 F2 progeny with the cer7

phenotype was extracted according to Dellaporta et al. (1983) or Klimyuk

et al. (1993). Simple sequence length polymorphism or cleaved-amplified

polymorphic sequence markers (Figure 2A) were used to pinpoint the

cer7-1 map position. Amplification conditions for ciw4, nga707, fus6.2,

and nga6 (Bell and Ecker, 1994) and the tsh1-tsh9 markers designed

based on polymorphisms listed in the Monsanto database (http://www.

arabidopsis.org/Cereon/index.jsp; Jander et al., 2002) are available at The

Arabidopsis Information Resource website (http://www.arabidopsis.org).

To complement the cer7 mutant, a 3.8-kb genomic fragment containing

the At3g60500 coding sequence was amplified from wild-type (Ler)

genomic DNA using the primers 59-TTAATGGTACCCTACATGATGTAG-

TTTGTGTGTGC-39 and 59-TTAATGGGCCCTTCTCCTCTCCGATCTA-

CCAGC-39. PCR fragments were cloned into the pGREEN 0029 binary

vector (Hellens et al., 2000) and transformed into cer7-1 plants. Cuticular

wax was extracted and analyzed from kanamycin-resistant T1 plants

after visual screening for stem glaucousness.

The molecular lesion in cer7-1 was identified by PCR amplification of

the CER7 genomic region from the wild type and cer7-1 and sequencing.

The sequences were compared using BioEdit 5.0.9 (Hall, 1999) to de-

termine the location of the mutation.

To confirm the presence and positions of T-DNA insertions, genomic

DNA isolated from individuals of each insertion line was used to amplify

Figure 8. Model Illustrating CER7 Mode of Action.

(A) In the presence of CER7, mRNA encoding a hypothetical wax

repressor is degraded, thus allowing the transcription of CER3/WAX2/

YRE and wax production by the decarbonylation pathway.

(B) In the absence of CER7, the repressor protein inhibits CER3/WAX2/

YRE transcription and wax production.
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gene-specific and insertion-specific fragments. The primers used were

the Salk LBB1 primer, the SAIL LB3 primer, the GABI LB primer, and

genomic DNA primers specific to each insertion site generated by the

iSECT tool on the SIGnAL SALK website (http://signal.salk.edu/tdnaprimers.

2.html) or GABI-Kat.

Construction of the Phylogenetic Tree

The amino acid sequences for the RNase PH exosomal subunits were

aligned using the ClustalX program (Thompson et al., 1994, 1997) with

default alignment parameters except for the protein matrix, for which

BLOSUM62 (Henikoff and Henikoff, 1992) was used. The aligned se-

quences were imported into Bioedit for manual editing (Hall, 1999; http://

www.mbio.ncsu.edu/BioEdit/bioedit.html). A number of unconserved re-

gions were removed from the alignment (see Supplemental Figure 1 online)

before construction of the phylogram. A bootstrapped neighbor-joining

tree was generated using PHYLIP version 3.6 (distributed by the author,

J. Felsenstein, 2005, University of Washington, Seattle) and visualized

using TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

RNA Gel Blot and RT-PCR Analysis

For RNA gel blot analysis, stem segments 2 cm long from just below the

inflorescence, young leaves, unopened flower buds, young siliques, and

roots from plants grown for 2 weeks in liquid Arabidopsis medium con-

taining 3% sucrose were harvested and frozen in liquid nitrogen. Total

RNA was extracted using TRIZOL reagent (Invitrogen Life Technologies)

according to the manufacturer’s protocol. Ten micrograms of total RNA

from each sample was separated by electrophoresis on a 1% MOPS-agarose

gel containing 5.8% formaldehyde. Separated RNA was downward-

blotted (Koetsier et al., 1993) using 203 SSC as the transfer solution onto

a Hybond XL membrane (Amersham) and fixed to the membrane by baking

at 808C for 2 h. Hybridization was performed in modified Church buffer

(0.5 M Na-phosphate buffer, pH 7, 7% SDS, and 1 mM EDTA) overnight at

658C using a PCR-generated 32P-labeled DNA probe. Probe templates

were amplified from cDNA, and probes were amplified from the purified

templates using the primers 59-TAGTGATAGCAGATAATGGAG-39 and

59-CTGCTTCTTACTTCCTCC-39 for CER7; 59-ATGGAGGGGAGGTTG-

AAT-39 and 59-ACAACTACAATAGGTCC-39 for At RRP45a; and 59-ACT-

CGAGAAAGCTGCTAC-39 and 59-ATTCGTTGTCGTACCATG-39 for GAPC

(cytosolic glyceraldehyde-3-phosphate dehydrogenase). Blots were

washed in 23 SSC and 0.1% SDS (2 3 5 min); 13 SSC and 0.1% SDS

(15 min); and 0.13 SSC and 0.1% SDS (2 3 10 min) at 658C and then

exposed to a phosphor screen that was scanned with a STORM 860

phosphor imager (Amersham Pharmacia Biotech).

For semiquantitative RT-PCR, total RNA was used for first-strand

cDNA synthesis by SuperScript II polymerase (Invitrogen Life Technolo-

gies). For RT-PCR, cycle number and template amounts were optimized

for all fragments amplified to yield products in the linear range of the

reaction. Primer sequences and PCR conditions for each fragment were

as follows: CER7, 59-TAGTGATAGCAGATAATGGAG-39 and 59-CTGCT-

TCTTACTTCCTCC-39, annealing temperature 508C, number of cycles 27,

extension time 60 s; At RRP45a, 59-ATGGAGGGGAGGTTGAAT-39 and

59-ACAACTACAATAGGTCC-39, annealing temperature 508C, number of

cycles 27, extension time 45 s; WAX2, 59-GAGGCTCCTGTTGAGTT-

CCA-39 and 59-GCTTGCATCTCCTTTCACCT-39, annealing temperature

558C, number of cycles 28, extension time 50 s; GAPC, 59-ACTCGAGAA-

AGCTGCTAC-39 and 59-ATTCGTTGTCGTACCATG-39, annealing temper-

ature 508C, number of cycles 22, extension time 30 s.

GUS Assays

For the GUS histochemical assay, wild-type (Col-0) plants transformed

with the ProYRE:GUS reporter gene obtained from Kurata et al. (2003)

were crossed with cer7-1 mutants, and F2 progeny were screened for a

glossy-stem (cer7-1) phenotype. Plant tissues from the original trans-

formed lines and from the cer7-1 F2 progeny of the cross were incubated

in GUS assay buffer (Jefferson, 1987) at 378C for 0.5 h to overnight. The

reaction was stopped by removal of the assay buffer and the addition of

95% ethanol. Samples were cleared by incubation in 95% ethanol

overnight.

The GUS fluorometric assay was performed as described by Jefferson

(1987). Briefly, 20 mL of crude protein extracts from the top 2 to 3 cm of

stem material (excluding flowers and siliques) were added to GUS assay

buffer containing 2 mM 4-methylumbelliferone-glucuronide. Protein con-

centrations were quantified against a BSA standard curve using the

Bio-Rad protein assay, according to the manufacturer’s protocol. The

concentration of the hydrolysis product, 4-methylumbelliferone, in each

reaction was measured by a plate-reading fluorometer (excitation at

365þ 7 nm; emission at 460þ 15 nm) at three successive time points. To

determine the rates of 4-methylumbelliferone-glucuronide hydrolysis for

different transgenic lines, the slopes of the curves were determined; these

values were standardized to the protein concentrations of the extracts.

Plasmid Construction and Yeast and Plant Transformation

Yeast RRP45 was amplified by yeast colony PCR using the primers

59-TTAATGGATCCAATAGGAAACGGTTGCTAG-39 and 59-TATATCTC-

GAGGTCTTTCATACTGCCTTTAG-39 and cloned into pBluescript II KSþ/�
(pBS; Stratagene) to yield pB/S:RRP45. CER7 and cer7-1 were amplified

from Arabidopsis wild type (Ler) and cer7-1 cDNA, respectively, using the

primers 59-TTATTGAATTCTAGTGATAGCAGATAATGGAG-39 and 59-TTA-

TAGAATTCAGAAAAGTACGAGTGATCGG-39 and cloned into pENTR1A

(Invitrogen) and pBS to yield pENTR1A:CER7, and pB/S:cer7-1. At

RRP45a was amplified from wild-type cDNA using the primers 59-TTA-

TTGAATTCCTCACTAGCAAACAATGGAG-39 and 59-TATATTCTAGATA-

CAATCGACGACCACAGC-39 and cloned into pCR 2.1 (Invitrogen) to

yield pCR:At RRP45a.

For expression in yeast, RRP45, CER7, cer7-1, and At RRP45a coding

regions were subcloned into p426-GDP (Mumberg et al., 1995) and trans-

formed into yeast (Saccharomyces cerevisiae) strain YCA20 (YDL 401

Drrp45þGAL10:RRP45; Allmang et al., 1999a) by electroporation. Trans-

formed cells were grown on restrictive YPAD (2% peptone, 1% yeast

extract, 0.0075% adenine hemisulphate, and 2% glucose) medium for

4 d. Individual transformed colonies were cultured for 48 h in permissive

YPARSG (2% peptone, 1% yeast extract, 0.0075% adenine hemisul-

phate, 2% raffinose, 2% sucrose, and 2% galactose) medium, and 5 mL

each of six serial 103 dilutions were plated onto the YPAD medium. Equal

starting cell titer for each line was confirmed by spotting 5 mL of the same

dilutions onto YPARSG plates.

The cer7tr construct was made by site-directed mutagenesis using

the reverse primer 59-TAATAGGATCCCCTCCTACACAGCTACAGTAG-39

with the forward primer 59-TTATTGAATTCTAGTGATAGCAGATAATG-

GAG-39 to introduce a stop codon into the CER7 sequence at the point

corresponding to the At RRP45a stop codon and to add an in-frame

BamHI restriction site. The cloned fragment containing the truncated

version of CER7 was cloned into pSL1180 (Pharmacia Biotech) to pro-

duce pSL1180:cer7tr, and the CER7 genomic sequence (At3g60500) was

subcloned from pGREEN 0029 into pMOG1006 (a gift from Mogen) to

produce pMOG:CER7. cer7tr was then subcloned into pMOG:CER7

using SphI and BamHI, replacing the wild-type CER7 open reading frame

to produce the vector pMOG:cer7tr. This construct was transformed into

cer7-3 plants. To make the ProCER7:At RRP45a construct, the 2-kb CER7

59 promoter region was amplified using the primers 59-TTATAGTC-

GACGCTTACAAATTACAAGGAGC-39 and 59-TTATTGGATCCTATCTGC-

TATCACTAGTAAAC-39 and cloned into pBS. At RRP45a was subcloned

from pCR:At RRP45a into pMOG1006, and then the CER7 promoter was

added.
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Plant transformation was done by the floral dip method (Clough and

Bent, 1998) or using a modification of this method in which plants sown

at high density (100/4-inch pot) were sprayed, when the buds of their

primary bolts were just visible, with a suspension of Agrobacterium

tumefaciens strain GV3101 containing the transgene in a solution of 5%

sucrose and 0.05% Silwet.

Subcellular Localization of GFP Fusion Proteins

CER7 and At RRP45a coding sequences were amplified from pENTR1A:

CER7 and pCR:At RRP45a to give PCR products that had in-frame fusion

sites with the ATG (for N-terminal fusions) and with the stop codons

deleted (for the C-terminal fusions). The fragments were cloned into

pBluescript II SKþ (Stratagene), sequenced to confirm that there were no

errors, and then subcloned into pVKH18-GFPN and pVKH18-GFPC

(Zheng et al., 2005) to produce N- and C-terminal GFP fusion genes

driven by the constitutive 35S promoter. The constructs were transiently

expressed in tobacco (Nicotiana tabacum) epidermal cells by infusion via

syringe as reported by Batoko et al. (2000), but with an infiltration buffer

containing 50 mM MES, pH 5.6, 10 mM MgCl2, and 150 mM aceto-

syringone (Sigma-Aldrich). GFP-derived fluorescence in the transformed

cells was detected by confocal microscopy as reported by Zheng et al.

(2005).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: CER7 (At3g60500),

DQ869270; At RRP45a (At3g12990), BT003077; and CER3/WAX2/YRE

(At5g57800), AY131334 and AB099512.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Figure 1. Amino Acid Alignment of RNase PH

Exosome Subunits from Saccharomyces cerevisiae and Homo sapiens,

and Similar Proteins from Arabidopsis, Used to Generate a Neighbor-

Joining Phylogram (Figure 4)
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