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Iron is an essential element for almost all living organisms, actively involved in a variety of cellular activities. To acquire iron
from soil, strategy I plants such as Arabidopsis (Arabidopsis thaliana) must first reduce ferric to ferrous iron by Fe(Ill)-chelate
reductases (FROs). FRO genes display distinctive expression patterns in several plant species. However, regulation of FRO
genes is not well understood. Here, we report a systematic characterization of the AtFRO6 expression during plant growth and
development. AtFRO6, encoding a putative FRO, is specifically expressed in green-aerial tissues in a light-dependent manner.
Analysis of mutant promoter-B-glucuronidase reporter genes in transgenic Arabidopsis plants revealed the presence of
multiple light-responsive elements in the AtFRO6 promoter. These light-responsive elements may act synergistically to confer
light responsiveness to the AtFRO6 promoter. Moreover, no AtFRO6 expression was detected in dedifferentiated green calli of
the korriganl1-2 (kor1-2) mutant or undifferentiated calli derived from wild-type explants. Conversely, AtFRO6 is expressed in
redifferentiated korl-2 shoot-like structures and differentiating calli of wild-type explants. In addition, AtFRO7, but not
AtFRO5 and AtFROS, also shows a reduced expression level in korl-2 green calli. These results suggest that whereas
photosynthesis is necessary but not sufficient, both light and cell differentiation are necessary for AtFRO6 expression. We
propose that AtFRO6 expression is light regulated in a tissue- or cell differentiation-specific manner to facilitate the acquisition

of iron in response to distinctive developmental cues.

All living organisms except lactobacilli have an
absolute requirement for iron that is involved in a
variety of cellular activities, including in respiration,
chlorophyll biosynthesis, photosynthetic electron trans-
fer, nitrogen assimilation, and DNA synthesis. In ad-
dition, numerous proteins, especially enzymes, require
iron as an essential component in the form of heme or
iron-sulfur (Marschner, 1995). Although abundant in
soil, iron is one of the most common nutrients limit-
ing plant growth and development, largely due to its
extremely low solubility under aerobic environments
of high pH (Guerinot and Yi, 1994). To acquire iron
from soil, higher plants mainly utilize two different
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strategies, namely, strategy I and strategy II (Rdmheld
and Marschner, 1986). All plants, with the exception of
the grasses, employ the strategy I mechanism to effec-
tively acquire iron from soil under iron deficiency
stress.

Over the past several years, knowledge about the
molecular basis of iron acquisition from soil in strategy
I plants has greatly increased. Based on the sequence
homology with the yeast (Saccharomyces cerevisiae) Fe(Ill)
reductasel (FRE1) and FRE2 that have been shown to
be involved in iron acquisition gDancis et al.,, 1990;
Roman et al., 1993), AtFRO2, a Fe’*-chelate reductase,
was identified from Arabidopsis (Arabidopsis thaliana;
Robinson et al., 1999). Subsequently, PsFRO1 from pea
(Pisum sativum) and LeFRO1 from tomato (Lycopersicon
esculentum) were also identified and characterized
(Waters et al., 2002; Li et al., 2004). Recent studies indi-
cated that expression of LeFRO1 in tomato and FRO2
in Arabidopsis was regulated by FER (Ling et al., 2002;
Lietal., 2004) and FIT1 (Colangelo and Guerinot, 2004;
Jakoby et al., 2004), respectively. Tomato FER and
Arabidopsis FIT1 (also named as FRU), which encode
bHLH-type proteins, are functional orthologs in con-
trolling iron acquisition (Yuan et al., 2005). In addition,
Chloronerva, a gene encoding a nicotianamine synthase,
is required in the transcriptional down-regulation of
LeFRO1 under the iron sufficiency condition in tomato
(Ling et al., 1999; Li et al., 2004). Moreover, substantial
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progress has also been made in efforts to explicate the
mechanism of iron transport. For example, IRT1 is ini-
tially characterized as an iron-regulated metal transporter
in Arabidopsis (Eide et al., 1996). Subsequent studies
demonstrated that IRT1 is an iron transporter essential
for plant growth and development (Henriques et al.,
2002; Varotto et al., 2002; Vert et al., 2002). Expression
of IRT1 is regulated at the transcriptional and post-
transcriptional levels in response to iron deficiency
(Connolly et al., 2002). In addition, members of the
NRAMP family of divalent cation transporters, initially
identified in bacteria, appear to be highly conserved
across different kingdoms (Fleming et al., 1997; Gunshin
et al., 1997). Three NRAMP-like genes in Arabidopsis,
AtNrampl, AtNramp3, and AtNramp4, were shown to
be involved in iron homeostasis. Similar to other iron
metabolism-related genes, expression of these three
Arabidopsis genes is subjected to the regulation of
iron availability (Curie et al., 2000; Thomine et al.,
2000).

In Arabidopsis, a typical strategy I species, iron is
first reduced on the root surface from ferric to ferrous
iron by Fe(Ill)-chelate reductases (FROs) and then
transferred across the rhizodermal plasmalemma into
root cells. Subsequently, iron is oxidized and trans-
ported as Fe’-citrate complex for long-distance trans-
port in the xylem from roots to shoots (Hell and
Stephan, 2003). For assimilation in leaves and other tis-
sues, iron is again reduced by FROs (Briiggemann et al.,
1993; Gonzalez-Vallejo et al., 2000). However, it is not
clear whether different genes are involved in the
Fe(Ill) reduction process in different tissues. In the
Arabidopsis genome, a FRO gene family with eight puta-
tive members was recently identified (Wu et al., 2005).
These genes display distinctive expression patterns,
including in roots (AfFRO2 and AtFRO3), shoot and
flowers (AtFRO5 and AtFRO6), as well as in cotyledons
and trichomes (AtFROY). Moreover, expression of
AtFROS8 was found to be largely restricted in leaf veins
(Wu et al., 2005). Therefore, it is likely that AtFRO5
through AtFROS8 function in the aerial portions of
plants to reduce ferric iron.

Ferric-chelate reductase activity has been proposed
in leaves such as LeFRO1 in tomato and PsFRO1 in pea,
both of which are primarily expressed in leaves
(Waters et al., 2002; Li et al., 2004). FROs in plant aerial
portions appear to be regulated by a mechanism dif-
ferent from that of the root-specific activities. This
notion is supported by the observation that FRO activ-
ity in leaves, but not in roots, is regulated by light
(Briiggemann et al., 1993; de la Guardia and Alcantara,
1996, Gonzalez-Vallejo et al., 2000). For example, a light-
dependent ferric-chelate reduction activity was reported
in leaves of cowpea (Vigna unguiculata; Briiggemann
et al., 1993) and sunflower (Helianthus annuus; de la
Guardia and Alcantara, 1996), with an increase of
3- and 10-fold, respectively. Remarkably, a more than
35-fold increased light-dependent ferric-chelate reduc-
tion activity was detected in sugar beet (Beta vulgaris)
protoplasts (Gonzalez-Vallejo et al., 2000).
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Despite an increasingly accumulated body of
knowledge on FROs in plants, thus far little is known
about the mechanism of light-regulated activity of
FROs in plant aerial tissues. In this report, expression
of AtFRO6, a gene encoding a ferric-chelate reductase,
is characterized in detail. The AtFRO6 gene is mainly
expressed in green-aerial tissues in a light-dependent
manner. Promoter deletion and site-directed mutation
analyses defined multiple light-responsive elements
(LREs) that are necessary for the light-dependent expres-
sion of AtFRO6. Moreover, an AT-1-like box is essential
for the aerial green tissue-specific expression of AtFROG6.
In undifferentiated calli derived from tissue-cultured
explants or dedifferentiated calli of the korriganl-2
(kor1-2) mutant, essentially no AtFRO6 expression was
detected. These results suggest that the light-regulated
expression of AtFROG6 is green tissue specific and cell
differentiation specific.

RESULTS
AtFROG6 Specifically Expresses in Aerial Green Tissues

In a previous study, we reported the identification
and characterization of eight putative AtFRO genes
(Wu et al., 2005). When expressed in yeast cells, all
tested AtFROs (AtFRO2 through AtFROS8) showed
varying activities of FROs. Because AtFRO6 shows a
low FRO activity in yeast cells (Wu et al., 2005), its
precise biochemical nature remains to be verified. A
reverse transcription (RT)-PCR analysis revealed that
AtFROG6 (At5¢49730) was expressed in shoots with no
detectable expression in roots (Wu et al., 2005). In agree-
ment with this result, a northern-blot analysis indi-
cated that AtFRO6 predominantly expressed in leaves
and stems, with a lower expression level in flowers
and siliques (Fig. 1A). However, AtFRO6 expression
was not detectable in roots.

To monitor the AtFRO6 expression in planta, we made
an AtFRO6::B-glucuronidase (GUS) reporter construct,
which was stably transformed into Arabidopsis plants
(Columbia-0 [Col-0]) by vacuum infiltration (Clough and
Bent, 1998). The reporter construct, designated as pFul,
contained a 1,093-bp Arabidopsis genomic sequence
spanned from the 3’-untranslated region (UTR) of
At5g49740 (in a head-to-tail configuration to At5g49730/
AtFRO®6) to sequences encoding for the first 11 amino
acid residues of AtFROG6, in frame fused to the coding
sequence of GUS. Therefore, this DNA fragment should
encompass the entire AtFRO6 promoter sequence.

In germinating seeds, no GUS activity was detected
(Fig. 1, Band C). However, consistent with the northern-
blot analysis, the GUS reporter gene was strongly ex-
pressed in cotyledons, leaves, and stems, but not in roots
and hypocotyls (Fig. 1, D-F). In flowers, the GUS activity
appeared to be restricted to sepals (Fig. 1G). Weak GUS
activity was also detected in siliques (Fig. 1G).

We also tested the AtFRO6 expression under dif-
ferent iron conditions. Under the conditions of iron
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Figure 1. Expression patterns of AtFRO6. A, A northern-blot analysis of
AtFROG6 expression. RNA was prepared from 3-week-old seedlings
germinated and grown on Murashige and Skoog medium. Ten micro-
grams of RNA were used for northern-blot analysis using an AtFRO6
cDNA and an Actin2 cDNA as probes. B to G, Analysis of GUS
expression in AtFRO6:: GUS transgenic plants by histochemical stain-
ing. Two-week-old seedlings were stained for 6 h, and all others were
stained for 16 h. B, A germination seed. C, A 2-d-old seedling. D, A
2-week-old seedling. E, A rosette leaf collected from a soil-grown
4-week-old plant. F, A stem. G, Flowers and siliques. Bar = 2 mm.

starvation or externally supplied iron, no substantial
alterations of the GUS expression were observed (data
not shown), suggesting that the AtFRO6 expression is
not regulated by iron availability.

Light-Dependent Expression of AtFRO6 Regulated
by Multiple LREs

Sequence analysis of the AtFRO6 promoter revealed
the presence of multiple putative LREs (Lescot et al.,
2002), including G-box (Donald et al., 1990), GATA-
motif (Lam and Chua, 1989), GT1-motif (Villain et al.,
1996), and I-box (Giuliano et al., 1988; Figs. 2 and 3A).
Moreover, data presented above indicated that AtFRO6
mainly expressed in aerial green tissues/organs.
Therefore, we examined if the AtFRO6 expression is
light dependent. Transgenic pFul seedlings germi-
nated and grown in light or darkness were assayed
for the GUS activity. Whereas strong GUS staining was
observed in cotyledons of the light-grown seedlings
(Fig. 3B), no GUS activity was detected in etiolated
pFul seedlings at the same developmental stage (Fig.
3C). This result suggests that AtFRO6 expression is de-
pendent on light in a tissue- or organ-specific manner.
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To characterize these putative LREs, we made two
mutant constructs of AtFRO6::GUS, which carried
truncations from the distal end of the promoter (Fig.
4A). These constructs were stably transformed into wild-
type Col-0 plants, and the GUS activity was analyzed
in homozygous T2 or T3 plants. Note that, because the
precise position of the transcription initiation site of
AtFRO6 has not been determined, we deduced a tran-
scription initiation site (referred to as +1) based on
available cDNA sequences that contained the longest
5’-UTR of 58 bp (accession no. AY091140; see Fig. 2).
Whereas the sequence upstream from —554 (Styl site)
contained a putative GT1-box and several I-box-type
cis-elements, the region between —554 and —322
(HindIIl site) had a putative GATA-motif and a
G-box (Fig. 4A). Deletion of these putative LREs caused
substantially reduced GUS activities in pSty and pHind
transgenic plants (80.9% and 49.7% relative to pFul,
respectively; Fig. 4, B and C). These results suggest
that these putative LREs may be involved in the
maintenance of optimal promoter activity of AtFRO6.
In particular, cis-elements located between —554 and
—322 (covered by pSty and pHind), which contained a
putative GATA-box and a putative G-box (Fig. 4A),
contributed approximately 50% of the promoter activ-
ity (Fig. 4C).

The absence of AtFRO6 expression in roots under
both the light and dark conditions may be caused by
repressive or negative regulatory cis-elements in the
AtFRO6 promoter. To test this possibility, we analyzed
the GUS activity of pFul, pSty, and pHind transgenic
plants germinated and grown in the dark. No detect-
able GUS activity was observed in these transgenic
plants upon extensive staining (16-24 h; data not
shown). This result rules out the possibility that the
AtFROG6 expression is directly regulated by a light-
repressive mechanism.

Compared to pFul, pSty and pHind showed a sub-
stantially reduced promoter activity. However, the light-
dependent and tissue-specific expression pattern
was not altered in pSty and pHind (Fig. 4, B and C),
suggesting that the sequence between —322 and
+1 contained additional regulatory elements sufficient
for maintaining the tissue- or organ-specific expres-
sion pattern of AtFROG6. To identify possible cis-acting
elements in this region, we made a series of internal
deletion mutants based on pFul (Fig. 5A). These mu-
tant AtFRO6 promoter-GUS constructs, designated as
pD1 through pD8, were introduced into wild-type
Arabidopsis plants. Multiple independent T2 or T3
lines homozygous for single T-DNA insertions were
identified and used for subsequent experiments. De-
letions up to —169 (pD5) had no apparent effect on the
aerial tissue-specific expression pattern of the reporter
gene (Fig. 5B). As expected, pD1 through pD4, which
had shorter deletions in this region, displayed an expres-
sion pattern similar to that of pD5 (Fig. 5B). Deletions
of additional sequences toward the proximal end
completely abolished the expression of the reporter
gene (pD6, pD7, and pDS8; Fig. 5B).
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Figure 2. Nucleotide sequence of the AtFRO6 pro- -915

moter region. The putative transcription initiation site

(referred to as +1) is indicated by an arrow. Numbers _855

at the left refer to the positions of nucleotides relative

to the putative transcription initiation site. The puta- 795

tive LREs, the AT-1-like element, and restriction sites

are shown in bold. The palindromic repeat is under-

lined (dots denote the space between the repeat). -735
-675
-615
-555
-495
-435
=375
-315
=255
-195
-135
-75
-15

ATGCTACTTCATGATAGCAATTTCTTAGTTCTTTTGAGTTAATAACTTAATATATAAATA

TA%FGGTACAACAACCATTACAATCGTCATTATAATCATCTTATCCATACTCAATAGTCA
I-box

ATACTCTCACCTTCCCTAAAGTGTGGTTGARATCAARACTTTACTCTCTCTAGGCCTGATT
ATAATTCTTTTTTGTCTACACATACAACTTCATGAGACTTAATTATAATTTCTTAGTGTT

CTTTTGTTGACATGTAAATCGTAGCTAAGTCTAAGTGGTACTTTTATTTGTTATTGGATT
-boX

TTGTTTCGGTTACTTAAAAGTGTAATGAAGAATTTTTTTGACTATATACATCTAAGTTTT

TCCTTGGACTGATTATAACT%?TGTGTTCGAGATTGATACAACTTCATGATAGTCGATTA
Stvl G-box

TTCTTGTTTAACGTAACACATTGTTAGATAGTGTCATTTACCAGAAACAATCTAACAGTG
GATA-motif

AAACTTTGCAARATTTATCTCTCTGCTGGATCTTGAACGCGGAAACCGAATAATGTTTCTT

TCGAGCTAATCCGAATGATGTTGAAATTCTATATGTTCAGATTCAGGTAATGTAAGEFTA
Hindlll

TCCAATAACCATCATAGTCGTCATAATAACCATCTTATCTATACTAAAGTAGTAAGTACT

CTCAGTCTCTCACCTTACCCTTAATTGTGGTTGAAATCAACCTAA%QgGACACTCTCTCC
J-DOX

G-box AT-1 like

GTGTACTAGGATTGTTGTCCGAAGGAATCTTTCATAAATGAGAATGATAGAAACCTCAAT
GGTCCAGAAAATTTTACTTGACTCTTCTAAGAATATCTTATTAGTTTATCTCTAGTAACG

CCACCTTAAAAGCCGATGCTGCTTCTGAGCCAACTTCTCATCACAACACTGAGAAGTGGA
+1

Similar to that of pSty and pHind, although the aerial
tissue-specific expression pattern was maintained in
pD1 through pD5, the GUS activity was remarkably
reduced. Quantitative fluorometric GUS assay indi-
cated that pD1 and pD2 maintained approximately
50% activity, whereas pD3, pD4, and pD5 had approx-
imately 10% activity relative to that of wild-type pro-
moter pFul (Fig. 5C). The region covered by pD3
through pD5 (—225 to approximately —169) contains
two putative G-box cis-elements (Fig. 5A). Deletion of
these elements resulted in a 90% loss of the GUS activ-
ity (Fig. 5C), suggesting that these elements are crucial
for the promoter activity. Consistent with this obser-
vation, a longer staining time was required for pD3,
pD4, and pD5 transgenic plants compared to that of
wild-type pFul transgenic plants (1624 versus 4-6 h).

Taken together, data presented above suggest that
multiple LREs in the AtFRO6 promoter are involved in
the control of the promoter activity.

An AT-1-Like Box Is Essential for Aerial Green
Tissue-Specific Expression of AtFRO6

Data presented above suggest that sequences be-
tween —195 and —135 (covered by pD4 through pD6)
are required for light-inducible expression of AtFRO6
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in the aerial green tissues. The loss of promoter activity
in pD6 (deletion of —318 to —136) may be caused by
nonspecific alterations of the promoter structure be-
cause of a relatively large deletion in this construct
(183 bp). Alternatively, the aerial green tissue-specific
expression of AtFRO6 is regulated by a cis-element
located in this region. To distinguish these two possi-
bilities, we made an additional mutant pD9, which
contained a 35-bp deletion between —170 and —136
(Figs. 2 and 6A). As shown in Figure 6B, pD9 did not
show any detectable GUS activity, suggesting that this
35-bp sequence is essential for the promoter activity.
In this 35-bp region, we noticed two putative cis-
elements that might be responsible for the regulation
of the promoter. Whereas a perfect palindromic repeat
was present at the distal end (AATGACACTCTCATT),
two T-repeats were found at the proximal end (Figs. 2
and 6A). In particular, the proximal T-repeat (TAT-
AGTTTTTTTTATT) is structurally similar to the pre-
viously characterized AT-1-box (AATATTTTTATT) found
in the pea RbcS-3A promoter (Datta and Cashmore,
1989). To determine which element(s) is required for
the regulation, we made three additional mutant
promoter-GUS constructs that were tested in stably
transformed transgenic plants. We first introduced
substitution mutations at multiple positions to disrupt

Plant Physiol. Vol. 140, 2006



A 100 bp 1
1035 | cus ] pFul

NEOA ¢ YU
‘G—bux

A I-box 0 GT1 ’ GATA motif . AT-1 like

Figure 3. Light-dependent expression of AtFRO6. A, A diagram show-
ing the AtFROG6:: GUS reporter construct (not in scale for GUS coding
sequence). The putative transcription start site is indicated by an arrow
(+1). Multiple putative LREs are shown. B, Seven-day-old pFul trans-
genic seedlings germinated and grown in the light were assayed for the
GUS activity by histochemical staining (stained for 6 h). C, Seven-day-
old pFul transgenic seedlings germinated and grown in the dark were
assayed for GUS activity (stained for 16 h). The insert shows an enlarged
view of the cotyledons. Bar = 2 mm.

the palindromic repeat (pS1) or the distal T-repeat (pS2;
see Fig. 6A). Both mutants displayed a phenotype
similar to that of wild-type pFul (Fig. 6B). This result
suggests that none of these two elements was required
for the promoter activity. However, deletion of a 23-bp
sequence between —158 and —136 (pD10; Fig. 6A),
which included both T-repeats, resulted in a complete
loss of the promoter activity (Fig. 6B). Because disrup-
tion of the distal T-repeat (pS2) did not cause any
altered promoter activity, we concluded that the prox-
imal T-repeat or the AT-1-like box is essential for a
fully functional AtFRO6 promoter.

Cell Differentiation-Specific Expression of AtFRO6

A previous study suggested that AT-1-box-containing
promoters display the photosynthetic cell-specific ex-
pression pattern (Datta and Cashmore, 1989). Consis-
tent with these findings, AtFRO6 expression is restricted
to some light-grown green tissues/organs, suggesting
that light and /or photosynthesis are necessary for the
AtFROG6 expression. However, it is not known if light
and/or photosynthesis are sufficient for the AfFRO6
expression. To address this question, we examined the
AtFROG6 expression pattern in the korl-2 mutant. The
korl-2 mutation causes all adult organs to become
transformed into green calli (Zuo et al., 2000). Thus,
kor1-2 green calli should represent a group of cells that
are photosynthetically active but become dedifferenti-
ated. Figure 7A shows that no AtFRO6 expression was
detected in korl-2 green callus. This result suggests

Plant Physiol. Vol. 140, 2006
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that photosynthesis may not be sufficient for AfFRO6
expression or the kor1-2 mutation may somehow affect
AtFROG6 expression. To distinguish these two possibil-
ities, we performed the following experiments. We
noted that shoot-like structures can be occasionally
formed from the kor1-2 green calli upon longer culture
(8-10 weeks). If KOR1 indeed plays a role in regulating
AtFRO6, no AtFRO6 expression should be seen in the
kor1-2 shoot-like structures. A northern-blot analysis
revealed weak AtFROG6 expression in the kor1-2 shoot-
like structures (Fig. 7A), thereby ruling out the possi-
bility that KOR1 plays a direct regulatory role in
AtFROG6 expression.

To further test if cell differentiation is a perquisite for
the AtFRO6 expression, we examined the AtFRO6
expression during in vitro shoot regeneration. Root
explants derived from pFul were cultured in the callus
induction medium for 2 d and then transferred onto
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Figure 4. Deletion analysis of the AtFRO6 promoter. A, Schematic
maps showing wild type (pFul) and truncation mutants (pSty and
pHind) of the AtFRO6 promoter-GUS constructs (not in scale for GUS
coding sequence). S and H denote Styl and Hindlll restriction sites,
respectively. B, Analysis of the GUS activity in transgenic plants by
histochemical staining. Bar = 2 mm. C, Quantitative analysis of the
GUS activity in transgenic plants by the fluorimetric assay. Data
presented are mean values of three independent experiments. Bars,
ses. *, Significant differences at P < 0.05 compared to the control.
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Figure 5. Mapping of cis-regulatory elements in the AtFRO6 promoter
by internal deletions. A, Schematic maps of wild type (pFul) and
internal deletion mutants (pD1-pD8) of the AtFRO6 promoter-GUS
constructs (not in scale for GUS coding sequence). B, Analysis of the
GUS activity in transgenic seedlings by histochemical staining. pFul
seedlings were stained for 6 h and all others were stained for 16 h.
Bar = 2 mm. C, Quantitative analysis of the GUS activity in transgenic
plants. Data presented are mean values of three independent experi-
ments. Bars, ses. *, Significant differences at P < 0.05 compared to the
control. **, Significant differences at P < 0.01 compared to the control.
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shoot induction medium (SIM; Koncz et al., 1989; see
““Materials and Methods” for technical details). Dur-
ing this course, explants are presumed to first acquire
competence to shoot induction signals and then be-
come committed to shoot development (Sugiyama,
1999; Che et al., 2002). As shown in Figure 7B, whereas
specific GUS expression was detected in green calli
and shoots derived from these green calli, no GUS
activity was found in root explants or undifferentiated
calli. This result suggests that AtFRO6 expression may
mark cell differentiation or tissue specification in plants.
We conclude from the above results that, whereas
greening or photosynthesis is not sufficient for the
expression of AtFRO6, cell or organ differentiation is
necessary for the AtFRO6 expression.

Expression of AtFRO5, AtFRO7, and AtFROS in kor1-2
Green Calli

Our previous studies showed that AtFRO5, AtFRO?,
and AtFROS8 had an expression pattern similar to that
of AtFRO6. These four genes have substantial expres-
sion in shoots, but with a significantly reduced ex-
pression level (AtFRO5 and AtFROS) or no detectable
expression (AtFRO6 and AtFRO?) in roots. Moreover,
expression of AtFRO5 and AtFRO8 appears to be
inducible by iron deficiency (Wu et al., 2005). To reveal
if expression of the three genes is also regulated by cell
or tissue differentiation, we analyzed their expression
patterns in the korl-2 mutant by quantitative real-time
PCR. Both AtFROS5 and AtFROS had a similar expres-
sion level in wild-type and korl-2 plants. However,
similar to that of AtFRO6, expression of AtFRO7 was
remarkably reduced in the kor1-2 mutant (Fig. 7C). This
result suggests expression of AtFRO?7 is also regulated
by a mechanism similar to that of AtFRO6, in a cell

pFul  TAATGACACTCTCATTTTTTTTTATAGTTTTTTTTAT TG TG
pDY?  TAA GTG
pSI  TAACTCGAGTCCCATTTTTTTTTATAGTTTTTTTTATTGTG
pS2  TAATGACACTCTCATCCCCGGGTATAGTTTTTTTTATTGTG
pDID  TAATGACACTCTCAT: GTG

plU

Figure 6. Definition of an AT-1-like box essential for tissue-specific and
light-dependent AtFRO6-GUS expression. A, The AtFRO6 promote
sequences of wild-type (pFul) and mutant (pD9, pS1, pS2, and pD10)
constructs. Deleted sequences are represented by dashed lines, and
substituted nucleotides are underlined. B, Analysis of the GUS activity
of the transgenic plants by histochemical staining. Bar = 2 mm.
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Figure 7. Cell differentiation-specific expression of AtFRO6. A, A
northern-blot analysis of AtFROG6 expression in wild-type (C24) and
kor1-2 mutant plants. Ten micrograms of RNA were used for northern-
blot analysis using an AtFRO6 cDNA and an Actin2 cDNA as probes.
WT, Three-week-old wild-type plants; kor7-2gc, 8-week-old green calli
of the mutant; and kor7-2sl, shoot-like structures derived from 8-week-
old kor7-2 calli. All materials were grown or cultured on Murashige
and Skoog medium. B, Analysis of the GUS activity in calli derived
from pFul transgenic plants. Root explants derived from pFul transgenic
plants were cultured on callus-induction medium (CIM; see ““Materials
and Methods”) and then transferred onto SIM (see ““Materials and
Methods”). Samples were collected at different time points and stained
for the GUS activity. Bar = 1T mm. C, Real-time quantitative RT-PCR
analysis of AtFROS5, AtFRO6, AtFRO7, and AtFROS expression in wild-
type (C24) and kor1-2 mutant plants. Relative expression level of
AtFRO5 through AtFROS8 was shown as percentage of the expression
level of Actin8 that serves as an internal control. Mean values obtained
from two independent experiments were shown in the histogram. Bars,
ses. WT, Three-week-old wild-type plants; kor7-2, 8-week-old green
calli of the mutant.

differentiation- or tissue differentiation-dependent
manner.

DISCUSSION

In strategy I plants, a critical step for iron acquisition
from soil is to reduce ferric to ferrous iron catalyzed by
FROs that are encoded by evolutionarily conserved
gene families FRO in various plant species. Expression
of FRO genes shows distinctive patterns during plant
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growth and development and is regulated by various
environmental factors (Robinson et al., 1999; Wu et al.,
2005). Although light-dependent Fe(IlI)-chelate re-
duction has been observed in several plant species
(Briiggemann et al., 1993; de la Guardia and Alcantara,
1996; Gonzalez-Vallejo et al., 2000), the molecular mech-
anism for this regulation remains largely unknown. In
this study, we have characterized the expression of
the Arabidopsis AtFRO6 gene, which encodes a puta-
tive FRO (Wu et al., 2005). We found that expression of
AtFRO6 was regulated by a novel mechanism in-
volved in both light and cell differentiation.

The AtFRO6 expression was found to restrict to
aerial green tissues but not in roots, suggestive of the
involvement of a possible light regulatory mechanism.
This view is supported by the observation that AtFRO6::
GUS is expressed in light-grown but not in etiolated
seedlings. Consistent with this light-dependent ex-
pression pattern, multiple putative LREs were found
in the AtFRO6 promoter. By analyzing GUS expres-
sion driven by a series of mutant AtFRO6 promoters in
transgenic Arabidopsis plants, we have been able to
define several LREs that are involved in the light-
dependent expression of the gene. All these LREs ap-
pear to contribute to the promoter activity at different
degrees. Whereas deletion of three LREs upstream from
—320 results in an approximate 50% reduction of the
promoter activity, two G-box-type cis-elements up-
stream from —169 account for 90% activity of the pro-
moter activity. Despite the importance of these LREs as
highlighted above, however, deletion of the AT-1-like
box upstream from —189 causes a complete loss of the
GUS activity. Note that no detectable reporter activity
in this mutant may attribute to detect limitation under
the assay conditions. Nevertheless, mutations in any
LREs cause substantially reduced promoter activities.
One explanation for these results is that the AT-1-like
box may be essential for basal transcription of the pro-
moter. However, considering the position of this cis-
element in various promoters, including in pea rbcS
(Datta and Cashmore, 1989) and AtFRO6, and the na-
ture of a tobacco nuclear protein that binds to an AT-1-
like box (Tjaden and Coruzzi, 1994), it appears to be
unlikely that the AT-1-like box is a core element of a
minimal promoter. Alternatively, the AT-1-like box
and other upstream LREs may act synergistically to
control the promoter activity. This notion is supported
by the fact that none of the LREs identified thus far
alone is able to confer light responsiveness to a min-
imal promoter; instead, distinctive combinations of LREs
are both necessary and sufficient for the light induc-
ibility of a promoter (Terzaghi and Cashmore, 1995;
Puente et al., 1996).

In addition to light responsiveness, AtFRO6 appears
to be cell differentiation-specific regulated. In most,
if not all, cases, expression of a light-regulated gene
is restricted to photosynthetic active cells and displays
a tissue- or development-specific expression mode
(Terzaghi and Cashmore, 1995). The mutagenesis
analysis of a series of promoter-GUS reporter genes
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suggests that AtFRO6 may have a similar regulatory
mechanism. However, AtFRO6 does not have detectable
expression in dedifferentiated green calli of kor1-2 but
has weak expression in the shoot-like structures de-
rived from the mutant calli. These observations sug-
gest that cell or tissue differentiation is necessary for
the AtFRO6 promoter activity, whereas light or pho-
tosynthetic activity is necessary but not sufficient for
AtFROG6 expression. A similar observation was made in
tobacco (Nicotiana tabacum) TID748, a partial cDNA
clone identified by a subtractive hybridization from
genetic tumors derived from the interspecific hybrid
between Nicotiana glauca and Nicotiana langsdorffii.
TID748 contains a partial open reading frame encoding
a polypeptide of 184 amino acid residues (accession no.
BAAO05478), which shares considerable homology
with carboxyl termini of FRO proteins (51% identical
to AtFRO2, AtFRO4, and AtFRO5; 27% identical to
AtFROG6; Fujita et al., 1994). Expression of TID748
appears to mark cell differentiation in the genetic
tumors at the onset of organogenesis, although no
substantial expression was detected in aerial green
tissues of both parents (Fujita et al., 1994). Moreover, a
9-fold increase in ferric reductase activity was ob-
served during the monocyte to macrophage differen-
tiation, suggesting that cell differentiation is able to
stimulate ferric reductase activity (Partridge et al.,
1998), albeit it is not known whether the regulation
occurs at the transcriptional or posttranscriptional
level. Notably, expression of rbcS and CAB2, two
typical light-responsive genes, is substantially down-
regulated in kor1-2 green calli (H. Feng and J. Zuo,
unpublished data), suggesting that this cell differenti-
ation-specific regulatory mechanism may also be em-
ployed by other light-regulated genes.

Among the identified AtFROs, AtFRO6 shows the
lowest FRO activity in yeast cells (Wu et al., 2005).
However, AtFRO7, another member of the family that
shares the highest homolog with AtFRO6 (92.54%
identity of the protein sequences), displays consider-
able FRO activity (more than 4-fold higher than the
control; Wu et al., 2005). The strong homology between
these two proteins suggests that AfFRO6 may encode a
functional FRO, although it remains unclear why
AtFROS6 has a lower FRO activity in yeast cells. Con-
sistent with their high degree of sequence similarity,
AtFRO6 and AtFRO7 display a similar expression
pattern. Expression of both genes appears to be re-
stricted in shoots or green aerial tissues without de-
tectable expression in roots (Wu et al., 2005 and this
study). Moreover, expression of both genes is remark-
ably reduced in korl-2 green calli. A reduced expres-
sion level of AtFRO6 and AtFRO?7 in kor1-2 green calli
appears to be specific, because neither AtFRO5 nor
AtFROS8 had an apparently altered expression level in
the mutant. These observations suggest that expres-
sion of AtFRO6 and AtFRO? is likely regulated by a
similar, if not identical, mechanism.

Iron plays a great deal of roles in chloroplast devel-
opment and function, including respiration, chloro-

1352

phyll biosynthesis, and photosynthetic electron transfer
(Leonhardt and Straus, 1994; Robinson et al., 1999;
Cody et al., 2000; Waters et al., 2002). In addition, iron
homeostasis is also critical for cells against the oxida-
tive stress of reactive oxygen species (ROS) generated
by PSI and PSII (Michel and Pistorius, 2004). This is not
only because many ROS-detoxifying enzymes, such as
catalase, peroxidase, and some superoxide dismutases,
require iron as cofactors (Isaac and Dawson, 1999;
Matsunaga and Shiro, 2004), but also due to an in-
creased ROS level generated by PSI and PSII under the
iron limiting conditions (Aro et al., 1993; Ghassemian
et al.,, 1994). Therefore, an increased requirement of
iron during light-induced development or cell differ-
entiation is obviously responded by an elevated ferric
reductase activity, which appears to be regulated at
both transcriptional and posttranscriptional levels.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Transformation
of Plants

Arabidopsis (Arabidopsis thaliana) Col-0 and C24 ecotypes were used in this
study. The kor1-2 mutant is in the C24 background (Zuo et al., 2000). Whereas
C24 wild-type plants were used in experiments related to kor1-2, Col-0 plants
were used in all other experiments. Unless indicated otherwise, plants were
grown in continuous white light as described previously (Sun et al., 2003). Trans-
formation of Arabidopsis was carried out by vacuum infiltration (Clough and
Bent, 1998).

In vitro regeneration of shoots from root explants was carried out as
previously described (Sun et al., 2003). Briefly, root explants were cultured on
the callus-induction medium (1 X B5 salts, 2% Glc, 0.5 g/L MES, 0.5 mg/L 2,4~
dichlorophenoxyacetic acid, 0.05 mg/L kinetin, and 0.2% Phytagel, pH 5.7) for
2to 3 d and then transferred onto the SIM (1 X Murashige and Skoog salts, 1%
Suc, 0.5 g/L MES, 1 mg/L N°®-A’-isopentenyladenine, 0.15 mg/L indole-3-
acetic acid, and 0.2% Phytagel, pH 5.7) for varying times. Samples collected at
different time points were assayed for the GUS activity by histochemical
staining (see below). The samples were photographed under a light micro-
scope before and after GUS staining.

In Silico Analysis of the AtFRO6 Promoter

Search for putative cis-acting regulatory elements in the AtFRO6 promoter
was performed using PlantCARE as described (Lescot et al., 2002).

Construction of the AtFRO6::GUS Reporter Genes

Plasmid construction was performed by standard methods (Sambrook and
Russell, 2001). All AtFRO6::GUS reporter genes contained 5'-UTR and various
promoter sequences of the AtFRO6 gene. In all these constructs, sequences
encoding the first 11 amino acid residues (including the translation start codon)
of AtFRO6 were included, which were in-frame fused to the GUS coding
sequence.

The AtFROG6 (At5g49730) promoter sequence was obtained by PCR am-
plification of a 1.1-kb DNA fragment, which included the entire promoter
(extended to the 3'-UTR of At5g49740), 5'-UTR, and a part of the coding
sequence of AtFRO6. The PCR fragment was cloned into a pGEM-T vector
(Promega) to yield pT-Ful. There are two Styl sites in this region, located at the
—554 (Fig. 3A) and 31 bp downstream from the putative translation start
codon, respectively. To construct pFul, a 1.1-kb DNA fragment released from
pT-Ful by Sall and Styl (partially digested with Styl and then filled in by the
Klenow enzyme; the Styl site is located between codons 10 and 11 of the
AtFRO6 coding sequence) was ligated to Sall- and Smal-digested pBI101-1
(CLONTECH). Therefore, the first 11 residues of AtFRO6 were in-frame
fused to GUS. To make pT-Sty, pT-Ful was digested with Sall/Styl (partial
digestion), blunted with Klenow enzyme, and then religated. After the
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religation, the Styl site was eliminated and the Sall site was maintained. pSty
was made by a similar approach as for pFul. To make pHind, pFul was
digested with Sall and Hindlll, filled in by Klenow, and then religated. All
other mutant constructs (internal deletions and substitutions) were first made
in a pGEM-T vector by PCR using appropriate primers, and the mutant DNA
fragments were then cloned into pFul using Sall and SnaBlI sites (SnaBl is in the
GUS coding region). All constructs were confirmed by DNA sequencing.

Primer pairs used in PCR (all sequences are from 5'-end to 3'-end) were as
follows: DOF (GGTCGACGATGCTCTCAAGGCCAAAGA) and ATGStyBl
(GAGTCCTTGGACAAAAGAGGGGTT; Styl site is underlined) for pFul; and
DOF and Hind3B1 (GGGAATTCGCTTACATTACCTGAATCTGAACA; EcoRI
site is underlined) for the distal fragments of pD1 to pD8. The proximal
fragments of pD1 to pD8, which contained partial sequences of the AtFRO6
promoter and the GUS coding region, were amplified by using pFul plasmid
DNA as a PCR template and the following forward primers: D1F, ATAAT-
AACCATCTTATCTATACT; D2F, CTCAGTCTCTCACCTTACCCT; D3F, TTG-
AAATCAACCTAACGTGACAC; D4F, CAAGTACGTTACTCTCACGTGT;
D5F, GACACTCTCATTTTTTTTTATAGTT; D6F, GTGTACTAGGATTGTT-
GTCCGA; D7F, TTCATAAATGAGAATGATAGAAACC; and D8F, GGTCC-
AGAAAATTTTACTTGACTC. GUSB2 (GGCGGGATAGTCTGCCAGTTCA;
located 3'-end of SnaBI site) was used as a backward primer in all these
reactions. These two sets of fragments were ligated using EcoRI sites, located
in the backward primer Hind3B1 of the distal fragment (see above) and the
pGEM-T vector immediately flanking the proximal fragments, respectively. To
make pS1, the distal fragment was amplified by DOF and S1B (ACTCGAG-
TTAACACGTGAGAGTAA; Xhol site is underlined), and the proximal
fragment was amplified by SIF (ACTCGAGTCCCATTTTTTTTTATAGTTTT-
TTTTATTGTG; Xhol site is underlined) and GUSB2. These two fragments were
ligated using Xhol sites. To make pS2, the distal fragment was amplified by
DOF and S2B (CCCCGGGTATAGTGTTTTTTATTGTGTAC; Smal site is under-
lined), and the proximal fragment was amplified by S2F (ACCCGGGGATGA-
GAGTGTCATTAACA,; Smal site is underlined) and GUSB2. These two fragments
were ligated using Smal sites. For pD9 and pD10, S1B and S2B were used,
combined with DOF, for the amplification of the distal fragments, respectively,
which were then ligated to Sall- and Spel-digested pD6 (Spel site was derived
from pGEM-T vector).

Analysis of GUS Activity

GUS activity was assayed by histochemical and fluorimetric analyses as
described (Jefferson et al., 1987).

RNA Isolation and Gel-Blot Analysis

RNA northern-blotting analyses were carried out as described previously
(Sun et al., 2003) using an AtFRO6 cDNA and an Actin2 cDNA (AT3G18780) as
probes.

Analysis of Gene Expression by Real-Time PCR

Expression of AtFRO5 through AtFRO8 was analyzed by real-time quan-
titative RT-PCR as described (Li et al., 2005). Primer pairs used in the RT-PCR
analyses were (all sequences are from 5’'-end to 3'-end) as follows: AtFRO5F,
TGATGTCTCGAGGCACGATTCT and AtFRO5R, TCACGGAAATGAAGG-
GTGTAACT; AtFRO6F, AATCCGAGCCTCGCTTGGA and AtFRO6R, TGG-
TCCGTGGTAGCTTGACAGAA; AtFRO7F, TCGCTGTTTTACCCGGAGTT-
ATCA and AtFRO7R, TCACGGTGTGAAGCGATGTGA; AtFROSF, GGG-
ACTCTCGATGTTCCGGTTACT and AtFRO8R, CGGTCCCGAACCACACA-
TGA; and Actin8F, TTGCAGACCGTATGAGCAAAGAGA and Actin8R, TGG-
TGCCACGACCTTAATCTTCA.
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