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Photoperiod in plants is perceived by leaves and in many species influences the transition to reproductive growth through
long-distance signaling. CONSTANS (CO) is implicated as a mediator between photoperiod perception and the transition to
flowering in Arabidopsis. To test the role of CO in long-distance signaling, CO was expressed from a promoter specific to the
companion cells of the smallest veins of mature leaves. This expression in tissues at the inception of the phloem translocation
stream was sufficient to accelerate flowering at the apical meristem under noninductive (short-day) conditions. Grafts that
conjoined the vegetative stems of plants with different flower-timing phenotypes demonstrated that minor-vein expression of
CO is able to substitute for photoperiod in generating a mobile flowering signal. Our results suggest that a CO-derived
signal(s), or possibly CO itself, fits the definition of the hypothetical flowering stimulant, florigen.

Many plant species rely on environmental stimuli to
time the reproductive phase of their life cycle. Prom-
inent among these stimuli is light, from which plants
perceive the duration of day/night cycles and entrain
their circadian rhythms (McClung, 2001; Mouradov
et al., 2002; Kevei and Nagy, 2003). In elegant, and now
classic, studies it was shown that the duration of the
day/night cycles is perceived by leaves, which in turn
produce a signal that promotes the transition to
flowering at the shoot apical meristem (Zeevaart,
1976). This signal is graft transmissible and function-
ally conserved among closely related species, as dem-
onstrated in interspecific grafting experiments. The
signal migrates with radiolabeled products of photo-
synthesis, and graft transmission requires intact vas-
cular strands, indicating that transport is via the
phloem (Zeevaart, 1976). The molecular identity of
the signal—commonly called florigen—remains elu-
sive, and its existence as a single entity is questioned
by some (Colasanti and Sundaresan, 2000).
Arabidopsis is a facultative long-day plant: The

transition to flowering is accelerated under long days,
but the plants will eventually flower under short-day
conditions. (Although conventional terminology re-
fers to the daylength, it is the dark period that is
perceived.) Plants carrying mutant alleles of the
CONSTANS gene (CO) are late flowering in long

days but flower at the normal time under short days
(Putterill et al., 1995). Consistent with a role in pro-
moting flowering in longdays,COmRNAaccumulates
under long-day conditions, relative to short days
(Putterill et al., 1995), and oscillates in response to
circadian rhythms (Suarez-Lopez et al., 2001). Under
long-day conditions, CO mRNA begins to accumulate
during the light period,whereas in short days, accumu-
lation begins during the night period. These patterns
of CO accumulation in relation to light stimuli are pro-
posed to be a mechanism by which Arabidopsis coor-
dinates flowering with daylength (Suarez-Lopez et al.,
2001). As may be expected for a gene that controls
development in response to transient stimuli, both
mRNA and protein accumulate to only very low levels
(Putterill et al., 1995; Suarez-Lopez et al., 2001). In long-
day, inductive conditions, CO mRNA was identified
in leaves and stems as early as the four-leaf stage by
reverse transcription (RT)-PCR (Putterill et al., 1995) as
well as in the vegetative meristem and leaf initials by
in situ hybridization (Simon et al., 1996).

At present, it is not clear whether CO, which
encodes a transcription factor, promotes flowering by
acting locally in the meristem or over long distances by
generating a phloem-mobile signal. The latter was
recently supported by Takada and Goto (2003), who
fused the uidA reporter gene to the CO promoter and
observed b-glucuronidase (GUS) activity in vascular
tissues.

If CO participates in generating a phloem-mobile
signal that accelerates the transition to flowering, CO
expression should be sufficient to induce flowering
even if limited to tissues at the inception of the
translocation stream—the minor veins of mature
leaves (Oparka and Turgeon, 1999). To test this hy-
pothesis, we used a galactinol synthase (GAS)
promoter from melon (Cucumis melo). This promoter
is active in the companion cells of minor veins in
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mature leaves but not in larger vascular bundles nor in
apices (Haritatos et al., 2000) and therefore provides
a valuable genetic tool for studying leaf-derived sig-
nals that are phloem mobile and act in distant tissues
(Ayre et al., 2003).

We report here that CO expression from the GAS
promoter resulted in early flowering. CO fusions with
the uidA reporter gene confirmed minor vein-limited
expression. In grafting experiments, scions homozy-
gous for the co-1 allele flowered early when grafted to
CO-expressing stocks, demonstrating that CO partic-
ipates in generating a phloem-mobile floral stimulant
rather than responding to one.

RESULTS

CO Expression in Minor Veins Accelerates Flowering

A CO cDNAwas expressed from the GAS promoter,
alone or with an 11-amino acid T7 epitope fused in
frame to the amino terminus of the protein (T7CO).
Arabidopsis plants were transformed by the floral dip
procedure (Clough and Bent, 1998), and T1 plants were
grown from seed under noninductive, short-day con-
ditions (10 h light/14 h dark). A range of flowering-
time phenotypes was observed: Some plants had
visible floral buds within 20 d postgermination and
initiated the transition to flowering when the plants
were at the four-true-leaf stage. Most plants flowered
by the 9- or 10-leaf stage (Fig. 1A; Table I), and there
was no difference in the range observed among
GAS:CO (9.3 6 1.0 leaves [SE]; n 5 7) and GAS:T7CO

(8.56 0.5 leaves; n5 10 plants). By contrast, wild-type
plants, or plants transformed with a vector lacking the
CO cDNA, did not begin to flower until 80 d post-
germination and had 28 or more leaves, consistent
with previous findings (Corbesier et al., 1996). These
results demonstrate that CO expression from a minor
vein-specific promoter is sufficient to induce a switch
from vegetative to reproductive development at the
apical meristem.

The effect of CO expression from the GAS pro-
moter on flowering time was also tested in different
geneticbackgrounds.Homozygous co-1plants (ecotype
Columbia), which flower late and are insensitive to
daylength (Putterill et al., 1995), exhibited precocious
flowering when transformed with GAS:T7CO (8.7 6
0.7 leaves; n 5 6), comparable to wild-type plants
transformed with the same gene (Table I). This dem-
onstrates that expression in the minor veins is suf-
ficient to overcome the absence of endogenous,
functional CO. This contrasts with the late-flowering
ecotype Ei-2, in which expressing T7CO from the GAS
promoter did not accelerate the transition to flowering
to the same extent, if at all (25.6 6 2.3 leaves; n 5 11).
The switch to reproductive development in Ei-2 is
therefore regulated by additional factors acting most
likely downstream of CO.

CO-Derived Signal Is Graft Transmissible

Graft transmissibility is a recognized property of the
leaf-derived, phloem-mobile signal that controls flow-
ering in response to photoperiod (Zeevaart, 1976), and

Figure 1. Accelerated flowering and graft trans-
mission of floral stimulant resulting from CO
expression confined to the companion cells of
minor veins in mature leaves. A, T1 generation
plants (Columbia ecotype) transformed with an
empty-vector control (left) and GAS:CO-contain-
ing vector (right) grown for 41 d with 10-h-light/
14-h-dark cycles. B, Vegetative stem section of
grafted plant 10 d after grafting. Arrow points to
callus tissue formed between the scion (top) and
stock (bottom); scale bar 5 0.5 mm. C, Scion
homozygous for the co-1 allele showing floral
buds 20 d after grafting to a GAS:CO stock plant.
D, Scion homozygous for the co-1 allele showing
a vegetative apex 20 d after grafting to a homo-
zygous co-1 allele stock plant. Flowers were not
visible until 43 d after grafting. Scale bar for C and
D 5 2 mm.
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previous work demonstrates that CO expression re-
sponds to photoperiod (Suarez-Lopez et al., 2001). To
determine if CO expression in the minor veins is
able to substitute for photoperiod in initiating a graft-
transmissible signal, rosettes of different flowering
genotypes were conjoined as stock and scion (Fig. 1B).
All plants were grown and maintained under nonin-
ductive (short-day) conditions, and grafting was car-
ried out when co-1 plants were between 32 and 56 d
old. Under standard conditions, co-1 and wild-type
plants remain vegetative for more than 80 d.
Approximately 120 grafts were initiated, including

controls. A total of 13 scions became established and
resumed healthy growth (Fig. 1B). The mean time
between grafting and the appearance of flower buds
(Table II) was 17.6 6 1.4 (n 5 5) d when co-1 scions
were grafted to GAS:CO stocks (Fig. 1C). In control
experiments, in which co-1 and wild-type plants were
used as stocks and scions in different combinations,
the appearance of flower buds occurred 42.36 5.2 (n5
8) d after grafting (Fig. 1D; Table II).
In these experiments, the time required for graft

healing is variable and difficult to assess. It is therefore
more informative to compare the time between re-
sumption of visible growth (14–23 d) and flowering
(Table II). In four out of the five cases in whichGAS:CO
plants were used as stocks, co-1 scion flower buds were
noted on the same day that visible scion growth
resumed, implying that the morphogenic events lead-
ing to flowering occurred quickly after graft healing.
The fifth grafted plant flowered 4 d after resumption of
visible growth. In sharp contrast, flower buds were
seen 27.6 6 5.5 d (range 11–55 d) following the
resumption of visible scion growth among the control
graft unions in which co-1 and wild-type plants were
used in different combinations. Importantly, control

grafts using co-1 or wild-type plants as either the stock
or scion flowered concurrently with ungrafted plants
of the same age, demonstrating that grafting and
subsequent manipulations did not trigger one of the
Arabidopsis flowering pathways. Our experiments
strongly implicate CO in generating the phloem-
mobile signal.

RNA and Protein Movement

Could CO itself, as RNA or protein, be the phloem-
mobile floral stimulant? The presence of RNA and
peptides in the phloem sap is well documented (Fisher
et al., 1992; Kuhn et al., 1997; Marentes and Grusak,
1998; Xoconostle-Cazares et al., 1999; Kim et al., 2001;
Hoffmann-Benning et al., 2002). In tomato (Lycoper-
sicon esculentum), RNA encoding a transcription factor
that promotes compound leaf development was iden-
tified in tomato scions coincidently with graft trans-
mission of the compound leaf morphology, suggesting
that the RNA itself may be themobile signal (Kim et al.,
2001). To test whether CO RNA from the GAS:CO gene
was similarly entering the co-1 scion, RNA was ex-
tracted from vegetative and inflorescence tissues of
both a GAS:CO stock and its co-1 scion. RT-PCR
analysis with oligonucleotide primers specific for
GAS:CO transcripts did not produce a band from co-1
scion tissues but gave a robust signal from mature leaf
tissue of the GAS:CO stock (Fig. 2A). A robust signal
was also obtained from inflorescence tissue from an
axillary shoot of the stock plant since the GAS pro-
moter is active in the vascular elements of sepals and
petals (Haritatos et al., 2000). RT-PCR analysis with
oligonucleotides specific for wild-type CO demon-
strated the presence of wild-type transcripts only in
stock portions (Fig. 2B), and oligonucleotides specific
to the co-1 allele demonstrated the presence of mutant
transcripts only in scion portions (Fig. 2C). Since the
grafted plants were grown under short-day condi-
tions, these findings demonstrate the RT-PCR assay
was sensitive enough to detect CO transcript present at
levels insufficient to trigger the transition to flowering.
Overall, our results suggest that neither GAS:CO nor
CO transcripts migrated from stock to scion. However,
we cannot exclude the possibility that transcripts
transiently passed from stock to scion immediately
after the graft junction healed and were subsequently
degraded after the morphogenetic events of flowering
were initiated.

Table I. Accelerated transition to flowering in Arabidopsis plants
expressing CO in minor veins from the GAS promoter

Transgene Background
No. of Leaves at the Transition

to Flowering

Wild type Columbia .28 (n . 12)a

GAS:CO Columbia 9.3 6 1.0b (n 5 7)
GAS:T7CO Columbia 8.5 6 0.5 (n 5 10)
GAS:T7CO co-1 Columbia 8.7 6 0.7 (n 5 6)
GAS:T7CO Ei-2 25.6 6 2.3 (n 5 11)

aNot all wild-type plants were flowering when assayed 80 d after
germination. bVariation is expressed as SE.

Table II. Accelerated transition to flowering in co-1 scions after grafting to GAS:CO stock plants

Stock Scion

Days from Grafting

to the Appearance

of Flower Buds

Days from the

Resumption of Growth to the

Appearance of Flower Buds

GAS:CO co-1 17.6 6 1.4a (n 5 5) 0.8 6 1.3
co-1 or wild type co-1 or wild type 42.3 6 5.2 (n 5 8) 27.6 6 5.5

aVariation is expressed as SE.
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Proteins can also move cell-to-cell via plasmodes-
mata and traffic long distances in the phloem (Fisher
et al., 1992; Kuhn et al., 1997; Marentes and Grusak,
1998; Hoffmann-Benning et al., 2002). Several tran-
scription factors, despite predominant nuclear locali-
zation, are present in the cytoplasm and can move
between cells through plasmodesmata (Sessions et al.,
2000; Nakajima et al., 2001; Kim et al., 2002; Wu et al.,
2003). These proteins may gate plasmodesmata since
they exceed the generally accepted upper size exclu-
sion limit of 50 kD for plasmodesmata (Oparka et al.,
1999; Crawford and Zambryski, 2000).

Attempts to detect CO and monitor potential move-
ment by virtue of the amino-terminal T7 epitope or
a carboxy-terminal green fluorescent protein (GFP) tag
were not successful, presumably due to the previously
established minimal accumulation of protein (Suarez-
Lopez et al., 2001). Notwithstanding, plants expressing
GAS:T7CO-GFP demonstrated accelerated flowering
equivalent to GAS:CO and GAS:T7CO plants (9.66 1.6
leaves; n 5 10), demonstrating that these CO fusion
proteins were functional.

In an alternative approach to detect CO, the GUS
enzyme (encoded by uidA) was fused to the T7CO
carboxy terminus. When this fusion gene was ex-
pressed from the GAS promoter, GUS activity was
limited to the companion cells of minor veins and
localized predominantly to nuclei (Fig. 3, A and B) as
expected and demonstrated in epidermal cells ex-

pressing CO fusions from a strong double cauliflower
mosaic virus (CaMV) 35S promoter (Robson et al.,
2001). No GUS activity was detected at the vegetative
apex (Fig. 3C), indicating that the fusion protein did
not enter the translocation stream and that there was
no spurious expression from the GAS promoter. These
expression patterns were observed in 15 independent
transformants.

In contrast to plants expressing T7CO-GFP fusions
in the minor veins, plants expressing the T7CO-GUS
fusion did not demonstrate accelerated flowering.
Similarly, the T7CO-GUS fusion did not promote
accelerated flowering when expressed constitutively
from the CaMV 35S promoter. One interpretation of
these results is that the GUS fusion protein prevented
CO activity. However, CO is tolerant of both amino-
and carboxy-terminal fusions as evident from fusions
with the T7 epitope and GFP, and GUS activity was
clearly retained and localized to nuclei as expected for
fusions with transcription factors. Another possible
explanation for CO inactivation is that the 112-kD
T7CO-GUS fusion protein was too large to gate plas-
modesmata between companion cells and sieve ele-
ments of the phloem (Itaya et al., 2002), thereby
blocking an obligatory transport step.

DISCUSSION

Numerous environmental stimuli influence the
transition to reproductive growth in plants (Mouradov
et al., 2002). Prominent among these is photoperiod.
Leaves perceive photoperiod and respond by gener-
ating a phloem-mobile, graft-transmissible signal
that Mikhail Chailakyan called florigen in the 1930s
(Colasanti and Sundaresan, 2000). Despite decades of
effort, the identity of this signal(s) remains elusive.
Arabidopsis is a facultative long-day plant, in that
flowering is accelerated in long-day photoperiods but
will eventually flower under noninductive, short-day
conditions. CO stimulates the transition to flowering
and is implicated in mediating between the circadian
clock and photoperiod perception. Based on previous
localization studies (Putterill et al., 1995; Simon et al.,
1996), it has not been clear if CO stimulates flowering
by acting in meristems where the transition to repro-
ductive growth occurs, or if it acts in the leaves where
photoperiod is perceived. Recent fusions between the
CO promoter and the uidA reporter gene suggest that
CO is expressed in vascular tissues (Takada and Goto,
2003) and support the latter hypothesis.

The objective of this study was to test directly if CO
participates in generating a phloem-mobile stimulus
or if it instead responds to it. A GAS promoter isolated
from C. melo is strongly active in the minor veins of
mature leaves, but is not active in larger vascular
bundles of leaves, stems, and roots or in vegetative
apices (Haritatos et al., 2000). This expression pattern
reflects the precept that GAS functions in phloem
loading specifically, and not the broader functions of

Figure 2. RT-PCR analysis of CO mRNA distribution. Total RNA was
extracted from a wild-type plant (lane 1) and different tissues of a co-1
scion grafted to aGAS:CO stock plant. Lane 2, Homozygous co-1 scion
inflorescence; lane 3, homozygous co-1 scion mature leaf; lane 4,
GAS:CO stock axillary inflorescence; lane 5, GAS:CO stock mature
leaf. A, RT-PCR with a primer pair specific for GAS:CO transcripts. B,
RT-PCR with a primer pair specific for wild-type CO transcripts. C, RT-
PCR with a primer pair specific for co-1 allele transcripts.
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phloem transport (Haritatos et al., 2000), and makes
the GAS promoter an ideal tool for analyzing long-
distance transport out of leaves to recipient tissues
(Ayre et al., 2003). Expressing CO from the GAS
promoter resulted in accelerated flowering under
short-day, noninductive conditions in the Columbia
background and similarly in Columbia plants homo-
zygous for the co-1 allele. This latter finding is sig-
nificant, as grafting experiments suggest that the
phloem-mobile signal may autoinduce in a positive
feedback loop (Zeevaart, 1976). Phloem-limited expres-
sion in a co-1 background eliminates the possibility that
a leaf-derived signal induces CO expression in meri-
stems to trigger the transition from vegetative to repro-
ductive growth. These results indicate strongly that
CO participates in generating a phloem-mobile floral
stimulant rather than responding to one.
In addition to phloem mobility, graft transmission is

a recognized property of florigen. Vegetative scions of
co-1 homozygous plants clearly underwent the tran-
sition to reproductive growth shortly after grafting to
plants expressing CO from the GAS promoter, as
evident from the appearance of floral buds coinciding
with the clear resumption of scion growth. The graft-
ing procedure itself did not influence flower timing
since control grafts between wild-type and co-1 plants
averaged an additional 27.6 d of vegetative growth
and flowered concurrently with ungrafted plants of
the same age. These grafting experiments further
demonstrate that CO gene expression in the meristem

is not required for floral induction and places CO
firmly between photoperiod perception and the
phloem-mobile signal that promotes flowering.

CO encodes a zinc-finger transcription factor that
directly induces other genes involved in floral induc-
tion, such as SUPPRESSOR OF OVEREXPRESSION
OF CO 1 and FLOWERING LOCUS T (Kardailsky et al.,
1999; Kobayashi et al., 1999; Samach et al., 2000;
Takada and Goto, 2003). The presence of RNA and
proteins in the phloem is now well documented
(Fisher et al., 1992; Marentes and Grusak, 1998; Oparka
and Turgeon, 1999; Xoconostle-Cazares et al., 1999;
Kim et al., 2001; Hoffmann-Benning et al., 2002), as is
the traffic of transcription factors through plasmo-
desmata, despite significant nuclear localization
(Crawford and Zambryski, 2000; Sessions et al., 2000;
Nakajima et al., 2001; Kim et al., 2002; Wu et al.,
2003). However, after grafting, CO RNA derived from
transgenic stock tissues was not detected in co-1 scions
when probed by a sensitive PCR technique, suggesting
that CO mRNA does not migrate through the phloem.

Attempts to monitor movement of the CO protein
by virtue of an amino-terminal T7 epitope or a carboxy-
terminal GFP fusion were not successful; however,
both accelerated the transition to flowering under
noninductive conditions when expressed from the
GAS promoter. By contrast, a T7CO-GUS fusion was
detected in nuclei of minor vein companion cells when
the corresponding gene was expressed from the GAS
promoter but precocious flowering did not occur.

Figure 3. X-glcA staining in GAS:T7CO-GUS plants demonstrating promoter specificity. A, Expression is confined to the minor
veins of mature leaves. Note absence of staining in the midrib and petiole. X-glcA staining was for 24 h in the presence of 0.1 mM

of each potassium ferricyanide and potassium ferrocyanide; scale bar 5 0.5 mm. B, T7CO-GUS fusion protein localized to the
nuclei of companion cells in minor veins. Pictured is a blind-ending vein. X-glcA staining was for 24 h in the presence of 2.0 mM

of each potassium ferricyanide and potassium ferrocyanide; scale bar5 0.05 mm. C, Absence of X-glcA staining in the vegetative
body and apical meristem, demonstrating the absence of gene expression fromGAS promoter in these regions; scale bar5 1mm.
B and C are from the same stained plant, while A is a sibling grown in the same pot. These staining patterns are characteristic of
those observed in 15 independent transformants. D, Overlay (right) of X-glcA staining (left) with DAPI-stained nuclei (center) of
a branched minor vein (outlined); arrows indicate overlapping X-glcA and DAPI stain. X-glcA staining was for 24 h in the
presence of 5.0 mM of each potassium ferricyanide and potassium ferrocyanide; scale bar 5 0.02 mm.
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Similarly, this fusion did not stimulate flowering when
expressed constitutively from the CaMV 35S promoter.
One explanation for this is that the CO portion of the
fusion protein was inactive, either due to aberrant
folding or an inability to interact with cellular targets,
even though CO is tolerant of both amino- and
carboxy-terminal fusions and nuclear localization
was not abrogated.

An alternative explanation for the failure of T7CO-
GUS to promote flowering is that CO transport is an
obligatory part of the photoperiod-controlled signal
transduction pathway and that theGUS fusion (112 kD)
blocked this transport step by exceeding the size
exclusion limit for plasmodesmata between compan-
ion cells and sieve elements. Although CO-GFP fusion
proteins appear cell autonomous in onion epidermal
cells (Robson et al., 2001), the larger size exclusion
limit between companion cells and sieve elements
(Oparka and Turgeon, 1999) may permit passage of
T7CO-GFP while excluding T7CO-GUS. The phloem
contains proteins as large as 200 kD, but they are
thought to enter in an unfolded state (Balachandran
et al., 1997; Kragler et al., 1998), and GUS pas-
sage through plasmodesmata is very limited unless
fused to a viral movement protein (Waigmann and
Zambryski, 1995; Itaya et al., 1997). CreatingCO chime-
ras with other high molecular mass proteins will help
resolve if T7CO-GUS fails to induce flowering be-
cause of blocked transport or misfolding.

Support for an obligatory transport step is provided
by experiments in potato (Solanum tuberosum), where
CO regulates the transition to reproductive growth by
inhibiting tuberization rather than inducing flowering.
When Arabidopsis CO is expressed from the CaMV
35S promoter in scions of grafted potatoes, it inhibits
tuberization in stocks, indicating that CO, or a CO-
derived signal, is transported to stolons. Remarkably,
CO expression directly in the stock does not similarly
inhibit tuberization, indicating that the CO-induced
signaling must originate in aerial tissues, presumably
leaves (Martinez-Garcia et al., 2002). One interpreta-
tion of these results, when considered with our find-
ings that neither GAS:T7CO-GUS or 35S:T7CO-GUS
accelerated flowering, is that CO itself, rather than
a low molecular mass compound, is normally trans-
ported and is modified to an active state during this
transport process.

MATERIALS AND METHODS

Constructs and Plant Growth

Total RNAwas isolated from Arabidopsis ecotype Columbia (Col-1) using

Trizol (Invitrogen, Carlsbad, CA) and reverse transcribed using an oligo(dT)

primer and Superscript RT II (Invitrogen) according to the manufacturer’s

instructions. CO cDNAwas PCR amplified with LATaq (TaKaRa; distributed

by Fisher Scientific, Pittsburgh) as described by the manufacturer, with

forward oligonucleotide 5#-ATGAAGGTACCAACAATGGTTAAACAAGA-

GAGTAACGAC-3# and reverse oligonucleotide 5#-GTACTCGAGCTCA-

GAATGAAGGAACAATC-3#. This clone was then used to create T7CO

cDNA using PCR with forward oligonucleotide 5#-ATGAAGGTACCAA-

CAATGGCTAGCATGACTGGTGGACAGCAAATGGGTATGTTGAAACAA-

GAGAGTAACGAC-3# and reverse oligonucleotide 5#-CAATTGAGCT-

CAAGCCCGGGCGAATGAAGGAACAATCCCATATCC-3#. T7CO encodes

the 11-amino acid T7 epitope (Novagen, Madison, WI) upstream of the CO

open reading frame and has anXmaI site upstream and a SacI site downstream

of the stop codon, such that it can be cloned with or without a fused gene. To

create a GFP fusion, a sGFP(S65T) (Chiu et al., 1996) cDNAwas amplified with

forward primer 5#-TCATCCCCGGGCTGCTGCAGCTGCCGCGGCTGC-

CATGGTGAGCAAGGGCGAGG-3# and reverse primer 5#-TTCTAGAGCT-

CACTTGTACAGCTCGTCCATGCC-3# to introduce sequences encoding

eight Ala residues and an appropriately spaced XmaI site for in-frame fusions

with T7CO. The GAS promoter used in these studies was previously described

(Ayre et al., 2003), and the CaMV 35S promoter was PCR amplified from the

CaMV 35S promoter cassette vector of the pGreen series (Hellens et al., 2000)

with forward oligonucleotide 5#-CGATACTCTAGACCTACTCCAAAAAT-

GTCAAAGATAC-3# and reverse oligonucleotide 5#-TAGAAAGGTACCG-

CTGTCCTCTCCAAATGAAATG-3#. Expression cassettes were assembled in

a pUC19 intermediate: promoters as XbaI-KpnI fragments, CO and T7CO as

KpnI-SacI fragments, and 8xAla-sGFP as an XmaI-SacI fragment. Cassettes

were then subcloned into pGPTV-BAR (Becker et al., 1992) as XbaI-SacI

fragments, or as XbaI-XmaI fragments to create in-frame fusions with uidA

(encoding the GUS enzyme). Transgenic Arabidopsis plants were generated

by the floral dip procedure (Clough and Bent, 1998) with Agrobacterium

tumefaciens strain GV3101 mp90 and selected on potting media by misting

with glufosinate ammonium (10 mg/L). Plants were germinated and grown

under cool-white fluorescent bulbs delivering 80 mmol photons m22 s21 at

potting mixture surface for 10 h per 24 h cycle. Ei-2 plants (Nottingham

Arabidopsis Stock Centre no. N1124) were a gift from Mikhail Nasrallah and

were illuminated for 14 h per day.

GUS enzyme activity was localized by vacuum infiltrating tissues with

X-glcA solution (1 mM 5-Bromo-4-chloro-3-indolyl b-D-glucuronide cyclohex-

ylamine salt, 50 mM potassium phosphate, pH 7.0, 0.1% Triton X-100), in-

cubating at 37�C for 24 h, and clearing with 70% ethanol. X-glcA solution was

supplemented with potassium ferricyanide and potassium ferrocyanide as

indicated. Fifty-micrometer sections through the vegetative body of X-glcA-

stained plants were obtained with a McIlwain Tissue Chopper (Brinkman,

Westbury, NY). X-glcA staining and GFP fluorescence were observed with

a Nikon (Lewisville, TX) epifluorescent microscope equipped with a Sony

(Park Ridge, NJ) DSC-F707 camera. For DAPI (4#,6-diamidino-2-phenyl-

indole; Sigma, St. Louis) staining of nuclei previously stained with X-glcA,

we found it necessary to first remove the precipitated X-glcA product by

incubating overnight in dimethyl formamide (Sigma). Tissues were then

stained with DAPI (1 mg/mL) and visualized under UV light using UV-2E/C

filter from Nikon.

Grafting and RNA Analysis

For the GAS:CO stocks, a single T1 generation GAS:CO plant that flowered

at the nine-leaf stage was allowed to self-pollinate, and the segregating T2

population plants harboring the transgene were selected with glufosinate

ammonium. Of these transgenic plants, some flowered very early, presumably

because they were homozygous (Putterill et al., 1995), and were discarded

because they were too small to graft. Wild-type, homozygous co-1 and

hemizygous GAS:CO plants 32 to 56 d old were used for grafting. The girth

of the rosette stem was equivalent among plants at this age, which was

important for successful grafting. The corner of a double-edged razor blade

was cut with heavy paper shears to create a wedge-shaped blade that was

inserted into an X-Acto knife handle (Hunt, Philadelphia). Cutting the blade

produced a nearly 90� curl from base to tip that facilitated making perpen-

dicular cuts through the vegetative stem while the plants were in pots. To

prepare the scion, the plant was cut just below the rosette, and all leaves

except those less than 6 mm long were excised as close as possible to the stem.

A fresh cut was then made through the stem, approximately halfway along its

length. The blunt end of a fine stainless steel pin (10 mm 3 0.1 mm; Fine

Science Tools, Foster City, CA) was bent to form a 2-mm hook, and the sharp

end was driven through the scion from the top, avoiding the youngest tissues,

to emerge near the center of the cut surface. The prepared scion was placed in

distilled water to prevent drying. For the stock, a fresh blade was prepared

and the stem of a second plant was cut with a single smooth stroke

approximately halfway along its length, leaving behind approximately six

mature true leaves (range four to eight). The scion was then secured to the

stock by driving the pin through both until the hook was firmly seated against

the scion with tight contact between the cut surfaces and alignment of the
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vascular strands. The grafted plants were placed in a tightly sealed, clear

plastic bag and returned to the growth chamber. Axillary shoots were pinched

off with Dumont 5 forceps (Fine Science Tools) every 3 d to maintain scion

apical dominance. Due to the humid, protected environment, scions fre-

quently remained healthy, and leaf expansion continued among unsuccessful

grafts. After 10 d, plants were hardened off, at which point successful grafts

became evident, and unsuccessfully fused scions rapidly deteriorated. Plants

were subsequently scored for visible flowers daily.

Total RNAwas isolated from 30 mg of mature leaves and inflorescences of

both GAS:CO stocks and co-1 scions, treated with RQ1 DNAse (Promega,

Madison, WI) according to the manufacturer’s instructions, and reverse

transcribed as described above. Oligonucleotide GAS5UTRF (5#-GTT-

GTTTCAAAAGCACCAAAGTCAATAG-3#) is specific to the GAS-derived

5# untranslated region of GAS:CO, CO5UTRF (5#-GCTCCCACACCATCA-

AACTTACTACATCTG-3#) is specific to the CO 5# untranslated region,

CO285R (5#-CTCGCTGATGGCGTCTAGCAAG-3#) is a reverse oligonucleo-

tide initiating 307 nucleotides downstream of the CO start codon and is

specific to the wild-type allele, and co1283R (5#-TTGGAACTCGCT-

GATGGCGTGG-3#) is a reverse oligonucleotide specific to the co-1 allele,

which contains a nine-nucleotide deletion (Putterill et al., 1995). GAS:CO

transcripts were detected with GAS5UTRF and CO285R, and co-1 transcripts

were detected with CO5UTRF and co1283R, with 45 cycles of melting at 94�C
for 15 s, annealing at 65�C for 15 s, and extension at 72�C for 30 s. CO

transcripts were detected with CO5UTRF and CO285R with 45 cycles of

melting at 94�C for 15 s and combined annealing and extension at 67�C for

30 s. Oligonucleotides were used at 100 nM; TaKaRa supplied ExTaq poly-

merase, dNTP mix, and buffer.
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