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ABSTRACT

AtbHLH?29 of Arabidopsis, encoding a bHLH protein, reveals a high similarity to the tomato FER which is proposed
as a transcriptional regulator involved in controlling the iron deficiency responses and the iron uptake in tomato. For
identification of its biological functions, AthHLH29 was introduced into the genome of the tomato FER mutant 73238fer
mediated by Agrobacterium tumefaciencs. Transgenic plants were regenerated and the stable integration of AtbHLH29
into their genomes was confirmed by Southern hybridization. Molecular analysis demonstrated that expression of the
exogenous AthHLH?29 of Arabidopsis in roots of the FER mutant T3238fer enabled to complement the defect functions
of FER. The transgenic plants regained the ability to activate the whole iron deficiency responses and showed normal
growth as the wild type under iron-limiting stress. Our transformation data demonstrate that AtbHLH29 is a functional
ortholog of the tomato FER and can completely replace FER in controlling the effective iron acquisition in tomato.
Except of iron, FER protein was directly or indirectly involved in manganese homeostasis due to that loss functions of
FER in T3238fer resulted in strong reduction of Mn content in leaves and the defect function on Mn accumulation in
leaves was complemented by expression of AtbHLH?29 in the transgenic plants. Identification of the similar biological
functions of FER and AtbHLH29, which isolated from two systematically wide-diverged “strategy I”” plants, suggests
that FER might be a universal gene presented in all strategy I plants in controlling effective iron acquisition system in
roots.

Keywords: tomato, AtbHLH?29, iron uptake, Arabidopsis, FER, plant nutrition.

INTRODUCTION

Iron is essential for all the creatures. As a transition
element it functions in the redox and many vital enzy-
matic reactions required for fundamental biological
processes, such as photosynthesis and respiration. Both
deficiency and excess of iron are harmful for organisms.
Therefore, it is critical to maintain the iron concentration
in organism [1]. Anemia caused by iron deficiency in hu-
man health is a severe problem afflicting more than two
billion peoples in the world, especially in developing coun-
tries (http://www.harvestplus.org/iron.html). Biofor-
tification of iron content and availability in plant food prod-

ucts is an economic, easy and basic method to reduce or
solve this problem.

Although abundant in soil, iron is one of the most com-
mon nutrients limiting plant growth and development be-
cause it exists mostly in low-soluble oxidized form (Fe*"),
which is hardly available for plants. For meeting demand,
plants have developed their unique mechanisms for effec-
tive acquisition of iron from soil [2, 3]. All plants except of
Gramineae use an effective acquisition mechanism termed
as ‘strategy I’ including (A) the release of proton into rhizo-
sphere to increase the solubility of ferric iron in soil, (B)
the induction of Fe**-chelate reductase activity to reduce
ferric to ferrous iron on root surface and (C) the activation
of the high-affinity Fe*-transport system to transfer Fe*"
across plasma membrane into cells as well as (D) accom-

*Correspondence: Hong Qing LING

Tel/Fax: +86-10-64860377;
E-mails: hqling@genetics.ac.cn

www.cell-research.com | Cell Research, 15(8):613-621, Aug 2005

panied morphologic changes in roots, such as formation
of transfer cells, increased root hair formation. All these
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are called iron deficiency responses of the strategy I and
are tightly regulated by iron status in plants. In past decade,
a large progress has been achieved in studying molecular
mechanisms of the strategy 1. Three ferric-chelate reduc-
tase genes (AtFRO2, PsFROI and LeFROI1) were iso-
lated from Arabidopsis, pea and tomato, respectively [4-6].
Their transcriptions were induced in roots under iron
deficiency. Many iron-regulated transporters (IRT) were
identified and isolated from various plants, such as A¢#/RT1
and AtIRT2 from Arabidopsis thaliana [7, 8], LelRT1
and LelRT?2 from tomato [9] and RIT! from pea [10] as
well as OsIRTI from rice [11]. At{IRTI was an essential
transporter for iron homeostasis in Arabidopsis. Knock-
out of At/RTI led to a strong chlorosis and growth im-
pairment and the defect functions in the A¢/RT[ mutant
could not be complemented by overexpression of At/RT?2
[12, 13]. The expression of At/RT1 was controlled both
at transcriptional and posttranscriptional levels. Its tran-
scription intensity was strongly enhanced under iron-lim-
iting whereas the protein accumulation of AtIRT1 quickly
diminished once supplying sufficient iron [14]. In addi-
tion to /RTs, some NRAMP (natural resistance-associated
macrophage protein) genes were reported as metal trans-
porters involved in iron homeostasis considering their in-
creased transcription intensities under iron deficiency [15-
17].

Apart from iron-chelate reductase and metal
transporters, FER isolated from tomato by map-based clon-
ing is proposed as a central regulatory gene involved in
controlling the whole iron deficiency responses and iron
uptake in roots of tomato [18, 19]. T3238fer, a mutant of
FER, is inability to turn on the iron deficiency responses
under iron-deficient stress, exhibits strong chlorosis and
dies off at early stage under normal culture conditions
[20]. Further characterization of T3238fer indicated that
FER protein is involved in controlling the transcription of
the ferric-chelate reductase LeFROI and the metal trans-
porters LelRT1 and LeNRAMPI [6, 19, 21]. FER encod-
ing a bHLH protein is the first cloned regulatory gene in
iron homeostasis of strategy I plants. It will be interesting
to know whether all strategy I plants possess a functional
ortholog of tomato FER, involved in the control of the
iron deficiency responses and iron uptake. Arabidopsis
thaliana, as a model plant for molecular biological studying,
is a typical strategy I plants. The complete genome se-
quence of Arbidopsis thaliana is available [22]. We blasted
the whole genome sequence of Arabidopsis thaliana with
FER sequence at protein level and found that the AtbHLH29
(At2g28160) revealed the highest similarity to tomato FER
among the 161 putative bHLH proteins in Arabidopsis [23].
Recently, it was reported that AtbHLH29 (FIT1 or FRU)
was required for the iron deficiency responses in
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Arabidopsis [24, 25]. The knockout mutant of AtbHLH29
displayed typical iron deficiency symptom (chlorosis) and
strong growth impairment. The AtbHLH29 protein was
involved in controlling of the ferric-chelate reductase
AtFRO? at transcriptional level and the iron transporter
AtIRT1 at protein level [24, 25]. However, it is not clear
whether AtbHLH?29 is a functional ortholog of tomato FER.
Here we provide our experiment results demonstrating that
AtbHLH?29 is a functional ortholog of tomato FER in
Arabidopsis and suggest that FER would be a universal
gene controlling iron deficiency responses and iron acqui-
sition from soil in all strategy I plants.

MATERIALS AND METHODS
Plant materials and growth conditions

The iron-inefficient mutant T3238fer of tomato [20] and its wild
type T3238 were used in this work. Unless otherwise stated, T3238,
T3238fer, and transgenic plants were first grown on MS agar me-
dium (Sigma, MO, USA) containing 100 uM Fe(I11)-EDTA for two
weeks in a culture chamber with 16 h light period, then shifted to a
hydroponic culture system in Hoagland solution containing 10 uM
Fe(III)-EDTA for growth. Four weeks later corresponding plant parts
were harvested for further analysis.

Constructing plasmids for plant transformation

Two T-DNA constructs pBin35S-AtbHLH29-HIS (for express-
ing the cDNA of AtbHLH?29) and pBin35S-4tbHLH29-GUS (for
expressing the AtbHLH29-GUS fusion cistron) were prepared for
the complementation experiments. The coding sequences of
AtbHLH?29 were amplified from total RNAs of Arabidopsis thaliana
by RT-PCR with primers 5'-cac cca tgg aag gaa gag tca ac-3' and 5'-act
gga tce tea gtg atg gtg atg gtg atg agt aaa tga ctt gat gaa-3' for construct-
ing the vector pBin35S-AtbHLH29-HIS and 5'-cac cca tgg aag gaa gag
tca ac-3' and 5'-tta gtc gac cta gta aat gac ttg atg-3' for the construct of
pBin35S-AtbHLH29-GUS and cloned into pGEM T-easy vector
(Promega, USA). After verification by sequencing, they were cleaved
out with Ncol and Sall and subcloned into the plasmid pJIT163 and
pJIT166 (http://www.pgreen.ac.uk) to obtain expression cassettes
of p35S-AtbHLH29-HIS and p35S-AtbHLH29-GUS. Then, the ex-
pression cassettes of 35S-AtbHLH29-HIS and 35S-AtbHLH-GUS
were individually cut out with Sacl and Sa/l and integrated into the
T-plasmid pBINPLUS [26], generating plant transformation con-
structs pBin35S-AtbHLH29 and pBin35S-AtbHLH29-GUS. The
plasmids were finally introduced into Agrobacterium tumefaciencs
strain GV3101 by electroporation.

Plant transformation and Southern analysis

Seeds of the iron-inefficient mutant 73238fer of tomato were
surface sterilized and germinated on MS agar medium in a culture
chamber with 16 h light period. The cotyledons of one-week-old
seedlings were harvested and infected with Agrobacterium
tumefaciencs strain GV3101 containing a corresponding construct
for generation of transgenic plants. The processes of transformation,
shoot regeneration and selection of putative transgenic plants were
performed following the protocol described by Ling et al. [27]. For
further identification at molecular level, total DNAs were extracted
from transgenic plants, T3238fer and wild type according to the
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microprep protocol of Fulton et al. [28]. For Southern analysis,
approximately 10 pug total DNA were individually digested with
EcoRI and with BamHI and Ncol at 37°C overnight. Gel separations,
blotting of DNA fragments on membrane and hybridization with the
probe AthHLH?29 ¢cDNA labeled with dCTP*? were carried out fol-
lowing the description of Ling et al. [18]. After washing in buffer
(2xSSC, 0.1% SDS) twice (each time for 15 min), membranes were
exposed to Kodak X-ray film for 2-3 d.

Elemental analysis

For determination of metal contents, leaves of transgenic lines,
T3238fer and the wild type were harvested from plants grown four
weeks in the hydroponic culture system with 10 pM Fe(III)-EDTA
and dried overnight in an oven at 80°C. Elemental analysis was per-
formed by the core facility center of Tsinghua University using an
inductively coupled plasma atomic emission spectrometer (Prodigy,
Leeman Labs, INC) according to methods published previously [29].
Data were analyzed by SIGMAPLOT (SYSTAT, CA, USA).

Expression profile analysis

For characterizing the expression profiles of AthHLH29 and the
genes involved in iron homeostasis in transgenic plants, total RNAs
were extracted using the Tri reagent (Sigma, USA) from leaves and
roots collected from plants, which were treated under iron-limiting
condition (10 uM Fe(II1)-EDTA) in the hydroponic culture system
for four weeks. After elimination of DNA contamination by treat-
ment with RQ1 RNase-Free DNase (Promega, USA) at 37°C for 30
min, the mRNAs were then converted to cDNAs using M-MLV
reverse transcriptase (Invitrogen, USA) according to the manu-
facture’s brochure. Semiquantitative reverse transcription (RT)-PCR
analysis was performed according to the protocol described by Li et
al. [6] with 30 PCR cycles. LeEF-1A4 was used as an internal control
with 20 PCR cycles. The gene-specific primers used for RT-PCR
analysis are 5'-gag agt ggt aat gca tca atg ga-3' and 5'-gaa tcc att gag aga
ctc aag-3' for LeFER, 5'-atg gaa gga aga gtc aac gct-3' and 5'-tca agt aaa
tga ctt gat gaa-3' for AtbHLH?29, 5'-gga gcc aga gaa aat cag tg-3'and 5'-
cga age cat agg agt tgc-3' for LeFROI, 5'-tgg ctg tgg ctg gaa atc atg ttc-
3'and 5'-aga att ttt ttg caa ctc cca ata ggt-3' for LelRT1, 5'-gct ttg tce
tga gge taa taa tg-3' and 5'-gtt tcg cgt tgt ttg tgt cc-3' for LeNRAMP1
and 5'-act ggt ggt ttt gaa gct ggt atc tce-3' and 5'-cct ctt ggg cte gtt aat
ctg gtc-3' for LeEF-1A4.

Histochemical GUS-staining

For histochemical GUS-staining, the method described by Weigel
and Glazebrook [30] was followed. The GUS activity in leaves,
roots and flowers was assayed. Leaves and roots were collected from
plants which grew in hydroponics with 10 uM Fe(III)-EDTA for 4
weeks and flowers were harvested from the transgenic plants grow-
ing in a greenhouse.

RESULTS

Phenotypic complementation of iron-inefficient mutant
T3238fer of tomato with AtzbHLH29 of Arabidopsis
thaliana

In the tomato mutant T3238fer, the iron deficiency re-
sponses in roots are disabled under iron-limiting condition
owing to the insertion mutation of FER [18, 19].
Arabidopsis AtbHLH29 has 72% similarity and 42.5% iden-
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Fig. 1 Phenotypic characterization of the transgenic plants
overexpressing Arabidopsis AthHLH?29 together with the FER mu-
tant T3238fer and the wild type T3238 in a hydroponics containing
10 uM Fe(IIT)-EDTA. The picture was taken four weeks after grow-
ing in the hydroponics. The transgenic line 29-GUS13 showed phe-
notypic complementation and grew as well as the wild type under
iron-limiting stress whereas the mutant T3238fer revealed chlorotic
phenotype.

tity to tomato FER at the protein level [19]. For testing if
AtbHLH?29 was a functional ortholog of FER, the coding
sequence of AtbHLH?29 and its fusion cistron with GUS
(x-glucuronidase) driven by the CaMV35S promoter were
introduced into the genome of T3238fer by Agrobacterium-
mediated transformation. Seven kanamycin-resistant plants
(two from transformation with the construct pBin35S-
AtbHLH?29 and five from the transformation with pBin35S-
AtbHLH29-GUS) were independently obtained from dif-
ferent transformation experiments. They, as putative
transgenic lines, were further analyzed by Southern
hybridization. Six of the seven lines (29-GUS2, 29-GUS10,
29-GUS12, 29-GUS13, 29-GUS14, 29-HIS1) displayed
hybridization signals when probed with AtbHLH29 cDNA
whereas no signals were observed in the line 29-HIS2 and
the negative controls T3238fer and T3238 (data not
shown). A single probed band appeared in each of the 6
transgenic lines, indicating that a single copy of AthHLH?29
was integrated in the genome of T3238fer. Three transgenic
lines 29-GUS2, 29-GUS10 and 29-GUS13 were selected
for further detailed analysis.

Tomato T3238fer is an iron-inefficient mutant and
shows strong chlorosis under iron-limiting condition. To
check whether AtbHLH29 can phenotypically complement
T3238fer, the transgenic lines (29-GUS2, 29-GUS10 and
29-GUS13) together with FER-mutant T3238fer and its
wild type T3238 were shifted from in vitro culture to a
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T3238 T3238fer 29-GUS2 29-GUS10 29-GUS13

Fig. 2 Morphological and histological analysis of transgenic plants (29-GUS2, 29-GUS10 and 29-GUS13) with the positive (T3238)
and negative (T3238fer) controls. (A) Leaf colors, the FER mutant T3238fer and the transgenic line 29-GUS2 revealed iron deficiency
symptom (yellow) and the transgenic lines 29-GUS10 and 29-GUS13 displayed normal growth as the wild type T3238 (green) in
greenhouse. (B) The morphology of root tips collected from plants which grew for two weeks in the hydroponics containing 10 uM
Fe(II)-EDTA. Increased root hair formation was exhibited in 29-GUS10 and 29-GUS13 and T3238 under iron-limiting stress. C-H.
Histochemical assay of GUS activity, blue color indicates present of the active fusion protein AtbHLH29-GUS. (C) GUS staining in
leaves; (D) in roots; (E) GUS activity in lateral-root primordial of 29-GUS13; (F) GUS activity in tips of main and lateral roots of 29-
GUS13; (G) GUS activity in filaments and stigmas of 29-GUS13; (H) an enlarged picture of the square-marked part of (G).
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hydroponic culture system with low iron concentration
(10 puM Fe(III)-EDTA). The plants of 29-GUS2 and
T3238fer began exhibition of chlorosis in young leaves
two weeks after shifting into the iron-deficiency condi-
tion whereas 29-GUS10 and 29-GUS13 grew normally as
the wild type till to four weeks (Fig. 1, Fig. 2A). The
transgenic plants were then grown in soil in greenhouse.
The plants exhibited same phenotypes observed as in the
hydroponics, 29-GUS10 and 29-GUS13 revealed a nor-
mal growth and 29-GUS?2 displayed chlorosis. The nor-
malized growth of 29-GUS10 and 29-GUS13 under iron-
limiting condition and in soil indicates that the defect func-
tions of FER in T3238fer might be complemented by ex-
pression of exogenous AtbHLH?29.

Increased root hair formation is a main morphological
character of the iron deficiency responses in tomato. FER
is directly or indirectly involved in the induced root hair
formation by iron-limiting stress because the FER mutant
T3238fer formed much less root hairs under iron defi-
ciency condition than wild type [19]. Therefore, the root
hair formation was investigated in the transgenic lines af-
ter treated under iron-deficient condition for two weeks.
The root hair numbers in the two phenotypically comple-
mented lines 29-GUS10 and 29-GUS13 were significantly
increased under iron-limiting stress than that in T3238fer
and the line 29-GUS2 which revealed chlorotic phenotype
(Fig. 2B and Fig. 3). The increased root hair formation in
the transgenic lines 29-GUS10 and 29-GUS13 under iron-
limiting stress may be contributed by exogenously intro-
duced AthHLH?29, supporting that AtbHLH29 of
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Fig. 3 Induced root hair formation under iron-deficient condition.
The transgenic lines (29-GUS2, 29-GUS10 and 29-GUS13), the wild
type T3238 and the mutant T3238fer were grown in the hydropon-
ics supplementing 10 uM Fe(IlI)-EDTA for two weeks and root
hairs were accounted at the lateral root tips (2 mm) under a microscope.
The data shown are average value of 10 roots.
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Fig. 4 Iron and manganese contents in leaves of the transgenic lines
and the controls (T3238 and T3238fer). Leaves were collected from
29-GUS2, 29-GUS10, 29-GUS13, T3238 and T3238fer which grew
in the hydroponics with 10 uM Fe(II1)-EDTA for four weeks. Iron
and manganese contents were determined by ICP-AES. (A) iron
content, (B) Manganese content. The data shown are mean values of
four individual experiments.

Arabidopsis has a similar biological function as FER in
tomato in inducing root hair formation under iron-limiting
stress.

Metal content determination

The FER-mutant T3238fer is unable to activate the ef-
fective iron uptake system under iron-limiting stress, such
exhibits iron deficiency induced chlorosis [20]. To deter-
mine iron contents, leaves from the transgenic lines, T3238
and T3238fer growing 4 weeks in a solution with 10 uM
Fe(III)-EDTA were collected, the iron contents were mea-
sured by inductively coupled plasma atomic emission spec-
trometer and shown in Fig. 4. There is a clear correlation
between the iron contents and the phenotypes. Lines 29-
GUS10 and 29-GUS13, which grew normally as the wild
type, contained significantly higher iron concentration in
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Leaves

AtbHLH29

LeFER

LeFRO1

LelRT1

LeNRAMP1

LeEF-1A

Fig. 5 Expression profiles of AthHLH29 and the genes involved in
the effective iron acquisition system in tomato under iron-limiting
stress. Wild-type (T3238), mutant (T3238fer) and three transgenic
plants (29-GUS2, 29-GUS10, 29-GUS13) overexpressing
AtbHLH?29 were grown under the hydroponic culture in Hoagland
solution containing 10 uM Fe(III)-EDTA for four weeks. RNAs
were prepared from leaves and roots and the expression profiles of
AtbHLH?29, FER, LeFROI, LeIRTI and LeNRAMPI were analyzed
by RT-PCR. Tomato elongation factor gene LeEF-14 was used as
internal control.

their leaves than the mutant T3238fer whereas 29-GUS2
showed chlorotic phenotype similar to T3238fer, and con-
tained low iron in leaves (Fig. 4A). In addition to iron,
manganese contents in leaves were also determined.
Interestingly, disability of FER in T3238fer resulted in the
dramatic reduction of Mn content in leaves under iron-
limiting stress, the Mn amount in the leaves of T3238fer
was only approximately one fourth of the wild type (Fig.
4B). The transgenic line 29-GUS2 which showed chlo-
rotic phenotype revealed a low Mn content in leaves same
as T3238fer while the phenotype-normalized lines 29-
GUS10 and 29-GUS13 contained significantly higher Mn
content in leaves than the mutant and 29-GUS2. These
results indicate that FER and its homologue AtbHLH29
are directly or indirectly involved in manganese homeo-
stasis in tomato.

Expression profiles of AtzbHLH29 and the correspond-
ing genes in transgenic plants

The ferric chelate reductase LeF'RO1 and the metal trans-
porter LeIRTI and LeNRAMP] are proposed as main func-
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tional genes involved in the effective iron acquisition sys-
tem in tomato and controlled by FER [6]. In the FER mu-
tant T3238fer, the three genes lost their induced expres-
sion ability under iron deficiency [19, 21, 31]. To investi-
gate the expression profiles of AtbHLH29 and the three
genes involved in the effective iron uptake in transgenic
plants, the total RNAs of leaves and roots were extracted
from plants which grew under iron-limiting condition for
4 weeks and characterized by RT-PCR analysis (Fig. 5).
As shown in Fig. 5, AtbHLH?29 as an exogenous gene
driven by CaM V35S promoter was exclusively expressed
in the transgenic plants and its mRNA was detected in
leaves and roots. Interestingly, the transcription level of
AtbHLH?29 varied dramatically among the three transgenic
lines and between tissues of leaves and roots. The line 29-
GUS13 showed the most abundant mRNA in leaves
whereas 29-GUS10 revealed the highest transcription in-
tensity in roots. There is a very low level of AtbHLH29
expression in the roots of 29-GUS2 that displayed a chlo-
rotic phenotype, suggesting that the AtbHLH?29 transcripts
in the roots of transgenic 29-GUS?2 line is probably insuf-
ficient to rescue the phenotype.

In addition to AtbHLH29, expression patterns of
LeFROI, LelRT1 and LeNRAMPI were also analyzed.
The transcript of LeFROI was detected in roots of the
transgenic lines 29-GUS10, 29-GUS13 and the wild type
T3238, but not in roots of the mutant T3238fer and the
transgenic line 29-GUS2. The expression intensity of
LeFROI1 was obviously correlated with the mRNA abun-
dance of AtbHLH?29 (Fig. 5). However, such expression
correlation was not observed in leaves (LeFROI expressed
strongly in leaves of all plants investigated). For the metal
transporter genes Le/RT1 and LeNRAMP] , their transcripts
were only detected in roots. The transcription intensities
of LeIRT1 and LeNRAMP1 were much less in the mutant
and 29-GUS?2 than that in 29-GUS10, 29-GUS13 and T3238
(Fig. 5). These dada indicate that AtbHLH29 of Arabidopsis
is able to replace the tomato FER in the activation of down-
stream gene expression under iron-limiting condition. The
gene expression dada also suggest that the chlorotic phe-
notype and low iron content in leaves of the transgenic
line 29-GUS2 were contributed by insufficient expression
of AtbHLH?29.

Histochemical analysis

The GUS (B-glucuronidase) has widely been used as a
reporter gene in studying plant molecular biology due to
its stability and low activity in plants [32]. It was fused to
the 3' end of AtbHLH29-coding sequence in order to ana-
lyze the expression profile of the AtbHLH29 protein in
transgenic plants. Leaves, roots and flowers were collected
and stained for GUS protein (Fig. 2C-H). The three
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transgenic lines investigated revealed clear differences in
the expression levels of the AtbHLH29-GUS protein. In
leaves, GUS signal was strongly detected in 29-GUS10
and 29-GUS13 and very faint in 29-GUS2 (Fig. 2C). In
roots, GUS staining was observed in the lines 29-GUS10
and 29-GUS-13, but not in 29-GUS2. Interestingly, GUS
activity in the roots was delimited in the dividing zone and
the elongation zone of root tips (Fig. 2D and 2F) and in
lateral-root primordial (Fig. 2E) although it was driven by
CaMV35S (a strong constitutive expression promoter).
Additionally, the GUS activity was also detected in fila-
ments and stigmas (Fig. 2G and 2H).

DISCUSSION

AtbHLH?29 of Arabidopsis has high similarity to tomato
FER. Both genes encode a bHLH protein and are pro-
posed as transcriptional factors functioning in iron defi-
ciency responses and iron uptake [19, 24, 25]. Loss func-
tion of AtbHLH29 in a T-DNA insertion line
(SALK 126020) and FER in T3238fer disabled the effec-
tive iron uptake in the mutants. The mutant plants exhibit
strong iron deficiency symptoms (chlorosis). Expression
of exogenous AthHLH?29 in T3238fer of tomato revealed
functional complementation of FER. The transgenic plants
regained the abilities to respond the iron deficiency in roots
and exhibited normal growth as the wild type under iron-
limiting stress. Considering the differences in expression
and location pattern, Colangelo and Guerinot [24] sug-
gested that FER in tomato and AtbHLH?29 in Arabidopsis
were two genes governing the effective iron uptake sys-
tem by different manner. However, our transformation
data of AtbHLH?29 in T3238fer are clearly disagreed the
speculation, supporting that AtbHLH29 in Arabidopsis
thaliana is a functional ortholog of tomato FER and func-
tions with similar manners as FER in controlling the ef-
fective iron uptake system in tomato. Isolation and func-
tional identification of FER and AtbHLH29 in tomato and
Arabidopsis, which belong to systematically wide-diverged
two families (Solanaceae and Cruciferae), suggesting that
all strategy I plants (all higher plants except of grasses)
might possess a similar central gene as FER controlling
the iron deficiency responses and the effective iron acqui-
sition from soil under iron-limiting stress.

Histological analysis by GUS staining revealed that the
fusion protein AtbHLH29-GUS in transgenic plants was
only detectable specifically in tissues of root tips, lateral-
root primordial, leaves and filaments and stigmas (Fig. 2C
to H) although the transcript of 4tbHLH29 was detectable
in whole roots (data do not shown). These indicate that
AtbHLH?29 expression in the genome of T3238fer will be
controlled by a posttranscriptional regulation mechanism
at protein level. The posttranscriptional regulation of FER
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in tomato [33] and AtbHLH29 in Arabidopsis [24, 25] has
already been observed. In Addition to AthHLH29 and FER,
the posttranscriptional regulation of the ferric-chelate re-
ductase AtFRO2 and the Fe(Il)-transporter At/RT1 was
also reported [14, 34]. Taken together, it looks like that
the posttranscriptional regulation of genes involved in iron
uptake in strategy I plants is a common phenomenon.

For line 29-GUS2, it was shown that AtbHLH29 was
integrated into the genome of the transgenic plants by
Southern analysis. There is decent transcription of
AtbHLH?29 in leaves, however, due to unknown reasons,
the transgenic roots revealed very faint AtbHLH29 tran-
scription (Fig. 5) and failed to show detectable AtbHLH29-
GUS protein by histochemical analysis (Fig. 2D). The fer-
ric chelate reductase LeFRO1 required for plant response
to low iron nutrient is absent in 29-GUS2 line (Fig. 5).
Although there are weak transcripts for Le/RTI and
LeNRAMPI in response to low iron growth condition, it
is not known whether respective proteins are expressed
and whether the proteins are active (Fig. 5). As mentioned
above, the chlorotic phenotype in FER mutant cannot be
complemented by the AtbHLH29 transgene in line 29-
GUS?2, suggesting that expression of the transgene in the
transgenic roots is required for activation of effective iron
uptake pathway. The ferric chelate reductase LeF’/RO1 and
the metal transporters Le/RTI and LeNRAMP1 are main
functional genes involved in the effective iron uptake sys-
tem in tomato. The transcription of the three genes in roots
was directly or indirectly regulated by FER under iron-
limiting stress. Of them, the transcription intensity of
LeFRO] in roots of transgenic plants appeared to be tightest
correlated with mRNA amount of AtbHLH29 (Fig. 5),
indicatting that LeFROI will be directly targeted by
AtbHLH?29. Colangelo and Guerinot [24] recently reported
that AtbHLH29 (FIT1) regulated the ferric chelate reduc-
tase AtFRO2 at mRNA accumulation level and the ferrous
transporter AtIRT1 at the level of protein accumulation in
Arabidopsis.

Mn is an essential microelement for plant growth and
development. It acts as a cofactor for enzymatic activities
of many enzymes involved in oxidation-reduction,
decarboxylation, hydrolytic reactions and so on. Mn(Il) is
the major form taken up by plants and is translocated from
the root to the shoot through the xylem. In the FER mu-
tant T3238fer, Mn content in the leaves reduced dramati-
cally (approximately one fourth compared to the wild type).
Interestingly, in the transgenic plants 29-GUS10 and 29-
GUS13 the manganese amount in leaves was raised sig-
nificantly (Fig. 4B), indicating Arabidopsis homologue of
tomato FER is directly or indirectly required for manga-
nese homeostasis in tomato. Previous studies showed that
iron transporters AtIRT1 and LeIRT1 can deliver a broad
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range of divalent metal substrates such as Fe, Mn, and Zn
[9, 35]. Increased accumulation of Mn, Zn and Co as well
as Cd in plants usually occurs under iron deficiency stress.
Vert et al. [12] reported that At/RT1-knockout Arabidopsis
plants failed to accumulate Mn and Zn in the roots under
iron deficient conditions, suggesting that Arabidopsis
AtIRT1 might also be involved in the transport of
manganese. In tomato, the expression of iron transporter
LelRTI is partially controlled by FER protein [6] and
LeIRTI mRNA was significantly reduced in the roots of
T3238fer mutant compared to the wild type under iron-
deficient stress, suggesting the relevance of LeIRT1 func-
tion in Mn accumulation in tomato plants. Expression of
the exogenous AtbHLH?29 in transgenic plant lines 29-
GUS10 and 29-GUS13 enhanced Mn concentration, prob-
ably via stimulated LeIRT1 activity or other transporters
involved in manganese homeostasis.
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