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One of the ways a cell can rapidly and tightly regulate gene
expression is to target specific mRNAs for rapid decay. A number
of mRNA instability sequences that mediate rapid mRNA decay
have been identified, particularly from multicellular eukaryotes,
but pinpointing the cellular components that play critical roles in
sequence-specific decay in vivo has been more difficult. In contrast,
general pathways of mRNA degradation in yeast have been well
established through the analysis of mutants affecting the general
mRNA decay machinery. Strategies to isolate mutants in sequence-
specific mRNA decay pathways, although extremely limited so far,
have the potential to be just as powerful. In the study reported
here, a selection in transgenic plants allowed the isolation of rare
mutants of Arabidopsis thaliana that elevate the abundance of
mRNAs that contain the plant mRNA instability sequence called
DST (downstream element). This instability sequence is highly
conserved in unstable small auxin up RNA (SAUR) transcripts.
Genetic analysis of two dst mutants isolated via this selection
showed that they are incompletely dominant and represent two
independent loci. In addition to affecting DST-containing trans-
gene mRNAs, mutations at both loci increased the abundance of
the endogenous DST-containing SAUR-AC1 mRNA, but not controls
lacking DST sequences. That these phenotypes are caused by
deficiencies in DST-mediated mRNA decay was supported by mRNA
stability measurements in transgenic plants. Isolation of the dst
mutants provides a means to study sequence-specific mRNA deg-
radation in vivo and establishes a method to isolate similar mutants
from other organisms.

The wide range of mRNA decay rates observed in eukaryotic
cells allows enhanced control over the expression of specific

genes. For example, some genes with very specific temporal and
spatial expression patterns have been found to encode unstable
mRNAs, which facilitates this tight control. In cases where these
mRNAs have been examined in detail, specific cis-acting se-
quence elements have been identified that target transcripts for
rapid degradation (1).

Most studies of mRNA degradation in multicellular eu-
karyotes have focused on genes encoding unstable transcripts
that must be expressed transiently. The early response genes of
mammalian cells are prominent examples. AU-rich elements
(AREs), found in the 39 untranslated regions (UTRs) of many
of the corresponding transcripts, have been studied in great
detail and represent the archetypal mRNA instability determi-
nant (2). Although AREs can be classified into different types
based on sequence, many contain multiple overlapping AUUUA
motifs. Plants also recognize multiple overlapping AUUUA
sequences as instability determinants (3).

In contrast to AREs, the plant instability sequence DST
(downstream element) is not AU-rich, lacks AUUUA sequences,
and has only been reported to function in plants thus far. The
DST element is found in the 39 UTR of the small auxin up RNA
(SAUR) transcripts, which are among the most unstable mRNAs
in plants, having half-lives of 10–50 min (4–6). On the basis of
their expression properties, the SAUR genes have been impli-
cated in auxin-induced cell elongation (6), and their transcripts
appear to be constitutively unstable so that their abundance can

be rapidly altered in response to transcriptional control by the
plant hormone auxin (7). All unstable SAUR transcripts contain
conserved DST sequences, so-called because of their location
downstream of the coding region (5). A dimer of the DST
element (8) or the 39 end of the Arabidopsis thaliana SAUR-AC1
gene, which contains a DST element (7), are sufficient to
destabilize reporter transcripts in plant cells. The DST sequence
is approximately 45 nt in length and is comprised of three highly
conserved domains separated by two variable regions. Mutagen-
esis studies have demonstrated that residues within two of the
conserved domains, the ATAGAT and the GTA regions, are
necessary for instability function (9). However, nothing is known
about the genes required for DST-mediated mRNA decay.

Work in yeast has focused mainly on elucidating general,
rather than sequence-specific, mRNA decay mechanisms.
Through a combination of elegant molecular genetic and bio-
chemical approaches, it is now clear that the major pathway
responsible for the turnover of both unstable and stable mRNAs
is the deadenylation-dependent decapping pathway (10). The
initial event is shortening of the poly(A) tail, which is followed
by decapping and subsequent 59 to 39 degradation of the body of
the transcript. Genes encoding the proteins that catalyze the
decapping (DCP1 and cofactor DCP2) and 59 to 39 exoribonucle-
ase (XRN1) steps have been cloned (11). Analysis of mutant
yeast strains that lack these genes was critical in establishing the
steps in this pathway and in verifying the functions of proposed
components of the mRNA decay machinery in vivo (11). Mo-
lecular genetic tools also have been extremely effective for the
study of the accelerated decay of transcripts containing prema-
ture nonsense codons, not only in yeast (12) but also in Caeno-
rhabditis elegans (13). Nonsense-mediated decay also occurs in
mammalian (14) and plant (15) systems although it is unclear
how many of the genetic determinants or the mechanisms will be
the same as in yeast.

Aside from nonsense-mediated decay in C. elegans, genetic
approaches are rarely applied to the study of mRNA stability in
multicellular organisms, in which pathways mediated by specific
cis-acting instability sequences have been the focus. Most studies
aimed at understanding the cellular factors involved in these
pathways have involved characterization of proteins that bind the
instability sequences in vitro. Over the years, this approach has

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: DST, downstream element; dst, mutant defective in DST-mediated mRNA
degradation; ARE, AU-rich element; UTR, untranslated region; SAUR, small auxin up RNA;
EMS, ethyl methanesulfonate; HPH, hygromycin phosphotransferase; GUS, b-glucuroni-
dase; WT, wild type; T-DNA, transfer DNA.

†Present address: University of Chicago, Department of Molecular Genetics and Cell Biol-
ogy, 1103 East 57th Street, EBC 304, Chicago, IL 60637.

‡Present address: Instituto de Biologı́a Molecular y Celular de Plantas, Universidad Politéc-
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resulted in the identification and subsequent cloning of several
genes that encode ARE-binding proteins (2). Transient trans-
fections of overexpression constructs have begun to provide
evidence for an in vivo role for some of these (16–18) but
mutations affecting the corresponding endogenous genes that
could aid in the interpretation of the overexpression data are
generally lacking. One exception resulted from the fortuitous
finding that mice deficient for the Zfp-36 gene product, tristet-
raprolin, are defective in rapid degradation of the tumor necrosis
factor-a mRNA, an ARE-containing mRNA (19). Tristetrapro-
lin was later found to be an ARE-binding protein (20), and more
recently it has been shown that tristetraprolin-deficient mice are
also defective in the deadenylation of the ARE-containing
granulocyte–macrophage colony-stimulating factor mRNA (21).
Deadenylation is thought to be the first step in the ARE-
mediated mRNA degradation pathway (22). These studies high-
light how a single mutant can provide important insights into
rapid mRNA degradation pathways mediated by specific cis-
regulatory elements in eukaryotes. However, further analysis of
sequence-specific mRNA decay pathways would be improved by
forward genetic approaches that are aimed at isolating multiple
mutants defective in a given pathway. The recent isolation of
mutant mammalian cell lines that stabilize green fluorescent
protein-IL-3 reporter transcripts (23) emphasizes the potential
of this approach, but the design of high-throughput mutant
selections in genetically tractable transgenic systems would be
advantageous for future analysis. To this end, we devised a
selection approach in transgenic plants that facilitated the
isolation of mutants of Arabidopsis with defects in DST-
mediated mRNA degradation. The properties of these mutants
indicate that they will provide powerful tools for analysis of the
mechanism of DST-mediated mRNA degradation and that
similar transgene-based selections should be applicable to
sequence-specific decay pathways in other eukaryotes.

Materials and Methods
Gene Constructions and Plant Transformation. p1493 and p1519 are
pMON505 (24) derivatives and were constructed as described
(9), with the following exceptions. The b-globin coding region
was replaced by the hygromycin phosphotransferase (HPH)
coding region, obtained as a BamHI fragment of pLG90 (25). In
p1519, four tandem copies of the soybean SAUR 15A DST
element were inserted into the 39 UTR of the HPH and
b-glucuronidase (GUS) genes between the coding sequence and
the poly(A) signal.

Agrobacterium tumefaciens-mediated Arabidopsis transforma-
tion has been described (26). The Columbia accession was
transformed with p1493. To avoid any hygromycin-resistant
contamination of the parental line during large-scale selection
experiments, Arabidopsis Columbia that lacks trichomes [gl1
Col-PRL, referred to in the text as WT (wild type) with respect
to mRNA stability], was transformed with p1519.

Mapping of the 1519–31 and dst1 Loci. Mapping of the 1519–31
transgene locus and the dst1 (mutant defective in DST-mediated
mRNA degradation) locus was carried out by using simple
sequence length polymorphism (SSLP) markers (27). To map
the 1519–31 locus, F3 families derived from a cross between
1519–31 and Landsberg erecta (gl1–1) (28) were scored for
kanamycin resistance. Fifteen families that showed 100% kana-
mycin resistance were identified. Linkage was detected only to
markers on chromosome II, the closest marker being nga1126
(position 51, 0 recombinants of 30 chromosomes analyzed).

To map the dst1 locus, leaves of F2 plants from a cross of dst1
(from the second backcross to p1519–31) with Landsberg erecta
(gl1–1) were scored by Northern blot analysis for 3-fold or higher
HPH-DST mRNA abundance compared with WT(1519–31).
Thirty dst1ydst1 F2 plants were identified. Linkage was again

detected with nga1126 (0 recombinants of 16 chromosomes
analyzed) because of the necessity of the p1519 transgene for
scoring the mutant phenotype. In addition, linkage was detected
to markers on chromosome I as follows: nga59 (map position 1.6,
5 recombinants of 60 chromosomes analyzed), nga63 (map
position 9.4, 4y60), nga248 (map position 40.1, 12y60), and
nga128 (map position 81.4, 22y60).

Mutagenesis and Selection of Hygromycin-Resistant Plants. Seeds
homozygous at the 1519–31 locus (fourth generation of self-
fertilized progeny after transformation) were treated with ethyl
methanesulfonate (EMS) as described (29). The effectiveness of
EMS mutagenesis was evaluated by scoring the occurrence of
albinism and embryo lethality in M1 plants as described (29). M1
refers to the first mutagenized generation, and M2 refers to the
progeny of self-fertilized M1 plants. M1 seeds were planted in
groups of approximately 5,000, and M2 seed were collected from
each group of M1 plants. A total of 52 groups of M2 seed from
approximately 260,000 M1 plants were collected.

Putative mutants were selected on seed selection medium (30)
supplemented with 1,000 mgyml hygromycin and 50 mgyml
kanamycin and were defined as seedlings that had developed at
least two true leaves after 3–4 weeks of selection.

Sequencing of DST Elements in dst1 and dst2. Oligonucleotides
complementary to the 39 end of the HPH coding sequence
(GATGCAGCTTGGGCGCAGGG) and the 59 end of the E9 39
UTR (CCCAATGCCATAAATACTCG) were used to amplify
DST elements from genomic DNA extracted from dst1 and dst2
[F2 plants from the first backcross to WT (1519–31)] by PCR
(Pfu, Stratagene) under standard cycling conditions. Products
were cloned and multiple isolates were sequenced for each
mutant.

RNA Analysis. RNA extraction, Northern blot procedures, and
quantitation of mRNA abundance using a Molecular Dynamics
PhosphorImager were essentially as reported (8, 9) with excep-
tions noted below. Hybridization probes corresponding to the
eIF4A (30), SAUR-AC1 (31), GUS (8), and HPH [BamHI
fragment of pLG90 (25)] coding regions were labeled by using
32P dCTP (32).

Genetic Analysis. The dst mutant phenotype was scored by ana-
lyzing HPH-DST mRNA abundance. Total RNA was isolated
from two rosette leaves from individual plants (33). Northern
blots containing 10 mg of total RNA were hybridized sequentially
with radiolabeled HPH and eIF4A probes. The ratio of HPHy
eIF4A signal was calculated for each plant in a given population
and compared with that of WT(1519–31) plants analyzed in
parallel.

Half-Life Analysis. Approximately 500 1493–2 and 1519–31 seed-
lings were grown in 250 ml of liquid medium (23.2 g Gamborg’s
B-5 Mediumyliter; pH 5 5.0) for 12 days with gentle shaking in
a 500-ml flask. Actinomycin D (75 mgyml) was added, and
samples were removed from the cultures and frozen in liquid
nitrogen at 30-min intervals.

The half-life of the HPH mRNA in mutant and WT(1519–31)
plants was measured in rosette leaves of mature plants ('40 days
old). This protocol was adapted from previous reports (34, 35).
Rosette leaves from 12 F3 plants derived from the second
backcross of dst1 and dst2 to WT(1519–31) were harvested in
parallel with 12 WT(1519–31) rosette leaves. Leaves were
incubated in buffer (15 mM sucrosey1 mM KCly1 mM Pipesy1
mM sodium citrate, pH 6.5) for 30 min before addition of
cordycepin (150 mgyml). A brief (30 sec) vacuum was applied to
each sample. Four leaves were harvested every 15 min for 60 min
and frozen in liquid nitrogen. Northern blot analysis was per-
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formed as above. Standard methods were used to calculate
mRNA half-life (1).

Results
Mutant Selection. To identify mutations in the DST-mediated
mRNA decay pathway, a mRNA abundance phenotype was
engineered by using a transgenic approach. A binary vector was
constructed (p1519) that contained a tetramer of the DST
element inserted into the 39 UTR of the HPH and GUS genes
(Fig. 1A). HPH confers resistance to hygromycin and GUS
expression is readily detected by incubation of plant tissue with
substrates that are cleaved to colorimetric or fluorescent prod-
ucts (25, 36). WT (i.e., Columbia gl-1 plants that were WT with
respect to mRNA degradation) plants harboring this construct
were anticipated to have low HPH and GUS expression because
of the impact of the DST element on mRNA turnover rates and
therefore would have decreased hygromycin resistance and GUS
activity. Conversely, a mutant with a defective trans-acting factor
in the DST-mediated mRNA decay pathway would show in-
creased hygromycin resistance and GUS activity. Plants trans-
formed with a second binary vector (p1493, Fig. 1 A) that was
identical to p1519, except DST sequences were not included,
served as a nondestabilized control throughout our experiments.
Both constructs contained the nptII gene, to enable selection of
transgenic plants, and were introduced via Agrabacterium tume-
faciens-mediated transformation (26).

Line 1519–31 was chosen for mutagenesis because segregation
of kanamycin resistance (conferred by the nptII gene) and
Southern blot analysis indicated that it harbored a single insert
of the transfer DNA (T-DNA; data not shown). In addition, the
abundance of the HPH-DST and GUS-DST messages in this line
reflected the average abundance of these transcripts in a pop-

ulation of 1519 transformants. The T-DNA insertion in 1519–31
was mapped to chromosome II near the molecular marker
nga1126 (map position 51). The line chosen to serve as the
nondestabilized control in this study (p1493–2) had HPH and
GUS expression levels that were representative of a pool of
several p1493 transgenic lines and appeared to be a single locus
insertion based on segregation of kanamycin resistance. Expres-
sion levels in p1493–2 and p1519–31 were stable and showed no
evidence of gene silencing over multiple generations.

The DST tetramer resulted in an approximately 12.5-fold
decrease in steady-state HPH mRNA abundance in 1519–31
seedlings relative to 1493–2 (Fig. 1B). Based on the known
mRNA instability function of the DST sequence, this difference
was presumed to be caused by decreased mRNA stability of the
DST-containing transgene mRNA. To examine this, the decay of
the HPH transcript encoded by 1519–31 and 1493–2 was com-
pared in seedlings grown in liquid medium after the addition of
the transcriptional inhibitor, actinomycin D (Fig. 1B). The
1519–31 HPH transcript, containing the DST tetramer, was
degraded approximately three times faster than the 1493–2 HPH
transcript that did not contain DST sequences (Fig. 1 C and D).
The disparity between the effect of the DST sequence on the
steady-state abundance and the half-life of the HPH transcript
(12.5-fold vs. 3-fold) is most likely caused by dampening that is
commonly observed when general inhibitors of transcription are
used to measure mRNA decay rates (10, 35, 37–39). Nonetheless,
it is clear that the DST element has reduced the half-life of the
HPH mRNA in 1519–31.

Destabilization of the HPH transcript by the DST element
resulted in reduced resistance to hygromycin in 1519–31 seed-
lings relative to 1493–2 seedlings, particularly at higher concen-
trations of the antibiotic (Fig. 2). We hypothesized that mutants
defective in DST-mediated mRNA degradation would have
increased abundance of the HPH-DST transcript and therefore
would have increased resistance to hygromycin relative to the
parental line. Because we were interested in mutations affecting
the DST pathway in trans, our goal was to identify mutants with
increases in both HPH-DST and GUS-DST mRNA abundance.

To induce mutations in line 1519–31, seeds were subjected to
EMS mutagenesis, and M2 seeds were collected from groups of
M1 plants and plated on seed selection media containing 1,000
mgyml hygromycin. Of '730,000 M2 seeds that were plated, 323
seedlings that appeared to exhibit increased resistance to hygro-
mycin were transferred to soil for propagation. M3 seeds from
these lines were plated on selective media, and approximately
20% of the putative mutants displayed heritable hygromycin
resistance. In most of these lines, hygromycin resistance was not
attributed to an increase in HPH-DST mRNA abundance and
therefore may have been caused by a defect in hygromycin
uptake. However, two mutants, derived from independent M1

Fig. 1. The basis for the dst mutant selection. (A) Diagrams representing two
T-DNAs, p1519 and p1493, are shown. 35S, cauliflower mosaic virus 35S
promoter; E9, pea ribulose 1,5-bisphosphate carboxylase small subunit E9
polyadenylation signal; 3C pea ribulose 1,5-bisphosphate carboxylase small
subunit 3C polyadenylation signal; RB, right border sequence of T-DNA (this
T-DNA functions without a left border). The nptII gene is carried on both
T-DNAs, but is not depicted. (B) Comparison of the steady-state abundance of
the HPH transcripts in 1519–31 and 1493–2 seedlings. HPH mRNA abundance
at time 0 (first lane) of the half-life determination shown in C was quantitated
and normalized by using the abundance of the eIF4A message. Normalized
HPH abundance is shown relative to 1519–31 seedlings. (C) Comparison of the
stability of HPH transcripts in 1519–31 and 1493–2 seedlings after addition of
actinomycin D. (D) Signals obtained from Northern blots were quantitated
and plotted on a semilog scale. Linear regression analysis is shown for each set
of points. Results shown in C and D are from one experiment that is repre-
sentative of several.

Fig. 2. A titration of hygromycin resistance was performed on 1493–2 and
1519–31 seedlings. Approximately 500 seeds were surface-sterilized and
plated on primary seed selection media containing 500, 800, or 1,000 mgyml
hygromycin.
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groups, showed a heritable increase in HPH-DST mRNA abun-
dance. These two mutants, referred to as dst because they are
defective in DST-mediated mRNA degradation, also exhibited
an increase in GUS-DST mRNA abundance.

Genetic Analysis of dst1 and dst2. The abundance of the HPH-DST
and GUS-DST transcripts was 3- to 4-fold higher in dst1 and dst2
compared with WT(1519–31) plants (Fig. 3A). In contrast, the
abundance of the eIF4A transcript, used as a non-DST-
containing control, was equivalent in mutants and WT(1519–31)
(Fig. 3A). Other transcripts, encoding a subunit of RNA poly-
merase II (AtRPB15.9) and aconitase, that lack DST elements
were also equally abundant in the mutants and WT(1519–31)
(data not shown). Increased HPH-DST and GUS-DST mRNA
abundance is a consistent phenotype that has been observed in
the progeny of four backcrosses of dst1 and dst2 to WT(1519–
31). Because both the HPH-DST and GUS-DST transcripts were
elevated in these mutants, it is highly unlikely that the phenotype
is caused by a mutation in one or more of the DST elements
present in the 39UTR of the HPH-DST transcript. To examine
this possibility directly, the DST tetramer was amplified by PCR
from genomic DNA extracted from dst1 and dst2 and was
sequenced. The DST tetramers in both mutants were found to
be unaltered (data not shown).

Genetic analysis indicated that dst1 and dst2 are incompletely
dominant mutations in independent single genes. To arrive at
this conclusion, the inheritance of the dst mutations was exam-
ined by measuring HPH-DST mRNA abundance in the rosette
leaves of mature plants derived from crosses of dst1 and dst2 to
WT(1519–31). Northern blots were used for these studies rather
than relying on reporter protein activity because direct mea-
surements were more sensitive to the differences in mRNA
abundance observed between the mutants and WT(1519–31).
Progeny of the second backcross to WT(1519–31) (F1) and the
progeny of self-fertilizations of these plants (F2) were used in
these studies as presented in Table 1. Ten F1 plants were
examined for each mutant. HPH-DST mRNA abundance was on
average 2.1 6 0.22-fold higher in dst1 F1 and 2.8 6 0.23-fold
higher in dst2 F1 plants compared with WT(1519–31). These
levels of HPH-DST mRNA abundance are intermediate between
WT(1519–31) and mutant levels as would be expected if het-

erozygotes showed a partial mutant phenotype. Segregation of
increased HPH-DST mRNA abundance in the F2 populations
was also consistent with incomplete dominance. Of 46 F2 plants
segregating dst1, nine were observed with high HPH-DST
mRNA abundance [3.1 6 0.17-fold higher than WT (1519–31)],
23 had intermediate HPH-DST mRNA abundance (1.7 6 0.07)
and 14 showed HPH-DST mRNA abundance that was similar to
WT(1519–31) (0.9 6 0.04). Segregation of the dst2 mutant
phenotype was similar to that of dst1. Of 53 F2 plants analyzed,
13 fell into the mutant class (4.0 6 0.16), 28 fell into the
intermediate class (2.2 6 0.11), and 12 were similar to WT(1519–
31) (1.0 6 0.04). Segregation in dst1 and dst2 F2 populations was
most easily explained by a ratio of 1:2:1 (WTyintermediatey
mutant) as would be expected for inheritance of a incompletely
dominant single gene (Table 1).

Crossing dst1 with dst2 yielded F1 plants with intermediate
HPH-DST mRNA abundance, indicating that dst1 and dst2 are
not allelic (data not shown). When the F2 plants from this cross
were analyzed, 10y51 showed HPH-DST mRNA abundance
similar to WT(1519–31). Had the dst mutations been in the same
gene, or if they were tightly linked, no F2 plants with HPH-DST
mRNA abundance similar to WT(1519–31) would have been
expected. There was no class of F2 plants observed with an
additive effect on HPH-DST mRNA abundance, as might be
expected if dst1 and dst2 function independently to destabilize
DST-containing messages. In addition, the finding that F1 plants
from the dst1 3 dst2 cross showed an intermediate mRNA
abundance phenotype indicated a lack of additive interaction
between these loci because the individual mutants crossed to
WT(1519–31) showed the same phenotype in the F1.

To begin the characterization of the molecular basis of these
mutant phenotypes, the dst1 locus was mapped by using molec-
ular markers (27). This analysis showed that dst1 is located on
chromosome I, near molecular markers nga59 and nga63.

Phenotypic Analysis of dst1 and dst. If dst1 and dst2 are indeed
mutations that disrupt the DST-mediated mRNA degradation
pathway in trans, one would expect the abundance of endoge-
nous DST-containing messages to be elevated in addition to the
DST-containing transgene mRNAs. Therefore, the abundance
of the SAUR-AC1 transcript, the only DST-containing message
in Arabidopsis that has been examined at the level of mRNA
stability (7), was analyzed in mutants and WT(1519–31) plants.
As is clearly seen in Fig. 3B, the abundance of this message is
elevated in dst1 and dst2, indicating that these mutations may
elevate the abundance of any message destabilized by DST
sequences.

Neither of the dst mutants had any obvious defects in devel-
opment or morphology. Because expression of at least one

Fig. 3. (A) The abundance of DST-containing reporter transcripts, HPH-DST
and GUS-DST, are elevated in dst1 and dst2. The higher molecular weight GUS
transcript (F), which is approximately twice the expected size, is a consistent
characteristic of 1519–31. It is most likely the result of a partial recognition of
a cryptic downstream polyadenylation signal that is activated by incomplete
integration of the T-DNA. We have measured the abundance of the lower
molecular weight band (the expected size) throughout these experiments,
although the two bands are coordinately regulated in the mutants. (B) The
abundance of an endogenous DST-containing message, SAUR-AC1, is elevated
in dst1 and dst2. Samples were not treated with exogenous auxin. Total RNA
was prepared from leaves of WT(1519–31), dst1, and dst2 (F2 plants from the
second backcross to p1519–31) and analyzed by Northern blot hybridization.
Radiolabeled probes were prepared against the indicated transcripts and
were used in sequential hybridizations of one Northern blot.

Table 1. Genetic analysis of mutants defective in DST-mediated
mRNA degradation

Cross Class HPH* n x2; P†

DST1yDST1 3 dst1ydst1 F1 Int 2.1 6 0.22 10
DST2yDST2 3 dst2ydst2 F1 Int 2.8 6 0.23 10
DST1yDST1 3 dst1ydst1 F2 WT 0.9 6 0.04 14

Int 1.7 6 0.07 23 1.1; P . 0.1
High 3.1 6 0.17 9

DST2yDST2 3 dst2ydst2 F2 WT 1.0 6 0.04 12
Int 2.2 6 0.11 28 0.2; P . 0.1
High 4.0 6 0.16 13

Int, intermediate.
*HPH mRNA abundance: (HPHyeIF4A) segregating classy(HPHyeIF4A)wt 6
standard error.

†x2 calculated for 1;2;1 segregation of WTyIntyHigh HPH mRNA abundance
DSTyDST, WT(1519-31).
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auxin-responsive gene, SAUR-AC1, was altered in dst1 and dst2,
mutant phenotypes associated with the production andyor per-
ception of auxin were analyzed. dst1 and dst2 displayed normal
root gravitropism as indicated by the wavy root assay (40) or by
rotating vertical plates after germination of seedlings (41).
Additionally, there was no loss or enhancement of apical dom-
inance in these plants, nor were there alterations in root length
or morphology, other phenotypes that have been associated with
auxin response mutants (42).

Increased Stability of HPH-DST mRNA in dst1 and dst2 Compared with
WT(1519–31). The simplest explanation for the elevation of DST-
containing transcripts in dst1 and dst2 is a defect that results in
a decreased rate of DST-mediated mRNA degradation. This is
likely because the DST sequence is the only regulatory element
shared by the three transcripts that were elevated in the mutants.
To test this hypothesis, we measured the kinetics of HPH-DST
mRNA degradation in WT(1519–31), dst1, and dst2 plants.

The measurable differences in HPH-DST mRNA decay rates
were anticipated to be minimal because the difference in HPH-
DST abundance between dst1 or dst2 and WT(1519–31) was 3-
or 4-fold, respectively (Fig. 3A, Table 1), and differences in
mRNA abundance are often not fully reflected in differences in
mRNA half-lives when measured by using general inhibitors of
transcription (10, 35, 37–39), as mentioned earlier. For example,
in the case of the HPH mRNA, we observed that the 12.5-fold
increase in mRNA abundance of the HPH and HPH-DST mRNA
was reflected as a 3-fold increase in measured mRNA stability
(Fig. 1 B and C). These measurements indicate that differences
in half-life measurements (3-fold 2 1-fold 5 2-fold difference)
are dampened and only reflect about 17% of the expected
difference based on steady-state mRNA abundance (12.5-fold 2
1-fold 5 11.5-fold difference; 2y11.5 5 0.17). Because the
abundance of the HPH mRNA is about 3-fold higher in
WT(1519–31) than mutants (3-fold 2 1-fold 5 2-fold differ-
ence) we would expect the measured mRNA half-life to be
increased to 1.34 times that of WT(1519–31) [(2-fold differ-
ence 3 0.17) 11].

Three independent experiments were performed in which
excised rosette leaves from WT(1519–31), dst1, and dst2 plants
were incubated with a transcriptional inhibitor. Cordycepin was
used to inhibit transcription in these experiments because a
recent report showed that it was more effective than actinomycin
D at blocking transcription in leaf tissue (35). Leaves were
sampled every 15 min, and HPH mRNA abundance at each time
point was measured by Northern blot analysis. HPH mRNA
abundance was standardized relative to the abundance of the
eIF4A transcript. Fig. 4A shows representative blots from one of
these experiments. The amount of mRNA remaining at each
time point was calculated, and the average of the three values for
each time point is plotted in Fig. 4B.

The decay of the HPH-DST mRNA in both dst1 and dst2
(upper curves in Fig. 4B, lower two blots in Fig. 4A) was clearly
slower than WT(1519–31). As expected, the differences in decay
kinetics become particularly evident at the later time points (45
and 60 min). The average half-life of the HPH mRNA was
calculated to be 1.33-fold greater in dst1 and 1.28-fold greater in
dst2 compared with WT(1519–31). This difference between the
half-life of the HPH mRNA in mutants and WT(1519–31) was
almost identical to what was anticipated based on previous
experiments that compared the stability of the HPH mRNA with
the HPH-DST mRNA (Fig. 1 B–D). Based on these observations
we conclude that the dst1 and dst2 mutations result in an increase
in mRNA stability that results in increased abundance of DST-
containing mRNAs.

Discussion
Using a transgene-based mutant selection strategy, we isolated
mutants of Arabidopsis defective in the rapid mRNA degradation
pathway mediated by the DST element. These mutants were
selected by virtue of increased resistance to hygromycin that
resulted from an increase in HPH-DST mRNA abundance and
then were screened for increased GUS-DST mRNA to avoid cis
mutations. The two dst mutants that exhibited these heritable
phenotypes also elevated the abundance of an endogenous
DST-containing transcript encoded by SAUR-AC1, further ar-
guing that they each affected a trans-acting factor important for
DST-mediated mRNA degradation in vivo. Analysis of HPH-
DST mRNA decay kinetics in mutants versus WT(1519–31)
indicated that increased mRNA abundance of DST-containing
transcripts in dst1 and dst2 can be explained by an increase in
message stability. Before this work, it was unclear whether
a selection aimed at identifying the genetic determinants of
sequence-specific mRNA decay in transgenic organisms would
be successful. Therefore beyond identifying loci that provide
experimental access to the DST-mediated mRNA decay ma-
chinery in plants, this work provides a valuable approach that
may have similar impact in other eukaryotes.

The dst mutant selection had two interesting characteristics.
First, the mutants were rare, having been isolated at a frequency
of approximately 1y300,000. The stringency of the selection and
secondary screens may have been partially responsible because
they were designed to eliminate all mutants that did not elevate
both HPH and GUS expression at the RNA level (e.g., hygro-
mycin transport mutants). However, this cannot be the only
explanation because in Arabidopsis, mutations in nonessential
genes are typically expected at frequencies of '1y2,000 in similar
EMS-mutagenized populations (43). Second, the dst mutations
did not fully restore the abundance of the HPH-DST or GUS-
DST transcripts to the levels found in plants with nondestabilized
transcripts. The abundance of the HPH-DST mRNA was 3- to
4-fold higher in mutants compared with WT(1519–31) whereas
the nondestabilized HPH message was greater than 10-fold
higher in abundance than the HPH-DST mRNA. These obser-
vations indicate that dst1 and dst2 may be relatively weak alleles
that allow partial function of the DST-mediated mRNA decay
pathway. Functional redundancy among components that rec-
ognize the DST instability determinant may have contributed to
the low frequency of sequence-specific decay mutants.

Perhaps it is by necessity rather than coincidence that both dst
mutations were found to be incompletely dominant (Table 1).
The DST element is comprised of three conserved domains that
are separated by two variable regions (8). Two of these con-

Fig. 4. Analysis of HPH-DST mRNA stability in leaves from WT(1519–31), dst1,
and dst2 plants after addition of cordycepin. (A) Representative Northern
blots showing the HPH-DST signal over the 60-min time course in WT(1519–
31), dst1, and dst2. (B) Average normalized HPH-DST signals (6 SEM) from the
three time courses are plotted on a semilog scale. Linear regression analysis is
shown for each set of points.
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served domains are essential for instability function (9), but it is
not known whether they function as independent targets or as a
single target for cellular factors that recognize the DST element.
Incompletely dominant mutant phenotypes could arise if defec-
tive DST-recognition factors no longer recognize the DST
sequence, but still bind interacting partner proteins required to
mediate mRNA decay. Conversely, an incompletely dominant
phenotype could result if a defective DST-binding protein
retained the ability to bind DST but lacked the ability to interact
with or recruit proteins required for mRNA degradation. An-
other alternative would be that a dst gene product encodes a
DST-specific ribonuclease that binds the DST sequence but has
decreased RNase activity, thereby providing partial protection to
mRNAs bound by the mutant version.

dst1 and dst2 may be rare and weak alleles because regulation
of the abundance of DST-containing mRNAs is an essential
function in Arabidopsis and stronger alleles were lethal. This may
also explain why neither of the dst mutants had an obvious
developmental or morphological mutant phenotype. Thus far,
the DST element has been implicated experimentally only in the
regulation of the SAUR genes (7). Although the function of the
SAUR gene products is unknown, the expression patterns of
these genes suggest an early role in auxin-induced cell elongation
(6). Because auxin has a central role in many aspects of plant
physiology, there may be a narrow tolerance for misexpression
of auxin response genes such as the SAURs. Alternatively, the
lack of apparent auxin-related phenotypes in the mutants may be
explained by redundancy among the approximately 60 members
of the Arabidopsis SAUR gene family, some of which may not
encode unstable mRNAs or contain DST elements (Thomas
Guilfoyle, personal communication). It is also likely that the
stability of other plant transcripts is regulated by the DST
element as well. DNA microarray experiments that compare the
abundance of thousands of mRNAs in dst mutants and WT
should prove useful in identification of new transcripts that are
regulated by the DST pathway.

Few approaches designed to isolate mutations in genes en-
coding trans-acting factors involved in sequence-specific mRNA
decay pathways have been reported. Mutant screens in yeast and
C. elegans, although quite successful, have focused on general (59
to 39, 39 to 59 or nonsense-mediated) decay pathways. Aside from
the present study, the only approach that has led to the isolation
of sequence-specific decay mutants was the screen conducted in
human HT1080 fibrosarcoma cells for stabilized green fluores-
cent protein-IL-3 mRNA cited in the introduction (23). Because
the latter system is not amenable to most genetic approaches,
cloning the corresponding genes may be challenging. By using a
selection rather than a screen and working with transgenic
Arabidopsis, our approach represents an important advance that
has distinct advantages for future analysis. Most notably, isola-
tion of the dst mutants should facilitate the cloning of trans-
acting factor genes involved in DST-mediated mRNA degrada-
tion through map-based procedures available in Arabidopsis. The
ability to study the roles of the DST genes in intact plants via
crosses to other mutants and introduction of specialized trans-
genes will offer additional potential for addressing mechanistic
questions. Finally, based on the work presented here, similar
selections for mutants defective in rapid mRNA degradation
mediated by cis-regulatory elements should be feasible in other
eukaryotic model organisms if selectable markers that facilitate
detection of small expression differences can be engineered.
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