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Phytochrome A (phyA) is the photolabile plant light receptor that mediates broad spectrum very low-fluence responses and
high irradiance responses to continuous far-red light (FRc). An Arabidopsis mutant laf3-1 (long after far-red 3) was recovered
from a screen for transposon-tagged mutants that exhibit reduced inhibition of hypocotyl elongation in FRc. The laf
phenotype correlated well with a strongly attenuated disappearance of XTR7 transcript in FRc. The effects of laf3-1 on
phyA-controlled CAB, CHS, and PET H expression were more subtle, and the mutation had no clear effects on PET E and
ASN1 transcript levels in FRc. The use of two alternative transcription initiation sites in the LAF3 gene generates two
isoforms that differ only at their N termini. Transcripts encoding both isoforms were induced during germination and were
present at slightly higher levels in de-etiolated seedlings than in those grown in darkness. No significant differential
regulation of the two isoforms was observed upon exposure to either FRc or continuous red light. Transcripts encoding the
shorter isoform (LAF3ISF2) always appear to be more abundant than those encoding the longer isoform (LAF3ISF1). However,
both isoforms were capable of full complementation of the laf3-1 hypocotyl phenotype in FRc. When fused to a yellow
fluorescent protein, both isoforms localize to the perinuclear region, suggesting that LAF3 encodes a product that might
regulate nucleo-cytoplasmic trafficking of an intermediate(s) involved in phyA signal transduction.

Phytochromes are soluble chromoproteins that reg-
ulate plant growth and development by their ability
to interconvert between two stable spectral forms.
Red light (R) converts the R-absorbing Pr form (the
form synthesized in darkness) to the Pfr (far-red
absorbing form) and far-red light (FR) reconverts Pfr
to Pr. Two important features distinguish phyto-
chrome A (phyA) from the other four phytochromes
in Arabidopsis. First, although the Arabidopsis phy-
tochromes phyB to phyE are activated exclusively by
R and inactivated by irradiation with FR, phyA can
be activated by FR and low fluences of R and blue
light (B). Secondly, although phyA levels decrease
rapidly after exposure to light as a result of both
down-regulation of PHYA gene transcription (Can-
tón and Quail, 1999) and far greater photolability of
phyA than other phytochromes (Sharrock and Clack,
2002), phyA is by far the most abundant phyto-
chrome in etiolated seedlings. These features enable
phyA to perform a seminal role in triggering the shift
between skotomorphogenesis and photomorpho-
genesis. Together, they ensure that the inhibition of
hypocotyl elongation, and the activation of physio-

logical changes needed to ensure photosynthetic
competence are already underway when seedlings
emerge from the soil surface. Despite its lability in
light-grown plants, the influence of phyA throughout
the life cycle is evidenced by its involvement in sens-
ing photoperiod to ensure that flowering is initiated
at the proper time (Johnson et al., 1994; Yanovsky
and Kay, 2002) and its requirement in mature plants
for activation of the psbD promoter by B (Thum et al.,
2001).

Extensive changes in gene expression underlie the
dramatic shift between etiolated seedling growth and
photomorphogenesis (Ma et al., 2001). Expression
profiling also suggests that phyA initiates photomor-
phogenesis primarily by rapidly targeting the pro-
moters of a set of transcription factors, which are in
turn responsible for initiating a cascade of transcrip-
tional induction or repression events (Tepperman et
al., 2001). This conceivably enables orchestration of
the expression of multiple downstream target genes
in a highly branched signal transduction network
that permits integration of phyA inputs with other
environmental cues and endogenous developmental
signals (Møller et al., 2002; Wang et al., 2002). Our
current insight into the cell biology of phytochrome
signaling (Møller et al., 2002) further validates the
importance of regulated gene expression in phyA
action. Although phyA appears to reside exclusively
in the cytoplasm of seedlings grown in darkness,
conditions known to activate phyA responses trigger
a rapid translocation of some, but not all, phyA into
the nucleus (Nagy and Schäfer, 2002). Considerable
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interest centers around the likely importance of the
association of nuclear phyA with light-dependent
transcriptional complexes (Fairchild et al., 2000), and it
seems likely that the regulation of phyA localization
may be critical to many aspects of phyA activity. The
nuclear localization of COP1, a repressor of photomor-
phogenesis, also appears to be important for its role in
targeting photomorphogenesis-promoting factors
such as HY5 and LAF1 for degradation (von Arnim et
al., 1997; Osterlund et al., 2000; Seo et al., 2003).

Although the majority of intermediates currently
known to be essential for normal seedling respon-
siveness to activated phyA are predicted to localize
to the nucleus (Hoecker et al., 1999; Hudson et al.,
1999; Fairchild et al., 2000; Soh et al., 2000; Ballesteros
et al., 2001; Dieterle et al., 2001; Wang and Deng,
2002), others are found exclusively in the cytoplasm
(Bolle et al., 2000; Hsieh et al., 2000; Guo et al., 2001)
or in both compartments (Choi et al., 1999; Desnos et
al., 2001; Zeidler et al., 2001). Plastidic events (Møller
et al., 2001) and peroxisomal processes (Hu et al.,
2002) also contribute to an intact phyA signaling
network. Most of the factors known to be essential for
phyA signaling appear to be soluble proteins. There
is presently little insight into the functional relation-
ships between these signaling intermediates or the
role of the majority of activated phyA that remains in
the cytoplasm, even under conditions that are opti-
mal for nuclear translocation (Nagy and Schäfer,
2002). Our insight into how these intermediates might
relate to the apparent importance of phyA’s protein
kinase activity (Yeh and Lagarias, 1998; Fankhauser et
al., 1999; Cólon-Carmona et al., 2000; Kim et al., 2002),
the involvement of G proteins and fairly ubiquitous
secondary messengers (Bowler et al., 1994; Guo et al.,
2001; Kang et al., 2001), and the likely importance of
protein degradation in regulating phyA-triggered
photomorphogenesis (Dieterle et al., 2001) is also ex-
tremely limited. A more global view of the hierarchi-
cal arrangement of the intermediates and how closely
they act within the phyA signaling network is likely to
remain refractory until additional players in the phyA
signaling pathway are identified.

Against this background, we have continued to
search for mutants specifically compromised in the
inhibition of hypocotyl elongation in continuous far-
red light (FRc), but which are unaffected in the phyA-
mediated block of greening in white (W) light after
pre-irradiation with FRc (Barnes et al., 1996a). Here,
we report characterization of a laf (long after far-red)
mutant defective in a protein (LAF3) that is located in
the nuclear periphery. LAF3 encodes two isoforms
with homology to a conserved family of bacterial
proteins. The subcellular localization of LAF3 and
fairly selective misregulation of phyA-controlled
genes associated with its loss suggests that LAF3
participates in transmission of certain aspects of the
phyA signal from the site of phyA activation in the
cytoplasm of etiolated seedlings to the promoters of

the genes that define certain downstream targets of
activated phyA.

RESULTS

laf3-1 Is Impaired in phyA Signaling

A collection of Arabidopsis Ds-tagged lines
(Sundaresan et al., 1995) was screened for reduced
inhibition of hypocotyl elongation in FRc and one
mutant, laf3-1 (long after far red 3), possessed longer
hypocotyls under both low and high fluences of FRc,
but no significant hypocotyl elongation phenotype in
darkness or continuous red light (Rc), B, or W light
(Fig. 1A). This indicates that the role of the LAF3
locus in inhibiting hypocotyl elongation is specific to
the phyA photoreceptor (Fig. 1A). Under both flu-
ences of FRc tested, laf3-1 hypocotyl lengths were
always intermediate between those observed in WT
and phyA null mutant seedlings, indicating a partial
loss of responsiveness to FRc and no significant flu-
ence dependence.

PCR analysis of a backcross-derived F2 population
of 120 plants indicated that the laf3-1 hypocotyl phe-
notype cosegregated with kanamycin resistance con-
ferred by a single Ds element and was inherited in a
Mendelian fashion consistent with the presence of a
single recessive mutation. The abundance of phyA is
an important determinant of the sensitivity of seed-
ling photomorphogenesis in FRc. Immunoblot analy-
sis of WT and laf3-1 seedlings grown in darkness
indicated that levels of phyA are not compromised in
etiolated laf3-1 seedlings (Fig. 1C). Furthermore, the
relatively slow disappearance of phyA in FRc to a
steady-state level is comparable between laf3-1 and
Ler (Fig. 1C). Therefore, the reduced responsiveness
of laf3-1 to FRc does not result from a lower level of
phyA in etiolated laf3-1 seedlings or from reduced
rates of phyA degradation in FRc.

Arabidopsis seedlings with an intact phyA signal-
ing pathway initiate chloroplast development in FRc
but chloroplasts undergo photobleaching after sub-
sequent W light treatment. In contrast, the phyA,
fhy1/pat3, fhy3, and pat1 mutants are insensitive to
this block of greening (Barnes et al., 1996a; Bolle et
al., 2000). Germination and growth of laf3-1 and WT
seedlings at very low fluences of FRc (0.4 �mol m�2

s�1) indicated that laf3-1 seedlings showed similar
FR-induced photobleaching characteristics as WT
seedlings (data not shown). Moreover, defects in api-
cal hook opening, cotyledon expansion, and loss of
negative gravitropism are not apparent in laf3-1, even
at low fluences of FRc (data not shown).

Gene expression analysis indicated that of six
phyA-regulated transcripts tested, laf3-1 was most
strongly affected in FRc-mediated disappearance of
a transcript encoding a xyloglucan endotransgly-
cosylase-related protein (XTR7). However, XTR7
levels in FRc-irradiated laf3-1 seedlings were inter-
mediate between those found in WT and phyA back-
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grounds (Fig. 1B). The effects of laf3-1 on FRc-
stimulated increases in transcripts encoding CAB
(chlorophyll a/b-binding) protein and ferredoxin:
NADP(H) oxidoreductase (PET H) abundance were
more subtle. Surprisingly, CHS (chalcone synthase)
transcript levels in laf3-1 were slightly more elevated
than in WT seedlings after both 3 and 18 h of expo-
sure to FRc (Fig. 1B). The laf3-1 mutation had no clear

effects on either plastocyanin (PET E) or Asn syn-
thetase (ASN1) transcript levels in FRc.

The laf3-1 mutation does not appear to have any
obvious developmental or morphological manifesta-
tions in mature plants. Under extended short-day
conditions (8 h of high-intensity fluorescent light, 8 h
of low-intensity incandescent light, and 8 h of dark-
ness), the flowering time of laf3-1 plants and the

Figure 1. Seedling phenotypes of laf3-1. A, Hy-
pocotyl lengths of wild-type (WT; Landsberg
erecta [Ler], solid bars), laf3-1 (vertical stripes),
and phyA-201 (horizontal stripes) seedlings in
darkness (D) and after irradiation with FRc (FRlo,
2.1 �mol m�2 s�1; FRhi, 6.3 �mol m�2 s�1), R
(Rlo, 10.1 �mol m�2 s�1; Rhi, 27.4 �mol m�2

s�1), and B (Blo, 2.3 �mol m�2 s�1; Bhi, 9.4
�mol m�2 s�1) light. Hypocotyl lengths were
measured after 4 d of growth under the indi-
cated light condition. Values are means � SD (n
� 80). All measurements were repeated at least
three times with comparable results. B,
Northern-blot analysis of phyA-regulated genes
in WT (Ler), laf3-1, and phyA. Total RNA was
harvested from 4-d-old seedlings grown in dark-
ness, without exposure to FR (D) or after 3 h
(FR3) or 18 h (FR18) irradiation with FRc (3.9
�mol m�2 s�1). Each lane contained 15 �g of
total RNA. Duplicate samples for each treatment
were from seedlings grown independently under
identical conditions. The same blot was probed
for transcripts encoding CAB, CHS, PET H, PET
E, XTR7, and ASN1. Ethidium bromide staining
and hybridization with an 18S rRNA probe are
shown as loading controls. C, Western analysis
of phyA abundance in 4-d-old etiolated laf3-1
and Ler seedlings without prior exposure to light
(D) or after 2, 4, 7, or 10 h of exposure to FRc

(5.3 �mol m�2 s�1). The mAA1 antibody did not
detect any phyA protein (approximately 120 kD)
in the phyA-201 null mutant (data not shown;
Shinomura et al., 1996). A single band recog-
nized by an actin antibody (approximately 45
kD) indicates comparable total protein levels. D,
laf3-1 possesses severely reduced levels of LAF3
transcript. A 1.3-kb cDNA probe corresponding
to the 3� ends of both LAF3 isoforms was used to
detect the combined levels of both transcripts in
10-d-old light-grown seedlings.
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number of leaves at the time of bolting were not
significantly different from WT (data not shown).
This was in sharp contrast to phyA mutants that
showed delayed flowering under the same condi-
tions (Johnson et al., 1994; Yanovsky and Kay, 2002).

LAF3 Encodes Two Isoforms with Homology to a
Conserved Family of Bacterial Proteins

The flanking region of the gene disrupted by the Ds
insertion in laf3-1 was cloned using inverse PCR. A
database search using the TBLAST algorithm, and
the tagged sequence as the query input indicated that
the Ds element was inserted within an intron of a
predicted open reading frame (ORF) near the bottom
of Arabidopsis chromosome 3 (At3g55850 on bacte-
rial artificial chromosome F27K19 in the vicinity of
the marker SGCSNP86). Northern-blot analysis of
laf3-1 and WT seedlings demonstrated substantially
reduced levels of total LAF3 transcript (Fig. 1D). Thus
far, no other mutations causing an FR-specific long-
hypocotyl phenotype are found in the vicinity of the
LAF3 locus. The only other locus on chromosome 3
implicated specifically in phyA signaling is FHY3
(Wang and Deng, 2002), found more than 12.9 Mb
from LAF3. Screening of a flower cDNA library (Wei-
gel et al., 1992) using this flanking region as a probe
enabled isolation of a 1.3-kb cDNA that was complete
at the 3� end.

Interestingly, 5�-RACE analysis revealed that two
isoforms of the LAF3 gene product are expressed in
Arabidopsis seedlings. Neither isoform is identical to
the gene product predicted by annotation of the Ara-
bidopsis genome. Although the start codon of the
first isoform (LAF3ISF1; 583 amino acids; accession
no. AY295343) has been predicted correctly, the ac-
ceptor site of the second intron was predicted incor-
rectly, and the transcript encoding LAF3ISF1 contains
15 introns (Fig. 2A) instead of 14 introns. The tran-
scription start site and start codon of the second
isoform (LAF3ISF2; 576 amino acids; accession no.
AY295344) both occur within the first intron of the
ORF encoding LAF3ISF1 (Fig. 2A). Because there is an
in-frame fusion of the first eight amino acids of
LAF3ISF2 to the codon for Ala-16 of LAF3ISF1 and all
other introns are identically spliced, the two isoforms
differ only in the first few N-terminal amino acids.
Transcription start sites for both isoforms are pre-
ceded by putative TATA boxes TATAAAT and
TTATTT, which are found 43 and 101 bp upstream of
the transcription start sites of LAF3ISF1 and LAF3ISF2,
respectively. Database searches also indicated a sin-
gle LAF3 cDNA in Arabidopsis (accession no.
AY057597) that encodes LAF3ISF2. No coding regions
are predicted to lie within the 3-kb upstream region
of LAF3ISF1 or within the 3-kb downstream region of
either isoform; moreover, no expressed sequence tags
have been identified in these regions.

Sequence analysis did not reveal any extensive re-
gions of similarity within either isoform with known

protein domains, although several bacterial and ar-
chaeal hydrolases bear strong similarity only to an
amino-terminal region of LAF3 indicated in Figure
2C. Both isoforms are predicted to contain a
membrane-spanning region at their N termini (Fig.
2B). Interestingly, this is predicted to occur in the
region where both proteins differ partly in their
amino acid sequence. The LAF3 isoforms show clos-
est similarity to a predicted rice gene product (554
amino acids; accession no. BAB64699) that is approx-
imately 59% identical to the Arabidopsis LAF3ISF1
protein and, moreover, is predicted to contain a
transmembrane helical region between Phe-7 and
Leu-21. Curiously, the only other homologs in the
database are from 45 different bacteria and the lower
eukaryotes Neurospora crassa and Leishmania major.
The only homolog for which any function is known is
that from Pectobacterium carotovora, for which the
LAF3 homolog is encoded by the aepA (activator of
extracellular protein production A) locus. An aepA�

knockout in this soft rot bacterium (previously in the
genus Erwinia) was associated with reduced phyto-
pathogenicity associated with coordinated down-
regulation of genes encoding cell wall-degrading en-
zymes such as pectate lyase, polygalacturonase,
cellulose, and protease (Liu et al., 1993). The molec-
ular masses of these proteins range from 42 to 76 kD
(both Arabidopsis LAF3 isoforms are around 63 kD)
with an average of 59 kD. The estimated pI values of
the 48 proteins range from 4.4 to 8.7 with an average
pI of 5.9. The pIs of the Arabidopsis LAF3 isoforms
are approximately 5.3. When compared with the
LAF3ISF1 isoform, amino acid identities range be-
tween approximately 30% for the Deinococcus radio-
durans, Novosphingobium aromaticivorans, Ralstonia
metallidurans, Halobacterium sp. NRC-1, Thermoanaer-
obacter tengcongensis, Chloroflexus aurantiacus, and Ba-
cillus halodurans homologs to around 17% for Aquifex
aeolicus. There appear to be no homologs in animals.
The homology between these proteins is likely to be
significant because after alignment of all 48 homologs
with LAF3ISF1, the LAF3ISF1 residues His-389, His-
421, and Asp-485 displayed complete conservation;
residues His-113, His-115, Gly-264, Gly-342, and Gly-
542 were conserved in all but one of the homologs;
and Pro-107, Pro-182, and Ala-550 were conserved in
all but two homologs (all numbers pertain to
LAF3ISF1; a complete alignment is provided as Sup-
plemental Data available in the online version of this
article at http://www.plantphysiol.org). An addi-
tional 11 residues of both Arabidopsis LAF3 isoforms
were conserved in more than 85% of the 48 ho-
mologs, and another 20 residues displayed conserva-
tion in more than 70% of the proteins.

Genetic Complementation of laf3-1

To confirm that the laf3-1 phenotype resulted from
a single transposon insertion and to test whether only
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one or both of the LAF3 isoforms are required for an
intact phyA signal transduction pathway, we tested
the ability of three constructs to complement the
laf3-1 hypocotyl phenotype in FRc. First, laf3-1 mu-
tants were transformed with an 8,067-bp genomic
fragment extending from 3,050 bp upstream of the
start codon of LAF3ISF1 to 1,293 bp downstream of
the stop codon of both isoforms. Of 23 T1 transfor-
mants, four transgenic lines displayed partial
complementation (Fig. 3). The frequency of comple-
mentation was greater in laf3-1 mutants transformed
with the 35S::LAF3ISF1 and 35S::LAF3ISF2 constructs,
in which expression of both isoforms was under con-

trol of the CaMV 35S promoter. Of 65 35S::LAF3ISF1
transformants tested, 42 were indistinguishable from
WT plants after 4 d of FRc light treatment, and of 63
35S::LAF3ISF2 transformants tested, 33 displayed
clear complementation (Fig. 3). The greater efficacy
of CaMV 35S-regulated transcription in complement-
ing the mutant in comparison with the endogenous
promoter suggests that possibly additional regula-
tory regions outside of the 3 kb upstream of the start
codon or an additional factor(s), e.g. chromosomal
modification of the LAF3 promoter, might normally
regulate LAF3 expression.

Figure 2. A, Schematic representation of both
coding regions of the LAF3 gene deduced from
the comparison between the genomic sequence
(accession no. AL163832) and cDNA sequences
determined by RACE and reverse transcriptase
(RT)-PCR. Black boxes, Exons encoding identi-
cal regions in isoforms. The transcription start
site and start codon of LAF3ISF2 occur within the
first intron of the primary LAF3ISF1 transcript,
giving rise to isoforms differing in their N ter-
mini. The unique N termini of LAF3ISF1 and
LAF3ISF2 are indicated by vertical and horizontal
shading, respectively. The site of the transposon
insertion in laf3-1 in the 14th intron of the
LAF3ISF1 ORF and 13th intron of the LAF3ISF2

ORF is indicated by an arrow. B, Divergent
N-terminal stretches of both LAF3 isoforms are
boxed. Regions which are predicted to be trans-
membrane domains using five independent al-
gorithms are underlined. Remarkably, the first
portions of these regions span N-terminal
stretches where the two isoforms are encoded
by different DNA templates. Amino acids en-
coded by the same exon are in bold. Default
parameters were used for the TMHMM (http://
www.cbs.dtu.dk/services/TMHMM), PHDhtm,
(http://www.embl-heidelberg.de/predictprotein),
HMMtop (http://www.enzim.hu/hmmtop), TM-
Pred (http://www.ch.embnet.org), and PSORT
(http://psort.nibb.ac.jp) algorithms to predict
transmembrane helices in the N termini of both
LAF3 isoforms. Transmembrane segments pre-
dicted by the individual programs were consid-
ered overlapping if 12 or more amino acids
were shared by all predicted segments. C, Align-
ment of two highly conserved regions in both
LAF3 isoforms with homologous regions of pu-
tative proteins from rice (Oryza sativa), bacteria,
and lower eukaryotes. Accession numbers of
sequences and a complete alignment of LAF3ISF1

with 48 homologs are provided in Supplemental
Data.
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Both Isoforms of LAF3 Localize in the
Perinuclear Region

Preliminary studies involving transient expression
of LAF3ISF1-yellow fluorescent protein (YFP) and
LAF3ISF2-YFP fusions in onion (Allium cepa) epider-
mal cells indicated that both isoforms were targeted
to the nuclear periphery with no significant fluores-
cence within the cytoplasm, nucleus, or cell periph-
ery (data not shown). The same preferential perinu-
clear distribution was observed when LAF3ISF1-YFP
and LAF3ISF2-YFP were constitutively expressed un-
der the control of CaMV 35S in laf3-1 seedlings (Fig.
4). There was no evidence of fluorescence in the
cortical endoplasmic reticulum, and visualization

with both cyan fluorescent protein and YFP filters
suggested that any signal associated with the plasma
membrane was artifactual. Irradiation with light did
not affect the subcellular distribution of either LAF3
fusion in etiolated seedlings. Fusion of either isoform
to the N terminus of YFP did not significantly affect
the ability of both isoforms to complement the laf3-1
phenotype (data not shown).

Expression of LAF3 Transcripts

Preliminary northern-blot analysis using a probe
incapable of distinguishing between both isoforms
suggested that an approximately 2-kb LAF3 tran-
script was detected at highly reduced levels in laf3-1
compared with WT seedlings (Fig. 1D). Examination
of the tissue-specific regulation of LAF3 transcripts
using the same probe indicated a comparable low
level of expression in seedlings grown in W light,
rosette leaves, stems, flowers, and siliques, with an
approximately 2- to 3-fold higher abundance in roots
(data not shown). Examination of the light regulation
of LAF3 expression in WT plants using this probe
suggested a slight and relatively slow increase in
LAF3 transcript abundance after irradiation of etio-
lated seedlings with FRc (data not shown).

The demonstration that LAF3 encodes two protein
isoforms with distinct N termini introduces the in-
teresting question of whether the choice of LAF3
transcript initiation site has important regulatory
implications for LAF3 function. To validate the
northern-blot analyses and reveal any differential
regulation of both isoforms, we employed mimic-
controlled RT-PCR analysis. Oligonucleotides were
designed to amplify regions encoding the divergent
N termini of both isoforms and the first 73 amino
acids common to both LAF3ISF1 and LAF3ISF2. The
two exogenous standards used in competitive PCR
had the same oligonucleotide templates as the target

Figure 3. Expression of LAF3 restores the WT hypocotyl phenotype
to laf3-1 mutant seedlings. A, Hypocotyl lengths of WT (Ler -0),
laf3-1, and four independent transgenic laf3-1 lines (T3 generation)
expressing the gLAF3 construct. The fluence of FRc was 5.7 �mol
m�2 s�1. B, Hypocotyl lengths of WT (Ler -0), laf3-1, and transgenic
laf3-1 lines (T2 generation) expressing either the LAF3ISF1 or LAF3ISF2

cDNA under the control of the cauliflower mosaic virus (CaMV) 35S
promoter. The fluence of FRc was 4.3 �mol m�2 s�1. For all exper-
iments, values are means � SD (n � 80). Hypocotyl lengths were
measured after 4 d of growth in darkness or FRc.

Figure 4. LAF3-YFP localizes to the nuclear pe-
riphery in stably transformed laf3-1 seedlings. A
signal with significant enrichment in the nuclear
periphery was observed in several independent
lines expressing 35S::LAF3ISF1-YFP in hypocotyl
(A and B) or root (C) cells. The same distribution
of signal was observed in lines expressing
35S::LAF3ISF2-YFP in hypocotyl (D and E) or root
(F) cells. Scale bars � 20 �m.
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Figure 5. Transcriptional regulation of the LAF3 gene. Fragments specific to LAF3 isoforms are both approximately 250 bp,
whereas fragments arising from amplification of mimics are 110 bp. Values below each lane indicate the mean ratio
(determined from three independent PCRs) of signal arising from amplification of LAF3 transcript to that arising from
amplification of the mimic target. **, SD � 5% of mean ratio; *, SD�10% of mean ratio. For each RT product, amplification
of a fragment specific to ACTIN2 transcript (ACT) confirmed comparable amounts of starting RNA and comparable RT
efficiency within all comparisons. A, Relative levels of the LAF3ISF1 and LAF3ISF2 transcripts in 4-d-old Ler, laf3-1, and phyA
seedlings after continuous growth in darkness (D), FRc of intensity 4.7 �mol m�1 s�1, Rc of intensity 5.1 �mol m�1 s�1,
growth for 4 d in darkness before a 6-h pulse with 4.7 �mol m�1 s�1 FRc (FR6 h), or growth for 4 d in darkness before a 6 h
pulse with 5.1 �mol m�1 s�1 Rc (R6 h). The results indicated were obtained after 22 cycles of PCR containing 10�7 pmol
LAF3ISF1 mimic or 10�6 pmol LAF3ISF2 mimic. B, Both LAF3 transcripts are present at higher levels in roots of mature plants
than in 4-d-old seedlings germinated and grown in W light or leaves, flowers, and stems of adult plants. The results indicated

(Legend continues on facing page.)
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cDNA but generated smaller PCR products than the
target DNA. Depending on the relative ratio of mimic
to target, one or the other will be amplified
preferentially.

Comparison of LAF3ISF1 and LAF3ISF2 transcript
levels in 4-d-old seedlings indicated that transcripts
encoding both isoforms were at least 2- to 3-fold
higher in seedlings grown in Rc and FRc than in
etiolated seedlings but that 6 h of irradiation with
light of either wavelength was inadequate to induce
accumulation of either transcript to the level ob-
served in seedlings germinated and grown for 4 d
under either monochromatic wavelengths (Fig. 5A).
Not surprisingly, induction of accumulation of both
transcripts by FRc displayed an absolute dependence
on phyA, although a detectable increase in both
LAF3ISF1 and LAF3ISF2 transcripts by Rc treatments
indicates that activation of other phytochromes is
also adequate to induce accumulation of LAF3 tran-
scripts (Fig. 5A). Nonetheless, phyA does play a sig-
nificant role in the early phases of induction of LAF3
transcript accumulation by Rc. Inclusion of laf3-1
seedlings in this experiment enabled confirmation by
RT-PCR that both LAF3ISF1 and LAF3ISF2 transcript
levels are significantly lower in laf3-1 than in WT
seedlings (Fig. 5A). RT-PCR analysis of LAF3ISF1 and
LAF3ISF2 transcript levels in 4-d-old seedlings germi-
nated in W light and roots, rosette leaves, stems, and
flowers of mature plants indicated that both tran-
scripts were expressed at the highest levels in roots,
with comparable levels in leaves, flowers, and stems
and slightly higher levels in seedlings (Fig. 5B).
Based on the different concentrations of mimics used
for the amplification reactions for each isoform, it
appears that LAF3ISF1 transcript levels are at least an
order of magnitude lower than those of LAF3ISF2 in
all of the tissue types examined (Fig. 5B).

Given the central role played by phyA in regulat-
ing germination and early seedling development, we
investigated LAF3 transcript levels in dry seeds,
seeds that had been imbibed in darkness at 4°C for
4 d (0-h time point denotes extracts prepared imme-
diately after the end of stratification), and then at
four time points after exposure of stratified seeds to
continuous W light at 22°C. These spanned the time
of radicle emergence (around 24 h) and cotyledon
expansion and greening (complete within 48 h of
growth in continuous W light at 22°C). In the absence
of mimic fragments, neither transcript was detectable
in dry seeds or seeds imbibed in darkness, although

both transcripts were present within 3 h after transfer
of stratified seeds to germination-promoting condi-
tions (data not shown). As indicated in Figure 5C,
levels of both transcripts increased progressively
throughout the first 2 d after transfer to continuous
W light at 22°C with lower levels of LAF3ISF1 than
LAF3ISF2.

DISCUSSION

Molecular events that signal the availability of light
play a central role during plant growth and develop-
ment. As one of the most critical developmental tran-
sitions in the life cycle of flowering plants, seedling
photomorphogenesis provides an excellent experi-
mental system to elucidate the components required
for light signal transduction. Activation of phyA in
etiolated seedlings causes cotyledon expansion and
greening and inhibition of hypocotyl cell elongation.
Despite much recent progress, the molecular basis of
these morphological manifestations is still largely
unknown. This arises primarily from the difficulty in
establishing how known intermediates in phyA sig-
naling interact with one another in the context of a
transduction network.

The Contribution of LAF3 to the phyA
Signaling Network

The specific hyposensitivity of laf3-1 hypocotyl
elongation to FR in comparison with R and B impli-
cates the requirement of LAF3 for complete respon-
siveness to activated phyA. Defective LAF3 expres-
sion does not affect the inhibition of hypocotyl
elongation triggered by activation of any of the other
known photoreceptors in Arabidopsis. Clearly, LAF3
is essential for full response capacity to activated
phyA, although the map position of LAF3 excludes
the possibility of allelism with any other FR-specific
long hypocotyl mutants. Like all known mutants de-
fective in phyA signaling intermediates, significantly
reduced levels of LAF3 transcripts do not completely
eliminate any of the FRc-induced seedling responses
tested in this study. Furthermore, the absence of any
effects of the laf3-1 mutation on FRc-regulated hook
opening and cotyledon expansion, hypocotyl grav-
itropism, greening in W light after a prolonged FRc
treatment, PET E and ASN1 regulation, or phyA-
mediated photoperiod sensing in mature plants indi-
cates that the LAF3 locus may normally modulate a

Figure 5. (Legend continued from facing page.)
were obtained after 20 cycles of PCR containing either 5� 10�8 pmol LAF3ISF1 mimic or 10�7 pmol LAF3ISF2 mimic. C,
Relative levels of the LAF3ISF1 and LAF3ISF2 transcripts in dry Ler seeds (dry), seeds imbibed at 4°C for 4 d (0 h), and
throughout the process of germination (times indicate hours after transfer of imbibed seeds imbibed to continuous W light
at 22°C). The intensity of W light was 16 �mol m�1 s�1. For most seeds, radicle emergence was evident by 24 h and seedling
cotyledon opening, and greening was evident by 48 h. The results indicated were obtained after 20 cycles of PCR containing
5� 10�8 pmol LAF3ISF1 mimic or 10�7 pmol LAF3ISF2 mimic. No amplification was obtained for either of the LAF3ISF1 and
LAF3ISF2-specific fragments even after 35 cycles of PCR in the absence of a mimic fragment.
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more discrete subset of phyA-regulated responses
than are affected in most mutants deficient in posi-
tively acting intermediates in phyA signaling (Hud-
son et al., 1999; Bolle et al., 2000; Fairchild et al., 2000;
Fankhauser and Chory, 2000; Hsieh et al., 2000; Soh
et al., 2000; Ballesteros et al., 2001; Møller et al., 2001;
Wang and Deng, 2002; Wang et al., 2002).

Analysis of LAF3 transcript levels (Fig. 5) and fail-
ure to discern any LAF3 overexpression phenotype
strongly suggest that LAF3 action is unlikely to be
significantly regulated at the transcriptional level.
However, we cannot eliminate the possibility that
both LAF3 isoforms may be differentially regulated by
light posttranscriptionally. The ubiquitous expression
of LAF3 and the lack of specificity for FR wavelengths
to modulate LAF3 levels might be interpreted as indi-
cating that LAF3 normally plays a permissive role in
phyA signaling, although the apparent developmental
specificity of the laf3-1 mutant phenotype argues
against a role for LAF3 in regulating basic housekeep-
ing functions. Although LAF3 transcripts are higher in
roots than in other tissues, and root elongation in FR is
inhibited in phyA seedlings (Büche et al., 2000), we
failed to observe significant effects of the laf3 mutation
on root elongation in 4-d-old seedlings irradiated with
FRc or on the frequency of lateral root initiation in
14-d-old seedlings grown in continuous W light (data
not shown). The use of the CaMV 35S promoter in
complementation studies may have obscured a role
for one of the two LAF3 isoforms in mediating phyA
responses. We cannot eliminate the possibility that
when levels of an isoform normally not involved in
phyA signaling are considerably elevated, it might be
capable of fulfilling a role normally attributable to the
other isoform. Further investigation of whether such
genetic redundancy might occur would require
knowledge of the endogenous levels of both isoforms
in seedlings. Therefore, the biological significance of
the use of alternative transcription initiation sites to
generate two isoforms that differ only in their N ter-
mini remains enigmatic.

LAF3 Displays a Perinuclear Distribution

Insight into the relationship between LAF3 and
known intermediates in phyA signaling might bene-
fit from knowledge of its subcellular localization. It is
accepted that phyA responses are regulated primar-
ily at the level of altered gene expression. In accor-
dance, two key events involving the movement of
signaling components across the nuclear envelope
appear to be essential for complete responsiveness to
activated phyA. The first is the relatively rapid trans-
location of phyA from the cytoplasm to the nucleus
triggered by the same light conditions required for
phyA activation (Nagy and Schäfer, 2002). Here,
phyA activates waves of transcriptional activation or
repression to control the downstream target genes
that define discrete branches of the phyA-regulated

transcriptional network (Tepperman et al., 2001). The
second event is the simultaneous derepression of
gene expression that appears to be mediated at least
in part by the relatively slow movement of COP1 out
of the nucleus (von Arnim et al., 1997). The FR-
induced nuclear depletion of COP1 is dependent on
phyA (Osterlund and Deng, 1998). In addition to
these two processes, phyA signaling in Arabidopsis
is also likely to mediate the light-dependent nuclear
translocation of transcription factors that are cyto-
plasmic in darkness (Kircher et al., 1999).

Although we cannot formally exclude the possibil-
ity that expression of LAF3 proteins under the con-
trol of the CaMV 35S promoter might cause them to
be targeted to a subcellular site different from that of
the naturally expressed proteins, our characterization
of LAF3 reiterates the apparent importance of phys-
ical separation of cellular processes as a control point
in phyA signaling (Møller et al., 2002; Nagy and
Schäfer, 2002). Intriguingly, the significant enrich-
ment in the abundance of LAF3 at the nuclear rim
closely resembles that reported for SUB1, a cytoplas-
mic calcium-binding protein that negatively regu-
lates both cryptochrome and phyA responses (Guo et
al., 2001), although unlike sub1, laf3 does not display
a dramatic hypocotyl elongation phenotype in B (Fig.
1A). The laf3-1 hypocotyl phenotype also appears to
display far less fluence dependence than that of sub1
(Guo et al., 2001). Neither of the LAF3 isoforms nor
SUB1 possess the recently identified WPP domain
that appears to be a novel plant motif necessary and
sufficient for targeting plant RanGAPs and the plant-
specific nuclear envelope-associated MAF1 protein to
the nuclear rim (Rose and Meier, 2001). The role of
the putative transmembrane domains of both LAF3
isoforms remains unclear.

It is tempting to speculate that LAF3 may partici-
pate in the phyA-dependent translocation of a latent
factor(s) across the nuclear envelope from its subcel-
lular location in darkness to a site where it triggers
phyA responses in the light. Spatial confinement is
an excellent mechanism to regulate gene expression
by controlled movement of signaling intermediates
across the nuclear envelope (Amador et al., 2001;
Heerklotz et al., 2001; Igarashi et al., 2001; Carmo-
Fonseca, 2002; Stone et al., 2003). Regulated subcel-
lular compartmentation may also be essential for the
regulation of posttranslational modifications such as
the addition or removal of ligands [e.g. (de)phos-
phorylation, (de)acetylation, and (de)conjugation
with ubiquitin or ubiquitin-like tags] and/or regula-
tion of the stability of gene products. The combined
regulation of ligand modification and subcellular lo-
calization potentially confers considerable complex-
ity on the regulation of a signaling intermediate. For
instance, four different species, each with a distinct
function, might be envisaged for a protein that dis-
plays nucleocytoplasmic shuttling and can be revers-
ibly conjugated to a regulatory ligand.
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Given the comparatively weak phenotype of laf3-1,
we do not suspect that LAF3 normally acts at the
level of the phyA photoreceptor itself. The phyA-
specific signaling intermediate FHY1/PAT3 also oc-
curs in both nuclear and cytoplasmic compartments
(Desnos et al., 2001; Zeidler et al., 2001), although a
significant role for FHY1 in regulating CHS and plas-
tocyanin (PET E) but not CAB transcript abundance
in FRc (Barnes et al., 1996b) contrasts with the role of
LAF3 in the regulation of these genes (Fig. 1B).
Therefore, it is unlikely that LAF3 acts at the level of
FHY1 action. The likelihood of a direct effect of LAF3
on COP1 subcellular localization is decreased by the
specificity of the hypocotyl phenotype to FR wave-
lengths. Moreover, the nuclear depletion of COP1 is
much slower than the time taken for many of the
light-induced changes in photoresponsive gene ex-
pression that are compromised in laf3-1 (von Arnim
et al., 1997).

LAF3 Appears to Be an Ortholog of a Ubiquitous
Bacterial Protein

Bacteria that contain putative gene products ho-
mologous to LAF3 are represented in the Proteobac-
teria (purple, non-sulfur bacteria), Archaebacteria,
class Firmicutes, Actinobacteria and the Aquificae,
Chloroflexi, Fusobacteria, and Thermotogae. Only
two of the non-plant LAF3 homologs are predicted to
contain transmembrane domains, although with a
lower probability than was predicted for the Arabi-
dopsis or rice gene products. In both Pseudomonas
aeruginosa and Ralstonia solanacearum, these predicted
regions were found within the first 30 amino acids at
the N termini of the proteins.

It is intriguing that LAF3 is homologous to aepA,
an Erwinia sp. gene product that is responsible for
regulating enzymes capable of depolymerizing the
cell wall and cell wall components. These enzymes
facilitate the maceration of host plant tissues and the
liberation of nutrients. The aepA gene product is be-
lieved to regulate the timely induction of these ex-
oenzymes by responding to levels of specific compo-
nents of plant extracts to ensure optimal destruction
of plant tissues before initiation of the host’s defense
response (Barras et al., 1994). The homology of LAF3
with this regulatory gene product is consistent with
its role in coordinated induction and repression of
several phyA-regulated mRNAs (Fig. 1B). Of the
phyA-regulated transcripts tested, XTR7 levels
clearly display the strongest regulation by LAF3 (Fig.
1B). XTR7 transcript abundance correlates well with
the extent of inhibition of hypocotyl elongation in
different genetic backgrounds and under different
light conditions (Fig. 1B). Although like aepA, the
XTR7 gene product is also involved in loosening the
network of cellulose and xyloglucan fibers in plant
cell walls, the reduced sensitivity of laf3 to FR-
induction of genes unrelated to cell wall loosening

(Fig. 1B) argues against a role restricted to regulation
cell elongation. It is proposed that coordinated acti-
vation of the aepABH (activator of extracellular pro-
tein production) operon down-regulates expression
of the rsmA repressor of the synthesis of cell wall-
degrading enzymes (Barras et al., 1994), although the
precise role of aepA action in this process does not
appear to have elucidated. Certainly, the ubiquitous
presence of aepA and rsmA homologs throughout
microbial kingdoms but not in animals suggests that
their roles might extend beyond mediating pathoge-
nicity. It appears that like the phytochromes and His
kinase receptors for ethylene and cytokinin, the an-
cestry of plant LAF3s can be traced back to their
prokaryotic heritage and that the functions of LAF3
might have been modified in different species to
enhance integration with diverse signaling mecha-
nisms. Notably, N. crassa and at least 12 of the bac-
teria that are predicted to have LAF3 homologs also
express putative bacteriophytochrome photorecep-
tors (Montgomery and Lagarias, 2002). This raises the
intriguing possibility that the relationship between
LAF3 and phyA signaling may have fairly ancient
evolutionary origins. Nonetheless, it is difficult to
reconcile the apparently constitutive perinuclear lo-
calization of both Arabidopsis LAF3 isoforms with
the proposal that aepA activates transcription of a
pectate lyase gene from P. carotovorum (Liu et al.,
1993). We cannot eliminate the possibility that the
mode of action of LAF3 homologs in bacteria and
fungi is distinct from their function(s) in plants.

The use of alternative transcription initiation sites
(e.g. Tamaoki et al., 1995), intron splicing sites (Eck-
ardt, 2002), or translational start sites (Chabregas et
al., 2003) have all been shown previously to generate
isoform diversity in plants. However, pretransla-
tional mechanisms of increasing the flexibility of
gene expression by generating alternative products
with separable functions do not appear to be used as
widely in plants as they are in animal systems. In a
time when the availability of genome sequences has
led to a strong reliance on the use of predicted ORFs,
our unanticipated discovery of two LAF3 isoforms
emphasizes the importance of confirming transcript
initiation and termination sites to assess possible
sources of the fine tuning of biological responses.
Although the exact significance of the evolution of
distinct transcription initiation sites in the LAF3 gene
is not clear, identification of this locus provides a
further contribution to ongoing efforts to interpret
plant physiological responses to light in the context
of a molecular framework.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Genetic Analysis

The laf3-1 and phyA-201 mutants are in the Arabidopsis Ler background
and were compared with WT Ler-O in all analyses. The laf3-1 mutant
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corresponds to Ds-tagged line GT3069 (Sundaresan et al., 1995). Unless
otherwise stated, plant growth conditions and light sources were identical
to those described by Bolle et al. (2000). Procedures for mutant screening
and PCR-mediated linkage analysis were identical to those described pre-
viously (Møller et al., 2001). Cosegregation of the mutant phenotype with
transposon-borne genes was confirmed in 120 F2 seedlings. Seedlings with
the laf phenotype were rescued from the block in chloroplast development
in greening observed in WT plants after transfer from FRc to W by incuba-
tion for 2 d in darkness on Murashige and Skoog medium supplemented
with 3% (w/v) Suc before exposure to W.

Molecular Characterization of laf3-1

The sequence flanking the transposon in laf3-1 was cloned by inverse
PCR. A 519-bp fragment was amplified using the oligonucleotides 5�-
GGTCGGTACGGGATTTTCCC-3� and 5�-CTAAAAAGTGAAAAGGATC-
ATGGC-3�. To verify that the cloned genomic region was adjacent to the Ds
element, a combination of two Ds oligonucleotides and two LAF3 oligonu-
cleotides was used to amplify four fragments spanning the left and right Ds
borders. Sequence analysis of these fragments confirmed the predicted site
of Ds integration. The flanking sequence isolated by inverse PCR was used
as a probe to screen a flower cDNA library (Weigel et al., 1992) obtained
from the Arabidopsis Biological Resource Center (Ohio State University,
Columbus). For western analysis, seedlings were ground with a pestle and
mortar under liquid nitrogen, and the powder was suspended in 2 volumes
of SDS-PAGE sample buffer followed by incubation at 95°C for 5 min. After
10 min of centrifugation, the protein concentrations of the supernatant
solutions were quantified using the RC DC protein assay (Bio-Rad, Hercules,
CA), and 40 �g of total protein was resolved on 10% (w/v) SDS-PAGE gels
before transfer to Immun-Blot PVDF membranes (Bio-Rad). Western blot-
ting was according to standard procedures using the phyA monoclonal
antibody mAA1 (Shinomura et al., 1996) and monoclonal anti-actin clone C4
(ICN Biochemicals Inc, Aurora, OH). Levels of phyA and actin were as-
sessed using the ECL PLUS chemiluminescent detection system (Amer-
sham, Buckinghamshire, UK). Northern-blot analysis was conducted as
described previously (Møller et al., 2001) using CHS, CAB, PET E, PET H,
and XTR7 probes identical to those described elsewhere (Ballesteros et al.,
2001; Møller et al., 2001). The 730-bp ASN1 probe was obtained from a
cDNA library by PCR-mediated amplification using the oligonucleotides
5�-GAGGCACAGAGGACCTGACTGG-3� and 5�-GAGCCCTCAAGACCA-
ACGCAAAAGG-3�. Comparable RNA loading was verified by ethidium
bromide staining and by hybridization with an Arabidopsis 18S rRNA
probe.

Cloning the LAF3 Gene and Complementation Analysis

A bacteriophage-based Arabidopsis genomic library (CLONTECH Lab-
oratories, Palo Alto, CA) from the Columbia ecotype was screened using a
1.3-kb LAF3 cDNA probe. An 8,067-bp genomic fragment, beginning 3,050
bp upstream of the start codon of the LAF3ISF1 ORF and encoding 1,293 bp
downstream of the stop codon of both LAF3 isoforms, was excised from one
of the isolates by digestion with XhoI and SalI and cloned into a promoter-
less binary plant transformation vector (Møller et al., 2001) to generate the
construct gLAF3. The entire fragment was sequenced.

To identify the transcription start sites of the LAF3 gene, 5�-RACE anal-
ysis was performed using an Arabidopsis cDNA library generated from
4-d-old etiolated Columbia seedlings using the Marathon cDNA Amplifica-
tion Kit (CLONTECH Laboratories). Nested gene-specific oligonucleotides
used were 5�-GCGTTCAGATGGAATCCAAGCG-3� and 5�-GGGAGGT-
ATTCTTTTAACCGCGG-3�. Three independent fragments corresponding to
the 5� termini of LAF3ISF1 were recovered, and eight independent fragments
corresponding to the 5� termini of LAF3ISF2 were recovered. To test the
ability of 35S::LAF3ISF1 and 35S::LAF3ISF2 to complement laf3-1, full-length
LAF3ISF1 and LAF3ISF2 cDNAs were amplified by RT-PCR using total RNA
isolated from 4-d-old FRc-irradiated Ler seedlings. First strand cDNA was
prepared using RNA from etiolated seedlings and the oligonucleotide 5�-
GTAAAGTTTGTTTCTTAATTAGATAAAGACTGCATCATC-3� specific to
the 3�-untranslated region of both isoforms and M-MLV RT (Invitrogen,
Carlsbad, CA) as recommended by the manufacturer. Oligonucleotides used
to amplify full-length LAF3ISF1 from first strand product were 5�-
TACTCGAGATGACCGGTTGGTATGAGTTTCC-3� and 5�-GACTAGTCT-

CATGGATACAATTGCTTTCCTCC-3�. Oligonucleotides used to amplify
LAF3ISF2 were 5�-TACTCGAGATGAACCTCTTCGTCAGCGTTTCAGC-3�
and 5�-GACTAGTCTCATGGATACAATTGCTTTCCTCC-3�. The PCR
products were sequenced and cloned into the binary transformation vector
pBA002 (Kost et al., 1998) under the control of the CaMV 35S promoter.
The resulting constructs were transformed into laf3-1 plants using the
Agrobacterium tumefaciens-mediated floral dip method and transformants
were selected on media containing glufosinate ammonium (BASTA, Cres-
cent Chemical Co., Inc., New York). The progeny from 23 gLAF3 trans-
formants, 65 35S::LAF3ISF1 transformants, and 63 35S::LAF3ISF2 transfor-
mants were analyzed for restoration of a WT phenotype.

Subcellular Localization of LAF3 Isoforms

A binary vector YFP-pBA was constructed containing a multicloning site
and a full-length YFP cDNA ligated into the MluI and SpeI sites of pBA002
(Kost et al., 1998). This introduced unique XhoI, AscI, MluI, PacI, AvrII,
BamHI, XmaI/SmaI, and AatII sites between the CaMV 35S promoter and
YFP in pBA002. Full-length cDNAs encoding LAF3ISF1 and LAF3ISF2 were
amplified using oligonucleotides that removed the stop codons and cloned
as translational fusions to YFP in YFP-pBA. laf3-1 plants were transformed
with the resulting 35S::LAF3ISF1-YFP and 35S::LAF3ISF2-YFP constructs as
described previously, and primary transformants were selected by their
resistance to glufosinate ammonium (BASTA, Crescent Chemical Co., Inc.).
The progeny of these lines (T2 generation) was used to assess complemen-
tation of the laf3-1 hypocotyl phenotype in FRc and to visualize the subcel-
lular localization of LAF3ISF1-YFP and LAF3ISF2-YFP in root and hypocotyl
cells of etiolated seedlings using an inverted TE2000 epifluorescence
microscope (Nikon, Tokyo) and Openlab imaging software (Improvision,
Coventry, UK).

Mimic-Controlled RT-PCR

The oligonucleotides 5�-AAGTTCAGCATTGTATCAACTTCCGG-3� and
5�-ATGAACCTCTTCGTCATCGTTTCAGCT-3� were both used in conjunc-
tion with 5�-CTTGAGAGTGGCAAAGCTTCCAAC-3� to quantify levels of
the LAF3ISF1 and LAF3ISF2 transcripts, respectively. The LAF3ISF1-specific
oligonucleotide recognizes part of the 5�-untranslated region of the LAF3ISF1

transcript beginning 28 nucleotides upstream of the start codon of LAF3ISF1.
The LAF3ISF2-specific oligonucleotide is complementary to the region en-
coding the first nine amino acids of the LAF3ISF2 isoform that are spliced out
of the primary transcript encoding LAF3ISF1. The reverse oligonucleotide
common to both RT-PCRs recognizes the sequence encoding the last eight
amino acids encoded by the third exon of LAF3ISF1 (i.e. the second exon of
LAF3ISF2). Both fragments indicating LAF3ISF1 and LAF3ISF2 levels span an
intron to eliminate the possibility that genomic DNA contamination inter-
fered with the competition between the target and mimic templates.

The mimics used for LAF3ISF1 and LAF3ISF2 transcript quantification were
the oligos 5�-AAGTTCAGCATTGTATCAACTTCCGGGTAACGTTGCGTT-
CCAGGGTTGTCACACTGTCTTCTCAGAGCAGATAGTTTGACTGACAG-
GTTGGAAGCTTTGCCACTCTCAAG-3� and 5�-ATGAACCTCTTCGTCA-
TCGTTTCAGCGGTGGGACGAAATCCGTCATACTGTAGTTGTTGTCGT-
CTCTGTCGTGGTTGGAAGCTTTGCCACTCTCAAG-3�, respectively. Be-
cause the mimic fragments contain the recognition sequences for the
amplification oligonucleotides, they compete with target LAF3ISF1 and
LAF3ISF2 cDNAs during amplification. Fragments specific to both LAF3ISF1

and LAF3ISF2 are both approximately 250 bp, whereas fragments arising
from amplification of mimics are 110 bp. Artifactual genomic DNA am-
plifications are predicted to be approximately 400 (for LAF3ISF1) and 340
bp (for LAF3ISF2) bp.

With the exception of RNA extraction from the seeds (extracted accord-
ing to Vicient and Delseny, 1999), RNA was extracted using the RNeasy
Plant Minikit (Qiagen USA, Valencia, CA). Total RNA samples were treated
with RNase-free DNase I (Invitrogen) to eliminate contaminating genomic
DNA. After confirmation of RNA integrity by analysis using an Agilent 2100
Bioanalyzer, 3 �g of RNA from each sample was combined with 10 pmol
oligo 5�-CTTGAGAGTGGCAAAGCTTCCAAC-3� in a total volume of 10
�L, and the oligo was annealed by heating the sample to 72°C for 2 min
before transferring immediately to ice for 2 min. The RT reaction was
performed by adding 2 �L of dithiothreitol, 2 �L of dNTP mix (10 mm each),
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2 �L of M-MLV RT (Invitrogen), and 4 �L of 5� buffer provided by the
supplier of the enzyme followed by incubation for 1 h at 42°C.

Standard 50-�L PCRs contained 2 �L of first strand reaction product, 50
pmol of each amplification oligo, and the appropriate mimic at a predeter-
mined concentration shown to not have reached the limits of amplification
after the number of PCR cycles used for the particular set of RNA samples
being compared. The RT-PCR runs varied between 18 and 23 cycles (each
94°C for 30 s, 60°C for 30 s, and 72°C for 30 s), depending on the exponential
range of amplification. In all cases, identical samples subjected to an addi-
tional five cycles were run in parallel to ensure that amplification of the
mimic was still in the exponential phase at the time when the sample was
withdrawn for use in comparative analyses. Comparable results were ob-
tained when the PCR reaction was repeated once with the same reverse-
transcribed sample and twice with an independent reverse-transcribed sam-
ple from the same preparations of total RNA. For all experiments, fragments
arising from amplification of targets were pooled and sequenced to confirm
their identity.

The intensities of bands arising from amplification of LAF3 transcripts
and those arising from amplification of mimics were determined using
Quantity One Version 4 image quantification software (Bio-Rad) after image
acquisition using a Gel Doc 2000 gel documentation system (Bio-Rad).
Comparison of the ratios of the intensities of bands arising from LAF3
transcripts to bands arising from mimics enabled assessment of the relative
levels of the expression of both isoforms.

RT-PCR with the oligonucleotides 5�-TTGCCATTCAGGCCGTTCT-
TTCT-3� and 5�-ACCCGCAAGATCAAGACGAAGGA-3� was used to en-
sure comparable starting concentrations of RNA and RT efficiency in all
comparisons. These oligonucleotides recognize sites that span the second
intron in the ACTIN2 gene (At5g09810) to amplify a 147-bp fragment from
correctly spliced mRNA transcripts. First strand cDNA was synthesized by
priming using the latter oligonucleotide.
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