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As part of the embryo maturation process, orthodox seeds undergo a developmentally regulated dehydration period. The
LATE EMBRYOGENESIS ABUNDANT (LEA) genes encode a large and diverse family of proteins expressed during this time.
Many hypothesize that LEA proteins act by mitigating water loss and maintaining cellular stability within the desiccated seed,
although the mechanisms of their actions remain largely unknown. The model plant Arabidopsis (Arabidopsis thaliana) contains
two genes belonging to the group 1 LEA family, ATEM1 and ATEM6, and knockout mutations in these genes are being sought
as a means to better understand group 1 LEA protein function during embryo maturation. We have identified a T-DNA
insertion allele of the ATEM6 gene in which the T-DNA is present just downstream of the protein coding region. While this
gene is transcriptionally active and encodes a wild-type protein, there is no detectable ATEM6 protein in mature seeds. Mutant
seeds display premature seed dehydration and maturation at the distal end of siliques, demonstrating that this protein is
required for normal seed development. We propose that one function for group 1 LEA proteins in seed development is to
buffer the water loss that occurs during embryo maturation and that loss of ATEM6 expression results in the mutant

phenotype.

Seeds are remarkable structures that serve as the
connection between successive generations of plants.
As part of the normal developmental program of ortho-
dox seeds, most cellular water is lost during the latter
stages of embryo maturation and many seeds dehy-
drate to as low as 5% of their original water content.
Despite the low level of retained water, seed embryos
remain viable and mature, and dry seeds readily
germinate under appropriate environmental conditions.
Therefore, plants must have evolved a mechanism that
allows cells to tolerate the low water potential found
in dry seeds.

The LATE EMBRYOGENESIS ABUNDANT (LEA)
genes are expressed, as the name implies, late in
embryo maturation and during the developmentally
regulated period of dehydration at the end of seed
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development. LEA proteins are thought to play an
important role in the maturation process, and studies
in barley (Hordeum vulgare) have demonstrated that
accumulation of LEA proteins in embryos is correlated
with the acquisition of desiccation tolerance (Bartels
et al.,, 1988). This correlation suggests that these pro-
teins are an integral part of one or more tolerance
mechanisms. Many LEA genes can also be induced by
the application of abscisic acid and by various kinds of
water stress in both reproductive and vegetative tis-
sues (Berge et al., 1989; Bostock and Quatrano, 1992;
Wilhelm and Thomashow, 1993; Bies et al., 1998). In
addition, there is at least one example of a constitu-
tively expressed LEA gene (Welin et al., 1994).

LEA genes are found throughout higher plants, in-
cluding monocots, dicots, and gymnosperms, and dif-
ferences in temporal expression pattern and sequence
similarity among the encoded proteins have allowed
them to be subdivided into groups (Dure et al., 1989;
Cuming, 1999; Wise, 2003). Based largely on predic-
tions of regions of secondary structure, the different
groups have been proposed to contribute in one way
or another to the maintenance of viability. For exam-
ple, the group 1 and group 4 LEA proteins are pre-
dicted to exist largely as random coils (McCubbin et al.,
1985; Soulages et al.,, 2002). With a high degree of
flexibility, these proteins could interact with a variety
of cellular components, including other proteins, and
contribute to stability either by sharing their hydration
shell of water or by using their own hydroxylated
amino acids to serve as a replacement for water as it
is lost from the cell (water replacement hypothesis).
Group 2 and group 3 LEA proteins have also been
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hypothesized to contribute to cellular stability through
the sequestration of ions and membrane stabilization,
respectively (Dure, 1993).

The group 1 LEA genes, also called the Em (Thompson
and Lane, 1980) or D-19 group (Baker et al., 1988) genes,
have been identified in a wide range of plants and have
the highest degree of sequence homology at both the
nucleotide and amino acid sequence levels (Dure et al.,
1989). Induction of these genes appears to coincide with
an elevation in embryonic abscisic acid levels and
expression continues late into development. These
genes are also expressed early during the germination
process from stored mRNA (Williamson and Quatrano,
1988; Morris et al., 1990). Group 1 LEA protein primary
structure is typified by the presence of nearly 20 mol%
Gly residues and a preponderance of charged and
hydroxylated amino acids. All group 1 LEA proteins
also contain a highly conserved stretch of 20 amino acids
that may be tandemly repeated up to four times. This
tandem arrangement of the repeat has been suggested to
be the result of gene duplication followed by recombi-
nation or deletion (Stacy et al., 1995). Group 1 LEA pro-
teins have been isolated from several plant species and
characterized biochemically and structurally (McCubbin
et al., 1985; Russouw et al., 1995, 1997). These studies
have revealed that the group 1 LEA proteins exist
predominantly as random coils in solution and that
they have an unusually large sphere of hydration. The
random coil configuration appears to be unchanged
after heating to 80°C for 10 min (Russouw et al., 1997).

There are two group 1 LEA genes, ATEM1 and
ATEMS6, in the genome of the model plant Arabidopsis
(Arabidopsis thaliana), and these genes are differentially
expressed both temporally and spatially during em-
bryo maturation. ATEM1 mRNA is expressed predom-
inantly in provascular tissues with the strongest
expression in the root tip (Vicient et al., 2000) and
ATEM1 expression initiates approximately 2 d prior to
ATEMG6 (Bies et al., 1998). ATEM6 mRNA is expressed
in essentially all regions of the embryo with the
strongest expression in the shoot apical meristem and
provascular tissue (Vicient et al., 2000). These two genes
encode similar proteins that differ mainly by the
number of repeats in the conserved 20-amino acid
motif (four copies in ATEM1 and one copy in ATEMS6).

To study the in planta function of the ATEM proteins
during embryo maturation, a population of more than
100,000 T-DNA-mutagenized Arabidopsis lines main-
tained by Syngenta (Sessions et al., 2002) was screened
for potential ATEM1 and ATEM6 gene knockout lines.
Here we report the molecular and phenotypic charac-
terization of one insertional knockout mutation in the
ATEMG6 gene and the location of a number of non-LEA
insertions identified during the course of this study.

RESULTS

Approximately 3 kb of Arabidopsis genomic DNA
sequence containing the ATEMG6 locus (At2g40170)
was provided to the Torrey Mesa Research Institute for
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a search of the Syngenta T-DNA insertional mutation
database (Sessions et al., 2002). The results of the BLAST
search were analyzed and the sites of two potential
insertions within this gene were identified (Table I).
One plant line, Garlic_413_EO08, contains T-DNA from
pCSA110 (McElver et al., 2001) and was predicted to
contain an insertion at position 16,786,882 on chromo-
some 2. This location is within exon 2 of the ATEM6
coding region and 10 bp 5’ of the TAA translational
stop codon. The insertion in the other line, Garlic_
587_G09, contains T-DNA from pCSA104 (McElver
et al., 2001) and was predicted to be located at position
16,787,092 on chromosome 2. This location is within
the single intron of ATEM6.

Seeds for the two plant lines were obtained, grown
in soil, and both seed and vegetative tissue were
harvested from the initial planting. Genomic DNA
was extracted from the bulked plant tissue of each line
and subjected to Southern-blot analysis using T-DNA-
specific (pBluescript [pBS]) and ATEM6 gene-specific
(3'-untranslated region [UTR]) probes after digestion
with an enzyme that cleaves once near the center of the
T-DNA. While both lines displayed multiple bands
when hybridized with the T-DNA probe (pBS), in-
dicating the presence of multiple insertion sites, only
the Garlic_413_EO08 line displayed a band other than
that found in wild-type Columbia genomic DNA when
hybridized with the ATEM6 gene-specific 3'-UTR
probe (data not shown). This demonstrates that the
Garlic_413_EO08 line contains a T-DNA in or near ATEM6
and that the Garlic_587_G09 line does not. This
Garlic_413_E08 plant line will hereafter be referred
to as 6.413, as a reference to the ATEM6 gene and the
Garlic plant line number supplied by Syngenta.

Southern-Blot Analysis

Southern hybridization assays using an ATEM6
3’'-UTR gene-specific probe were performed to iden-
tify individual plants containing the T-DNA insertion
identified above. Digestion of genomic DNA with BamHI
should produce an approximately 11.4-kb DNA frag-
ment containing both the pBS portion of the T-DNA
and the ATEM6 3'-UTR region for the T-DNA in-
sertion allele (Fig. 1A), whereas the wild-type ATEM6
allele should produce an 8,470-bp fragment, a dif-
ference of approximately 3.0 kb. Figure 2 shows that
plants grown from the original bulked seed are segre-
gating for the insertion and that individual plants
homozygous for the wild-type ATEM6 allele (e.g. lines
1.2,2.2, and 6.4), homozygous for the T-DNA insertion
allele (e.g. lines 2.1, 3.2, and 8.2), and heterozygotes
(e.g. line 7.2) are clearly distinguishable. Hybridization

Table I. Plant lines

Abbreviated Ti
No. Plasmid

Garlic_413_E08 6.413  pCSA110 16,786,882/6,786,867
Garlic_587_G09  6.587 pCSA104 16,787,092/No insert

Insertion Site in

Garlic Line No. ATEM6 Putative/Actual
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Figure 1. Schematic of pCSA110 T-DNA in ATEM6. The T-DNA region is shown as a simple, single insertion in ATEM6 genomic
DNA (A) and the actual structure as determined by plasmid rescue and sequence analysis of the RB/ATEM6 and LB/ATEM6
junctions (B). Genomic DNA is black. The T-DNA, bounded by the RB and LB sequences (hatched), is gray, and the pBS portion
of the T-DNA is stippled. Exons of the ATEM6 gene are shown as thick bars (1, Il, and 3’-UTR). Note that the 3’-UTR region of
exon Il is physically separated from the remainder of the gene by the T-DNA insertion. Deletions of T-DNA identified by sequence
analysis are underlined in A and absent in B. Restriction enzyme sites for EcoRI (E), Ncol (Nc), and BamHI (B) are indicated.

of the same membranes with a pBS probe demon-
strated that all individuals contained multiple T-DNA
inserts (data not shown). Plants homozygous for the
ATEMBS6 insertion allele were backcrossed into wild-
type Columbia and the resulting seedlings screened
using the Southern-blot analysis described above to
identify plants with only the ATEM6-associated T-
DNA. These heterozygous plant lines were allowed to
self and plant lines homozygous for the insertion allele
were subsequently identified.

Plasmid Rescue

If the T-DNA present in the 6.413 plant line rep-
resents a simple, single insertion, as diagrammed
in Figure 1A, the insert should be bounded by the
left border (LB) and right border (RB) regions and it
should be possible to PCR amplify boundary frag-
ments using LB or RB and ATEMG6 gene-specific
primers. However, initial attempts at PCR failed to
produce any products, suggesting that the DNA at
the site of the insertions may have undergone some
rearrangement, a relatively frequent observation for
T-DNA insertions (Castle et al., 1993; Tax and Vernon,
2001). From the sequences for the plasmid pCSA110
provided by Syngenta, there is an EcoRI site very near
one end of the pBS sequence and an Ncol site in the
T-DNA adjacent to the pBS sequences at the end op-
posite from the EcoRI site (Fig. 1A). Therefore, a plasmid
rescue strategy was used to recover border sequences
flanking the T-DNA insert (Feldmann, 1992).

The EcoRI experiment to define RB junctions with
genomic DNA rescued two plasmids (6.413-1E and
6.413-2E). When plasmid DNA from the two rescued
colonies was extracted and run on an agarose gel
for size determination, the two linearized plasmids
appeared to be approximately the same size (approx-
imately 7,500 bp). However, digestion with Ncol re-
sulted in different banding patterns, demonstrating
that these two plasmids are unique (data not shown).
Sequence analysis of plasmid 6.413-1E indicated that
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this T-DNA insert was not within the ATEM6 gene
locus, but rather at position 16,474,005 on chromosome
1 in the 5'-LB to RB-3’ orientation (with respect to
the 5’ to 3’ orientation of the chromosome sequence;
Table II). This insertion is most closely linked to locus
At3g11860 that encodes a hypothetical protein. In ad-
dition, our data show that 189 bp of the RB sequence have
been deleted. Sequence analysis of plasmid 6.413-2E
confirmed the insertion of a T-DNA in a 5'-RB to LB-3’
orientation (with respect to the 5’ to 3’ orientation of the
chromosome sequence) with its RB/ATEM6 junction at
position 16,786,867 on chromosome 2 (Fig. 1B; Table II).
The sequence analysis further revealed a 767-bp dele-
tion at the RB of the T-DNA immediately 5’ to the insert
location.

The Ncol rescue experiment yielded nine plasmids
(6.413-1N to 6.413-9N). Sequence analysis of one of
these plasmids, 6.413-2N, indicated that this T-DNA
insert was not within the ATEM6 gene locus, but rather
at position 19,134,716 on chromosome 3 in the 5'-LB to
RB-3’ orientation (with respect to the 5’ to 3" orientation
of the chromosome sequence; Table II). This inser-
tion is most closely linked to locus At3g51560 that
encodes a disease resistance protein of the Toll inter-
leukin receptor-nucleotide-binding site-Leu-rich repeat
class. The remaining eight plasmids, 6.413-1N and

1.2 WT 2.1 WT 2.2 64 WT 32 WT 33 WT 6.3

11 kbp—== - - -
— -
7.5 kbp > -

71 WT 7.2 WT 7.4 WT 7.5 WT 7.6 WT 8.2 WT
11 kbp—>* - ' i

il - —_ - — - -
7.5 kbp >

Figure 2. Southern-blot analysis of individual 6.413 mutant plants. A
10-ug sample of genomic DNA was digested with BamHI, fragmented
on a 0.7% agarose gel, transferred to nylon membrane, and hybridized
with an ATEM6 gene-specific 3’-UTR probe. WT, Wild type; numbers
indicate laboratory plant line numbers. Molecular marker sizes are
indicated to the left.
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Table 1. Chromosomal location of T-DNAs in putative ATEM6 insertion lines

Garlic Line No. Chromosome Location® Nearest Gene (AGI No.) Function
6.413 1 16,474,005 At1g43680 Hypothetical protein (function unknown)
2 16,786,867 At2g40170 Putative desiccation tolerance protein
3 19,134,716 At3g51560 Disease resistance protein
6.587 2 19,636,488 At2g47970 NPL4 family protein
3 11,810,368 At3g30180 Putative cytochrome P450

“Nucleotide coordinates are as determined by BLAST search at http:/tigrblast.tigr.org/er-blast/index.cgi?project=ath1.

6.413-3N to 6.413-9N, defined the ATEM6/LB junc-
tion at position 16,786,868 on chromosome 2 (Fig. 1B;
Table II). Sequence data further indicated a deletion
of 267 bp in the T-DNA LB region directly adjacent
to the insert location. Therefore, this T-DNA insertion
is located 15 bp 3’ of the predicted insertion site as
determined by the initial BLAST search or 2 bp down-
stream of the TAA stop codon in ATEMG (i.e. outside
the ATEM6 open reading frame). Whereas there is
deletion of T-DNA sequences at both ends of the
insert, there is no accompanying deletion of ATEM6
sequences. As such, the ATEM6 open reading frame
in exon 2 remains intact and still encodes a normal
protein. The deletions in both the T-DNA LB and RB
regions explain our earlier inability to PCR amplify
products from these locations using Syngenta prim-
ers in conjunction with ATEM6 gene-specific primers.
Furthermore, this suggests that the deletions oc-
curred after the sequence information identified
by BLAST search was generated for the Syngenta
database (Sessions et al., 2002). Hereafter, the plant
lines containing the T-DNA insertion in the ATEM6
locus will be referred to as atem6-1. Two additional
inserts identified in the Garlic_587_G09 line, includ-
ing nearest gene and putative function, are also
shown in Table II.

Chromosome 2 Mapping

The plasmid rescue results described above indicated
that there were deletions in both borders of the atem6-1
T-DNA. Although sequence analysis of the regions
directly adjacent to the insertion did not indicate any
chromosomal alterations, it remained possible that other
aberrations on chromosome 2 had occurred. Therefore,
one simple sequence-length polymorphism (NGA168)
and two cleaved-amplified polymorphic sequence
(Thyl and ML) markers were chosen to map the large
arm of chromosome 2. Thy1 is located close to the cen-
tromere, NGA168 is tightly linked to ATEM6, and ML is
located close to the telomere. All markers mapped to
chromosome 2 and in the correct order as compared to
ATEMEG6 and to each other, indicating that there were no
gross chromosomal abnormalities associated with the
atem6-1 insertion (Fig. 3).

Reverse Transcription-PCR and RNA Gel-Blot
Analysis of Seeds

Sequence analysis from the plasmid rescue experi-
ments demonstrated that the atem6-1 T-DNA inser-
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tion occurred 2 bp outside of the ATEM6 open reading
frame. Since both the promoter and coding regions of
the mutant allele remained intact, it could be possible
for this gene to express an mRNA that encodes a wild-
type protein. It was of interest, therefore, to determine
whether this mutant allele expresses an mRNA. Total
RNA extracted from mature wild-type seeds and from
mature seeds homozygous for the atem6-1 allele was
subjected to reverse transcription (RT)-PCR. The RT
reaction was performed using an oligo(dT),, primer
containing a V clamp at the 3’ end and a 20-bp 5’
extension (Table III). Subsequent PCR was performed
using primers designed to the ATEMS6 first and second
exons such that a 198-bp product should be amplified
from ATEM6-derived mRNA for both the wild-type
and atem6-1 mutant allele. Wild-type Columbia DNA
was subjected to PCR in a separate reaction as a control
for contaminating genomic DNA. Because the PCR
primers flank the single intron in ATEM6, a product
derived from a DNA template should be 303 bp. The
generation of a 198-bp product from both wild-type
atem6-1 mutant seeds demonstrates that an ATEMG6-
derived mRNA is actively transcribed in the mutant
(Fig. 4).

RNA gel-blot analysis of total RNA samples was
then used to determine the level of expression and size
of the wild-type and mutant transcripts. Previous cDNA
characterization has shown that wild-type ATEM6 tran-
scripts are approximately 540 and 640 nucleotides in
length prior to polyadenylation (Gaubier et al., 1993).
Because of the location of the T-DNA insertion in the
mutant, the 3'-UTR region is physically separated from
the remainder of the ATEM6 gene. Therefore, mem-
branes were hybridized using an ATEM6 5'-UTR probe.
As shown in Figure 5, the ATEM6 message is readily
detected in wild-type mature seed RNA and is of a size

ATEM6
Thy1 NGA168 ML
31% 21%
R |
34% < %%

o
50% 504

Figure 3. Mapping of chromosome 2. Schematic of map positions of
the Thy1, NGA168, and ML markers and the ATEMG6 locus. The genetic
distance was derived from recombination analysis of 100 individual F,
plants. Distances are given as percentage recombination.
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Table lll. Sequencing primers

Primer Name

Primer Sequence (5’ —3")

T7 promoter

T3 promoter

QRB2

QLB2

AJM-LB1

ATEMG6-F

ATEM6-R

ATEM6 gene-specific 1
ATEMG6 gene-specific 2
ATEMG6 gene-specific 3
Tailed oligo(dT)
ATEM6 RT-PCR forward
ATEM®6 RT-PCR forward
Tail alone

Nptll forward

Nptll reverse
Thy1-forward
Thy1-reverse
NGA168-forward
NGAT168-reverse
ML-forward
ML-reverse

GTAATACGACTCACTATAGGG
AATTAACCCTCACTAAAGGG
GGGGTCATCTATGTTACTAGATCGGGAATTGA
GCTTCCTATTATATCTTCCCAAATTACCAATACA
GGTGTTTTGGTTTTTTCTTGTGGCCGTC
CACAAATAACTTGCCTTCGTAAGAATCAC
CCGATCCAGTAATCATTCCTAATTCAATC
CACACATCACGATTGATCCAACACTATGTTGAG
CTAAAGAGCCATGGCGTCTCAACAAGAG
CTTTGGAACCTTCCAAATTTCACAC
GCAAGCTTCGAGTGAATTCGT,,V
CATGGCGTCTCAACAAGAGA
GTCTCCGGTGCTAAGACCAC
GCAAGCTTCGAGTGAATTCG
TCATTTCGAACCCCAGAGTC
GCGTTCAAAAGTCGCCTAAAG
AACCGCCATTTTCATTTCTATC
GGCGACCTTGGACCTGTATACG
GAGGACATGTATAGGAGCCTCG
TCGTCTACTGCACTGCCG
CGGAAACACGAAGCTGATGAGTTGGG
CGAGAACAAAATGTGTACGGTGTG

consistent with the earlier study. Seeds homozygous for
the mutant atem6-1 allele, however, contain significantly
lower levels of a slightly smaller transcript, approxi-
mately 12% of that found in wild type.

To determine the 3’ end of the mutant mRNA and to
ensure that the seed from which the RNA was extrac-
ted was not contaminated with wild type, the RT
reaction of atem6-1 mature seed RNA from above was
used for 3'-RACE. The 5" exon 1 RT-PCR primer was
used in combination with a 3’ primer representing the
5’ extension on the RT primer (Table III). The products
were cloned as blunt-ended fragments into pBS after
treatment with Klenow fragment and T4 DNA kinase.
Sequence analysis of eight clones identified two classes
of transcripts from the atem6-1 mutant allele that
are polyadenylated at 103 and 114 nucleotides after
entering the T-DNA insert. None of the clones con-
tained any wild-type ATEM6 3'-UTR sequences ex-
cept the 2 bp that separate the T-DNA insertion from
the open reading frame.

Immunoblot Analysis

Since the mutant atem6-1 seeds express a mature
ATEMo6-derived mRNA, albeit at a significantly lower
level than that found in wild type, it was of interest
to determine whether these seeds also translate that
mRNA into ATEM6 protein. Protein was isolated from
mature seeds of a single silique from wild-type and
homozygous atem6-1 plants as well as from a silique of
a backcross of a homozygous aterm6-1 mutant plant to
wild type (i.e. heterozygous seed). The extracts were
separated on a 15% Tris-Gly gel, transferred to a poly-
vinylidene difluoride (PVDF) membrane, and ATEM
proteins were detected using a polyclonal rabbit anti-
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wheat Em protein antibody. Figure 6 shows that this
antibody detects both ATEM6 and ATEM1 proteins in
wild-type seed extracts. ATEM6 protein is also readily
detected in the heterozygous atem6-1 seed extracts,
but is essentially undetectable in homozygous atem6-1
mutant seed extracts. Therefore, although there is an
actively transcribed message present in mature homo-
zygous mutant atem6-1 seeds, there is no detectable
ATEMS6 protein.

Phenotypic Analysis of atem6-1 Mutant Plants

ATEM6 mRNA and ATEMS6 protein are normally
expressed only in embryonic tissues and only during
the final stages of seed maturation (Gaubier et al., 1993;
Bies et al., 1998; Vicient et al., 2000). As expected, the
atem6-1 mutants display no abnormalities in vegeta-
tive growth and the transition from vegetative to re-
productive development is in no way different from
wild type. The molecular analyses above clearly show

400 bp |

200 bp

100 bp | Sl

Figure 4. RT-PCR of wild-type and atem6-7 RNA. Total RNA extracted
from 10 seeds per sample was reverse transcribed using a tailed
oligo(dT) primer and subsequently subjected to PCR using ATEM6
exon-specific primers. A portion of the RT-PCR reaction was run on
a 1.2% agarose gel. Note this is not a quantitative measure of mRNA
levels. Lane 1, RNA markers (sizes shown to the left); lane 2, wild type;
lane 3, atem6-1 mutant; lane 4, ATEM6 genomic clone; and lanes 5
and 6, no RT controls for wild type and atem6-1 mutants, respectively.
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Figure 5. RNA gel-blot analysis of wild-type and atem6-7 RNA. Total
RNA (10 ug) from mature seeds was separated on a 1.2% agarose
formaldehyde gel and transferred to nylon membrane (A) and hybridized
with an ATEM6 gene-specific 5'-UTR probe (B). Lane 1, atemé6-1
mutant; lane 2, wild type. RNA M, marker sizes are indicated to the left.

that the atem6-1 insertion line does express an mRNA
for ATEM6, but there is little or no ATEM6 protein
present in mature seeds. The ability to obtain viable
homozygous atem6-1 mutant seeds that readily germi-
nate, however, demonstrates that this mutation is not
lethal and mature dry seeds from homozygous mutant
plants are visibly indistinguishable from wild type.

Under the growth conditions used in this study;, silique
and seed development was complete with mature dry
seeds being present 16 to 17 d after flowering (daf). For
this study, the phenotype of siliques ranging in age from
7 through 17 daf was examined. When homozygous
atem6-1 mutant plants and wild-type Columbia plants
were grown in parallel, it was observed that seed and
silique development is also indistinguishable through
about 12 daf. After that period, however, there is a visible
difference between mutant and wild type and, at 13 and
14 daf, seeds at the distal end of siliques of mutant plants
begin to dehydrate prematurely (Fig. 7, A and B). In
addition, the distal ends of the mutant siliques also de-
hydrate early and, in the most severe cases, split open
prior to any dehydration of seeds or siliques at the
proximal ends.

To verify that earlier stages of seed development are
not affected in this mutant, seeds were dissected from
siliques at 8 to 15 daf, cleared using Hoyer’s solution
(Liu and Meinke, 1998), and visualized by Nomarski
optics. There was no obvious difference between mu-
tant and wild-type seed development through 12 daf
(data not shown). When the phenotype was visible
(13-14 daf), embryos at the base of the silique were
visually as developed as those at the tip, the only
difference being the premature dehydration of seeds
at the distal end. Therefore, development of mutant
embryos appears to be synchronous along the length
of the silique, whereas the onset of dehydration is not.
Consistent with expression only in embryonic tissues
and only during the maturation phase of embryo devel-
opment, growth at all other stages and in all other

Plant Physiol. Vol. 140, 2006
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tissues appears indistinguishable from wild type (data
not shown).

atem6-1 Complementation

The wild-type ATEM6 allele was reintroduced into
homozygous atem6-1 mutant plants by direct T-DNA
transformation using a 3,002-bp genomic clone. PCR
was used to verify that the plants contained both the
atem6-1 mutant allele and the ATEM6 complementation
construct. Phenotypic characterization (as described
above) indicated that the presence of the ATEM6 com-
plementation construct is sufficient to rescue the pheno-
type of the atem6-1 mutant allele (Fig. 7C). Whereas
mutant siliques exhibited premature desiccation of the
seeds at the tip, wild-type and the atem6-1-complemented
seeds desiccated synchronously along the length of the
silique.

DISCUSSION

During normal development, the Arabidopsis genes
ATEM1 and ATEMG6 are expressed only in embryos.
The temporal expression pattern of these two genes is
slightly different, with ATEM1 induction preceding
ATEMG6 by about 2 d. Spatial expression patterns also differ
with ATEM1 expressed predominantly in provascular
tissue and the root meristem, whereas ATEM6 is ex-
pressed throughout the embryo with greater expression
in provascular tissue and the shoot meristem (Vicient
et al., 2000). Therefore, the proteins encoded by these
genes are not functionally redundant in seed maturation.

By BLAST search of a T-DNA insertional mutant
population, we identified a putative mutation in the
ATEMG6 gene. Molecular characterization of the inser-
tion revealed that the T-DNA had inserted just down-
stream of the TAA stop codon for the open reading
frame. Insertion at this location results in retention of an
intact 5’ flanking region and an unaltered protein
coding capability. Barring the involvement of down-
stream regulatory elements, one would predict that this
insertion allele should exhibit normal transcriptional
activity. Indeed, our results from RT-PCR demonstrate
that this gene is transcribed and spliced in maturing

ATEMI

ATEM6

Figure 6. Immunoblot analysis of wild-type and atem6-1 protein. Total
protein extracted from seeds from single siliques was separated on
a 15% SDS-polyacrylamide gel and transferred to PVDF membrane.
ATEM proteins were detected with an anti-wheat Em protein antibody.
Note this is not a quantitative measure of protein levels. Lane 1, atem6-1
mutant; lane 2, ATEM6/atem6-1 heterozygote; lane 3, wild type. ATEM1
and ATEM®6 proteins are indicated to the left.
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Figure 7. Phenotype of wild-type (A), atem6-1 mutant (B), and ATEM6-C
(complementation; C) seeds and siliques. Siliques were removed from
the plants at 13 daf and examined under a dissecting microscope. For
each genotype, top image represents a whole silique; middle image is
the same silique after opening; and bottom image is a closer view of the
plant proximal (left) and plant distal (right) ends of the same silique.

seeds and that the transcripts are polyadenylated, at
least to some extent. As evidenced by RNA gel-blot
analysis, however, the transcript levels appear signifi-
cantly reduced in dry seed.

The lower level of mRNA expression in the mutant
could be explained in several ways. First, the onset of
expression could be delayed or the rate of transcrip-
tion could be lower. Although we think this is unlikely,
we are currently investigating temporal regulation of
ATEMBG6 in the atem6-1 mutant to determine whether it
is comparable to that of wild-type plants. An alterna-
tive explanation, and the one we favor, is that abnor-
mal transcription termination and/or polyadenylation
of the mRNA is responsible for the decrease in mature
seed mRNA levels. Our 3'-RACE data show that
transcripts from the atem6-1 insertion allele are poly-
adenylated, at least to some extent, and terminate at
two different places in the T-DNA. This suggests the
use of cryptic or fortuitous termination signals present
in the T-DNA sequences resulting in the production of
a chimeric RNA that may have an altered stability with
respect to wild type. In any case, the normal ATEM6
termination and polyadenylation signals will not be
present as the T-DNA insert physically separates the
normal 3’ region for this gene from the remainder by
over 7.5 kb. The likelihood that a conventional termi-
nation/polyadenylation process is functioning, partic-
ularly one associated with a gene that is normally
expressed to high levels, is remote.

Our data further demonstrate that, although the
T-DNA insert is located outside the ATEM6 coding
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region of the gene, there is little or no ATEM6 protein
present in mature seeds. This is not due to an inability
to detect ATEM proteins in extracts from cells that
contain the insertion allele because both ATEM6 and
ATEM1 proteins are seen in extracts from heterozy-
gotes. While the antibody used is polyclonal, it is likely
that similar or identical epitopes are recognized for both
proteins based on the high level of amino acid sequence
identity. In addition, ATEM1 protein is readily detected
in extracts from seeds homozygous for the aterm6-1
allele. Because the coding region of the gene is un-
changed and the mRNA is appropriately spliced, pro-
tein translated from that mRNA should display all the
characteristics of wild-type protein, including stability.
We hypothesize, therefore, that the decrease in protein
levels is due, at least in part, to altered stability of the
chimeric mRNA. This is supported by the presence of
significantly lower levels of the ATEM6 transcript in the
homozygous mutant. In addition, if polyadenylation is
poor or inefficient, there could be a significant effect on
the process of ribosome recycling (Munroe and Jacobson,
1990; Gallie, 1991; Gallie and Tanguay, 1994) that might
further hinder the efficiency of translation for the
mRNA species that are present.

The severe reduction or elimination of ATEM6 pro-
tein production is manifested in homozygous mutant
plants as a distinct phenotype during late seed matu-
ration. At a time in development when seeds from wild-
type plants are still fully green and hydrated along the
length of the silique, mutant seeds at the distal end of
siliques display premature drying. In addition, other
aspects of the maturation process appear to be acceler-
ated as evidenced by the accumulation of pigments in
those same seeds. Display of the phenotype associated
with elimination of this single group 1 LEA protein
corresponds to the normal developmental time for
the onset of ATEM6 expression, and beyond 14 daf
the remaining mutant seeds mature rapidly and
relatively synchronously. This phenotype is not pres-
ent in plants heterozygous for the atem6-1 mutation,
suggesting that the level of ATEMS6 protein produced
from a single wild-type allele is sufficient for normal
seed development. Complementation of the atem6-1
mutation using a 3,002-bp ATEM6 allele restored
the wild-type phenotype of the homozygous mutant
seed. This demonstrates that the presence of ATEM6
is necessary to maintain hydration throughout the
length of the silique during the later stages of seed
development.

Premature desiccation was not observed in all mu-
tant siliques and occasionally there was early drying of
a few wild-type siliques. However, the frequency of
premature drying in atem6-1 plants was significantly
higher and much more severe than the number ob-
served in wild-type plants (Supplemental Table I).
This suggests that the phenotype associated with the
atem6-1 mutation is variably expressed. Statistical
analysis (LsD-ANOVA) was used to determine whether
the phenotype of a population of wild-type plants
was statistically different from that of a population of
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atem6-1 mutants and demonstrated that the pheno-
types of the two populations are not the same (P value <
0.001; Supplemental Table II). Lsb-ANOVA anal-
ysis was also used to compare the phenotypes of
wild-type, atem6-1 mutant, and atem6-1 complement
populations. The results indicated that the phenotype
of the complementation plants is not different from
the wild type (P value < 0.001) and that the atem6-1
mutant phenotype is different from both the wild-
type and complement plants (P value < 0.001; Sup-
plemental Table IL). A three-way contingency table was
used to determine whether any of the silique pheno-
types could be due to chance or whether they were
based on plant type (wild type, mutant, or comple-
ment). The results indicated that the phenotypes
could only be due to plant type (P = 0.001; Supple-
mental Table III).

Several studies have demonstrated that rearrange-
ments, deletions, and inversions may be a relatively fre-
quent occurrence at sites of T-DNA integration (Castle
and Meinke, 1994; Tax and Vernon, 2001). Data from
the plasmid rescue of the atem6-1 T-DNA revealed
deletions associated with the LB and RB of the T-DNA,
but no deletions of ATEM6 genomic sequences. In an
effort to verify that the chromosome was otherwise
largely intact (aside from the insertion itself), PCR-
based markers were used to map the large arm of
chromosome 2. Each of the three markers mapped to
the correct chromosome and in the correct order when
compared to ATEM6 and to each other. These data
indicate that there were no major aberrations associ-
ated with the atem6-1 insertion, and the phenotype of
the mutant may be attributed solely to the atem6-1
mutation.

Based on our observations, ATEM6 protein expres-
sion is necessary for normal seed development. While
characterization of the atem6-1 mutant plants at this
level does not allow us to directly address some of
the functions proposed for group 1 LEA proteins (e.g.
the water replacement hypothesis), the phenotype
suggests that expression of ATEM6 protein may be
required to buffer the rate of dehydration during the
latter stages of seed maturation. This is consistent with
the very hydrophilic nature of group 1 LEA proteins,
yet does not preclude involvement in other mecha-
nisms. Our hypothesis is also consistent with initial
display of the phenotype in seeds that are most distal
from the remainder of the plant because those would
be the first to experience lower water potentials. In-
terestingly, this mutation is not lethal and mutant
seeds are indistinguishable from wild type visually
and readily germinate under laboratory conditions.
We are currently exploring the possibility that expres-
sion of the other group 1 LEA, ATEMI, displays an
altered level or domain of expression in mutant seeds
that might in some way compensate for loss of ATEM6
expression. An alternative, although not mutually ex-
clusive, explanation is that the near-optimal conditions
used for plant propagation in the laboratory setting do
not reveal a decrease in fitness that might be apparent
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in mutant plants grown in the wild. The exact mecha-
nisms by which the group 1 LEA proteins contribute to
dehydration/desiccation tolerance remain to be fully
elucidated.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The wild-type Arabidopsis (Arabidopsis thaliana) plants in this work are of
the Columbia-0 ecotype. The putative T-DNA insertions in ATEM6 were
identified in the Syngenta Arabidopsis Insertion Library (Sessions et al., 2002).
Plants were grown on soil (Fafard 3B potting media) in pots with a 16-h
photoperiod at 24°C * 2°C.

Plasmid Rescue Experiments

Leaf material was collected, ground under liquid nitrogen, and chromo-
somal DNA was extracted as described previously (Krysan et al.,, 1996).
Chromosomal DNA (10 ug) was digested overnight with either EcoRI or Ncol
under standard conditions. Digests were extracted with phenol: CHCl,:isoamyl
alcohol (25:24:1; v/v) and precipitated with ethanol. The resulting fragments
were then subjected to dilute ligation in a 10-mL total volume to promote
circularization and transformed into Escherichia coli strain DH5aMCR, using
ampicillin at 100 ug/mL for selection. Plasmid DNA was sequenced using the
Big Dye version 3.0 kit according to the manufacturer’s instructions (Applied
Biosystems). Plasmids rescued using EcoRI digestion were sequenced using
a T7 promoter primer and the QRB2 primer (Table III). Plasmids rescued using
Ncol digestion were sequenced with a T3 promoter primer and the QLB2 or
AJM-LB1 primer (Table III).

Mapping of Chromosome 2

Homozygous atem6-1 plants (Columbia ecotype) were crossed to wild-type
Landsberg erecta. Heterozygous F; plants were allowed to self-pollinate,
generating a segregating F, population. F, plants were grown on soil and leaf
tissue was collected from 100 individuals for genomic DNA extraction.

Leaves were removed and immediately minced in a microcentrifuge tube
with a plastic pestle. Each sample was vortexed with 200 uL of extraction
buffer (100 mm Tris-HCI, pH 9.5; 1 M KCI; 10 mm EDTA) and incubated at 65°C
for 30 min. Samples were centrifuged at 13,000 rpm at room temperature for
10 min. The supernatant was precipitated with 500 uL 100% ethanol, placed at
—20°C for 30 min, and then centrifuged at 13,000 rpm at room temperature for
15 min. DNA pellets were washed with 70% ethanol, centrifuged at 13,000
rpm for 2 min at room temperature, and resuspended in 10 mm Tris HCI,
pH 8.0, 0.1 mm EDTA (Tris-EDTA).

All PCR reactions were run using the following components: 10 mm Tris-
HCI, pH 8.3, 50 mm KCl, 2 mm MgCl,, 0.2 mm dNTPs, 12 pmol each primer (see
below), and 2 units of Taq polymerase (all primer sequences are listed in Table
1II). The NGA168 marker (NGA168-F and NGA168-R primers) was amplified
with the following program: 94°C, 5 min for one cycle; 94°C, 1 min, 49°C,
1 min, 72°C, 1 min for 10 cycles; 94°C, 1 min, 51°C, 1 min, 72°C, 1 min for
15 cycles; and 72°C, 7 min. The ML and Thyl markers, the ATEM6 allele,
and the atem6-1 allele were amplified using the following program with
varying annealing temperatures (T,): 94°C, 5 min for one cycle; 94°C, 1 min, T,
1 min, 72°C, 1 min for 35 cycles; and 72°C, 7 min. The ML-F and ML-R primers
used a T, of 51°C, the Thyl-F and Thyl-R primers used a T, of 50°C, the
ATEMG allele (ATEM6 gene-specific 2 and ATEM6 gene-specific 3 primers)
used a T, of 55°C, and the atem6-1 allele (ATEM6 gene-specific 2 and AJM-LB1
primers) used a T, of 50°C. All PCR products were size fractionated on a 0.7%
agarose gel.

Southern-Blot Analysis

Plasmid and genomic DNAs were subjected to restriction endonuclease
digestion and size fractionated on 0.7% agarose gels at 15 to 40 V overnight.
The DNA was then blotted onto a Hybond N* membrane using a down-
ward alkaline transfer (Chomczynski, 1992) and cross-linked to the mem-
brane using UV light (Strata-Linker; Stratagene). Gene-specific 3-'"UTR or
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T-DNA-specific (pBS) probe fragments were labeled with [a-**P]dATP using
a random octamer reaction (Feinberg and Vogelstein, 1983, 1984). Membranes
were hybridized at 65°C overnight in a buffer containing 4 X sodium
chloride/sodium phosphate EDTA (SSPE), 6% polyethylene glycol (PEG)
8000, 0.5% SDS, 2 X Denhardt’s solution, and 10 mg/mL sheared salmon
sperm DNA. After hybridization, the membranes were quickly rinsed with
a buffer of 5 X SSPE, 0.1% SDS followed by a quick rinse in a 2 X SSPE, 0.1%
SDS solution (all posthybridization washing solutions were prewarmed to
65°C). The membranes were then washed twice for 20 min each with 2 X SSPE,
0.1% SDS, 1 X SSPE, 0.1% SDS, and finally with 0.1 X SSPE, 0.1% SDS for 10 to
15 min. Membranes were exposed to a phosphorimaging screen for 4 h to
overnight, depending on signal intensity, and imaged on a Typhoon 9400
variable mode imager (Amersham Biosciences).

RT-PCR

Ten seeds were pulverized at room temperature in a sterile conical micro-
centrifuge tube with a plastic pestle cleaned with 95% ethanol. RNA was
extracted from the seeds according to the protocol described (Chomczynski
and Sacchi, 1987). The dried RNA pellets were resuspended in 10 uL of the
annealing mixture (10 mm Tris-HCI, pH 8.3, 50 mm KCl, 1.5 mm MgCl,, 25 pmol
tailed oligo(dT) primer [Table III]) for the RT reaction. This mixture was heated
to 65°C to 70°C for 5 to 10 min and allowed to slow cool to 30°C to 35°C. Once
cooled, 10 uL of extension mix (10 mm Tris-HCI, pH 8.3, 50 mm KCl, 1.5 mm
MgCl,, 2 mm dithiothreitol, 1 mm dNTPs, 5 units AMV-RT [Promega]) were
added and the reaction was incubated at 42°C for 60 min. Finally, 2 uL of the
RT reaction were subjected to PCR (10 mm Tris-HCI, pH 8.3, 50 mm KCl, 2 mm
MgCl,, 0.2 mm dNTPs, 25 pmol each primer [ATEM6 RT-PCR forward and
reverse; Table III], 2 units of Taq polymerase). The PCR cycle was 94°C, 5 min
for one cycle; 94°C, 1 min, 50°C, 1 min, 72°C, 1 min for 25 to 30 cycles; and
72°C, 7 min.

RNA Gel-Blot Analysis

RNA was extracted as described (Vicient and Delseny, 1999) from roughly
100 uL of seed ground into a fine powder under liquid nitrogen. RNA samples
(10 ug) were separated on a 1.2% agarose-formaldehyde gel. The RNA was
capillary blotted onto Hybond N membrane using diethyl pyrocarbonate-
treated 10 X SSC as the transfer buffer and cross-linked to the membrane
using UV light (Strata-Linker; Stratagene). An ATEM6 gene-specific 5'-UTR
probe fragment was labeled with [a-P]dATP using a random octamer
reaction (Feinberg and Vogelstein, 1983, 1984). Membranes were hybridized
at 65°C overnight in a modified Church and Gilbert buffer containing 0.5 M
NaPO,, pH 7.2, 7% SDS, 10 mm EDTA, pH 8.0. After hybridization, the
membranes were quickly rinsed with a buffer of 5 X SSPE, 0.1% SDS followed
by a quick rinse in a 2 X SSPE, 0.1% SDS solution. All posthybridization
washing solutions were prewarmed to 65°C. The membranes were then
washed twice for 20 min each with 2 X SSPE, 0.1% SDS, 1 X SSPE, 0.1% SDS,
and finally with 0.1 X SSPE, 0.1% SDS for 10 to 15 min. Membranes were
exposed to a phosphorimaging screen (4 h to overnight), imaged on a Typhoon
9400 variable mode imager, and images analyzed using ImageQuant software
(Amersham Biosciences).

Immunoblot Analysis

Protein was extracted from a single silique minced in a microcentrifuge
tube containing 200 uL of an extraction buffer containing 10 mm Tris-HCI, pH
8.3, and 10 mm NaCl. The tubes were vortexed well, then centrifuged for 2 min
at 10K rpm at 4°C. The supernatant was removed from the seed tissue and put
into a new microcentrifuge tube and centrifuged two or three times until no
solid material remained at the bottom of the tube. Extracts were then frozen at
—20°C and put directly into the centrifuge at maximum speed at 4°C for
30 min. The supernatant was transferred to a new tube and heated to 80°C for
20 min followed by centrifugation at maximum speed at 4°C for 30 min. This
supernatant was transferred to a fresh tube and precipitated with 25% TCA.
Samples were incubated on ice for 5 min, then centrifuged at maximum speed
at 4°C for 5 min. The supernatant was removed and the protein pellets were
washed with 100% acetone and centrifuged for another 5 min at 4°C. The
acetone was removed, the pellets dried slightly, and resuspended directly in
gel-loading buffer. Protein extracts were resolved on a 15% Tris-Gly gel and
electrotransferred to an Immobilon-P PVDF membrane (Millipore) at 100 V for
1 h at 4°C. Blots were processed using a primary polyclonal rabbit anti-wheat
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Em antibody, a secondary alkaline phosphatase-conjugated goat anti-rabbit
antibody. Chemiluminescent detection was performed using ready-to-use
CSPD (Roche Diagnostics).

atem6-1 Complementation Construct Preparation

A 3,002-bp ATEM6 genomic clone was PCR amplified using the ATEM6-F
and ATEM6-R primers (Table III) and cloned into the Smal site of pBS
(Stratagene). The genomic clone and pBI101 vector were digested using
BamHI and EcoRI, run on a 0.7% agarose gel, and the desired fragments
isolated. Insert and vector were ligated and transformed into E. coli strain
DH5aMCR, using kanamycin at 20 ug/mL for selection. The resulting clones
were confirmed using a HindIIl/EcoRI digest. Correct clones were trans-
formed into Agrobacterium (Agrobacterium tumefaciens; strain LBA4404) using
simple heat shock (Chen et al., 1994).

Agrobacterium Transformation of Arabidopsis

Pots containing 10 to 20 homozygous atem6-1 mutant plants were grown
until the first inflorescence meristems reached a length of at least 10 cm.
Agrobacterium cultures were grown as described (Clough and Bent, 1998).
Yeast extract peptone media (50 mL) was supplemented with 20 ug/mL
kanamycin sulfate for cultures grown overnight. Cells were pelleted at 5,500¢
for 20 min at 22°C and resuspended to an ODy, of 0.8 to 1.0 in a solution of 5%
Suc containing 0.05% Silwet L-77 (Osi Specialties). Flowers and buds of each
racime were inoculated with the resuspended culture. Plants were covered
and kept in the dark overnight, then returned to normal growth conditions the
next day. Plants were allowed to grow until maturity and dry seed was
harvested.

Selection of Transformed Seeds

Seeds were surface sterilized with 70% ethanol for 1 min, 10% bleach,
containing 0.1% Triton X-100 for 10 min and rinsed with sterile distilled water
three times. Germination media consisted of 0.5X Murashige and Skoog
media (one packet of Murashige and Skoog minimal salts [no. M6899; Sigma]
supplemented with 1% Suc, 0.8 mg/L thiamine, 0.5 mg/mL pyridoxine,
0.5 mg/mL nicotinic acid, and 50 mg/L myoinositol) and 0.8% Phytagar was
supplemented with 50 pug/mL kanamycin sulfate and 125 ug/mL carbeni-
cillin. Sterile seeds were mixed with 0.5 X Murashige and Skoog Phytagar
germination media and poured onto selection plates. To prevent drying or
contamination while allowing gas exchange, plates were wrapped with latex-
free medical bandaging tape.

Plates were cold treated at 4°C for 3 d, then moved into the growth
chamber. Seeds remained on the selection media for 7 d until green seedlings
with first true leaves were identified. These seedlings were placed on 0.5 X
Murashige and Skoog nonselective media for 7 d, then moved onto soil.

PCR was used to confirm that the selected plants contained both the atem6-1
allele and the wild-type ATEM6 complement. All PCRs were done using
10 mm Tris-HCI, pH 8.3, 50 mm KCI, 2 mm MgCl,, 0.2 mm dNTPs, 12 pmol each
primer (see below), and 2 units of Taq polymerase. The following program
(with variable T,) was used for all PCRs: 94°C, 5 min for one cycle; 94°C, 1 min,
T,, 1 min, 72°C, 1 min for 30 cycles; and 72°C, 7 min. The ATEM6 gene-specific
2 and AJM LB-1 primers (T, = 50°C) were used to amplify the atem6-1 allele.
The ATEM6 gene-specific 2 and ATEM6 gene-specific 3 primers (T, = 55°C)
were used to amplify the wild-type ATEM6 allele. Primers specific to the
kanamycin NptlI gene (T, = 50°C) present within the pBI101 T-DNA were also
used to verify the presence of the complementation T-DNA. All primer
sequences are listed in Table III.

Phenotype Analysis

The phenotypes of seeds within the silique were determined by dissecting
the silique from base or pedicel to tip using Dumont number 4 and 5 forceps.
The silique was held in place at the pedicel while the forceps were used to
dissect longitudinally along the natural line of dehiscence. One-half of each
valve covering the seeds was removed to expose the seeds while keeping them
in situ. Images of the seeds were taken with a Nikon SMZ1500 dissecting
scope using Q-Capture software (version 2.68.6; Q-Imaging). A score of wild
type was assigned if the seeds were desiccating synchronously along the
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length of the silique. A score of mutant was assigned if the first one to five
seeds in the silique were mature and desiccated, while the remaining seeds
were green. The numerical values from the phenotype study (percent wild
type-looking siliques) were converted to a normal distribution using an
arcsine-squared conversion. Statistical analysis of phenotype was done using
Systat software (version 10; Systat).
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