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Abstract

Key message Two Populus bHLH genes (PtFIT and

PtIRO) were cloned and characterized. The iron defi-

ciency tolerance may be regulated by the PtFIT-de-

pendent response pathway in Populus.

Abstract Five orthologs of eight Arabidopsis basic helix-

loop-helix (bHLH) genes responding to iron deficiency in

Populus were analyzed. Open reading frame (ORF) regions

of two bHLH genes (PtFIT and PtIRO) were isolated from

the iron deficiency tolerant (PtG) and susceptible (PtY)

genotypes of Populus tremula ‘Erecta’. Gene sequence

analyses showed that each of the two genes was identical in

PtG and PtY. Phylogenetic analysis revealed that PtFIT was

clustered with the bHLH genes regulating iron deficiency

responses, while PtIRO was clustered with another group of

the bHLH genes regulating iron deficiency responses in a

FIT-independent pathway. Tissue-specific expression ana-

lysis indicated that PtFIT was only detected in the root

among all tested tissues, while PtIRO was rarely detected in

all tested tissues. Real-time PCR showed that PtFIT was up-

regulated in roots under the iron-deficient condition. A

higher level of PtFIT transcripts was detected in PtG than in

PtY. Pearson Correlation Coefficient calculations indicated

a strong positive correlation (r = 0.94) between PtFIT and

PtIRT1 in PtG. It suggests that the iron deficiency tolerance

of PtG may be regulated by the PtFIT-dependent response

pathway. The PtFIT-transgenic poplar plants had an in-

creased expression level of PtFIT and PtIRT1 responding to

iron deficiency. One PtFIT-transgenic line (TL2) showed

enhanced iron deficiency tolerance with higher chlorophyll

content and Chl a/b ratio under iron deficiency than the

control plants, indicating that PtFIT is involved in iron

deficiency response in Populus. The results would provide

useful information to understand iron deficiency response

mechanisms in woody species.

Keywords Iron chlorosis � Poplar tree � Transcription
factor � Iron transport � Tissue-specific expression

Introduction

Iron deficiency-induced chlorosis causes yield loss and

poor quality of crops, particularly in calcareous and high

pH soils. Iron deficiency is not caused by the lack of iron in

the soil, but rather the low availability for plants to absorb

(Römheld and Marschner 1986; Guerinot and Yi 1994).

Higher plants acquire iron from the soil through two

strategies, reduction-based and chelation-based strategies

(Römheld and Marschner 1986; Kobayashi and Nishizawa

2012). Non-graminaceous plants (known as Strategy I

species) acquire iron through the reduction-based strategy,

which is accomplished by reducing Fe(III) to absorbable

Fe(II) and then the absorbable Fe(II) is transported into the

root by the IRT1 transporter (Eide et al. 1996; Robinson,

et al. 1999). Graminaceous plants (known as Strategy II

species) produce Fe(III) chelators, mugineic acid family

phytosiderophores (MAs), to form a complex of Fe(III)-

MAs that is transported into the root by YS1 (Yellow stripe

1) or YSL (Yellow stripe 1-like) transporter (Takagi 1976;
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Curie et al. 2001; Murata et al. 2006; Inoue et al. 2009).

Research has revealed that two groups of genes, Ferric

reductase oxidase (FRO) and Iron-regulated transporter

(IRT), are involved in iron reduction and transport in

Strategy I species (Eide et al. 1996; Robinson, et al. 1999).

When plants are exposed to the iron deficiency condition,

the FRO and IRT genes are induced to reduce Fe(III) to

Fe(II) and to regulate the transport of Fe(II) in plants (Eide

et al. 1996; Vert et al. 2001; Jeong and Connolly 2009).

Plants can survive under various stressful conditions by

regulating the expression of genes that are involved in

many biological changes. Gene regulation could be

achieved by many ways, such as DNA methylation, tran-

scriptional and post-transcriptional regulation, or regula-

tion of translation (Latchman 2007). Transcriptional

regulation refers to the change at gene expression level via

altering the transcription rate. Transcription factors are

proteins that bind to a specific region of a promoter to

control the transcription rate. As a large family of tran-

scription factors, the basic helix-loop-helix (bHLH) pro-

teins play an important role in regulating genes involved in

iron deficiency responses in plants. A bHLH transcription

factor (LeFER) isolated from tomato offered the first clue

to know how iron deficiency responses are regulated by

plants (Ling et al. 2002). The fer mutant in tomato failed to

induce LeIRT1 expression under the iron-deficient condi-

tion, indicating the direct role of LeFER in regulating the

LeIRT1 gene. In addition, LeFER expression was sup-

pressed by iron sufficiency at the post-transcriptional level

(Brumbarova and Bauer 2005). An ortholog of LeFER

named AtFIT1 (FER-like iron deficiency-induced tran-

scription factor 1, also known as AtbHLH29 or AtFRU) is

required for inducing the iron mobilization genes in Ara-

bidopsis (Jakoby et al. 2004; Yuan et al. 2005). The AtFIT1

gene regulates several iron deficiency inducible genes with

known or putative functions in iron homeostasis, including

AtFRO2 and AtIRT1 (Colangelo and Guerinot 2004; Ivanov

et al. 2012). Colangelo and Guerinot (2004) reported that

AtFIT1 regulated AtFRO2 at the level of mRNA accumu-

lation and AtIRT1 at the level of protein accumulation.

Further study demonstrated that with the co-expression of

another two AtbHLH transcription factors, forming AtFIT1/

AtbHLH38 and AtFIT1/AtbHLH39 complexes, AtFRO2

and AtIRT1 could be constitutively expressed even under

the iron-sufficient condition (Yuan et al. 2008). Addition-

ally, another two AtbHLH transcription factors

(AtbHLH100 and AtbHLH101) within the same subgroup

of AtbHLH38 and AtbHLH39 were strongly induced by

iron deficiency in the root and leaf of Arabidopsis (Wang

et al. 2007). Sivitz et al. (2012) proposed that rather than

the AtFIT1 target genes, AtbHLH100 and AtbHLH101

likely regulate genes involved in the distribution of iron

within the plant, suggesting that AtbHLH100 and

AtbHLH101 play an AtFIT1-independent regulation role in

iron deficiency responses. Maurer et al. (2014) reported

that the triple defective mutant of bHLH39/100/101

showed an up-regulated expression of AtIRT1, AtFRO2,

and AtFIT as the wild type under iron deficiency. With a

different opinion, Wang et al. (2013) proposed that both

AtbHLH100 and AtbHLH101 could interact with AtFIT1

according to the yeast two-hybrid analysis and bimolecular

fluorescence complementation assay. Furthermore, Long

et al. (2010) reported that in addition to AtFIT1 acting as a

master regulator in the iron deficiency response, another

AtbHLH transcription factor, POPEYE (AtPYE, also known

as AtbHLH047) expressed in the pericycle, was also re-

sponding to iron deficiency. AtPYE helps maintain iron

homeostasis by regulating the expression of known iron

homeostasis genes and other genes involved in transcrip-

tion, development, and stress response according to mi-

croarray data. Additionally, AtPYE interacts with AtPYE

homologs, including IAA–Leu Resistant3 (AtILR3, also

named as bHLH105) or AtbHLH115 that is involved in

metal ion homeostasis to regulate the downstream target

genes. In other species, Legay et al. (2012) proposed that in

potato, the expression of the FER-like transcription factor

that shares 90 % identities with the LeFER gene was also

influenced by iron status and a strong positive correlation

between the expressions of the FER-like transcription

factor and IRT1 was observed. In woody plants, three

bHLH genes (MxbHLH01, MxIRO2, and MxFIT) were

isolated and characterized in Malus xiaojinesis. The

MxbHLH01 expression was restricted to the root and up-

regulated under the iron-deficient condition and

MxbHLH01 might interact with other proteins to regulate

genes in response to iron deficiency (Xu et al. 2011). The

MxIRO2 gene (iron-related transcription factor) was in-

duced in the root and leaf of Malus xiaojinesis under iron

deficiency. It might form a heterodimer or multimer with

other transcription factors to control the expression of ge-

nes related to iron absorption (Yin et al. 2013). The MxFIT

gene was up-regulated in roots under iron deficiency at

both mRNA and protein levels, while almost no expression

was detected in leaves irrespective of iron supply. The

transgenic Arabidopsis plants with MxFIT had increased

AtIRT1 and AtFRO2 transcripts in roots under the iron-

deficient condition, showing a stronger resistance to iron

deficiency (Yin et al. 2014).

Plant hormones were considered as the upstream sig-

naling molecules that involve in the iron deficiency re-

sponse by regulating the FIT gene (Brumbarova et al.

2014). The expression of AtIRT1 and AtFRO2 was

positively regulated by auxin (Giehl et al. 2012) and

ethylene (Lingam et al. 2011). In addition, cytokinin and

jasmonic acid showed the suppression of the iron defi-

ciency responses (Seguela et al. 2008; Maurer et al. 2011).
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In a previous study (Huang and Dai, personal commu-

nication), the PtIRT1 gene from Populus tremula was

cloned and its expression was strongly induced by iron

deficiency; particularly, the increment of PtIRT1 transcripts

was much greater in the iron deficiency tolerant clone

(PtG) than in the iron deficiency susceptible clone (PtY) of

Populus tremula. However, overexpression of the PtIRT1

gene in other transgenic poplar species did not enhance Fe

accumulation compared to the wild type regardless of iron

status. It indicated that some transcriptional control

mechanisms might be involved in regulating PtIRT1 in iron

uptake and transport in poplar. Therefore, we cloned and

characterized the bHLH genes from both iron deficiency

tolerant and susceptible clones of Populus tremula and

overexpressed them in other poplar species. The results

would offer a view of how transcription factors regulate

genes in response to iron deficiency and further strengthen

the understanding of iron deficiency response mechanisms

in woody species.

Materials and methods

Discovery of the bHLH candidate genes in response

to iron deficiency in Populus

To identify bHLH proteins that may be in response to iron

deficiency in Populus, the expression profile of the Ara-

bidopsis bHLH genes in the root of Arabidopsis under

iron deficiency at various time points was analyzed based

on the published microarray data in NCBI. A total of 167

bHLH genes in Arabidopsis predicted by Carretero-Paulet

et al. (2010) were used in this study. Microarray data were

downloaded from the Gene Expression Omnibus under

the series entry GSE10502 (http://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE10502). The expression data

of the AtbHLH genes were extracted from GSE10502

using BRB-Array Tools software (Simon et al. 2007). All

extracted data were normalized based on the mean ex-

pression value of each gene and analyzed and graphed

using the mean of Multi-Experiment Viewer software

(Saeed et al. 2006). Genes were hierarchically clustered

based on ‘Pearson’s correlation’ distance matric and

‘average linkage’ method. Analysis of variance

(ANOVA) was performed to identify the AtbHLH genes

that expressed at a significantly different level in each

treatment at the level of P B 0.01. The output genes were

used as queries to BlastP their orthologs in Populus tri-

chocarpa in NCBI. The putative orthologous genes

showing high similarity to the AtbHLH genes in response

to iron deficiency were considered as the candidates that

may also respond to iron deficiency in Populus.

Plant materials and growth conditions

Iron deficiency tolerant (PtG) and susceptible (PtY) clones

of Populus tremula ‘Erecta’ were used in this study. Plants

were maintained and grown in a hydroponic system com-

prised a 30-hole PVC plate, black plastic container

(42 9 34 9 13 cm), Hoagland’s solution, and an air pump.

The PVC plate was floated on the solution that was pre-

pared according to Hoagland and Arnon (1939). Each

container contained seven liters of Hoagland’s solution that

was aerated with an air pump (TOPFIN Aquarium Air

Pump, Model: AIR-8000) and refreshed every week. Each

hole on the plate held one plant. The container was then

covered by plastic film to maintain the moisture. For ac-

climation, film was gradually removed from the container

after 1 week. For the iron-sufficient treatment, plants were

grown in full strength Hoagland’s solution containing

30 lM Fe(II)-ethylenediaminetetraacetic acid (EDTA). For

the iron-deficient treatment, Fe(II)-EDTA was removed

from the Hoagland’s solution and 200 lM ferrozine was

added.

RNA extraction and cDNA preparation

Total RNA was isolated using the QIAGEN RNeasy Plant

Mini Kit (QIAGEN Inc, Valencia, CA, USA) according to

the manufacturer’s instructions. RNA was isolated from

three biological replicates of each treatment. Prior to

cDNA synthesis, the RNA was quantified by a NanoDrop

ND-1000 spectrophotometer (Thermo Fisher Scientific

Inc., Waltham, MA, USA) and agarose gel electrophoresis.

A total of 1 lg RNA was treated with gDNA wipeout

buffer to eliminate possible contaminating genomic DNA

and then subjected to reverse transcription with RT primer

mix (oligo-dT and random primers) and unique QIAGEN

Omniscript and Sensiscript reverse transcriptases according

to the manufacturer’s instructions of the QuantiTect

Reverse Transcription Kit (QIAGEN Inc, Valencia, CA,

USA).

Gene cloning and sequence analysis

The open reading frame (ORF) region of each candidate

gene was cloned from Populus tremula. Primers were de-

signed using the PrimerSelect module of the DNASTAR

Lasergene� software package (DNASTAR, Inc., Madison,

WI, USA). All primers used for gene cloning and RT-PCR

are listed in Table 1. The PCR was performed according to

the instructions of the Elongase� Enzyme Mix (Invitro-

genTM, Carlsbad, CA, USA). Target PCR products were

purified using the QIAquick Gel Extraction Kit (QIAGEN

Inc, Valencia, CA, USA) and then ligated into the pGEM-T
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easy vector (Promega, Madison, WI, USA). Plasmid DNA

was extracted from the white colonies grown on indicator

plates containing X-gal and IPTG, using a PerfectPrepTM

Spin Mini Kit (5 PRIME Inc., Gaithersburg, MD, USA)

and sent for sequencing at the Iowa State University DNA

Facility (Ames, IA, USA). The domains of putative pro-

teins were analyzed using SMART (http://smart.embl-hei

delberg.de/). A phylogenetic tree was constructed using the

predicted amino acid sequences of the bHLH genes from

Populus and other species by the MegAlign module of the

DNASTAR Lasergene� software package.

Evaluation of the expression profile of the bHLH genes

The expression profile of the bHLH genes in various

poplar tissues including the root tip, root, phloem, xylem,

mature leaf, young leaf, and shoot tip was analyzed

using semi-quantitative RT-PCR. Samples were col-

lected from PtG and PtY grown under the iron-sufficient

condition. Primers corresponding to the PtbHLH genes

and the Populus actin gene (NCBI accession no:

XM_002298674.1) were designed using the PrimerSelect

module of the DNASTAR Lasergene� software package

and are listed in Table 1. Prior to RT-PCR, the quality of

cDNA was assessed by PCR using actin-specific primers

designed to span introns to detect genomic DNA con-

tamination. PCR amplification was carried out in a 16 ll
reaction that consisted of 5 ng cDNA template, 0.375 lM
of each primer, 0.2 mM dNTP, 1.5 mM MgCl2, 19Green

GoTaq� Flexi buffer, and 5 U Taq DNA Polymerase. The

amplification conditions were denaturing for 30 s at 94 �C
(3 min before the first cycle), annealing for 40 s at 56 �C,

and extension for 50 s at 72 �C (5 min after the final

cycle) for 30 cycles. PCR products were separated in a

2 % agarose gel at 110 volts (V) for 30 min. The gel was

visualized under UV light and images were captured using

an AlphaImager� Gel Documentation System (Protein-

simple Inc., Santa Clara, California, USA).

Expression quantification of the bHLH genes

responding to iron deficiency

The expression of the bHLH genes in the root of the poplar

plant responding to iron deficiency was evaluated by real-

time quantitative PCR that was performed on an ABI

7900HT Fast Real-Time PCR System (Applied Biosys-

tems, Foster City, CA, USA) using a PerfCTa� SYBR

Green SuperMix (ROX) kit (Quanta BioSciences, Inc,

Gaithersburg, MD, USA). The gene expression was de-

tected in both PtG and PtY plants after they were trans-

ferred to the iron-deficient solution for 0, 0.5, 1, 3, and

6 days. Each treatment had three biological replicates with

10 individual plants per replicate. Primers of the PtbHLH

genes and internal control (PtTIF5a, NCBI accession no:

CV251327.1) used for real-time quantitative PCR are listed

in Table 1. The absolute quantity of the target gene was

determined based on the standard curves constructed for

each gene according to the method of Larionov et al.

(2005). Values of expression level were presented as a ratio

of the copy number of PtbHLHs to that of PtTIF5a. To
evaluate amplification specificity, melting curve analysis

was performed at the end of each PCR run according to the

manufacturer’s recommendation. Two technical replicates

were used for each PCR.

Table 1 Sequence information and applications of the primers used in this study

Primer Sequence (50–30) Application

PtFIT-F3 GTATCTTCTAGAAAAGAATGGATAGGATGGATGA PtFIT cloning

PtFIT-R3 CATAGAGAGCTCAGGGCTAAACAGATGGATT

PtIRO-F2 TAATAACCCTCCAACTAATCCACA PtIRO cloning

PtIRO-R2 GAAGGTTTTTGCGACAGTATCTAA

PtFIT-F1 ACCGCCACAACGACTAAGAAGAC Semi-quantitative/real-time quantitative RT-PCR for PtFIT

PtFIT-R1 AACCAAGGACCGCAAAGCATA

PtIRO-F2 TAATAACCCTCCAACTAATCCACA Semi-quantitative/real-time quantitative RT-PCR for PtIRO

PtIRO-R6 CATCTCTAAAGCTGCACTGTTCAT

PtAct1-F7 ATGGTTGGAATGGGGCAGAAG Semi-quantitative RT-PCR internal control PtAct1

PtAct1-R7 CGAAGGATGGCGTGTGGA

PtTIF5a-F GACGGTATTTTAGCTATGGAATTG Real-time quantitative PCR for reference PtTIF5a

PtTIF5a-R CTGATAACACAAGTTCCCTGC

T-DNA-F ACGTCGCATGCTCCCGG Gene transfer confirmation

T-DNA-R CATATGGTCGACCTGCAG

PtIRT1-F50 TCTCGGAGCCTCAAACAACACT Real-time quantitative PCR for PtIRT1

PtIRT1-R50 AAAAATGCCATGACTGCCTTCTT
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Expression vector construction and plant

transformation

The Suppro::PtbHLH expression cassette was constructed

using the pCAMBIA S1300 expression vector system

(Supplementary Fig. 1) and introduced into P. canes-

cens 9 P. grandidentata ‘Cl6’ using an Agrobacterium-

mediated method according to Dai et al. (2003). Positive

transgenic plants were screened on rooting medium (1/2 MS

medium with 0.5 lM NAA) supplemented with 5 lM hy-

gromycin. Verified transgenic lines were proliferated in vitro

(Dai et al. 2003) and grown in the hydroponic culture system.

Molecular characterization of transgenic events

Transgenic lines were confirmed by PCR with the specific

primers located in the flanking regions of the insertions

according to the method of Dai et al. (2003) (Table 1). The

expression level of PtFIT and PtIRT1 was determined in

the root of transgenic plants grown under either iron-suf-

ficient or iron-deficient conditions by real-time quantitative

PCR as described above.

Physiological analysis of transgenic plants grown

under the iron-deficient condition

The content of chlorophyll and carotenoids, Chl a/b ratio,

and the content of Mn, Zn, Fe, and Cu in the control and

transgenic plants grown in either iron-sufficient or iron-

deficient condition were determined. Leaves were collected

at day 9 after the treatment. Pigments were extracted from

liquid nitrogen grinded leaf tissues by 80 % acetone and

the content of chlorophyll a, chlorophyll b, and carotenoids

was determined following the method of Lichtenthaler

(1987). The chlorophyll and carotenoid concentration was

expressed as mg/kg FW (fresh weight). For determining the

content of mineral elements, leaf samples were oven-dried

at 65 �C for 2 days and subjected to leaf tests in the North

Dakota State University Cereal Science lab.

Statistical analysis

Data were expressed as mean ± SE. An unpaired two-

tailed t test was used to analyze significant differences

between the treatment and the control.

Results

Discovery of the bHLH candidate genes in response

to iron deficiency in Populus

A total of 117 AtbHLH genes had the corresponding probes

in the array of GSE10502 containing 22,810 genes based

on the microarray gene annotation database. The expres-

sion pattern of individual AtbHLH genes is illustrated in

Fig. 1. The seven time points of the iron deficiency treat-

ment (0, 3, 6, 12, 24, 48, and 72 h) were clustered into

three groups: Group 1 included 0 and 3 h treatment; group

2 included 6, 12, and 24 h treatment; and Group 3 con-

tained 48 and 72 h treatment. A significant difference in

gene expression was observed between group 1 and 3,

indicating that the bHLH genes might respond to iron de-

ficiency at 3 h after the treatment and such a response

could be clearly observed at 48 h after the treatment. Ac-

cording to the ANOVA analysis, 25 AtbHLH genes showed

significant differences in the level of expression at seven

time points (Fig. 1). Of these genes, nine (At007,

At039ORG3, At047, At059UN12, At093, At101,

At105ILR3, At115, and At143) were up-regulated and the

rest of genes were down-regulated by iron deficiency.

Previous researches confirmed that At105ILR3, At101,

At115, At039ORG3, and At047 were transcription factors

that positively regulate iron deficiency responses in plants

(Wang et al. 2007, 2013; Yuan et al. 2008; Long et al.

2010). In other research, the At093 gene was found to be

involved in stomatal development (Ohashi-Ito and Berg-

mann 2006) and At059UN12 may be related to fertilization

(Pagnussat et al. 2005). No research was reported regarding

the function of At007and At143. Therefore, the orthologs of

At105ILR3, At101, At115, At039ORG3, and At047 in

Populus trichocarpa were considered as the candidate ge-

nes that may regulate responses to iron deficiency in

Populus. In addition, At029FRU, At038ORG2, and At100

likely play a role in regulation of iron deficiency (Jakoby

et al. 2004; Yuan et al. 2005, 2008; Wang et al. 2007, 2013;

Sivitz et al. 2012). However, no corresponding probes of

At038ORG2 and At100 in the microarray were identified

and the P value of At029FRU was 0.024 ([0.01) according

to the ANOVA analysis. All eight orthologs in Populus are

listed in Table 2.

Cloning and sequence analysis of PtFIT and PtIRO

The open reading frame (ORF) regions of two candidate

genes were amplified from Populus tremula (PtG and PtY).

The PCR primers were designed according to the corre-

sponding nucleotide sequence information of

XP_002313541.2 and XP_002323250.2. Nucleotide se-

quence alignment revealed that either of two genes was

identical in both PtG and PtY. Based on their similarity to

the bHLH genes, two genes were named PtFIT and PtIRO,

respectively (Supplementary Fig. 2). The 939 bp ORF of

PtFIT encoded a deduced protein of 313 amino acid resi-

dues with a molecular weight of 34.9 kDa and an iso-

electric point of 4.74. The 795 bp ORF of PtIRO encoded a

deduced protein of 265 amino acid residues with a
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molecular weight of 30.0 kDa and an isoelectric point of

6.55. Deduced amino acid sequence analysis revealed that

PtFIT showed 14.0–57.1 % identity to other bHLH genes

(57.15 % to AtbHLH29 and 55.7 % to MxFIT). The PtIRO

also showed 14.3–54.7 % identity to other bHLH genes

(54.7 % to MxIRO2). Alignment analysis of amino acid

sequences showed that PtFIT and PtIRO contained the

conserved bHLH domain (Pfam accession: PF00010)

(Fig. 2). Phylogenetic analysis suggested that the bHLH

proteins could be divided into two subgroups (Fig. 3).

PtFIT was clustered with AtbHLH29, LeFER, MxbHLH01,

and MxFIT, while PtIRO was clustered with the rest of

bHLHs. The distinct structures between these two sub-

groups might lead to the divergence in their functions. A

similar result was reported by Carretero-Paulet et al. (2010)

where AtbHLH29 and AtbHLH38/AtbHLH39 belong to two

different subfamilies and play different roles.

Expression analysis of PtFIT and PtIRO

The expression of PtFIT and PtIRO in the root tip, root,

phloem, xylem, mature leaf, young leaf, and shoot tip of

both PtG and PtY was determined using semi-quantitative

PCR. As shown in Fig. 4, PtFIT was detected only in the

root tip and root, while a weak expression of PtIRO was

detected in the shoot tip. A real-time quantitative PCR was

conducted to evaluate the expression profile of PtFIT in the

root responding to iron deficiency at different times after

the iron deficiency treatment (Fig. 5). Results showed that

a slight decrease of the PtFIT transcript was detected at day

0.5, then gradually increased and peaked at day 6 in PtG. In

PtY, the expression of PtFIT showed the first peak at day 1,

and then decreased until day 3. The second expression peak

of PtFIT in PtY was detected at day 6. The expression level

of PtFIT at day 6 was more than 2-fold higher in PtG than

in PtY.

Overexpression of the PtFIT gene

in P. canescens 3 P. grandidentata ‘Cl6’

Overexpression of the PtFIT gene was evaluated in five

independent transgenic lines of P. canescens 9 P. gran-

didentata ‘Cl6’. One line with the empty vector (no PtFIT)

was the control (NC). As shown in Fig. 6, the expression

level of PtFIT in transgenic lines decreased under the iron-

sufficient condition except in TL5 that was similar to NC.

Under the iron-deficient condition, the expression of PtFIT

significantly increased except in TL13. Two transgenic li-

nes (TL12 and TL5) showed a significantly higher ex-

pression level of PtFIT than the control under iron

deficiency. The expression pattern of PtIRT1 in PtFIT-

transgenic lines was also evaluated. Similar to that of

PtFIT, the expression of PtIRT1 was also inhibited under

iron sufficiency and dramatically enhanced under iron de-

ficiency (Fig. 6). Compared to NC, PtIRT1 transcripts in

transgenic plants were reduced more than half under the

iron-sufficient condition, while PtIRT1 transcripts were

significantly increased in TL10 compared to NC under iron

deficiency. On the other hand, PtIRT1 transcripts were

increased 2.44 times in NC and 3.38–13.43 times in

transgenic plants under the iron-deficient condition (Sup-

plementary Table 1).

Physiological analysis of the PtFIT-transgenic lines

responding to iron deficiency

The contents of chlorophyll and mineral elements in the

PtFIT-transgenic leaves were determined. As shown in

Figs. 7 and 8, no significant increase of chlorophyll (Chl

bFig. 1 Expression profiles of the AtbHLH genes in response to iron

deficiency at different time points after the iron deficiency treatment.

a Microarray analyses of the 117 AtbHLH genes. Genes and samples

are ordered based on a hierarchical clustering analysis; b Expression

patterns of 25 AtbHLH genes showing significant differences at

different time points

Table 2 The BlastP identified

candidates of the bHLH genes

related to iron deficiency

response in Populus

Arabidopsis accessions Populus accessions Query cover (%) E value Identity (%)

At029FRU (At2G28160) XP_002313541.2 95 5.00E-86 50

At038ORG2 (At3G56970) XP_002307969.2 97 7.00E-51 48

XP_002323250.2 97 3.00E-49 47

At039ORG3 (At3G56980) XP_002307969.2 93 1.00E-45 47

XP_002323250.2 94 3.00E-41 43

At047 (At3G47640) XP_002303343.1 91 1.00E-59 51

At100 (At2G41240) XP_002307969.2 94 2.00E-39 41

XP_002323250.2 94 3.00E-36 42

At101 (At5G04150) XP_002307969.2 93 2.00E-39 44

At105ILR3 (At5G54680) XP_002316971.1 100 1.00E-93 68

At115 (At1G51070) XP_002316971.1 64 1.00E-75 69
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AtbHLH29     1 MEGRVN---ALSNINDLELHNFLVDPNFDQFINLIRGDHQTIDENPVLDFDLGPLQNSPC
PtFIT        1 MDDPTGNSLAVETNYQFQLHDFIDEANFDRYIDLIRG------ENEITAFDCDLING---
MxFIT        1 -MDSLGNHQGGHNINDFELQDFIDDANFGQFIDIIRGD----GEDPAANFDPDLMMNG-C 
MxbHLH01     1 ------------------------------------------------------MING-C 
LeFER        1 --------MENNNVNDIGLINFLDEDNFEQFIELIRGETADPIVNFCPNYDCEHMTG--C 
AtbHLH38     1 ------------------MCALVPS-FFTNFGWPSTNQ---------YESYYG-----AG
AtbHLH39     1 ------------------MCALVPP-LFPNFGWPSTGE---------YDSYYL-----AG
AtbHLH100    1 ------------------MCALVPP-LYPNFGWPCG-----------DHSFYE-----TD
MxIRO2       1 ------------------MLALSPP-MFSTIGWPIDQDP-------TSHDYYKDHITTAN
PtIRO        1 -----------------MLEELSPISLFSTFGWPLEET--------ISHEQCS-----FR
AtbHLH101    1 ---------MEYPWLQSQVHSFSPTLHFPSFLHPLDDS----------------------

AtbHLH29    58 FIDEN-QFIPTPVD----DLFDELPDLDSNVAES---FRSFDGDSVRAGGEEDEED-YND
PtFIT       52 FLVDN-QFGLSTGDKFDCDLINHVPTHTSSAMEQDPNYVPFALPSFDGDMGLGAEE-DTD
MxFIT       55 FDDYN-LFGQAGSTTPPVLMFGFNDAIVPDPTTS--LFATS--PNFDGEMKGGEEEYYND
MxbHLH01     6 LDDYN-LFGPA-STTPPSPTFGFNDAFLPDPST----FVS--------------------
LeFER       51 FSAANAQFEPILSS------MDFYDTTLPDPISLY---------NCEIKLDNNDDEDDDE
AtbHLH38    28 DNLNNGTFLELTVP-QTY----EVTHHQNSLGVS--------------------------
AtbHLH39    28 DILNNGGFLDFPVPEETYGAVTAVTQHQNSFGVS--------------------------
AtbHLH100   26 DVSN--TFLDFPLP-------DLTVTHEN-------------------------------
MxIRO2      35 DQTAESSSLHILPS--------GHPQSELDRSTP--------------------------
PtIRO    31 DGETQDSFTHFPPS--------QPDVRQLDRSTS--------------------------
AtbHLH101   30 -KSHNINLHHMSLS---------HSNNTNSNNNN--------------------------

AtbHLH29   109 GDDSSATTTNNDGTRKTKTDRSRTLISERRRRGRMKDKLYALRSLVPNIT----KMDKAS
PtFIT      110 EEDSSGTTTT---TKKTKKDRSRTLISERRRRGRMKEKLYALRSLVPNIT----KMDKAS
MxFIT      110 GEDSSGTTTTMTTTLRQKVDRSRTLVSERKRRGSMKERLYALRSLVPNIT----KMDKAS
MxbHLH01    40 --ETTNTNTITTTTKRQKVDRSRTLVSERKRRGRMKERLCALRSLVPNIT----KMDKAS
LeFER       96 SSGTTATTKMTPTSKGTRTDRSRTLISERKRRGRMKEKLYALRSLVPNIT----KMDKAS
AtbHLH38    57 ---VSSEGN-EIDNNPVVVKKLNHNASERDRRKKINTLFSSLRSCLPASD-QSKKLSIPE
AtbHLH39    62 ---VSSEGN-EIDNNPVVVKKLNHNASERDRRRKINSLFSSLRSCLPASG-QSKKLSIPA
AtbHLH100   46 ---VSSENNRTLLDNPVVMKKLNHNASERERRKKINTMFSSLRSCLPPTN-QTKKLSVSA
MxIRO2      61 ---STTISG-ECSSVSPVAKKLNHNASERDRRKKINSLYSSLRSLLPADQPLQKKLSIPN
PtIRO       57 ---FTAHSG-SGD--PTMAKKLNHNASERDRRKKINSLYSSLRSLLPAAD-QRKKLSIPY
AtbHLH101   54 ---YQEEDR----GAVVLEKKLNHNASERDRRRKLNALYSSLRALLPLSD-QKRKLSIPM

Ӿ        Ӿ       Ӿ

AtbHLH29   165 IVGDAVLYVQELQSQAKKLKSDIAGLEASLNSTG---GYQEHAPDAQKTQPFRGINPPAS
PtFIT      163 IIGDAVLYVQELQMQANKLKADIASLESSLIGSD---GYQGSNRNPKNLQNTS-NNHPIR 
MxFIT      166 IVGDSVLYVQDLQQQAKKLKAEIASLEASLAGADDRDGHLEGSTKP-NKD--SNNDQFVS 
MxbHLH01    94 IVRDAVLYVQDSQMHAKKLNAEIANLEASLAG-----GYLQGSTKTKNKKKVSDNNHLAS
LeFER      152 IIGDAILYVQGLQTKAKKLKVEIAEFESSS-------GIFQNAKKMNFTT-----YYPAI
AtbHLH38   112 TVSKSLKYIPELQQQVKRLIQKKEEILVRVSG----------QRDFELYDK--QQPKAVA 
AtbHLH39   117 TVSRSLKYIPELQEQVKKLIKKKEELLVQISG----------QRNTECYVK--QPPKAVA 
AtbHLH100  102 TVSQALKYIPELQEQVKKLMKKKEELSFQISG----------QRDLVYTDQNSKSEEGVT 
MxIRO2     117 TVSRVVKYVPELQKQVEGLIRKREELLSRITK----------QESALHEEKN-QIKSAAR
PtIRO      110 TVSRVLEYIPELQQQVERRIQRKEELLSKLSR----------QADDLTHQEN-QRKGTMH 
AtbHLH101  106 TVARVVKYIPEQKQELQRLSRRKEELLKRISR----------KTHQEQLRNKAMMDSIDS

AtbHLH29   222 KKIIQMDVIQVEEKGFYVRLVCNK--GEGVAPSLYKSLESLTSFQVQNSNLSSPSPDTYL
PtFIT      219 KKIIKMDVFQVEERGFYVRLVCNK--GEGVAASLYRALESLTSFSVQNSNLATTS-EGFV

B H L

H
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a ? b), Chl a/b ratio, or carotenoids was observed in

transgenic lines under the iron-sufficient condition. Under

the iron-deficient condition, the chlorophyll content de-

creased in TL10 and TL13 as well as in NC, but no sig-

nificant changes in TL12, TL2, and TL5 were detected.

The Chl a/b ratio also decreased under iron deficiency in all

transgenic plants as well as in NC. TL2 had the highest Chl

a/b ratio in all transgenic lines (Fig. 7). Similarly, iron

deficiency significantly decreased the content of car-

otenoids in NC, while no significant decrease in transgenic

plants except TL2 and TL10 was found (Fig. 8). The

contents of Mn, Zn, Cu, and Fe in leaves of the transgenic

plants under the iron-deficient or iron-sufficient condition

were determined (Fig. 9). In transgenic plants, iron defi-

ciency showed no effect on Mn content, but slightly low-

ered the Zn content. Moreover, iron content was

significantly decreased and Cu content was significantly

increased under iron deficiency. Under the iron-sufficient

condition, transgenic lines accumulated more Zn and Fe

bFig. 2 Amino acid alignment of PtFIT and PtIRO proteins with other

bHLH proteins from Arabidopsis thaliana, Malus xiaojinensis, and

Lycopersicon esculentum. The bHLH conserved domain is indicated

with lines. Shaded areas represent identical residues (black) or similar

residues (gray) found in most of the proteins. ‘‘Ӿ’’ indicates the

motifs

MxFIT      223 KGILQIDVSQVEEKGFYVKVACNK--GGGVAISLYKALESLTSFDVQSSNLKTVSADRFE
MxbHLH01   149 KGIVQIDVSQVEEKGFYVKVACNK--GQVVATALYRALESLARFNVQSSNLNTVSAGRFE
LeFER      200 KRITKMDINQVEEKGFYVRLICNK--GRHIAASLFKALESLNGFNVQTSNLATST-NDYI
AtbHLH38   160 SYLSTVSATRLGDNEVMVQVSSSKIHNF-SISNVLGGIE-EDGFVLVDVSSSRSQGERLF
AtbHLH39   165 NYISTVSATRLGDNEVMVQISSSKIHNF-SISNVLSGLE-EDRFVLVDMSSSRSQGERLF
AtbHLH100  152 SYASTVSSTRLSETEVMVQISSLQTEKC-SFGNVLSGVE-EDGLVLVGASSSRSHGERLF
MxIRO2     166 SSLSAVSAYQLNDREVAIQISSLKTKNN-LLSDILLNLE-EEGLQILNASSFESSGGRVF
PtIRO      159 SSLSSVSASRLSDREVVIQISTNKLHRSPLMSEILVNLE-EAGLLLINSSSFESFGGRVF
AtbHLH101  156 SSSQRIAANWLTDTEIAVQIATS---KWTSVSDMLLRLE-ENGLNVISVSSSVSSTARIF

AtbHLH29   280 LTYTLDGTCFEQS-LNLPNLKLWITGSLLNQGFEFIKSFT--------
PtFIT      276 LTFTLNVKESEQD-MNLPNLKLWVTGALLNQGFELLTA----------
MxFIT      281 ITFALNVKKCEKDVVNLPNLKIWVTGAFLNQGFKLASGFSA-------
MxbHLH01   207 LAFTLNVCIYQYNMIFY-----YVLGWQFLQS----------------
LeFER      257 FTFTLYVRECHEVDINFGNLKLWIASAFLNQGFDFETSPLV-------
AtbHLH38   218 YTLHLQVENMDDYKINCEELSERMLYLYEKCENSFN------------
AtbHLH39   223 YTLHLQVEKIENYKLNCEELSQRMLYLYEECGNSYI------------
AtbHLH100  210 YSMHLQIK---NGQVNSEELGDRLLYLYEKCGHSFT------------
MxIRO2     224 YNLQFQVER--TYRLECESLSDKLMSFYGQEY----------------
PtIRO      218 YNLHLQAMEG-TYTVECEALNERLVSLCEKRESLFPLNLSSPYSSCIF
AtbHLH101  212 YTLHLQMRG--DCKVRLEELINGMLLGLRQS-----------------

Fig. 2 continued

MxIRO2 
PtIRO
AtbHLH101 NP_196035
HvIRO2 BAF30424
OsIRO2 FAA00382
AtbHLH38 NP_191256
AtbHLH39 NP_191257
AtbHLH100 NP_181657
AtbHLH29 NP_850114
PtFIT
LeFER NP_001234654
MxbHLH01 ADY38577
MxFIT

0.2Fig. 3 A phylogenetic tree of

the PtFIT, PtIRO2, and other

bHLH genes constructed by

ClustalW. The accession

numbers of the studied proteins

are following the gene name.

PtFIT and PtIRO are framed.

The corresponding sources are

Lycopersicon esculentum (Le),

Malus xiaojinensis (Mx),

Arabidopsis thaliana (At),

Oryza sativa (Os), and Hordeum

vulgare (Hv). The scale bar

represents 0.2 amino acid

substitutions per site
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with the exception that TL5 had a similar Fe content to NC.

Under iron deficiency, TL2 and TL5 accumulated more Zn

than other lines and NC, while no significant difference in

Fe, Mn, or Cu content was found among all transgenic and

NC plants.

Discussion

The basic helix-loop-helix (bHLH) is an important family

of transcription factors (Massari and Murre 2000). In this

study, the orthologs of the AtbHLH genes responding to

iron deficiency in Populus were discovered using mi-

croarray data. Microarray is a useful tool to explore the

genes responding to changes of the environmental condi-

tions. In Arabidopsis, the microarray method has been used

to analyze the genome-wide responses of genes to iron

deficiency, such as the differential expression in different

tissues (shoots, roots, or leaves) or under different Fe

supply conditions (Dinneny et al. 2008; Buckhout et al.

2009; Long et al. 2010; Schuler et al. 2011; Sivitz et al.

2012; Waters et al. 2012). We analyzed the expression

profile of the AtbHLH genes in response to iron deficiency

in the root using the microarray data submitted by Dinneny

et al. (2008). Twenty-five AtbHLH genes showed the re-

sponses to iron deficiency (Fig. 1). Among them, three up-

regulated genes (At039ORG3, At047, and At101) were also

confirmed by other microarray analyses that involved in

iron deficiency responses (Sivitz et al. 2012; Waters et al.

2012). Five orthologs of AtbHLH were identified in

Populus trichocarpa according to the BlastP result and two

out of five (PtFIT and PtIRO) that are homologs of

XP_002313541.2 and XP_002323250.2 were cloned from

Populus tremula.

Amino acid sequence analyses revealed that the bHLH

domain sequences of PtFIT and PtIRO had the highest

similarity with AtbHLH29 and MxIRO2, respectively

(Supplementary Fig. 2). AtbHLH29 and MxIRO2 func-

tioned as regulators of the genes responding to iron defi-

ciency (Colangelo and Guerinot 2004; Jakoby et al. 2004;

Yuan et al. 2005; Yin et al. 2013). Phylogenetic analysis

showed that the two iron deficiency regulators were clus-

tered into two groups (Fig. 3). The PtFIT protein contained

the typical threonine–glutamate–arginine (T–E–R) motif in

the basic region of the bHLH domain at positions 5-9-13, as

other members in the same subgroup. Differently, the

feature showed in the PtIRO protein was histidine–gluta-

mate–arginine (H–E–R) (Fig. 2). Research showed that H–

E–R could bind to the G-box (50-CACGTG-30) of a pro-

moter and T–E–R was bound to a variation of the E-box

(50-CANNTG-30) hexanucleotide sequence, revealing the

different roles of the FIT and IRO genes in regulating iron

deficiency response in plants (Heim et al. 2003; Li et al.

2006). Information in this study suggests that PtFIT and

PtIRO cloned from Populus tremula belong to the bHLH

family and may function differently in iron deficiency re-

sponse in Populus.

The up-regulated expression of PtFIT was observed and

more transcripts were detected in roots under iron defi-

ciency (Figs. 5, 6). Similar responses of AtbHLH29 and

MxFIT were also reported (Jakoby et al. 2004; Yin et al.

2014). However, very weak expression of PtIRO was de-

tected in the shoot tip of Populus tremula (Fig. 4), which is

different from the MxIRO2 gene that expressed in the leaf

and root of Malus xiaojinensis under iron sufficiency (Yin

et al. 2013). It indicates that PtIRO may have a different

function from MxIRO2 and further research is needed to

PtG                                         PtY
RT       R      Ph      Xy     ML    YL     ST RT       R    Ph      Xy     ML   YL    ST

PtIRO

PtFIT

PtActin

Fig. 4 Expression levels of PtFIT and PtIRO in various tissues of PtG and PtY by semi-quantitative PCR. PtG iron deficiency tolerant clone and

PtY iron deficiency susceptible clone of Populus tremula; RT root tip, R root, Ph phloem, Xy xylem, ML mature leaf, YL young leaf, ST shoot tip
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Fig. 5 PtFIT expression in response to iron deficiency at 0, 0.5, 1, 3,

and 6 days in the root of PtG and PtY. The relative expression is

quantified by real-time PCR and normalized to the PtTIF5a gene.

Data represent means and standard errors (vertical bar) of three

replicates
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evaluate the possible function of PtIRO related to iron

deficiency responses. This study also showed that the ex-

pression of PtFIT was higher in PtG than PtY at day 6 after

the iron deficiency treatment. Research in Arabidopsis

indicated that AtIRT1 is a major downstream gene

regulated by AtFIT1 (Colangelo and Guerinot 2004; Jakoby

et al. 2004; and Yuan et al. 2005). In this study, the

correlation between PtIRT1 and PtFIT responding to iron

deficiency was strongly positive (r = 0.94) between

PtIRT1 and PtFIT in PtG (Fig. 10), but the correlation in

PtY was weak (r = 0.49). This indicates that FIT in PtG

functioned well in regulating IRT1 to respond to iron de-

ficiency as reported in Arabidopsis (Colangelo and Guer-

inot 2004; Jakoby et al. 2004; Yuan et al. 2005); however,

in PtY, the regulation function of FIT might be inhibited or

needs to be induced by other factors (Yuan et al. 2008) and

lack of those factors or connections between those factors

may explain such a weak correlation between PtFIT and

PtIRT. In addition, the expression profile of these genes in

response to iron deficiency and tissue specificity needs to

be further compared in both iron deficiency tolerant and

susceptible poplar trees.

To further characterize the gene function, PtFIT driven

by a constitutive super promoter (a trimer of the octopine

synthase transcriptional activating element affixed to the

mannopine synthase 20 transcriptional activating element

plus minimal promoter) was transferred into another poplar

species (P. canescens 9 P. grandidentata ‘Cl6’). No en-

hanced constitutive expression of the PtFIT gene in
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Fig. 6 Quantitative assay of PtFIT and PtIRT expression in the

control and transgenic poplar plants. Plants were grown under iron

sufficiency (Fe?) or deficiency (Fe-). NC the transgenic line with the

empty vector (no target gene). The relative expression is quantified by

real-time PCR and normalized to the PtTIF5a gene. Values are means

of three replicates and standard errors are indicated as a vertical line

on the top of each bar
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Fig. 7 Chlorophyll content and

Chl a/b ratio in the control and

PtFIT-transgenic poplar lines

under iron-sufficient (Fe?) and

iron-deficient (Fe-) conditions.

NC the transgenic line with the

empty vector (no target gene).

Values are means of three

replicates and standard errors

are indicated as a vertical line

on the top of each bar
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Fig. 8 The carotenoids content in the control and PtFIT-transgenic

poplar lines under iron-sufficient (Fe?) and iron-deficient (Fe-)

conditions. NC the transgenic line with the empty vector (no target

gene). Values are means of three replicates and standard errors are

indicated as a vertical line on the top of each bar
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transgenic lines was detected in this study. The transgenic

plants had a relatively lower expression level of PtFIT

under the iron-sufficient condition compared to the control,

while the expression of PtFIT was induced by iron defi-

ciency in most transgenic plants (Fig. 6). This indicates that

there might be other factors regulating the expression of

PtFIT and these factors can be activated by iron deficiency.

Research showed that FIT also interacts with other elements

(interactors) that regulate iron uptake. To date, many AtFIT

interactors showed the positive regulation in response to

iron deficiency; however, the negative regulation of AtFIT

interactors might play an important role in preventing plants

from metal toxicity caused by over-accumulation of iron or

other metals (Brumbarova et al. 2014). The suppressed

expression of PtFIT in transgenic plants under iron suffi-

ciency might indicate the existence of such negative inter-

actors of PtFIT in Populus. Similar interactors may also

play roles in regulating the native promoter of the FIT gene;

therefore, functional characterization of the gene promoter

should be further investigated.

As expected, the expression of PtIRT1 in PtFIT-trans-

genic plants was also inhibited by iron sufficiency and

induced by iron deficiency (Fig. 6). Additionally, the fold

change of the PtIRT1 transcript was much greater in
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Fig. 9 The content of Mn, Zn, Fe, and Cu in the leaves of the control

and PtFIT-transgenic poplar lines under iron-sufficient (Fe?) and

iron-deficient (Fe-) conditions. NC the transgenic line with the empty

vector (no target gene). Values are means of three replicates and

standard errors are indicated as a vertical line on the top of each bar
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transgenic lines than in the control (Supplementary

Table 1). Previous research showed a similar result to

which AtIRT1 transcripts were not accumulated under the

iron-sufficient condition, but increased under the iron-

deficient condition in transgenic Arabidopsis plants over-

expressing AtFIT1 or MxFIT. This suggests that PtFIT

might have the function to induce the expression of PtIRT1

and the similar function was also found in AtFIT1 and

MxFIT (Jakoby et al. 2004; Yuan et al. 2008, 2014). We

predict that PtFIT could induce the expression of PtIRT1

and might play an important role in regulation of iron

transport under iron deficiency. Under iron sufficiency, the

PtFIT-transgenic poplar lines accumulated more Fe than

the control plant.

In plants, the iron level significantly affects the

chlorophyll formation and its structure by regulating the

activities of heme enzymes in leaf tissues and the for-

mation of thylakoid membrane in chloroplast. Decreased

chlorophyll content was found as the consequence of iron

deficiency (Marsh et al. 1963; Terry and Abadia 1986).

Notably, one of the PtFIT-trangenic line (TL2) showed an

increased chlorophyll (Chl a?b) content and Chl a/b ratio

compared to the control under iron deficiency. This result

is consistent with the findings in transgenic Arabidopsis in

which overexpression of MxFIT increased chlorophyll

content (Yuan et al., 2014). Interestingly, the TL2 line

showed no enhanced Fe accumulation under iron defi-

ciency, suggesting that TL2 might use iron more effi-

ciently. These findings suggest genetic regulation of

PtFIT has the potential to enhance the tolerance to iron

deficiency in poplar trees.

In conclusion, two bHLH transcription factors (PtFIT

and PtIRO) were cloned from Populus tremula. Func-

tions of PtFIT in regulating iron deficiency were char-

acterized. Results indicated that PtFIT might regulate

PtIRT1 that is directly involved in regulation of iron

deficiency response in Populus. This study provides

useful information for further understanding of the

mechanisms of iron deficiency response in poplar trees

and other woody species.
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