
Contents lists available at ScienceDirect

Plant Science

journal homepage: www.elsevier.com/locate/plantsci

Phosphate regulates malate/citrate-mediated iron uptake and transport in
apple

Jiu-Cheng Zhanga, Xiao-Na Wanga, Wei Suna, Xiao-Fei Wanga, Xian-Song Tongb, Xing-Long Jia,
Jian-Ping Ana, Qiang Zhaoa, Chun-Xiang Youa,*, Yu-Jin Haoa,*
a State Key Laboratory of Crop Biology, MOA Key Laboratory of Horticultural Crop Biology and Germplasm Innovation, College of Horticulture Science and Engineering,
Shandong Agricultural University, Tai-An, 271018, Shandong, China
b Funing Agricultural Bureau, Wenshan, 663400, Yunnan, China

A R T I C L E I N F O

Keywords:
Low phosphate
Iron-deficiency
Absorption
Organic acids
Apple

A B S T R A C T

The accumulation of iron (Fe) in the apical meristem is considered as a critical factor involved in limiting the
elongation of roots under low phosphate (Pi) conditions. Furthermore, the antagonism between Fe and Pi largely
affects the effective utilization of Fe. Although the lack of Pi serves to increase the effectiveness of Fe in rice
under both Fe-sufficient and Fe-deficient conditions, the underlying physiological mechanism governing this
phenomenon is still unclear. In this study, we found that low Pi alleviated the Fe-deficiency phenotype in apples.
Additionally, low Pi treatments increased ferric-chelated reductase (FCR) activity in the rhizosphere, promoted
proton exocytosis, and enhanced the Fe concentration in both the roots and shoots. In contrast, high Pi treat-
ments inhibited this process. Under conditions of low Pi, malate and citrate exudation from apple roots occurred
under both Fe-sufficient and Fe-deficient conditions. In addition, treatment with 0.5 mM malate and citrate
effectively alleviated the Fe and Pi deficiencies. Taken together, these data support the conclusion that a low Pi
supply promotes organic acids exudation and enhances Fe absorption during Fe deficiency in apples.

1. Introduction

Iron (Fe) is widely involved in plant photosynthesis, respiration, and
chlorophyll synthesis, and the demand for Fe is the largest among the
essential micronutrients in plants [1]. Fe is easily oxidized to form
poorly soluble compounds, making it difficult to be absorbed and uti-
lized by plants [2], which severely limits crop quality and yields [3]. To
cope with Fe deficiency, non-graminaceous monocot and dicot plants
such as Arabidopsis acidify the soil environment by promoting H+-AT-
Pase AHA2 at the root plasma membrane to secrete protons around the
rhizosphere [4]. Ferric reductase oxidase 2 (FRO2) increases the ac-
tivity of ferric-chelated reductase (FCR), and the reduction products of
Fe3+ to Fe2+ are absorbed by the action of high-affinity iron trans-
porters (IRT1) [5]. Gramineous plants synthesize and secrete mugineic
acid family phytosiderophores (MAs) to form an MA-Fe3+ complex,
which is transported by YELLOW STRIPE 1 (YS1) and YELLOW STRIPE
1–like (YSL) transporters [6,7]. Traditionally, it was thought that plants
have only one specific mechanism for iron absorption, but recent stu-
dies have shown that rice possesses two mechanisms [8,9]. Liu et al.
(2019) showed that hydroponically grown rice mainly adopts the re-
duction mechanism to absorb Fe, while field-grown rice mainly

achieves this via chelation [10].
The regulation of Fe homeostasis is mediated by transcription fac-

tors involved in Fe activation, absorption, and transport. The basic
helix-loop-helix (bHLH) transcription factors play a major role in the
response of plants to Fe deficiency [11]. In Arabidopsis, a small gene
family encoding the N-terminal hemerythrin motif of the E3 ubiquitin
ligase BRUTUS (BTS) and BRUTUS LIKE 1 and 2 (BTSL1 and 2) controls
the expression of the bHLH transcription factor FE-DEFICIENCY IN-
DUCED TRANSCRIPTION FACTOR (bHLH29/FIT) or POPEYE
(bHLH47/PYE) [12–14], which in turn controls downstream Fe uptake,
transport, and storage genes to help maintain Fe homeostasis [15–18].
In apples, MdbHLH104 is activated by the SUMO E3 ligase MdSIZ1 and
then targets MdAHA8 to promote plasma membrane H+ exocytosis
[19,20]. The plant itself has an iron pool, and when the plants are
unable to obtain Fe from the environment, the Fe-transport and re-
utilization mechanism forces them to obtain Fe3+ chelate from the iron
pool and convert it to Fe2+. A multi-specific vacuolar metal transporter
NATURAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 3
(NRAMP3) is involved in Fe transport in yeast and participates in Fe
reutilization in Arabidopsis [21–23]. In apple plants, MdNRAMP3 has
been proven to have similar functions to AtNRAMP3 [24,25]. During
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the transportation of Fe, a nodulin-like gene VACUOLAR IRON TRAN-
SPORTER 1 (VIT1) is down-regulated under the condition of Fe defi-
ciency and participates in Fe distribution to regulate Fe homeostasis
[26,27].

It is well known that nutrients interact with each other, and defi-
ciency or excess of one can lead to imbalances in other nutrients [28].
For example, the accumulation of zinc (Zn) in Arabidopsis roots is ne-
gatively correlated with the Fe concentration, but this accumulation is
not affected by the Fe concentration in shoots [29]. Zn inhibits the
accumulation of Fe in apple leaves, and a deficiency of Fe causes ex-
cessive accumulation of manganese (Mn) [30]. A reduction in nitrogen
(N) can restore the chlorotic phenotype of soybeans, whereas an in-
crease in N restores the chlorosis phenotype. This phenomenon is
thought to occur because NO3

− affects the phosphorus (P) /Fe ratio of
soybean plants [31]. The typical response to Pi deficiency is inhibited
primary root elongation and increased density and length of lateral
roots and root hairs [32–34]. Later studies indicated that these mor-
phological changes were caused by Fe accumulation, and the co-defi-
ciency of Fe and Pi overcame the limitation of Arabidopsis primary root
elongation [35–37]. Recently, Zheng et al. (2009) pointed out that
compared to a single Fe deficiency, Fe and Pi co-deficiency maintained
the normal growth of rice at the seedling stage and caused the differ-
ential expression of Fe transport and mobilization genes [38]. From the
579 overlapping genes involved in the Fe or Pi response in Arabidopsis
roots, Li and Lan (2015) found that Fe response genes such as FRO2,
IRT1, and CYP82C4 were significantly down-regulated in the absence of
Pi but induced under conditions of co-deficiency of Fe and Pi [39].
These observations provide evidence for the interaction of Fe and Pi at
the transcriptional level. In Arabidopsis, low Pi conditions can promote
the SENSITIVE TO PROTON TOXICITY1 (STOP1) transcription factor on
the posttranscriptional levels, which stimulates the expression of the Al-
activated malate transporter ALUMINUM-ACTIVATED MALATE TRAN-
SPORTER1 (ALMT1) and promotes malate efflux at the root apex [40].
In recent studies, it is generally accepted that malate forms a complex
with Fe3+ after exudation. At the same time, Fe2+ is oxidized to Fe3+

with the participation of the Pi starvation response gene LOW PHOSP-
HATE ROOT 1 (LPR1) to form more Malate-Fe3+ complexes [40,41].
Although there is currently no accurate evidence about the formation of
malate-Fe3+ complexes in plants, malate-Fe3+ complexes among the
external media are natural substrates that increase the rate of FCR ac-
tivity [42,43]. However, malate promotion of Fe accumulation in the
root apical meristem is achieved when Fe is sufficient, and whether this
occurs under conditions of Fe deficiency is largely unknown, although a
lack of Pi can increase the Fe concentration in Arabidopsis and sig-
nificantly alleviate the Fe-deficiency phenomenon in rice leaves
[38,44]. Additional important players involved in Fe uptake are the
coumarins, as the biosynthesis and exudation of coumarins, especially
catechol type coumarins, contribute to Fe acquisition under Fe-limiting
conditions [45–48]. In Arabidopsis, the PLEIOTROPIC DRUG RESISTA-
NCE 9 (PDR9) transporter extrudes coumarins, but it relies on the FRO2
reductase to produce Fe2+ in response to Fe deficiency [46,49,50]. In
the absence of Fe and Pi, the accumulation and exudation of coumarins,
especially catechol type coumarins and their glucosides, are sig-
nificantly reduced compared with –Fe + Pi treatment [51,52]. Malate
or citrate is exuded under conditions of Fe or Pi deficiency, but whether
this is similar to coumarins is currently unclear.

Organic acids are known to be involved in both aluminum (Al)
toxicity and Pi deficiency tolerance. For example, under Al stress con-
ditions, malate is exuded from Arabidopsis and wheat roots to chelate
Al3+ [53,54]. STOP1 regulates the downstream genes ALMT1 and
MULTI-DRUG AND TOXIC COMPOUND EXTRUSION (MATE), which
promote the secretion of malate and citrate, respectively [55]. Fur-
thermore, the functions of ALMT1 and MATE in Arabidopsis are in-
dependent for each other, as knocking out one of these genes does not
affect the plant’s ability to secrete organic acids [56]. Under Pi stress
conditions, malate and citrate is exuded from Soybean (Glycinemax)

[57,58], while maize (Zeamays) and rice was mainly citrate [59,60].
Citrate is reported to play a major role in the chelating and transpor-
tation of Fe in the xylem of soybeans and tomatoes [61]. Recently, an
Arabidopsis transporter of the MATE family, FERRIC REDUCTASE
DEFECTIVE 3 (FRD3), has been shown to mediate Fe translocation by
controlling the efflux of citrate from the root vasculature [62,63].

Among mature apple fruits, malic acid occupies a large proportion
of the organic acids and is present at much higher concentrations than
other organic acids, including citric acid [64]. However, research into
the involvement of organic acids in apple plants in relation to stress
resistance is far from complete. Importantly, the role of organic acids in
regulating the steady-state of Fe and Pi has not been addressed. In this
study, Pi restriction was applied to the study of Fe deficiency in apples,
and it was observed that low Pi conditions significantly promoted Fe
accumulation. At the same time, low Pi conditions promoted organic
acid efflux from the roots, both in the presence and absence of Fe. Fi-
nally, transcriptome analysis was further employed to define this re-
lationship between Fe and Pi.

2. Materials and methods

2.1. Plant materials and growth conditions

Chinese crab apple (Malus hupenensis) seeds were mixed with wet
sand at 4℃ for 45 days, and then sown in nutrient medium for 2
months. The M9T337 dwarf rootstock was treated with rooting medium
(0.0025% 1/2 MS, 0.025% sucrose, 0.001 mM IAA and 0.006% agar
powder; pH = 5.8) after rooting. The apple plants were transferred to
vermiculite (main ingredients: 37–43% SiO2, 9–17% Al2O3, 5–24%
Fe2O3 11–23% MgO and 0.5–9% H2O) for 1 week before treatment. The
nutrient solution processed includes: 4 mM Ca(NO3)2·4H2O, 5 mM
KNO3, 1 mM NH4NO3, 4 mM MgSO4·7H2O, 0.1 mM H3BO3, 0.15 mM
MnSO4, 0.05 mM ZnSO4, 0.001 mM Na2MoO4·2H2O, 0.0001 mM
CuSO4, 0.0002 mM CoCl2, 0.05 mM FeSO4·7H2O, 0.05 mM EDTA-2Na,
with or without 0, 0.125, 0.5, 1.25, or 5 mM KH2PO4, pH = 5.8. Each
of the –Fe-treated nutrient solutions was simultaneously added to 300
μM ferrozine (Frz). Apple seedlings were grown in a greenhouse under a
16 h/8 h light/dark cycle at 25/20 °C (day/night).

Arabidopsis seedlings were transferred to conditions with (50 μM,
+Fe) or without (0 μM, –Fe) FeSO4·7H2O and supplied with 0 (–Pi),
0.125, 0.5, 1.25, or 5 mM (high) KH2PO4 or 0, 0.1, 0.5, or 1 mM malate
or citrate on MS medium for 7 day subsequent to 4 days of germination.
For Arabidopsis experiments in vermiculite, Arabidopsis was transferred
to vermiculite after germination in MS medium for 10 days. Arabidopsis
seedlings were grown in a greenhouse under a 16 h/8 h light/dark cycle
at 22/18 °C (day/night).

2.2. Chlorophyll content measurement

New apple leaves (1–3 new leaves growing from the top) and
Arabidopsis leaves were placed in a dark state in 95% ethanol until the
leaves were completely faded. Absorbance was colorimetrically calcu-
lated at 645 and 663 nm to determine the chlorophyll concentration.
Chlorophyll content = (20.8 ×A645 +8.04 ×A663) ×V ÷M. (A: ab-
sorbance, V: volume of alcohol, M: weight of leaves).

2.3. Fe and P content measurement

The apple or Arabidopsis roots and shoots (all organs other than the
roots) were separated, dried in an 80℃ blast oven for two days and
ground to a powder. The material was completely carbonized by the
addition of 5 ml of H2SO4 overnight. Subsequently, 30% H2O2 was
added while heating in a 300 °C digestion furnace to clarify. After fil-
tration, the total Fe or P concentration was measured via inductively
coupled plasma atomic emission spectroscopy (ICP-AES; Fisons ARL
Accuris, Ecublens, Switzerland). Fe or P content = C × V / M. (C:
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concentration, V: volume of filtrate, M: dry weight of root or shoot).

2.4. Soluble Fe content measurement

Soluble Fe content was measured as described in Lei et al. (2014)
[23] with some changes. The roots and shoots of the apple or Arabi-
dopsis plants were isolated, ground in liquid nitrogen, and extracted
with ten volumes of deionized water. The samples were then cen-
trifuged at 5000 × g for 10 min and the supernatant was collected. The
Fe concentration was measured in the same manner as described above.

2.5. Root ferric-chelated reductase (FCR) activity measurements and
staining

Root FCR activity was measured following a method reported by Lin
et al. (2016) [65]. Apple roots treated for 1–7 days were immersed in
measuring solution consisting of 0.5 mM CaSO4, 0.1 mM 4-morpho-
lineethanesulfonic acid, 0.1 mM Frz, and 100 mM Fe-EDTA (pH = 5.5).
After a 2 h reaction in the dark, absorbance of the reaction solution was
determined at 562 nm in an ultraviolet spectrophotometer.

For FCR activity staining, 0.7% agar powder was added to the assay
solution, and the culture plate was placed at 25 °C for 1–2 h in the dark
and photographed.

2.6. Solution pH measurement and rhizosphere proton secretion staining

The pH of the nutrient solution was measured at 1, 3, 5, and 7 days
using a pH meter (PHS-3C; INESA Scientific Instrument Co., Ltd).
Rhizosphere proton secretion staining was performed according to Zhao
et al. (2016) with some changes [20]. Apple plant roots were placed in
a mixed culture solution containing 0.01% bromocresol purple, 0.2 mM
CaSO4 and 0.7% agar (pH = 6.5), and The photographs were taken
after 45 min.

2.7. Organic acid content measurement

For the determination of organic acids, the protocol presented in
Soga et al. (2001) [66] was used. Briefly, apple roots were ground to a
powder with liquid nitrogen, dissolved in sterile water, and then cen-
trifuged at 1000 ×g at 4℃ for 15 min. The organic acid content was
determined via high-performance capillary electrophoresis (HPCE).

2.8. Rhizosphere organic acid efflux collection and measurement

The apple plants were treated in hydroponic nutrient solution for 4
days (pH = 5.8), and the nutrient solution was then dried to a powder
in a -80℃ freeze dryer. The powder was dissolved with 5 ml of deio-
nized water, the solution was then passed through a cation exchange
resin and the filtrate was collected. After lyophilizing again, the sample
was dissolved in 5 ml of deionized water and stored at -20℃. The or-
ganic acid efflux was analyzed via enzyme-linked immunosorbent assay
(ELISA; Hengyuan, Shanghai, China). Organic acid was made into a
solid-phase antibody, and horseradish peroxidase (HRP) was then
combined with the organic acid antibody to form an antibody-antigen-
enzyme-labeled antibody complex. After thorough washing, the TMB
substrate was added to develop the color, with the TMB converted to
blue under the catalysis of HRP and finally converted to yellow under
the action of acid. The shade of the color positively correlated with the
organic acid concentration in the sample. Finally, the absorbance was
measured using a microplate reader at a wavelength of 450 nm. The
organic acid concentration was calculated from a standard curve.
Effluent malate content = (337.57 ×A450 –9.0216) ×5 ×V / (134.09
× M). Effluent citrate content = (506.82 ×A450 –17.148) ×5 ×V /
(192.13 × M). (A: absorbance, V: volume of filtrate, M: fresh weight of
apple root).

2.9. Gene-expression analysis via real time-quantitative polymerase chain
reaction (RT-qPCR)

RT-qPCR experiments were conducted according to An et al. (2017)
[67]. The RNA was extracted using the RNA plant plus reagent
(Tiangen, Beijing, China). RT-qPCR assays were performed on an
ABI7500 RT-qPCR system using the UltraSYBR mixture (SYBR Green I;
Takara Bio, Shiga, Japan). The cDNA concentration was diluted to 3–8
ng·μl−1, and a 1 μl aliquot of diluted cDNA was employed for RT-qPCR.
The 2-ΔΔCt method was used to calculate the results. The results were
normalized to MdACTIN. At least three biological replicates were run
per sample. The primer sequences are detailed in Table S4.

2.10. Transcriptome experimental processing and data analysis

Apple plants were treated with 0.5 and 5 mM KH2PO4 for 5 days in
the absence of Fe. The apple roots and shoots were taken from liquid
nitrogen storage and then ground to a powder. The RNA extraction and
transcriptome sequencing and analysis were conducted by OE biotech
Co., Ltd. (Shanghai, China). Briefly, after extracting total RNA from the
sample and digesting the DNA with DNase, the eukaryotic mRNA was
enriched using magnetic beads with Oligo (dT), and the interruption
reagent was added to break the mRNA into short fragments. Using the
interrupted mRNA as a template, a six-base random primer was used to
synthesize one-stranded cDNA. Then, a two-stranded reaction system
was prepared to synthesize two-stranded cDNA, and the resulting
double-stranded cDNA was purified using a kit. The purified double-
stranded cDNA was then end-repaired, elongated with an A tail, and
connected to the sequencing adapter. Then, the fragments were size
selected and subjected to PCR amplification. After the constructed li-
brary was qualified using an Agilent 2100 Bioanalyzer, it was se-
quenced with a sequencer such as Illumina HiSeqTM 2500 or Illumina
HiSeq X Ten to generate 125bp or 150bp double-ended reads. After
passing a quality inspection, sequencing was performed using an
Illumina sequencer. Databases referenced for transcriptome analysis
included GeneID: 79501, Genbank: NM_001005484.1, HGNC: HGNC:
14825, and HPRD: 14974. The analysis was completed with the se-
quencing of the four groups (each containing 3 samples and 6 plants per
sample) to generate the transcriptome. The genomic alignment of each
sample was obtained by comparing reads to the reference genome.
Based on the alignment results, protein-coding gene expression levels
were analyzed. According to the expression level of the protein-coding
gene in the different samples, the difference screening was performed,
and a difference group was set up and 1.5 times was considered as
significant differential expression.

To verify the accuracy of transcriptome data via RT-qPCR, apple
materials extracted from the transcriptome (each group containing 3
samples with 6 plants per sample) were used. The methods for RNA
extraction and gene expression analysis are the same as in 2.9.

2.11. Pi content measurement

For the determination of Pi content, refer to Zheng et al. (2009)
[35]. Taking the roots and shoots fresh samples and homogenize in 5 M
H2SO4. The homogenate was then diluted 40-fold with distilled water
and mixed with malachite green reagent for 30 min. It was measured
with a UV spectrophotometer at a wavelength of 650 nm. The Pi con-
tent was calculated from fresh weight and standard curve. Pi content =
C × V / M. (C: concentration, V: volume of filtrate, M: fresh weight of
root or shoot).

2.12. Determination of anthocyanin content

For the determination of anthocyanin content, refer to An et al.
(2017) [67]. Taking the top 1–3 fresh apple leaves and add 5 ml an-
thocyanin extract [95% ethanol contains 1.5 M HCl; 85:15 (v: v)] after
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grinding. The absorbance of each sample was measured at 530, 620 and
650 nm using a spectrophotometer (Shimadzu UV-2450, Kyoto, Japan).
The anthocyanin contents were normalized according to the following
formula: optical density (OD) = (A530 − A620) − [0.1 × (A650 −
A620)]. One unit of anthocyanin content was expressed as a change of
0.1 × OD (units × 103 g−1 of fresh weight). Measurements were
performed in triplicate.

3. Results

3.1. Low Pi conditions alleviate Fe deficiency

To explore the physiological response underlying Fe and Pi inter-
actions, apple plants were cultured in vermiculite with (50 μM, +Fe) or
without (0 μM, –Fe) FeSO4·7H2O and supplied with 0 (–Pi), 0.125, 0.5,
1.25 (normal), or 5 mM (high) KH2PO4. After 14 days under –Fe con-
ditions, the 1.25 and 5 mM Pi-treated apple plants showed significant
leaf chlorotic phenotypes (Fig. 1A, B) and the chlorophyll content of
new leaves had decreased dramatically (Fig. 1C). However, the 0,
0.125, and 0.5 mM Pi-treated apple plants still maintained high levels
of chlorophyll content in their leaves. In contrast, there was no sig-
nificant difference between the different Pi treatments under the + Fe
conditions (Fig. 1A-C). Interestingly, compared to the + Fe–Pi treat-
ment, the petiole and young leaves of the –Fe –Pi-treated apple plants
showed symptoms of P deficiency (Fig. 1A, B). At the same time,
compared with –Fe +0.125Pi and –Fe +0.5Pi treatment, –Fe –Pi-
treated apple plants showed lower chlorophyll content in new leaves
(Fig. 1C). This indicated that the co-deficiency of Fe and Pi might ac-
celerate the symptoms of P deficiency in apple plants. Additionally,
Arabidopsis seedlings presented the same results as the apple plants
using the same Pi treatment conditions, except for the accumulation of
chlorophyll in the –Pi treatment group (Supplemental Fig. S1). Im-
proving the efficiency of Fe utilization is an effective way to alleviate Fe
deficiency. To investigate whether Pi affects the effectiveness of Fe, the
soluble Fe content in the roots and shoots of the differently treated
apple seedlings was determined, and the results showed that under Fe
deficient conditions, the soluble Fe content of roots (Fig. 1D) and shoots

(Fig. 1E) treated with 0, 0.125 and 0.5 mM Pi were higher than those
treated with 1.25 and 5 mM Pi. However, no significant change was
observed under Fe-sufficient conditions (Fig. 1D, E), indicating that low
Pi concentrations might affect soluble Fe in roots and shoots to alleviate
Fe deficiency in apples.

3.2. Low Pi conditions acidify the rhizosphere and promote Fe activation

FCR activation and proton extrusion are the typical means by which
non-graminaceous monocot and dicot plants cope with Fe deficiency
[4,5]. To further explore the impact of Pi on Fe deficiency, the FCR
activity in the roots and the pH in the rhizosphere of apple plants
treated hydroponically for 1–7 days were examined. The results showed
that under conditions of Fe deficiency, treatments with 0, 0.125, or 0.5
mM Pi significantly enhanced FCR staining (Fig. 2A) and increased FCR
activity (Fig. 2C) within 7 days when compared to the 1.25 and 5 mM Pi
treatments. In addition, the 0, 0.125, and 0.5 mM Pi treatments also
significantly enhanced the rhizosphere pH staining (Fig. 2B) and re-
duced the pH (Fig. 2D) under Fe deficient conditions. To investigate
whether Pi affects the overall Fe content of apple plants, the total Fe
contents were assessed, and the results indicated that treatment with
0.125 or 0.5 mM Pi significantly increased total Fe accumulation in
apple roots and shoots in the absence of Fe when compared to the 1.25
and 5 mM Pi treatments. However, under Fe sufficient conditions, the
treatment with different concentrations of Pi did not cause any sig-
nificant changes in the total Fe content of the apple plants in either the
roots (Fig. 3A) or shoots (Fig. 3B). Notably, this was in contrast to
previous reports indicating that Pi deficiency can increase total Fe ac-
cumulation in the roots and shoots of Arabidopsis and rice under Fe-
sufficient conditions [38,44,68,69].

3.3. Low Pi conditions promote the efflux of organic acids

In order to investigate whether a deficiency of Fe or Pi affects the
accumulation of organic acids in apple roots, the organic acid contents
of apple roots treated with –Pi were assessed. The results showed that
malate and citrate were significantly induced by Pi deficiency within 7

Fig. 1. Low Pi treatment alleviates Fe deficiency and increases Fe effectiveness. Apple seedlings treated with 50 μM Fe (+Fe) or 0 μM Fe (−Fe) in growth medium
with 0, 0.125, 0.5, 1.25 and 5 mM KH2PO4 (Pi) for 14 days. (A) The phenotypes. (B) The appearance of the leaves from the bottom to the top. (C) Chlorophyll content
of new leaves. (D) Soluble Fe content of the roots and (E) shoots. Changes in chlorophyll and Fe content are expressed as the mean and standard deviation (SD). Error
bars represent standard deviations (n = 3 seedlings). Different letters represent significantly different values at P< 0.05.
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days (Fig. 4A), indicating that both malate and citrate could participate
in the response to a lack of Pi in apples. Alternatively, under Fe defi-
cient conditions, malate and citrate were synthesized in apple roots
(Supplemental Fig. S2). Because the lack of Pi reduced the pH of the
rhizosphere under Fe deficiency (Fig. 2B, D), we examined the exuda-
tion of organic acids in the nutrient solutions of apple plants treated
under hydroponic conditions for 4 days. The results showed that under
conditions of Fe deficiency, 0, 0.125 and 0.5 mM Pi treatments sig-
nificantly increased malate efflux compared with 1.25 and 5 mM Pi
treatments (Fig. 4B). The citrate efflux was only significantly different
between the 0.5 mM Pi treatment and the 1.25 mM Pi treatment
(Fig. 4C), while the citrate efflux treated with 0, 0.125, and 0.5 mM Pi
still higher than that of 5 mM Pi treatment (Fig. 4C). Under Fe sufficient
conditions, treatment with 0.125 and 0.5 mM Pi was increased the

exudation of malate and citrate compared with the 1.25 mM Pi treat-
ment (Fig. 4B, C). Notably, the amount of exudation of malate was
increased under the condition of + Fe +5 mM Pi treatment compared
with + Fe +1.25 mM Pi treatment (Fig. 4B, C), suggesting that a high
Pi might inhibit Fe utilization and cause efflux of organic acids [30,31].
Taken together, these observations indicated that a reduction of Pi in
the apple cultivation environment promoted the efflux of organic acids
and contributed to the absorption and efficient use of Fe. Additionally,
there was no significant difference between the extent and pattern of
malate and citrate exudation in the presence of Fe or Pi deficiency in
apples.

Fig. 2. Effects of different Pi treatments on root FCR activity
and pH values. Apple seedlings treated with –Fe in growth
medium with 0, 0.125, 0.5, 1.25, and 5 mM Pi for 5 days. (A)
FCR activity staining, deep purple and light purple represent
the high and low FCR activity, respectively. (B) Proton efflux
staining, deep yellow and shallow yellow represent the high
and low proton efflux, respectively. (C) FCR activity in roots
treated with –Fe in the growth medium. (D) Rhizosphere pH
under –Fe growth medium. Changes in FCR activity and pH
values are expressed as the mean and SD. Error bars represent
standard deviations (n = 3 seedlings). Different letters re-
present significantly different values at P< 0.05 (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).

Fig. 3. Fe content in the roots and shoots of differently treated apple plants. Apple seedlings treated with + Fe or –Fe in growth medium with 0, 0.125, 0.5, 1.25 and
5 mM Pi for 14 days. (A) Total Fe content of the roots. (B) Total Fe content of the shoots. Changes in Fe content are expressed as the mean and SD. Error bars represent
standard deviations (n = 3 seedlings). Different letters represent significantly different values at P< 0.05.
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3.4. Exogenous organic acid alleviates Fe deficiency caused by high Pi
inhibition

Since malate and citrate efflux from apple roots in the absence of Fe
(Fig. 4B, C), we tested their ability to alleviate Fe deficiency in Arabi-
dopsis. Arabidopsis seedlings at 5 days after germination were separately
transferred to + Fe or –Fe medium containing 1 mM Pi and 0, 0.1, 0.5,
or 1 mM malate or citrate for 7 days. Under the condition of Fe defi-
ciency, malate and citrate effectively alleviated the symptoms of Fe
deficiency in Arabidopsis (Supplemental Fig. S3A, B) and increased the

chlorophyll content of the leaves (Supplemental Fig. S3C), especially at
0.5 mM of malate and citrate, but there was no significant change under
Fe-sufficient conditions (Supplemental Fig. S3). Subsequently, 0.5 mM
of malate or citrate was applied to apple roots treated with –Fe +5 mM
Pi for 14 days. The results showed that both malate and citrate could
effectively alleviate the chlorosis (Fig. 5A, B) and increase the chlor-
ophyll content of the leaves (Fig. 5C). In addition, determination of the
Fe content indicated that malate or citrate increased the total Fe con-
tent and soluble Fe content in the roots (Fig. 5D, F) and shoots (Fig. 5E,
G) of these plants, indicating that the application of malate or citrate
could contribute to the accumulation and effectiveness of Fe in apple
plants. To further investigate whether the effects of malate or citrate
could play the same role in Arabidopsis, we cultivated Arabidopsis in –Fe
+5 mM Pi-treated vermiculite, and then treated them with 0.5 mM
malate or citrate for 14 days, respectively. The results show that 0.5
mM malate or citrate could effectively alleviate the Fe deficiency
phenotype of Arabidopsis (Supplemental Fig. S4A), increase the chlor-
ophyll content (Supplemental Fig. S4B), and the soluble Fe content in
roots (Supplemental Fig. S4E) and shoots (Supplemental Fig. S4F),
which was consistent with results in apples. Interestingly, although
malate and citrate could increase the Fe content in the shoots of Ara-
bidopsis for 14 days (Supplemental Fig. S4D), no significant increase in
total Fe content in the roots was detected (Supplemental Fig. S4C). This
indicated that malate and citrate can regulate the distribution of Fe in
Arabidopsis, but the transfer rate of Fe may be higher than that of apple
plants.

3.5. Exogenous organic acid alleviates Fe and Pi deficiency

The lack of P causes the plant's energy metabolism and transport of
photosynthetic products to be blocked, which triggers large amounts of
carbohydrates and anthocyanins to accumulate in the leaves, making
the leaves darker [70,71]. In this study, the –Fe –Pi treated apple plants
exhibited a strong P-deficient phenotype within 14 days when com-
pared to the + Fe –Pi treated plants (Fig. 1A, B). To investigate whether
exogenous organic acids could alleviate the effects of P deficiency in the
absence of Fe, 0.5 mM of malate or citrate was used to treat –Fe –Pi
apple roots for 14 days. The results showed that this treatment effec-
tively alleviated the phenotype of both Fe and P deficiency in apple
plants (Fig. 6A, B) and significantly increased the chlorophyll content
(Fig. 6C), soluble Fe content, and total Fe content in the roots (Fig. 6D,
F) and shoots (Fig. 6E, G). In order to investigate the effect of organic
acids on Pi deficiency, we examined the accumulation of anthocyanins
in apple leaves. The results showed that the amount of anthocyanins
accumulated in apple leaves treated with –Fe –Pi, but significantly
decreased in malate or citrate treatment (Fig. 6D). To further explore
the effect of organic acids on the overall P content and inorganic
phosphorus (Pi) content of apple plants, the Pi, and total P content was
assessed, and the results showed that the 0.5 mM malate or citrate
treatment significantly increased the Pi, and P content in the roots
(Fig. 6I, K) and shoots (Fig. 6J, L). Taken together, these results in-
dicated that a lack of Fe accelerated the symptoms of P deficiency, and
the application of malate or citrate could alleviate the deficiency of Fe
and also effectively alleviate the P deficiency and increases the accu-
mulation of Fe and P in both the roots and shoots of the apple plants.

3.6. Differential expression analysis revealed changes in the transcriptional
response of Pi treatment to Fe starvation

To explore the effect of the Pi supply on the expression of Fe-related
genes under Fe-deficient conditions, whole transcriptome sequencing
(RNA-seq) analysis was used to analyze the expression of Fe-related
genes treated for 5 days under –Fe +0.5 mM Pi and –Fe +5 mM Pi
conditions. We compared of transcript abundances between the –Fe
+0.5 mM Pi and –Fe +5 mM Pi conditions to identify the differentially
expressed genes [−1.5< logFC>1.5; p-value<0.05]. Principal

Fig. 4. Pi deficiency promotes malate and citrate accumulation and efflux in the
roots. Apple seedlings treated with 0 mM Pi (−Pi) over 1–7 days. (A) Malate
and citrate content in the roots under –Pi conditions. (B)Malate efflux from
roots treated with + Fe or –Fe in the growth medium with 0, 0.125, 0.5, 1.25
and 5 mM Pi for 4 days. (C) Citrate efflux from the roots treated with + Fe or
–Fe in the growth medium with 0, 0.125, 0.5, 1.25, and 5 mM Pi for 4 days.
Changes in malate and citrate content are expressed as the mean and SD. Error
bars represent standard deviations (n = 3 seedlings). Different letters represent
significantly different values at P<0.05.
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component analysis (PCA) showed that the difference in principal
component 1 (PC1) reached 61.43% and 64.86% in the root (Fig. 7A)
and shoot (Fig. 7B), respectively, indicating that the difference between
the two groups was caused by the treatment. A total of 732 genes de-
monstrated altered expression between 5 mM and 0.5 mM Pi under
conditions of Fe deficiency in the roots (385 up, 347 down; Fig. 7C;
Supplemental Data S1 and S2) and 1253 in the shoots (591 up, 662
down; Fig. 7D; Supplemental Data S3 and S4). A large number of Pi
response genes have been differentially expressed, including Pi star-
vation response genes: MdLPR1 [A homologous gene of AtLPR1; Sup-
plemental Data S1 and S2; for detailed gene naming, refer to “The Apple
Genome” (https://iris.angers.inra.fr/gddh13/), the same as below],
MdSPX1, and MdSPX3; Pi transporters: MdPS2, MdPS3, MdPHT1;5,
MdPHT1;7, MdPHT1;9, MdPHO1; H3, MdPHO2; Pi homeostasis:
MdPAP17, MdCAX1 and MdCAX3; Pi starvation transcription factors:
MdWRKY6 and MdWRKY42 (Table 1; Supplemental Data S1 and S3). It
was further proved that differences in Pi treatment had an effect on
gene expression levels.

To determine the biological processes, cellular components, and
molecular functions associated with these genes with altered expression
in the roots and shoots of apple plants in response to Pi treatments, we
performed gene ontology (GO) enrichment analysis. Based on the top
30 GO terms, the differentially expressed genes from the roots were
mainly concentrated to extracellular region, apoplast, cell wall, and
organelle membrane. Iron ion homeostasis and hormone synthesis or
metabolism among the biological processes as well as some heme
binding, iron ion binding, oxidoreductase, and malate transmembrane
transport activity among the molecular functions exhibited a higher
degree of enrichment (Fig. 8). In the shoots, heme binding and iron ion
binding among the molecular functions were differentially expressed in
the extracellular region, cell wall, and intracellular membrane-bounded
organelles (Fig. 9). To further explore the role of “classical” Fe

deficiency response genes and malate or citrate that have been differ-
entially expressed in transcripts, as based on GO enrichment analysis
(Supplemental Data S5 and S6), we classified the transcriptionally
dysregulated these genes according to their biological processes and
molecular functions. The differentially expressed genes were mainly
involved in iron ion homeostasis, iron ion starvation, iron transport,
and transmembrane transport of malate or citrate in the roots (Fig. 10A,
B) and shoots (Fig. 10C, D). This observation indicated that the Pi
treatment affected multiple aspects of Fe absorption and utilization.
Specifically, the Fe-activation gene MdFRO2 [A homologous gene of
AtFRO2; Supplemental Data S1 and S2; for detailed gene naming, refer
to “The Apple Genome” (https://iris.angers.inra.fr/gddh13/), the same
as below], Fe-transporter gene MdOPT3, Fe-homeostasis genes
MdCYP82C4 and MdMTP10, and bHLH transcription factor MdORG2
were up-regulated in the roots, and some Fe-transporter genes, in-
cluding MdVIT1, MdFER4, MdMATE43, and MdZIP10, and Fe-home-
ostasis genes, including MdNEET and MdACO1, were down-regulated
(Table 2). In the shoots, most of the altered genes were up-regulated,
including the Fe-transporter genes MdNRAMP3, MdOPT3, MdZIP1/4/8,
and DETOXIFICATION51 (MdDTX51), which belong to the MATE efflux
family of proteins. In addition, the Fe-homeostasis core regulatory
MdBTS, transcription factor MdORG2, and malate transporter
MdALMT2 genes were up-regulated. Similar to the roots, the Fe-trans-
port negative regulators MdVIT1, MdVIT4, and MdFER were also down-
regulated (Table 2). Additionally, RT-qPCR was used to verify the ac-
curacy of the RNA-seq results (Table 2). This analysis confirmed the
critical role of the low Pi treatment in regulating gene expression in
relation to the Fe-deficiency response.

3.7. Fe is a key factor affecting Pi response gene expression

Compared with –Pi + Fe treatment, –Pi –Fe treated apple plants

Fig. 5. Exogenous organic acid alleviates Fe deficiency caused by high Pi inhibition. Apple seedlings treated with –Fe in the growth medium with 5 mM Pi for 14
days. (A) The phenotypes. (B) The appearance of the leaves from the bottom to the top. (C) Chlorophyll content of new leaves. (D) Total Fe content of the roots and
(E) shoots. (F) Soluble Fe content of the roots and (G) shoots. Changes in chlorophyll and Fe content are expressed as mean and SD. Error bars represent standard
deviations (n = 3 seedlings). Different letters represent significantly different values at P< 0.05.
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were more likely to show symptoms of Pi deficiency (Fig. 1). To further
investigate the effect of Fe on Pi deficiency, we tested the expression of
Pi response-related genes in the roots of Table 1. The results showed
that the expression of many Pi-responsive genes (including Pi starvation
genes: MdSPX1 and MdSPX3; Pi transporters: MdPHO2, MdPHT1;5,
MdPHT1;9,MdPS2 and MdPS3) was up-regulated within 6 h after –Pi +
Fe treatment, but the expression was significantly decreased under the
conditions of –Pi –Fe treatment for the corresponding period (Fig. 11).
The homologous genes ofMdSPX1 andMdPHO2 are basically consistent
with their expression (Supplemental Fig. S5). AtLPR1 is an important
gene for the participation of Pi starvation in Arabidopsis [32], The ex-
pression of MdLPR1 was up-regulated at 3 h after –Pi + Fe treatment,
but obviously down-regulated after –Pi –Fe treatment (Fig. 11C). This
indicates that MdLPR1 may also participate in Pi deficiency response at
the transcription level.In summary, our results indicated that Fe defi-
ciency results in the down-regulation of Pi-related genes, proving that
Fe plays an important role in Pi starvation response.

4. Discussion

4.1. Reducing the interaction between Fe and Pi is an effective means to
alleviate Fe deficiency

It is well known that the interaction between Fe and Pi is important
for the absorption and utilization of plant nutrients. Although the me-
chanism by which Fe accumulates in the apical meristem to counter P
deficiency has been reported in detail [35,41,44,69,72,73], the me-
chanism of how Pi functions in response to Fe deficiency is still unclear.

Pi inhibits Fe uptake mainly due to the formation of Fe-Pi com-
plexes. When the Pi content is increased to a certain level, a large
amount of Fe-Pi complexes will be formed, which causes the symptoms
of Fe deficiency even in the case of normal Fe concentrations [74]. Fe
and Pi also have antagonistic effects in plants, and high levels of Pi
affect Fe transport [75]. In order to reduce the inhibitory effect of Fe-Pi
complexes on Fe absorption, we reduced the Pi concentration in the
culture environment, which effectively alleviated Fe deficiency in ap-
ples (Fig. 1). It has been shown that reducing the supply of Pi under Fe
deficiency is indeed an effective means of overcoming the formation of
Fe-Pi complexes. However, although –Fe –Pi-treated apple plants de-
monstrated alleviated symptoms of Fe deficiency to some extent, they
faced the problem of Pi deficiency. This shows that, under Fe-deficient

Fig. 6. Exogenous organic acid alleviates Fe and Pi deficiency. Apple seedlings treated with –Fe–Pi in the growth medium for 14 days. (A) The phenotypes. (B) The
appearance of the leaves from the bottom to the top. (C) Chlorophyll content of new leaves. (D) Soluble Fe content of roots and (E) shoots. (F) Total Fe content of
roots and (G) shoots. (H) Anthocyanin content of the leaves. (I) Pi content of roots and (J) shoots. (K) Total P content of roots and (L) shoots. Changes in chlorophyll
and Fe, P, and Pi content are expressed as the mean and SD. Error bars represent standard deviations (n = 3 seedlings). Different letters represent significantly
different values at P< 0.05.
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Fig. 7. Overview of transcript changes occurring under different treatments. Apple seedlings treated with –Fe +0.5 mM Pi and –Fe +5 mM Pi in the growth medium
for 5 days. Principal component analysis (PCA) of the changes in transcript abundance in the roots (A) and shoots (B) under different treatments. Volcano map
indicates up- and down-regulation of differentially expressed genes [−1.5> logFC (–Fe +0.5Pi/ –Fe +5Pi)> 1.5; P<0.05] in the roots (C) and shoots (D) in
response to –Fe conditions. The histogram shows the number of up- and down-regulated transcripts in the roots and shoots. The red color in the volcano map
indicates that the gene is up-regulated, and the green color represents down-regulated genes (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).

Table 1
Transcriptomic analysis of Pi biological process and molecular function regulated gens in the root and shoot in the Pi treated apple plants under Fe deficiency. [L
(Like); -1.5> logFC (-Fe+0.5Pi/-Fe+5Pi)> 1.5; n = 3 samples, 6 plants per sample; P< 0.05].

Root Shoot
Gene ID Gene name Fold Gene ID Gene name Fold

MD06G1233500 MdPAP17 11.03 MD04G1151600 MdCAX1 5.49
MD17G1175900 MdPS2 4.06 MD12G1165800 MdCAX1 L1 3.12
MD07G1115200 MdSPX3 3.20 MD16G1222100 MdPHO1 2.66
MD02G1031100 MdSPX1 L1 2.98 MD09G1006500 MdGDPD1 2.52
MD09G1006500 MdGDPD1 2.86 MD02G1031100 MdSPX1 L1 2.28
MD07G1046300 MdPHT1;5 2.43 MD11G1074900 MdCAX3 2.22
MD15G1172700 MdSPX1 2.20 MD09G1111200 MdWRKY6 1.91
MD07G1253900 MdG3PP1(MdPS3) 1.68 MD03G1070900 MdCAX3 L1 1.90
MD13G1026600 MdLPR1 1.57 MD10G1184700 MdPHT1;7 1.58
MD06G1004700 MdPHT1;9 1.56 MD05G1312700 MdPHO2 L1 0.65
MD10G1294500 MdPHO2 0.66 MD16G1029700 MdLPR1 L1 0.58
MD11G1213500 MdWRKY42 0.55
MD05G1312700 MdPHO2 L1 0.52
MD00G1200800 MdPHO1;H3 0.47
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conditions, an appropriate amount of Pi is still necessary to maintain
the growth of apple plants. Fe also plays an important role in Pi defi-
ciency. Low Pi stimulates the expression of AtFER1 and AtNAS3 in the
shoots and promotes the distribution of Fe [44]. Bournier et al., point
out that phosphate starvation response 1 (AtPHR1) and its homolog

AtPHR1-like 1 (AtPHL1) can bind to the promoter of AtFER1 and reg-
ulate its expression in an Fe-independent manner, thus playing a crucial
role in regulating the homeostasis of Fe and Pi [76]. Fe response genes
such as FRO2, IRT1, and CYP82C4 are significantly down-regulated in
the absence of Pi, but they are induced under conditions of co-

Fig. 8. Gene ontology (GO) enrichment analysis of the differentially expressed Fe genes in the roots. Apple seedlings treated with –Fe +0.5 mM Pi and –Fe +5 mM Pi
in the growth medium for 5 days. The top 30 represent three classifications corresponding to the number of differential genes screened greater than 1.5, and each of
the 10 items ranked by the -log10 P-value corresponding to each entry was sorted from large to small.

Fig. 9. Gene ontology (GO) enrichment analysis of the differentially expressed Fe genes in the shoots. Apple seedlings treated with –Fe +0.5 mM Pi and –Fe +5 mM
Pi in growth medium for 5 days. The top 30 represent three classifications corresponding to the number of differential genes screened greater than 1.5, and each of
the 10 items ranked by the -log10 P-value corresponding to each entry was sorted from large to small.
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deficiency of Fe and Pi [39]. This shows that Fe is necessary for the
down-regulation of Fe response genes during Pi deficiency. In our
study, compared to –Pi + Fe, –Pi –Fe treatments showed earlier Pi
deficiency symptoms (Fig. 1). In addition, a large number of Pi star-
vation response genes were down-regulated under –Pi –Fe treatment
(Fig. 11; Supplemental Fig. S5), indicating that Fe also plays a vital role
in coping with Pi deficiency.

4.2. The decrease of Pi content in the rhizosphere helps to improve the
reducing ability of Fe

Under the condition of Pi deficiency, the accumulation of Fe is
considered to be mainly achieved by the continuous conversion of the
malate-Fe3+ complex to Fe2+, which is absorbed by the plant. In this
study, we identified another avenue by which this could be achieved, as
low Pi treatments increased the FCR activity and proton efflux in apple
plants in response to Fe deficiency (Fig. 2). This indicated that low Pi
treatments enhanced the reduction of Fe3+ around the rhizosphere,

thereby promoting the formation of Fe2+ and allowing it to enter the
apple root cells effectively. Under conditions of Fe deficiency, there are
two main pathways for proton efflux: one is to promote the expression
of AHA family genes, such as Arabidopsis AHA2 [77,78], thereby re-
leasing H+. The second method is the release of organic acids, such as
citrate [1,68,79]. In the absence of Fe or Pi, malate and citrate accu-
mulated within 7 days and were released from the apple roots (Fig. 4;
Supplemental Fig. S2). To further explore the mechanism by which low
Pi alleviated Fe-deficiency in apple plants, transcriptome analysis was
employed. The results indicated that MdFRO2 was up-regulated in –Fe
+0.5 mM Pi treated apple roots compared with the –Fe +5 mM Pi
treated roots. In addition, the Fe transporters MdVIT1, MdFER,
MdNRAMP3, and MdOPT3 were differentially expressed in the roots or
shoots (Table 2). Combined with the data presented in Fig. 1–3, these
observations confirmed the important role of low Pi treatments in the
absorption and transport of Fe.

Fig. 10. Functional distribution of the differentially expressed Fe genes in the roots and shoots. Apple seedlings treated with –Fe +0.5 mM Pi and –Fe +5 mM Pi in
growth medium for 5 days. Classification qualitative statistics of the transcriptionally dysregulated Fe-response genes based on biological processes in the roots (A)
and shoots (C), and molecular functions in the roots (B) and shoots (D). The red color in the histogram indicates that the gene is up-regulated, and the green color
represents down-regulated genes (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

Table 2
Transcriptomic and RT-qPCR analysis of Fe biological process and molecular function regulated gens in the root and shoot in the Pi treated apple plants under Fe
deficiency. [L (Like); -1.5> logFC (-Fe+0.5Pi/-Fe+5Pi)> 1.5; n = 3 samples, 6 plants per sample; P<0.05].

Root Shoot
Gene ID Gene name Fold RT-qPCR Gene ID Gene name Fold RT-qPCR

MD01G1068200 MdFRO2 1.92 2.12 MD14G1086500 MdORG2 L1 2.02 3.51
MD15G1033800 MdCYP82C4 3.63 3.28 MD14G1086600 MdORG2 3.25 3.78
MD08G1191400 MdOPT3 1.94 1.89 MD14G1228100 MdBTS 1.90 2.39
MD05G1360700 MdOPT3 L1 1.56 1.78 MD16G1039900 MdBTS L1 1.51 3.95
MD14G1086600 MdORG2 1.53 1.90 MD01G1068200 MdFRO2 2.33 2.36
MD10G1211700 MdMTP10 1.55 2.61 MD02G1180400 MdNRAMP3 1.98 3.30
MD16G1016500 MdVIT1 0.46 0.15 MD08G1191400 MdOPT3 2.30 3.01
MD16G1016600 MdVIT1 L1 0.63 0.45 MD15G1282700 MdDTX51 13.54 8.37
MD12G1178200 MdFER4 0.19 0.26 MD03G1155500 MdALMT2 L1 3.20 3.50
MD01G1187500 MdNEET 0.64 0.42 MD10G1227800 MdZIP1 2.14 2.68
MD15G1205100 MdACO1 0.56 0.85 MD08G1061900 MdZIP4 1.65 2.43
MD02G1311900 MdMATE43 0.39 0.50 MD09G1140500 MdZIP8 1.51 2.28
MD05G1255500 MdZIP10 0.45 0.43 MD16G1016500 MdVIT1 0.47 0.57
MD03G1155200 MdALMT2 0.60 0.36 MD10G1024000 MdVIT4 0.37 0.66
MD07G1153600 MdALMT10 0.45 0.64 MD07G1226500 MdFER 0.59 0.85
MD14G1135700 MdALMT10 L1 0.49 0.59 MD08G1195400 MdPUMP5 0.66 0.83
MD11G1287000 MdALMT13 0.60 0.70
MD03G1266500 MdALMT13 L1 0.54 0.54
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4.3. Low Pi regulates Fe uptake and transport by releasing malate and
citrate

Malate and citrate efflux is an effective way for plants to cope with
Al and P stress [40,41,53,56,80]. In higher plants, citrate is involved in
the transport of xylem citrate-Fe3+ mediated by FRD3 [41,63,79,81]. In

the present study, low Pi treatments allowed malate and citrate to efflux
from the apple roots (Fig. 4). In the transcriptome results, the expres-
sion of MdALMT2, MdALMT10, MdALMT13, and MdMATE43 was
down-regulated (Table 2). However, the efflux of organic acids was
increased (Fig. 4), which might be due to the feedback regulation me-
chanism in plants causing their expression to be down-regulated, just as

Fig. 11. Expression of low Pi response related genes under different Fe conditions. Apple roots treated with –Pi + Fe or –Pi–Fe in growth medium for 0–6 h. Relative
expression of (A) MdSPX1, (B) MdSPX3, (C) MdLPR1, (D) MdPHO2, (E) MdPHT1;5, (F) MdPHT1;9, (G) MdPS2, (H) MdPS3. Changes in expression are expressed as the
mean and SD. Error bars represent standard deviations (n = 3 seedlings). Different letters represent significantly different values at P< 0.05.

Fig. 12. The model of how low Pi treatment alleviates Fe deficiency in apple. Under the conditions of Fe deficiency, low Pi treatments promote the expression of
MdFRO2 and increase the FCR activity. Simultaneously, malate and citrate are synthesized and effluxed in apple roots, thus releasing H+ and acidifying the
rhizosphere environment. Additionally, the low Pi concentration weakened the antagonistic effects of Fe and Pi in the soil, releasing more Fe3+ and then reducing it
to Fe2+ for root absorption, and MdMATEs mediated the involvement of citrate in the transport of the citrate-Fe3+ complex in the xylem. In the leaves, the transport
of MdVITs to the vacuole Fe pool is limited, and transported to other organelles, such as chloroplasts, by the action of MdNRAMP3. The bold font and line segments
represent the enhancement of the process, the arrows with line segments represent the promotion of the process, and the bounded line segments represent sup-
pression. A gene depicted by a dotted line indicates that the gene might be involved in a related reaction.
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BTS prevents excessive absorption of Fe in Arabidopsis. In addition,
another MATE family gene, MdDTX51, was up-regulated 13.5 times,
which might serve to mediate Fe transport in the xylem of apple plants.
In order to verify the efficacy of the malate and citrate efflux, malate
and citrate were applied to –Fe +5 mM Pi-treated and –Fe –Pi-treated
apple plants. The results showed that all these plants demonstrated a
reversal of the symptoms of Fe and P deficiency (Figs. 5 and 6). This
suggested that malate and citrate might be simultaneously involved in
two pathways related to Fe and P stress: one involves the formation of
an Fe3+ complex in vivo, and the other involves malate and citrate ef-
flux acidifying the rhizosphere environment to promote Fe uptake.
Additionally, our results further illustrated the importance of Fe for
helping apple plants cope with P deficiency. Although the Fe content in
the -Fe +5 mM Pi +0.5 mM malate and citrate-treated Arabidopsis
roots did not change significantly compared to the -Fe +5 mM Pi
treatment at 14 days (Supplemental Fig S4), malate and citrate are
likely to be absorbed and transported simultaneously, similar to what
occurs in apples. Perhaps Arabidopsis is more efficient at Fe transport or
Fe reutilization than apple plants. As such, it will be interesting to study
the differences in nutrient uptake and utilization between herbaceous
and woody plants.

Combining our data and RNA-seq analyses, we have proposed a
model illustrating how apple plants cope with Fe deficiency under low
Pi conditions (Fig. 12). Under the condition of Fe deficiency, low Pi
treatments promote the expression of MdFRO2 (Table 2) and increase
the FCR activity (Fig. 2). Simultaneously, malate and citrate are syn-
thesized and effluxed in apple roots (Fig. 4A), thus releasing H+ and
acidifying the rhizosphere environment (Fig. 2 and 4B, C). Additionally,
the low Pi concentration weakens the antagonistic effects of Fe and Pi in
the soil, releasing more Fe3+ and then reducing it to Fe2+ for root
absorption, and MdMATEs mediates the involvement of citrate in the
transport of the citrate-Fe3+ complex in the xylem (Table 2) [59]. In the
leaves, the transport of MdVITs to the vacuole Fe pool is limited, and
transported to other organelles such as chloroplasts by the action of
MdNRAMP3 (Table 2).

4.4. Pi might regulate hormone and coumarins-mediated Fe deficiency
response

Hormone regulation has an important influence on Fe absorption
and utilization. In Arabidopsis, auxin acts upstream of nitric oxide (NO)
to promote the expression of FRO2, thereby increasing FCR activity and
facilitating Fe uptake [82]. Gibberellin (GA) removes the restriction on
the root length imposed by the DELLA protein, positively regulates
FRO2 and IRT1, and promotes Fe absorption [83,84]. Abscisic acid
(ABA) promotes the expression of YSL2, NAS1, and NRAMP3 to pro-
mote Fe transport and reutilization [23]. The ethylene response factors
ETHYLENE INSENSITIVE 3 (EIN3) and ETHYLENE INSENSITIVE
3–LIKE (EIL1) physically interact with FIT and affect FIT abundance,
triggering iron deficiency response signals at both the transcriptional
and post-transcriptional levels [85]. In addition, under the condition of
Pi deficiency, auxin and ethylene participate in the development of root
hairs and root elongation in Arabidopsis, thereby increasing Pi uptake
[86,87]. In this current study, based on our transcriptome analysis, the
auxin-responsive protein (SAUR and IAA) families in the auxin-acti-
vated signaling pathway and the ethylene-responsive transcription
factor (ERF) family in the ethylene-activated signaling pathway were
largely differentially expressed in the roots and shoots (Supplemental
Table S1 and S2). In addition, ABA synthesis and metabolism-related
genes were also differentially expressed (Supplemental Table S1 and
S2). However, Trull et al. indicated that aba1 and abi2mutants were not
significantly different from wild type in regard to Pi stress [88]. As
such, there might exist another or multiple regulatory networks of Pi-
mediated hormones that respond to Fe stress.

Coumarins are closely related to the response to Fe deficiency. In
Arabidopsis, β-glucosidase (BGLU42) acts downstream of MYB72 to

mediate the removal of glycones from Fe-mobilizing coumarins, which
are excretes to the rhizosphere via PDR9 to promote Fe uptake [89]. In
addition, the P450 dependent monooxygenase CYP82C4 is induced by
Fe deficiency and participates in the conversion of fraxetin to sideretin
[11,48,90]. According to previous studies, the combined deficiency of
Fe and Pi caused down-regulation of CYP82C4 mRNA expression
[91,92]. Coumarins also exists in apples, and about 13 coumarin deri-
vatives can inhibit the browning of fruits [93], but no research on Fe
deficiency has been reported. In this current study, MdCYP82C4 ex-
pression was up-regulated in apple roots treated with -Fe +0.5 mM Pi
compared to -Fe +5 mM Pi treatments. However, only MdBGLT (a
homologous gene of beta-glucosidase 17 in Arabidopsis) was up-regu-
lated in coumarin synthesis-related genes and other genes, such as
MdBIPSs and MdBGLs, were down-regulated (Supplemental Table S3).
Perhaps, under the condition of -Fe +0.5 mM Pi, MdCYP82C4 is more
involved in the Fe deficiency response of apple plants than coumarin
biosynthesis. In addition, whether MdCYP82C4 participates in cou-
marin biosynthesis like AtCYP82C4 needs further research. According
to the transcriptome, coumarin synthesis-related genes MdBIPSs and
scopolin beta-glucosidase activity genes MdBGLs were down-regulated
in apple roots (Supplemental Table S3), indicating that coumarins
might also play a role in coping with Fe and Pi stress in apples. Similar
to coumarins in Arabidopsis [44,46,51], malate and citrate are synthe-
sized in apple roots in the absence of Fe or Pi (Fig. 4; Supplemental Fig.
S2). However, the difference is that compared with –Fe +1.25 mM Pi
treatment, malate and citrate increased exudation under the conditions
of –Fe–Pi, –Fe +0.125 mM Pi, and –Fe +0.5 mM Pi (Fig. 4). In addition
to these species differences, there are also large differences in the subset
of coumarins (such as scopolin, esculin, fraxin, and sideritin glucoside)
involved in the response to Fe or Pi stress [50–52,94,95]. Perhaps, like
coumarins, the isomers of malic acid and citric acid, such as L-malic
acid with D-malic acid or citric acid with isocitric acid, could be syn-
thesized differently in response to environmental stress.

In summary, we verified in apple plants that Pi responds effectively
to Fe deficiency in a dose-dependent manner. In addition, low Pi re-
sponds to Fe deficiency in two ways: one is to promote Fe activation
directly, and the other is to promote the efflux of malate and citrate,
thus promoting Fe uptake and transport. The interaction of Fe and Pi
has a crucial role in the absorption and utilization of Fe and Pi nutri-
tion. Although Fe and Pi antagonize each other, an appropriate amount
of Pi is still necessary to cope with Fe deficiency, and an appropriate
amount of Fe is also necessary during Pi deficiency.
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