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The regulation of iron (Fe) homeostasis is critical for plant survival. Although the systems responsible for the reduction, uptake,
and translocation of Fe have been described, the molecular mechanism by which plants sense Fe status and coordinate the
expression of Fe deficiency-responsive genes is largely unknown. Here, we report that two basic helix-loop-helix-type
transcription factors, PHLH34 and bHLH104, positively regulate Fe homeostasis in Arabidopsis (Arabidopsis thaliana). Loss of
function of bHLH34 and bHLH104 causes disruption of the Fe deficiency response and the reduction of Fe content, whereas
overexpression plants constitutively promote the expression of Fe deficiency-responsive genes and Fe accumulation. Further
analysis indicates that bHLH34 and bHLH104 directly activate the transcription of the Ib subgroup bHLH genes, bHLH38/39/100/
101. Moreover, overexpression of bPHLH101 partially rescues the Fe deficiency phenotypes of bhlh34bhih104 double mutants.
Further investigation suggests that bHLH34, bHLH104, and bHLH105 (IAA-LEUCINE RESISTANTS3) function as homodimers
or heterodimers to nonredundantly regulate Fe homeostasis. This work reveals that plants have evolved complex molecular

mechanisms to regulate Fe deficiency response genes to adapt to Fe deficiency conditions.

Iron (Fe) is of particular importance as a cofactor for
a wide variety of proteins in living organisms. In hu-
mans, Fe deficiency is one of the major reasons for
anemia. A plant diet is a major resource for humans;
thus, it is important to clarify the mechanisms of Fe
homeostasis in plants. Fe is an indispensable micro-
nutrient for plant growth and development and is
involved in many cellular functions, including chloro-
phyll biosynthesis, photosynthesis, and respiration
(Hansch and Mendel, 2009). Therefore, a decrease in Fe
uptake directly affects crop yield and crop quality.
Plants take up Fe from the soil, but Fe availability is
limited, as its major form is as insoluble ferric hydrox-
ides, especially in calcareous soils, which make up one-
third of the world’s cultivated areas.
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To cope with low-Fe environments, higher plants have
evolved two major strategies for Fe acquisition. Non-
graminaceous plants employ a reduction strategy (strat-
egy I) that involves three stages in low-Fe conditions. The
acidification of soil by protons extruded by H'-ATPases
and phenolic compounds makes Fe(Ill) more soluble
(Santi and Schmidt, 2009; Kobayashi and Nishizawa,
2012). The ferric chelate reductase activity of FERRIC
REDUCTION OXIDASE2 (FRO2) is induced by low Fe;
this enzyme reduces Fe(Ill) to Fe(Il) (Robinson et al.,
1999). The Fe(Il) is then transported into roots by the
major Fe transporter of plant roots, IRON-REGULATED
TRANSPORTER1 (IRT1; Eide et al, 1996, Henriques
et al., 2002; Varotto et al., 2002; Vert et al., 2002). In con-
trast, graminaceous plants use a chelation-based strategy
(strategy II; Walker and Connolly, 2008; Morrissey and
Guerinot, 2009). These plants release mugineic acid
family phytosiderophores, which have high affinity for
Fe(IlI) and efficiently bind Fe(III) in the rhizosphere. The
resulting chelate complexes are then transported into
plant roots via a specific transport system (Mori, 1999).

The transcriptional regulation of genes involved in
Fe uptake under Fe-deficient conditions is intensively
controlled by plants. In the past decade, several basic helix-
loop-helix (PHLH) proteins have been identified as regu-
lators of the Fe deficiency response. The bHLH protein in
tomato (Solanum lycopersicum), FER, was the first charac-
terized to control Fe deficiency responses, and its mutant
failed to activate Fe acquisition strategy I (Ling et al., 2002).
FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR
(FIT), a homolog of FER in Arabidopsis (Arabidopsis
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thaliana), is required for the proper regulation of ferric
chelate reductase activity and Fe transport into the plant
root, and its mutation was lethal when plants were grown
in normal soils (Colangelo and Guerinot, 2004; Jakoby
etal,, 2004; Yuan et al., 2005). However, overexpression of
FIT is not sufficient to constitutively induce the expression
of its target genes, such as IRT1 and FRO?2, in normal
growth conditions. In fact, FIT is dually regulated by Fe
starvation. At the transcriptional level, FIT is induced by
Fe deficiency (Colangelo and Guerinot, 2004; Jakoby et al.,
2004; Yuan et al., 2005). At the posttranscriptional level,
FIT is actively destabilized and degraded by the 26S pro-
teasome during Fe limitation (Meiser et al., 2011; Sivitz
et al., 2011). In addition, FIT can form a heterodimer with
members of the Ib subgroup of bHLH proteins (bHLH38/
39/100/101) to constitutively activate the transcription of
IRT1 and FRO2 (Yuan et al., 2008; Wang et al., 2013). Both
FIT and bHLH38/39/100/101 function as positive regu-
lators. In contrast, POPEYE (PYE) was identified as play-
ing a negative role in the Fe deficiency response in
Arabidopsis (Long et al., 2010). PYE transcript levels were
elevated when plants were subjected to low-Fe conditions.
Chip-on-chip experiments revealed that PYE directly tar-
gets several genes involved in metal homeostasis, such as
NICOTIANAMINE SYNTHASE4 (NAS4), FRO3, and
ZINC-INDUCED FACILITATOR1 (ZIF1). In a pyel
mutant, the expression of these target genes is signifi-
cantly up-regulated in Fe-deficient conditions, sug-
gesting that PYE functions as a negative regulator.

It is unclear how plants perceive Fe status and
transmit signals to downstream pathways. In mam-
mals, FBXL5 functions as an Fe sensor and contains a
hemerythrin domain (HHE) for Fe binding and an
F-box domain for the ubiquitination and degradation of
IRP2. The latter governs cellular Fe homeostasis by
regulation of the translation and stability of mRNAs
involved in Fe homeostasis (Salahudeen et al., 2009;
Vashisht et al., 2009). Interestingly, two different
groups (Kobayashi et al., 2013; Selote et al., 2015) con-
firmed that Arabidopsis BRUTUS (BTS) and its rice
(Oryza sativa) orthologs, HAEMERYTHRIN MOTIF-
CONTAINING REALLY INTERESTING NEW GENE
(RING) AND ZINC-FINGER PROTEIN1 (HRZ1) and
HRZ2, possess HHE domains for binding Fe. Although
they lack an F-box domain similar to that in FBXL5, BTS
and HRZ1/2 have RING domains that can mediate the
ubiquitination reaction. Functional analysis revealed
that BTS and HRZ1/2 negatively regulate the Fe defi-
ciency response in plants. Given that BTS and HRZ1/2
are structurally and functionally similar to FBXL5, they
are thought to be potential Fe sensors in plants. Al-
though no substrates for HRZ1/2 have been found, it is
established that BTS interacts with three PYE-like pro-
teins (PHLH104, bHLH105/ILR3, and bHLH115) and
facilitates the 26S proteasome-mediated degradation of
bHLH105/IAA-LEUCINE RESISTANT3 (ILR3) and
bHLH115 in the absence of Fe in vitro (Selote et al.,
2015). Recently, Zhang et al. (2015) revealed that
bHLH104 and bHLH105 positively regulate Fe ho-
meostasis by directly activating the transcription of
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bHLH38/39/100/101 and PYE. Further investigation is
required to explore the functions of the other PYE-like
proteins.

Here, through screening regulators upstream of
bHLH101, we identified the bHLH transcription factor
bHLH34, a homolog of bHLH104 in Arabidopsis. Mu-
tational analysis suggests that bHLH34 and bHLH104
positively regulate the Fe deficiency response. Further
analysis reveals that both bHLH34 and bHLH104 di-
rectly activate the transcription of bHLH38/39/100/101. In
agreement with this, constitutive expression of bHLH101
partially complements the Fe deficiency symptoms of
bhih34bhlh104 double mutants. Protein interaction assays
indicate that both heterodimers and homodimers occur
between bHLH34, bHLH104, and bHLH105. These data
reveal that bHLH34 and bHLH104 play major roles in
regulating Fe homeostasis by activating the transcription
of bHLH38/39/100/101 under Fe deficiency conditions.

RESULTS
Identification of bHLH34

bHLH38/39/100/101 have been characterized as
key transcription factors regulating the Fe-deficient re-
sponse in Arabidopsis, and their transcript levels are
also up-regulated by Fe deficiency. To identify tran-
scription factors functioning upstream of bHLH38/39/
100/101, yeast one-hybrid screening was performed
using the promoter of PHLHI101 as bait. From the
screening, we obtained nine positive colonies, three of
which encoded a bHLH protein, bHLH34. As a close
homolog of bHLH34 (Supplemental Fig. S1), bHLH104
has been characterized to bind the promoter of bHLH101
(Zhang et al., 2015). Further experiments confirmed that
both bHLH34 and bHLH104, but not the other candi-
dates, can activate the promoter of bHLH101 (Fig. 1),
which suggests that both bHLH34 and bHLH104 regu-
late the PHLH101 gene. Given that other Fe homeostasis-
associated transcription factors, such as bHLH38/39/100/
101, FIT, PYE, and MYB10/72, are induced by Fe defi-
ciency, we wanted to know whether bHLH34 and
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10t 102 103
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bHLH104 || | (%] & >

Figure 1. Identification of bHLH34 and bHLH104 by yeast one-hybrid
assay. The promoter of bHLH101 was used as bait and bHLH34/104 as
prey. The representative growth status of yeast cells is shown on syn-
thetic dextrose medium agar plates without Leu (SD/-Leu) with or
without aureobasidin A (AbA) from triplicate independent trails.
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bHLH104 are also responsive to Fe deficiency. Transcript
abundance analysis indicated that neither bHLH34 nor
bHLH104 is affected by Fe deficiency (Supplemental
Fig. S2).

bhlh34, bhih104, and bhih34bhlh104 Mutant Plants Display
Fe Deficiency Symptoms

To investigate the functions of bHLH34 and bHLH104,
two transfer DNA (T-DNA) insertion alleles for the
bHLH34 and bHLH104 genes were obtained from The
Arabidopsis Information Resource (TAIR). bhlh34 con-
tains a T-DNA insertion in the second exon and bhlh104
has a T-DNA insertion in the third intron (Fig. 2A). The
homozygous lines of bhlh34 and bhlh104 were isolated
by PCR, and the positions of the insertions were con-
firmed. The loss of full-length transcripts in the T-DNA
lines were determined by reverse transcription-PCR
(Fig. 2B), indicating that both T-DNA lines are knock-
out mutants. Considering their putative functional re-
dundancy, we constructed bhih34bhlh104 double mutants
by crossing two single knockout mutants. When grown on
Fe-sufficient medium, neither single mutants nor double
mutants showed any obvious phenotypic differences
compared with wild-type plants (Supplemental Fig. S3).
However, when they were grown on Fe-free medium, all
mutants displayed Fe-deficient symptoms, and the dou-
ble mutants had the most severe phenotypes (Fig. 2C).

To further confirm the functions of bHLH34 and
bHLH104, we designed an artificial microRNA, amiR-
bhlh34/104, which is predicted to target both bHLH34
and bHLH104 (Supplemental Fig. S4A), and generated
amiR-bhlh34/104 transgenic plants. Quantitative reverse
transcription-PCR analysis demonstrated that both
bHLH34 and bHLH104 were significantly down-
regulated in amiR-bhlh34/104 plants (Supplemental
Fig. 54B). As expected, the amiR-bhlh34/104 transgenic
plants grown in soils showed interveinal chlorosis in
leaves, which is very similar to that of bhlh34bhih104
double mutants (Fig. 2D). Further phenotype evalua-
tion revealed that the root growth of amiR-bhih34/104
seedlings was strongly inhibited on Fe-deficient me-
dium, whereas no visible difference was observed be-
tween amiR-bhlh34/104 and wild-type plants on normal
medium (Supplemental Fig. 54, C and D). These results
demonstrate that the amiR-bhlh34/104 plants pheno-
copy the bhlh34bhlh104 mutants.

Impaired Fe Deficiency Response by Loss of Function of
bHLH34 and bHLH104

We further determined the Fe-associated phenotypes
of plants grown in soils containing various concentra-
tions of calcium oxide (Fig. 3A), which was used to
produce alkaline soil in which the Fe availability was
limited because of decreased Fe solubility. In normal
soil, no visible phenotypic difference was observed
between the bhlh34, bhlh104, and wild-type plants,
whereas the bhlh34bhih104 double mutants had small
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Figure 2. Characterization of various mutant plants. A, -DNA insertion
position in the corresponding gene. Black boxes indicate the coding
sequence. White boxes indicate untranslated regions. Triangles indicate
the position of T-DNA. B, The corresponding full-length complementary
DNAs (cDNAs) were amplified by reverse transcription-PCR to confirm
the mutants. C, Ten-day-old seedlings germinated directly on Fe-
deficient (-Fe) medium. D, Phenotypes of amiR-bhlh34/104 and
bhlh34bhlh104 plants in soils. Four-week-old plants grown in normal
soil are shown. WT, Wild type.

stature and chlorotic leaves. In soil supplemented with
1%o (w/w) calcium oxide, the bhlh104 mutants showed
slight chlorosis. In contrast, 5%o (w/w) calcium oxide
caused leaf chlorosis in all three types of mutants and
seedling lethality of the bhlh34bhlh104 double mutants.
These data suggest that the loss of function of bHLH34
and bHLH104 inhibits the Fe deficiency response of the
bhlh34bhlh104 plants.

Fe is indispensable for the synthesis of chlorophyll,
and Fe deficiency often causes leaf chlorosis with de-
creased levels of chlorophyll in plants (Terry, 1980). The
significant chlorosis of the bhlh34bhlh104 double mutant
plants implied a decline in chlorophyll content. We
measured chlorophyll levels in plants grown on Fe-
sufficient and Fe-deficient media. There were no sig-
nificant differences under Fe-sufficient conditions.
However, under Fe-deficient conditions, the mutants
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showed significantly reduced chlorophyll levels,
and the bhlh34bhlh104 double mutants had the lowest
chlorophyll levels (Supplemental Fig. S5).

Fe reductase activity is a typical indicator of Fe de-
ficiency. We analyzed Fe reductase activity using the
ferrozine assay (Yi and Guerinot, 1996). In Fe-sufficient
conditions, no significant difference in Fe reductase
activity was observed between wild-type and mutant
plants. In response to Fe deficiency, both wild-type and
mutant plants increased their Fe reductase activity.
However, the Fe reductase activity of the mutant plants
was significantly lower than that of wild-type plants,
and the bhlh34bhlh104 double mutants had the lowest
Fe reductase activity (Fig. 3B).

To determine whether the loss of function of bHLH34
and bHLH104 causes altered Fe accumulation, the Fe
content of wild-type and mutant 2-week-old seedlings
was measured. Eleven-day-old seedlings grown under
Fe-sufficient conditions were transferred to Fe-sufficient
or Fe-deficient medium for another 3 d. Roots and shoots
were harvested separately and used for Fe content anal-
ysis. The shoots of bhlh34bhlh104 plants had 17% less Fe
than the shoots of wild-type plants under Fe-sufficient
conditions and 71% less Fe under Fe-deficient conditions
(Fig. 3C). Similar results also were observed in roots. The
roots of bhlh34bhih104 plants contained 10% less Fe than
the roots of wild-type plants under Fe-sufficient condi-
tions and 56% less Fe under Fe-deficient conditions (Fig.
3D). These data suggest that bHLH34 and bHLH104 are
required to maintain Fe homeostasis in both Fe-sufficient
and Fe-deficient conditions.
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bhlh34 bhih104 bhlh34

400
2 350
a -Fe ;
&0 300 - weight.
g 250 -
+ 200
E 150
2 100
& so
0

bhlh34 bhlh104 bhlh34

bHLH34 and bHLH104 Regulate Iron Homeostasis

Figure 3. Fe deficiency response of

various mutants. A, Three-week-old

plants germinated in soil with vari-
* m +Fe ous concentrations of calcium oxide.
B, Iron reductase activity of plants
germinated and grown on Fe-
sufficient (+Fe) medium for 10 d and
then shifted to Fe-deficient (-Fe)
medium for 3 d. The ferrozine assay
was performed, in triplicate, on 10
pooled plant roots. Significant dif-
ferences from the wild type (WT) are
indicated by asterisks (P < 0.05). C
and D, Fe content of shoots and
roots. Seedlings were germinated
and grown on +Fe medium for 11 d
and then shifted to +Fe or —-Fe me-
dium for 3 d. Significant differences
from the wild type are indicated
by asterisks (P < 0.05). DW, Dry
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Fe Deficiency-Responsive Genes Are Down-Regulated in
the bhih34, bhlh104, and bhlh34bhlh104 Mutants

To adapt to Fe-deficient conditions, plants often ele-
vate the expression of Fe uptake-associated genes. Fe
deficiency-induced genes FRO2 and IRT1 encode two
key root membrane proteins for Fe homeostasis; the
former converts Fe(Ill) to Fe(Il), and the latter trans-
ports ferrous Fe from soil to root (Robinson et al., 1999;
Vert et al., 2002). Given the low Fe levels in the
bhlh34bhlh104 mutants, we wanted to know whether
the expression of these two Fe uptake-associated genes
is altered in the mutants. In response to Fe deficiency,
both genes were induced in the roots of wild-type and
mutant plants. However, their expression levels were
low in the mutants compared with the wild type under
both Fe-sufficient and Fe-deficient conditions (Fig. 4).
Moreover, their expression levels in bhlh34bhlh104 un-
der Fe-deficient conditions were close to that in the wild
type in Fe-sufficient conditions. These alterations sug-
gest that there is decreased Fe uptake in the mutant
plants, which is in agreement with the reduction in both
Fe reductase activity and Fe accumulation. These data
also demonstrate that bHLH34 and bHLH104 directly
or indirectly activate the expression of FRO2 and IRT1.

Two MYB transcription factors, MYB10 and MYB72,
were identified as Fe deficiency-responsive genes,
which are responsible for the activation of expression of
the NAS4 gene in Fe-deficient conditions in Arabi-
dopsis (Palmer et al., 2013). Considering the fact that
the bhlh34bhlh104 mutants display interveinal chlorosis
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Figure 4. Expression of Fe deficiency-responsive genes in various mutants. Wild-type (WT) and mutant plants were grown on Fe-
sufficient (+Fe) medium for 10 d and then transferred to +Fe or Fe-deficient (-Fe) medium for 3 d. RNA was prepared from root
tissues. The data represent means = sp of three technical repeats from one representative experiment. Significant differences from
the corresponding wild type are indicated by asterisks (P < 0.05). DW, Dry weight.

similar to nas4x-1 mutants (Klatte et al., 2009), we asked
whether these two MYB genes are affected in the
bhih34bhlh104 mutants. As expected, compared with
the wild type, the mutants show considerably down-
regulated transcript abundance of MYB10 and MYB72
regardless of whether Fe is deficient or not (Fig. 4),
suggesting that bHLH34 and bHLH104 positively reg-
ulate the transcription of MYB10 and MYB72.

The well-known transcription factors for Fe homeo-
stasis in Arabidopsis are four Ib subgroup bHLH
transcription factors (PHLH38/39/100/101) and another
bHLH transcription factor, FIT, all of which are induced
by Fe deficiency (Colangelo and Guerinot, 2004; Wang
et al., 2007). Each of bHLH38/39/100/101 can interact
with FIT to regulate the expression of Fe uptake-
associated genes (Yuan et al., 2008; Wang et al., 2013).
To determine the position of bHLH34 and bHLH104 in
Fe signaling pathways, it is necessary to investigate
their regulatory relationship with these bHLH tran-
scription factors. Gene expression analysis revealed
that bHLH38/39/100/101 were strongly down-regulated
in the bhlh34bhlh104 mutants under both Fe-sufficient
and Fe-deficient conditions, whereas FIT was moder-
ately decreased (Fig. 4). These data imply that bHLH34
and bHLH104 act upstream of bHLH38/39/100/101 and
FIT.

In addition, we also determined the expression of
genes that are involved in Fe distribution in plants,
finding that NAS2, NAS4, ZIF1, FRD3, OPT3, and PYE
were down-regulated in the bhlh34bhlh104 mutants in
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response to Fe deficiency (Supplemental Fig. 56). Taken
together, our data suggest that bHLH34 and bHLH104
positively regulate the Fe deficiency response.

Overexpression of bHLH34 and bHLH104 Activates the Fe
Deficiency Response

Considering the inhibited Fe deficiency response
caused by the loss of function of bHLH34 and bHLH104,
we asked whether elevated expression of bHLH34 and
bHLH104 would enhance the Fe deficiency response.
First, we performed complementation assays. Pro,; jjz4:
Myc-bHLH34 and Pro,y; p10.:2Myc-bHLH104 constructs
were introduced into the bhlh34 and bhlh104 mutants,
respectively. When grown on Fe deficiency medium,
both Proyy; pyzs:Myc-bHLH34/bhlh34 and Proypy; yq04:Myc-
bHLH104/bhlh104 plants were comparable with wild-
type plants (Supplemental Fig. S7), suggesting that both
mutants were rescued. Next, we constructed transgenic
plants expressing Pros;e:Myc-bHLH34 and Prosse:Myc-
bHLH104. When grown in normal soils, about 10% of
Pross:Myc-bHLH34 and 33% of Prossg:Myc-bHLH104 TO
transgenic plants displayed visible phenotypes (small
rosettes and leaf necrosis; Fig. 5A), and no visible phe-
notype was observed for the other transgenic plants. We
further assessed the root phenotypes of T1 plants when
grown on Fe deficiency medium, finding that the prog-
eny of TO plants with visible phenotypes produced short
roots whereas the root length of the other progeny was
similar to that of wild-type plants (Fig. 5B). In contrast, no
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visible phenotypes were observed between wild-type
and transgenic plants when grown on Fe-sufficient me-
dium for 10 d (Supplemental Fig. S8A). The determina-
tion of transgene abundance revealed that the transgenic
plants with visible phenotypes have significantly higher
transgene levels than those without visible phenotypes
(Fig. 5C; Supplemental Fig. S8B), suggesting that the
visible phenotypes are closely associated with the trans-
gene levels. For further investigation, Pros;s:Myc-
bHLH34#3 and Progsg:Myc-bHLH104#5 were chosen as
representatives of plants with visible phenotypes and
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Prozs:Myc-bHLH34#7 and Prosq:Myc-bHLH104#9 as
representatives of plants without visible phenotypes.
Given that the bhlh34bhlh104 mutants contain less Fe
than the wild type, we asked whether overexpression
transgenic plants accumulate more Fe than wild-type
plants. The leaves of 4-week-old plants grown in normal
soil were used for Fe concentration determination. As
expected, overexpression plants have higher Fe content
than wild-type plants, and the Fe concentration is par-
ticularly high in Pro;;e:Myc-bHLH34#3 and Pros;e:Myc-
bHLH104#5 plants (Fig. 5D). In contrast, the concentration
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of manganese, copper, and zinc in overexpression plants
is comparable to that in the wild type (Supplemental Fig.
S9). These data imply that the visible phenotypes may be
linked with the high transgene abundance and high Fe
concentration.

Correspondingly, we examined the transcript abun-
dance of Fe deficiency-responsive genes. In contrast to
the bhlh34bhlh104 mutants, overexpression plants con-
stitutively activate FIT, bHLH38/39/100/101, MYB10/
72, IRT1, and FRO2 (Fig. 6) as well as NAS2, NAS4,
ZIF1, FRD3, OPT3, and PYE (Supplemental Fig. S510).
These data suggest that bHLH34 and bHLH104 posi-
tively regulate the Fe deficiency response.

bHLH34 and bHLH104 Directly Regulate the Transcription
of bHLH38/39/100/101

Although bHLH38/39/100/101 and FIT are the major
regulators of Fe homeostasis, their transcripts are still up-
regulated in response to Fe deficiency. This implies that
unidentified transcription factors activate their transcription
in Fe-deficient conditions. Our yeast one-hybrid assays in-
dicated that bHLH34 and bHLH104 can bind to the pro-
moter of bPHLH101. Considering the fact that the transcript
abundance of bHLH38/39/100/101 and FIT is decreased in

the bhlh34bhlh104 mutants, we proposed that bHLH38/39/
100/101 and FIT are the direct target genes of bHLH34
and bHLH104. To confirm this hypothesis, we designed a
reporter-effector transient expression assay system (Fig.
7A; Supplemental Fig. S11A). The promoter of bHLH101
was fused with the GFP reporter gene containing an NLS
for construction of the reporter expression cassette,
Proyi01NLS-GFP. For the construction of effectors,
bHLH34 and bHLH104 were fused with the CaMV 355
promoter to form Pro;s:Myc-bHLH34 and Pro;s:Myc-
bHLH104. When the Proyy;y;0;:NLS-GFP reporter was
coexpressed separately with the empty vector (the
backbone vector of Pros;s:Myc-bHLH34 and Progsg:Myc-
bHLH104), only a weak GFP signal was observed (Fig.
7B). In contrast, the Pros;c:Myc-bHLH34 or Prossq:Myc-
bHLH104 effector dramatically enhanced the GFP signal
of the Proyy; 170::"NLS-GFP reporter. To confirm the acti-
vation specificity, we also constructed a Prosz5:Myc-
MYC2 effector. MYC2 is a bHLH transcription factor
with transcription activation activity (Ferndndez-Calvo
et al., 2011). Coexpression assays indicated that use of
the Pro;5s:Myc-MYC2 effector resulted in as low a GFP
signal as was observed for the empty vector (Fig. 7B). We
further quantified the GFP transcript levels, which
showed that the GFP mRNA abundance was increased
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Figure 6. Expression of Fe deficiency-responsive genes in various transgenic plants. Wild-type (WT) and transgenic plants were
grown on Fe-sufficient (+Fe) medium for 10 d and then transferred to +Fe or Fe-deficient (-Fe) medium for 3 d. RNA was prepared
from root tissues. The data represent means * sp of three technical repeats from one representative experiment. Significant
differences from the corresponding wild type are indicated by asterisks (P < 0.05).
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A Reporters Figure 7. bHLH34 and bHLH104 activate the
NLS promoter of bHLH101. A, Schematic representa-
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and Myc-MYC2 under the control of the cauli-
flower mosaic virus (CaMV) 35S promoter. B,
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differences from the empty vector are indicated by
asterisks (P < 0.05).
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considerably when Pros;c:Myc-bHLH34 or Prosg:Myc-
bHLH104 was coexpressed with Proy; 110;:NLS-GFP (Fig,.
7C). Correspondingly, we also constructed Proy; ;;35:NLS-
GFP, Proyy 1130 NLS-GFP, Proyy; 1100 NLS-GFP, and Prog;:NLS-
GFP reporters, finding that Prossq:Myc-bHLH34 and
Prossq:Myc-bHLH104 activated Proyyy 3. NLS-GFP,
Proyy; 139 NLS-GFP, and  Pro,p; p100NLS-GFP but not
Proy:NLS-GFP (Supplemental Fig. S11B). These data
suggest that both bHLH34 and bHLH104 specifically
activate the transcription of bHLH38/39/100/101.

Overexpression of bHLH101 Partially Rescues
bhlh34bhlh104 Mutants

Previous studies have confirmed that the FRO2 and
IRT1 genes are regulated directly by bHLH38/39/100/
101 and that their expression is decreased drastically in a
bHLH39, bHLH100, and bHLH101 triple knockout mutant
(Yuanetal., 2008; Wang et al., 2013). Thus, we speculated
that the inability of bhlh34bhlh104 to induce bHLH38/39/
100/101 is the primary reason for the Fe deficiency
symptoms and the reduced expression of FRO2 and IRT1
in the bhlh34bhlh104 mutants. It was expected that ele-
vated expression of bHLH38/39/100/101 would cure or
relieve the Fe deficiency symptoms. Because of the func-
tional redundancy of bHLH38/39/100/101 (Wang et al.,
2013), we selected bHLH101 as a representative. We
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employed the CaMV 35S promoter to drive the expres-
sion of bHLHI101. The Pro;;:bHLH101 cascade was in-
troduced into the bhlh34bhih104 mutants by Agrobacterium
tumefaciens. Of the 78 transgenic plants screened, 42
showed significant relief of the leaf chlorosis symptom.
Transcript level analysis indicated that bHLH101 was
constitutively overexpressed in the bhlh34bhlh104/
Pros;:bHLH101 plants (Supplemental Fig. S12A). The
T2 generation plants from two different transgenic
lines, bhlh34bhih104/Pros;5:bHLH101#1 and bhlh34bhih104/
Pro;;c:bHLH101#11, were used for further analyses. When
grown for 10 d on Fe-deficient medium, these two lines
displayed significant growth advantages compared with
the bhlh34bhlh104 mutants (Fig. 8A), including increased
root length and chlorophyll content (Fig. 8, B and C). We
further assessed the expression of IRT1, FRO2, MYB10,
and MYB72, finding that IRT1 and FRO2, but not FIT,
MYB10, and MYB72, were elevated in the two transgenic
lines exposed to Fe-deficient conditions compared with
the bhlh34bhlh104 mutants (Fig. 8D; Supplemental Fig.
512, B-D). These data reveal that the overexpression of
bHLH101 partially rescues the bhlh34bhlh104 mutants.

bHLH34 Can Interact Physically with bHLH104

bHLH34 and bHLH104 belong to the IVc bHLH
subgroup (Heim et al., 2003). A typical feature of bLHLH
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Figure 8. Overexpression of bHLH101 A
partially rescues bhlh34bhlh104. A, Ten- WT
day-old seedlings grown on Fe-sufficient
(+Fe) or Fe-deficient (-Fe) medium. B, Root
length of seedlings on +Fe or —Fe medium.
Values are means = sp of 10 plants for each
genotype. C, Chlorophyll content of seed-
lings on +Fe or —Fe medium. Significant
differences from the wild type (WT) are
indicated by asterisks (P < 0.05). D, Ex-
pression of IRT1 and FRO2. Plants were
grown on +Fe medium for 10 d and then
transferred to +Fe or —Fe medium for 3 d.
RNA was prepared from root tissues. Sig-
nificant differences from the corresponding
wild type are indicated by asterisks (P <
0.05).

bhlh34bhlh104/Pro,..:bHLH101
#11

Plicsiedvierra

bhih34bhih104 "l

N ) }f"

B ¢
: s 12
, _ 4
-
2208
O L0
2E
Z Eos-
02 -
0+
D
g0 B +Fe e 80 -
3 60 - 270 - H+Fe
2 i u-F I & 60
Eia. e M SEs0- npe
o 840 - * & o
=3 540 - ;
g2 “ %0 2
g 7]
20 220 -
30 B
=0 s 7 =0 U TR T
#1_ #11
e BhIRSABHINIT] N T
Prosss:bHLH101 Pro,ssbHLH101

proteins is the formation of homodimers or heterodimers.
To investigate the potential interaction between bHLH34
and bHLH104, we conducted yeast two-hybrid assays
(Fig. 9A). When full-length bHLH34 was fused with the
binding domain of GAL4 in vector pGBK-T7, it showed
strong autoactivation activity. In contrast, the C-terminal
truncated versions containing the bHLH domain
(bHLH34C) displayed no autoactivation activity; this
form was used in the subsequent yeast two-hybrid
assays. A protein interaction test in yeast indicated
that bPHLH34C can interact with bHLH104.

2486

Next, we employed bimolecular fluorescence com-
plementation (BiFC) assays to confirm their interaction
in plant cells. PHLH34 and bHLH104 were fused with
the N-terminal fragment (nYFP) and C-terminal frag-
ment (cYFP) of yellow fluorescent protein, respectively.
When bHLH34-nYFP was transiently coexpressed with
bHLH104-cYFP, strong YFP fluorescence was visible in
the nucleus of epidermal cells in Nicotiana benthamiana
leaves, whereas no YFP fluorescence was detected in
negative controls (P HLH34-nYFP coexpressed with cYFP
or nYFP coexpressed with bHLH104-cYFP; Fig. 9B).
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To further confirm whether bHLH34 and bHLH104
form a protein complex in plant cells, we performed
coimmunoprecipitation assays (Fig. 9C). bHLH34 and
bHLH104 were transiently coexpressed in N. benthamiana
leaves. The total proteins were incubated with Flag
antibody and A/G-agarose beads and then separated
by SDS-PAGE for immunoblotting with Myc antibody.
In agreement with the results from BiFC, bHLH34 and
bHLH104 were present in the same protein complex.
Taken together, these data suggest that bHLH34 could
interact physically with bHLH104.

Interaction between bHLH34/bHLH104 and bHLH105

This work confirms the interaction between bHLH34
and bHLH104. A recent study suggested that bHLH104
interacts with bHLH105 and modulates Fe homeostasis
in Arabidopsis (Zhang et al., 2015). Considering that
these three proteins share the same target genes ((HLH38/
39/100/101) and their overexpressors up-regulate the
same Fe deficiency-responsive genes, we proposed that
they function as heterodimers. To investigate our hy-
pothesis, yeast two-hybrid assays were performed. As
shown in Figure 10A, each of these three proteins can
interact with itself and the other two proteins, implying
that they function as homodimers or heterodimers.

To further investigate their genetic interactions, we
further produced two double mutants, bhlh34bhlh105 and
bhih104bhIh105. We tried to generate bhlh34bhih104bhih105
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Figure 9. Interaction between bHLH34 and
bHLH104. A, Yeast two-hybrid assays. Representa-
tive growth status of yeast cells is shown on synthetic
dextrose medium agar plates without Leu/Trp/His/
adenine. B, BiFC assays. N. benthamiana leaves were
infiltrated with different combinations of the con-
structs. C, Coimmunoprecipitation (IP) assays. Total
protein was immunoprecipitated using Flag antibody,
and coimmunoprecipitated protein was then detec-
ted using Myc antibody.

Myc-bHLH104
d

Merged

triple mutants but failed. Then, we evaluated the Fe defi-
ciency tolerance ability of various mutants. We found that,
under Fe deficiency conditions, both bhlh34bhih105 and
bhlh104bhihl105 double mutants displayed the enhanced Fe
deficiency symptoms (shorter roots) compared with the
three single mutants (Fig. 10B). The expression of Fe
deficiency-responsive genes was lower in the bhlh34bhih105
and bhlh104bhihl105 double mutants than in the three single
mutants (Supplemental Fig. S13). All these data suggest
that bHLH34, bHLH104, and bHLH105 play nonredun-
dant but additive roles in modulating Fe homeostasis.
Given their similar molecular functions, we wanted
to know whether the expression patterns of these three
genes are different. We constructed Pro,; 4;,GUS,
Proyp; 1104:GUS, and Proyp; 14105:GUS transgenic plants.
Although different expression strengths were observed,
bHLH34, bHLH104, and bHLH105 have similar tissue-
specific expression patterns in rosette leaves, cau-
line leaves, stems, and siliques but not in flowers
(Supplemental Fig. S14A). When seedlings were further
analyzed by microscope, all plants contained GUS
staining in the pericycle of the root maturation zone and
veins of leaves (Fig. 11). Pro,; 1105:GUS was detected in
the elongation zone of root tips and early lateral roots,
whereas Proyy; 13, GUS and Proyy; 150,GUS were not
observed. In contrast, Proyy; 1j5,,GUS and Proyy; 14;0.:GUS
were detected in the hypocotyls, whereas Pro,;; 1145
was not. The difference in tissue-specific expression
patterns may explain the functional nonredundancy
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Figure 10. Interactions between bHLH34, bHLH104, and bHLH105.
A, Yeast two-hybrid assays. Interaction was indicated by the ability of
cells to grow on synthetic dropout medium lacking Leu/Trp/His/ade-
nine. C-terminally truncated bHLH34 and bHLH104 and full-length
bHLH105 were cloned into pGBKT7, and full-length cDNAs of
bHLH34, bHLH104, and bHLH105 were cloned into pGADT?. B, Fe
deficiency symptoms of various single and double mutants. Ten-day-old
seedlings were germinated directly on Fe-deficient (—Fe) or Fe-sufficient
(+Fe) medium. WT, Wild type.

between bHLH34, bHLH104, and bHLH105. In addi-
tion, GUS staining of seedlings exposed to Fe-sufficient
and Fe-deficient conditions suggests that their pro-
moter activity is stable irrespective of the Fe status
(Supplemental Fig. S14B).

2488

DISCUSSION

Fe is indispensable for plant growth and develop-
ment. Fe deficiency often causes delayed growth and
reduced photosynthesis and, hence, decreased crop
yields. When suffering from a Fe-deficient environ-
ment, plants can sense external Fe status and employ
transcription factors and intricate mechanisms to reg-
ulate the expression of Fe uptake-associated genes,
which then facilitate Fe influx from soils to meet the
internal demands of the plant. However, excess Fe is
toxic to plant cells, owing to the generation of hydroxyl
radicals by the Fenton reaction (Thomine and Vert, 2013).
Therefore, it is crucial to maintain Fe homeostasis in
plants. Plants have evolved sophisticated regulatory
mechanisms to maintain Fe homeostasis. It is well known
that bHLH38/39/100/101 and FIT have synergistic ef-
fects on the regulation of Fe deficiency responses. Their
cooverexpression constitutively activates Fe acquisition
strategy I in Arabidopsis. It is noteworthy that, like other
Fe deficiency-responsive genes, bHLH38/39/100/101 and
FIT are induced by Fe deficiency. Thus, to reveal how
bHLH38/39/100/101 and FIT are activated in Fe-deficient
conditions would provide insights into the mechanism
that plants employ to maintain Fe homeostasis. Here, we
characterized that both bPHLH34 and bHLH104 activate
the transcription of bHLH38/39/100/101 and that they
nonredundantly regulate Fe deficiency responses in
Arabidopsis.

bHLH34 was identified by screening proteins that
bound to the promoter of the bHLHI101 gene. The
bhih34, bhih104, and bhlh34bhih104 mutants display
sensitivity to Fe deficiency, including reduced root
length, chlorotic leaves, and decreased ferric chelate
reductase activity (Figs. 2C and 3B). Correspondingly,
amiR-bhlh34/104 plants show phenotypes similar to
those of bhlh34bhlh104 mutants (Fig. 2D; Supplemental
Fig. S3D). These data indicate that loss of function of
bHLH34 and bHLH104 causes sensitivity to Fe defi-
ciency. Fe deficiency sensitivity can be caused by lim-
ited Fe uptake or disrupted Fe distribution. For
example, irtl, frd1l, and fit mutants display severe Fe
deficiency sensitivity because of Fe uptake limitation
(Robinson et al., 1999; Vert et al., 2002; Colangelo and
Guerinot, 2004). In contrast, the frd3 and opt3 mutations
enhance Fe deficiency sensitivity by disrupting Fe
translocation (Durrett et al., 2007; Zhai et al., 2014). The
determination of Fe concentration confirms that the
bhlh34bhlh104 mutants contain less Fe than wild-type
plants in both Fe-sufficient and Fe-deficient conditions
(Fig. 3, C and D), suggesting that limited Fe uptake
contributes to the Fe deficiency sensitivity of the
bhlh34bhih104 mutants. We also observed that new
leaves of bhlh34bhlh104 mutants are yellower than old
leaves (Fig. 2D), whereas the opposite phenomenon
occurs in the bHLH34 and bHLH104 overexpression
plants (Fig. 5A), implying that bHLH34 and bHLH104
may interrupt Fe distribution between leaves.

Fe deficiency-responsive genes, including IRT1,
FRO2, MYB10/72, FIT, and bHLH38/39/100/101, are
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Figure 11. GUS staining of Prop, ;5. GUS, Proyy 104 GUS, and Proy,y 14;05: GUS seedlings. Two-week-old seedlings were used
for GUS staining. GUS staining of the root maturation regions, early lateral roots, root tips, leaves, hypocotyls, and whole
seedlings is shown. ¢, Cortex; e, endodermis; el, elongation region of the root tip; ep, epidermis; m, meristem zone of the root

tip; p, pericycle.

repressed in the bhlh34bhlh104 mutants (Fig. 4), indi-
cating that the loss of function of bHLH34 and bHLH104
impairs the transduction of Fe deficiency response
signaling. Although bhlh34 and bhlh104 mutants dis-
play reduced activation of Fe deficiency-responsive
genes, the bhlh34bhlh104 mutants have the strongest
inhibitory effect on the Fe deficiency-responsive genes.
When either Proyy; y5,:Myc-bHLH34 or Proyy; 170, Myc-
bHLH104 was introduced into bhlh34bhlh104 double
mutants, the Fe deficiency symptoms of bhlh34bhlh104
were partially rescued (Supplemental Fig. S15). These
data suggest that bHLH34 and bHLH104 have nonre-
dundant functions under Fe-deficient conditions. In
contrast to bhlh34 and bhlh104 mutants, bHLH34 and
bHLH104 overexpression plants activate the expression
of Fe deficiency-responsive genes (Fig. 6). In agreement
with this, Fe is overaccumulated in the overexpression
plants (Fig. 5D). Taken together, our data suggest that
bHLH34 and bHLH104 act as positive regulators in Fe
deficiency response signaling.

The bhlh34bhlh104 mutants displayed enhanced Fe
deficiency sensitivity. However, unexpectedly, we
found that about 10% of Pro;;5:Myc-bHLH34 and 30% of
Proz;:Myc-bHLH104 plants showed short roots on
Fe-deficient medium, although they accumulated high
Fe content and activated Fe deficiency-responsive
genes, including bHLH38/39/100/101, MYB10/72,
FRO2, and IRT1. In fact, similar observations were made
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for the pyel mutant, which up-regulates Fe deficiency-
responsive genes and accumulates excessive Fe but dis-
plays short roots under Fe deficiency conditions (Long
etal,, 2010). NAS4 and ZIF1 are significantly up-regulated
in the bPHLH34 and bHLH104 overexpression plants and
particular high when overexpression plants are subjected
to Fe deficiency conditions (Supplemental Fig. 510). It is
noteworthy that NAS4 and ZIF1 are directly negatively
regulated by PYE (Long et al., 2010). As a negative reg-
ulator in Fe homeostasis, PYE is also a direct target of
bHLH104 and bHLH105 (Zhang et al., 2015). Our results
suggest that PYE is positively regulated by bHLH34,
bHLH104, and bHLH105. The expression analysis of
NAS4 and ZIF1 between bhlh34bhlhi104 and pyel mutants
(Supplemental Fig. S16) indicates that NAS4 and ZIF1
are positively and negatively regulated by bHLH34/
bHLH104 and PYE, respectively. Plants have evolved
this mechanism to fine-tune Fe homeostasis.

Recently, Zhang et al. (2015) revealed that over-
expression of bHLH104 and bHLH105 activates the Fe
deficiency-responsive genes and overaccumulation of
Fe. However, the Fe deficiency sensitivity of our over-
expression plants is completely different from the re-
sults of Zhang et al. (2015), who confirmed that
bHLH104 overexpression plants produced longer roots
than the wild type on Fe-deficient medium. They used
Pros;¢:bHLH104-GFP as an overexpression construct,
whereas we used Pro;sq:Myc-bHLH104. To investigate
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whether the C-terminal fused GFP affects the function
of bHLH34 or bHLH104, we constructed Prosss:Myc-
bHLH34-GFP and Pros;:Myc-bHLH104-GFP transgenic
plants. No visible phenotype was found in all Pross:
Myc-bHLH34-GFP and Pro;5q:Myc-bHLH104-GFP
transgenic plants compared with the wild type when
plants were grown in normal soils. In agreement with
the results from Zhang et al. (2015), about 70% of these
GFP fusion transgenic plants produced significantly
longer roots than the wild type on Fe-deficient medium
(Supplemental Fig. S17A). The expression of Fe
deficiency-responsive genes in GFP fusion transgenic
plants with longer roots is significantly lower than that
in Myc fusion transgenic plants with shorter roots, but
it is comparable to the Myc fusion transgenic plants
with normal roots (Supplemental Fig. S17B). It is note-
worthy that the overexpression plants with visible
phenotypes have extremely high transgene levels
compared with overexpressors with invisible pheno-
types (Fig. 5C; Supplemental Fig. S8B). Therefore, it is
likely that the extremely high expression of transgene
caused abnormal regulation of Fe uptake-associated
genes and Fe overload. In any case, it is an efficient
approach to generate Fe deficiency-tolerant plants by
constitutively expressing bHLH34 or bHLH104 with a C
terminus fused with a GFP gene.

Under both Fe-sufficient and Fe-deficient conditions,
the transcript levels of bHLH38/39/100/101 are always
lower in the bhlh34, bhlh104, and bhlh34bhih104 mutants
than in wild-type plants (Fig. 4). Transient expression
assays reveal that both bHLH34 and bHLH104 activate
the promoters of bHLH38/39/100/101 (Fig. 7, B and C;
Supplemental Fig. S11). These data suggest that bHLH34
and bHLH104 directly and positively regulate the tran-
scription of bHLH38/39/100/101. In agreement with our
results, Zhang et al. (2015) showed the direct regulation
of bHLH38/39/100/101 by bHLH104. bHLH38/39/100/101
are strongly induced when wild-type plants are exposed
to Fe-deficient conditions. However, it is worth noting
that, in some mutants where Fe homeostasis is disrupted,
such as irtl, frd1, frd3, and fit, bHLH38/39/100/101 tran-
script abundance is increased even under Fe-sufficient
conditions compared with wild-type plants (Wang et al.,
2007). The fact that Fe deficiency-responsive genes are
regulated by internal Fe demand via shoot-to-root sig-
naling was demonstrated previously (Grusak and
Pezeshgi, 1996; Vert et al., 2003). Interestingly, although
the bhlh34bhlh104 mutants have lower Fe content than
wild-type plants, the induction of bHLH38/39/100/
101 by Fe deficiency is strongly inhibited in the
bhlh34bhlh104 mutants, suggesting that the transcrip-
tional activation of bHLH38/39/100/101 by internal Fe
demand is largely dependent on bHLH34 and bHLH104.

It has been confirmed that bHLH38/39/100/101 have
redundant functions in the Fe deficiency response
(Yuan et al., 2008; Wang et al., 2013). Our experiments
indicate that the constitutive expression of bHLH101
partially rescued the severe Fe deficiency symptoms of
bhlh34bhlh104 mutants (Fig. 8), implying that the regu-
lation of bHLH38/39/100/101 by bHLH34 and bHLH104
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is required for Fe homeostasis. Because of the imperfect
complementation by overexpression of bHLH101, it is
possible that the ectopic expression of bHLH101 caused
ectopic expression of its target genes, which then led to
the abnormal Fe distribution, or that bHLH34 and
bHLH104 also regulate other genes that are involved in
Fe homeostasis but are not regulated by bHLH101. In
fact, we found that the induction of FIT, MYB10, and
MYB72 by Fe deficiency is not rescued in bhlh34bhlh104/
Pros5¢:bHLH101#1 and bhih34bhlh104/Pross:bHLH101#11
plants (Supplemental Fig. 512). It has been reported that
MYBI10 and MYB72 are required for growth in Fe-
limiting conditions by directly regulating the expression of
NAS4 (Palmer et al., 2013). NAS genes are responsible for
the synthesis of nicotianamine, which plays a role in the
intercellular and intracellular distribution of Fe (Takahashi
et al.,, 2003; Klatte et al., 2009). Therefore, the elevated
expression of bPHLH101 may rescue only the Fe uptake
phenotype, but not the Fe distribution phenotype, in the
bhlh34bhih104 mutants. The transcript abundance of
bHLH34 and bHLH104 is not induced by Fe deficiency
(Supplemental Fig. S2), which implies that they may be
regulated at the posttranscriptional level because their
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Figure 12. Fe deficiency-responsive signaling pathway. Fe deficiency
stabilizes the BTS protein that interacts with bHLH104 and bHLH105.
bHLH34, bHLH104, and bHLH105 can form homodimers or hetero-
dimers to activate the transcription of bHLH38/39/100/107 and PYE. FIT
interacts with bHLH38/39/100/101 to activate the transcription of
FRO2 and IRT1. PYE regulates the expression of ZIFT and NAS4 neg-
atively. MYB10 and MYB?72 regulate the expression of NAS4 positively.
The induction of MYB10/72 by Fe deficiency is partially dependent on FIT;
bHLH34/104/105 are required for the induction of FIT and MYB10/72.

Plant Physiol. Vol. 170, 2016


http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01827/DC1

target genes are up-regulated by Fe deficiency. To further
analyze their protein stability and screen their interaction
partners will provide insights into their regulation
mechanisms under Fe deficiency conditions. The stron-
ger PFe deficiency symptoms of double mutants than
single mutants suggest that bHLH34, bHLH104, and
bHLH105 play nonredundant roles in regulating Fe ho-
meostasis. We also observed differential expression pat-
terns among Proy; 132 GUS, Progy 102 GUS, and Proyy 105t
GUS, which might explain the nonredundant roles.

A putative Fe deficiency-responsive signaling pathway
is shown in Figure 12. BIS is considered a potential Fe
sensor because its structure, its ability to bind Fe, and its
capacity to catalyze ubiquitination are similar to the
mammalian Fe sensor FBXL5 (Kobayashi et al., 2013;
Selote et al., 2015). BTS is induced and its product is sta-
bilized by Fe deficiency; however, it has been confirmed
to negatively regulate Fe homeostasis (Long et al., 2010;
Selote et al., 2015; Zhang et al., 2015). Long et al. (2010)
confirmed that bHLH104 and bHLHI105, but not
bHLH34, interact with BTS in yeast. Although its in-
teracts with BTS, bHLH104 protein is not affected by
BTS (Selote et al.,, 2015). bHLH34, bHLH104, and
bHLH105 function as homodimers or heterodimers. It
is likely that the interaction of BTS with bHLH104
competitively interferes with the formation of dimers,
which then affects the regulation of downstream genes,
such as bHLH38/39/100/101 and PYE. FIT interacts with
bHLH38/39/100/101 to activate the expression of IRT1
and FRO2. PYE functions as the negative regulator of
ZIF1 and NAS4. MYB10 and MYB72 function redun-
dantly to regulate Fe homeostasis by the direct activa-
tion of NAS4. The induction of MYB10/72 by Fe
deficiency is partially dependent on FIT, and bHLH34/
104/105 are required for the induction of FIT and
MYB10/72. It is worth mentioning that the model has no
spatial dimension; it reflects interactions globally but is
not applicable in any particular cell type, because the
expression patterns of the different players do not always
overlap. Future research should aim at identifying the
distinct modules that are active in the root cortex and
epidermis, in the root stele, and in various leaf cell types.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used as the
wild type in this study. The T-DNA insertion lines for bPHLH34 (CS411089),
bPHLH104 (Salk_099496C), and bHLH105 (Salk_043690C) were confirmed using
PCR with a T-DNA primer and gene-specific primers (Supplemental Table S1).
pyel was described previously (Long et al., 2010). Plants were grown in long
photoperiods (16 h of light/8 h of dark) or in short photoperiods (8 h of light/
16 h of dark) at 22°C. Surface-sterilized seeds were stratified at 4°C for 2 to
4 d before being planted on medium. Fe-sufficient medium is one-half-strength
Murashige and Skoog (MS) medium with 1% (w/v) Suc, 0.8% (w/v) agar, and
0.1 mm FeEDTA. Fe-deficient medium is the same without FeEDTA.

Plasmid Construction

Standard molecular biology techniques were used for the cloning procedures.
Genomic DNA from Arabidopsis was used as the template for amplification of
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the upstream regulatory promoter sequence for Proy;; ;;3,:GUS, Proyy; 11;04GUS,
Propsii105:GUS, Prog:NLS-GFP, Proyyy; 1135 NLS-GEP, Pro,y 1150:NLS-GFP,
Proy; 1100:'NLS-GFP, and Proy; 170;:NLS-GFP. The NLS was amplified from the
pGADT? plasmid. For Projss:Flag-bHLH34, Prosss:Myc-bHLH34, Prosss:Myc-
bHLH104, Pros5¢:bHLH101, Prosss:Myc-GUS, and Pros;q:Myc-MYC2, the corre-
sponding coding sequences were inserted between the CaMV 35S promoter and
poly(A) of the binary vector pOCA30. amiR-bhlh34/104 was integrated into the
MIR319a backbone, and the construction strategy was described previously
(Liang et al., 2012). Primers used for these constructs are listed in
Supplemental Table S1. Arabidopsis transformation was conducted by the
floral dip method (Clough and Bent, 1998). Transgenic plants were selected
with the use of 50 ug mL™' kanamycin.

Histochemical GUS Staining

Whole seedlings were immersed immediately in 1.5 mL of staining solution
containing 0.5 mg mL ' 5-bromo-4-chloro-3-indolyl-8-p-glucuronide (Sigma) in
0.1 M sodium phosphate buffer (pH 7.3) in a microfuge tube. The reaction was
performed in the dark at 37°C until a blue indigo color appeared. After the
reaction, seedlings were rinsed in 0.1 M sodium phosphate buffer (pH 7.3). The
samples were then rinsed twice in 70% (v/v) ethanol to remove chlorophylls.

Fe Concentration Measurement

To determine Fe content, 11-d-old seedlings grown on Fe-sufficient medium
were transferred to Fe-sufficient or Fe-deficient medium for 3 d. The shoots and
roots were harvested separately and used for Fe measurement. Leaves of
4-week-old plants grown in normal soils were used for the measurement of Fe
content. About 100 mg dry weight for roots or shoots was used as one sample,
and three samples were used in each independent experiment. Fe content
analysis was performed using inductively coupled plasma spectroscopy.

Ferric Chelate Reductase Assays

Ferric chelate reductase assays were performed as described previously (Yi
and Guerinot, 1996). Briefly, 10 intact plants for each genotype were pretreated
for 30 min in plastic vessels with 4 mL of one-half-strength MS solution without
micronutrients (pH 5.5) and then soaked into 4 mL of Fe(III) reduction assay
solution [one-half-strength MS solution without micronutrients, 0.1 mm Fe(III)-
EDTA, and 0.3 mum ferrozine, pH adjusted to 5 with KOH] for 30 min in dark-
ness. An identical assay solution containing no plants was used as a blank. The
purple-colored Fe(Il)-ferrozine complex was quantified at 562 nm.

Chlorophyll Measurement

Chlorophyll content was measured in 2-week-old plants grown on Fe-
sufficient and Fe-deficient media. All leaves were collected and ground to
powder in liquid nitrogen. The powder was resuspended in 80% (v/v) acetone
on ice and centrifuged at 10,000 at 4°C for 5 min. Chlorophyll concentrations
were calculated from spectroscopy absorbance measurements at 663.2, 646.8,
and 470 nm (Lichtenthaler, 1987).

Gene Expression Analysis

One microgram of total RNA extracted using the Trizol reagent (Invitrogen)
was used for oligo(dT),g-primed cDNA synthesis according to the reverse
transcription protocol (Fermentas). The resulting cDNA was subjected to rela-
tive quantitative PCR using the SYBR Premix Ex Taq kit (TaKaRa) on a Roche
LightCycler 480 real-time PCR machine, according to the manufacturer’s in-
structions. ACTIN2 (ACT2) was amplified as an internal control, and gene copy
number was normalized to that of ACT2. For the quantification of each gene, at
least three biological repeats were used. Each biological repeat contained three
technical replicates. One representative result from one biological repeat is
shown. The analysis of statistical significance was performed by Student’s f test.
The quantitative reverse transcription-PCR primers are listed in Supplemental
Table S1.

Yeast Assays

For the yeast one-hybrid assay, the Matchmaker Gold Yeast One-Hybrid
Library Screening System (Clontech) was used. The pAbAi vector harboring a
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1,000-bp sequence upstream of the bHLH101 gene was integrated into the ge-
nome of yeast strain YIHGold followed by selection on synthetic dextrose
medium agar plates without uracil. We screened an Arabidopsis equalized full-
length cDNA library on synthetic dextrose medium without Leu supplemented
with 100 ng mL " aureobasidin A. The aureobasidin A resistance is activated by
prey proteins that specifically interact with the bait sequence. Candidate cDNA-
harboring vectors were amplified and isolated via Escherichia coli. The sequence
of each candidate was analyzed with the help of the TAIR database.

For the yeast two-hybrid assay, C-terminally truncated bHLH34C and
bHLH104C containing the bBHLH domain and full-length bHLH105 cDNAs were
cloned into pGBKT7, and the full-length cDNAs of bHLH34, bHLH104, and
bHLH105 were cloned into pGADT?. Growth was determined as described in
the Yeast Two-Hybrid System User Manual (Clontech). Primers used for vector
construction are listed in Supplemental Table S1. Experiments were repeated
three times.

Transient Expression Assays

Plasmids were transformed into Agrobacterium tumefaciens strain EHA105.
Agrobacterial cells were infiltrated into leaves of Nicotiana benthamiana by the in-
filtration buffer (0.2 mm acetosyringone, 10 mm MgCl,, and 10 mm MES, pH 5.6).
For the BiFC assay, equal volumes of an A. tumefaciens culture were mixed before
infiltration into N. benthamiana leaves. After infiltration, YFP and 4’,6-diamino-
phenylindole fluorescence were observed with a confocal laser scanning micro-
scope (Olympus). For transcription activation assay, the final optical density at
600 nm value was 0.1 (an internal control; Pro;;¢:Myc-GUS), 0.5 (reporter), or 0.5
(effector). After infiltration, plants were placed in the dark at 24°C for 48 h before
RNA extraction. The transcript abundance of GFP was normalized to GUS.

Coimmunoprecipitation Assay

Flag-bHLH34 and Myc-bHLH104 (or Myc-GUS) were transiently coex-
pressed in N. benthamiana leaves. Infected leaves were harvested 48 h after in-
filtration and used for protein extraction. Flag-fused bHLH34 was
immunoprecipitated using Flag antibody, and the coimmunoprecipitated
proteins were then detected using Myc antibody.

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: bHLH34 (At3g23210), bHLH104 (Atdg14410), bHLH105 (At5g54680),
bHLH38 (At3g56970), bBHLH39 (At3g56980), bPHLH100 (At2g41240), bBHLH101
(At5g04150), FIT (At2g28160), MYB10 (At3g12820), MYB72 (At1g56160), FRO2
(At1g01580), IRT1 (At4g19690), NAS2 (At5g56080), NAS4 (Atlg56430), ZIF1
(At5g13740), FRD3 (At3g08040), OPT3 (At5g59040), PYE (At3g47640), and
ACT2 (At3g18780).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phylogenetic tree of bHLH proteins involved in
Fe homeostasis.

Supplemental Figure S2. Expression of bHLH34 and bHLH104 in response
to Fe deficiency.

Supplemental Figure S3. Growth status of wild-type and mutant plants.

Supplemental Figure S4. Analysis of amiR-bhlh34/104 and double mutant
plants.

Supplemental Figure S5. Chlorophyll content of mutant seedlings on Fe-
sufficient or Fe-deficient medium.

Supplemental Figure S6. NAS2, NAS4, ZIF1, FRD3, OPT3, and PYE tran-
script levels in various mutant plants.

Supplemental Figure S7. Complementation of bhlh34 and bhlh104 mutants.

Supplemental Figure S8. Analysis of bHLH34 and bHLH104 overexpres-
sion plants.

Supplemental Figure S9. Concentration of other metals in overexpression
plants.

Supplemental Figure S10. NAS2, NAS4, ZIF1, FRD3, OPT3, and PYE tran-
script levels in overexpression plants.
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Supplemental Figure S11. bHLH34 and bHLH104 activate the promoter of
bHLH38/39/100.

Supplemental Figure S12. Analysis of bhlh34bhih104/Pros;5:bHLH101
plants.

Supplemental Figure S13. Expression of Fe deficiency-responsive genes in
various single and double mutants.

Supplemental Figure S14. GUS staining of Proy; ;;3,GUS, Proyy; 110,:GUS,
and Proy; 4105:GUS plants.

Supplemental Figure S15. Partial complementation of bhlh34blhlh104 dou-
ble mutants by Proby; ;3,:Myc-bHLH34 and Proy; yy,0,:Myc-bHLH104.

Supplemental Figure S16. Expression of NAS4 and ZIF1 in bhlh34blhih104
and pyel mutants.

Supplemental Figure S17. Phenotypes of Pros;;:Myc-bHLH34-GFP and
Pros55:Myc-bHLH104-GFP plants.

Supplemental Table S1. Primers used in this article.
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