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Abstract
Iron (Fe) deficiency is a frequent nutritional problem limiting apple production in calcareous soils. The utilization of root-
stock that is resistant to Fe deficiency is an effective way to solve this problem. Malus halliana is an Fe deficiency-tolerant 
rootstock; however, few molecular studies have been conducted on M. halliana. In the present work, a transcriptome analysis 
was combined with qRT-PCR and sugar measurements to investigate Fe deficiency responses in M. halliana roots at 0 h (T1), 
12 h (T2) and 72 h (T3) after Fe deficiency stress. Total of 2473, 661, and 776 differentially expressed genes (DEGs) were 
identified in the pairs of T2 vs. T1, T3 vs. T1, and T3 vs. T2, respectively. Several DEGs were enriched in the photosynthesis, 
glycolysis and gluconeogenesis, tyrosine metabolism and fatty acid degradation pathways. The glycolysis and photosynthesis 
pathways were upregulated under Fe deficiency. In this experiment, sucrose accumulated in Fe-deficient roots and leaves. 
However, the glucose content significantly decreased in the roots, while the fructose content significantly decreased in the 
leaves. Additionally, 15 genes related to glycolysis and sugar synthesis and sugar transport were selected to validate the 
accuracy of the transcriptome data by qRT-PCR. Overall, these results indicated that sugar synthesis and metabolism in 
the roots were affected by Fe deficiency. Sugar regulation is a way by which M. halliana responds to Fe deficiency stress.
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Introduction

Iron (Fe) is an essential micronutrient for plants (Briat et al. 
2015; Zargar et al. 2015a). Low uptake of Fe alters plant 
chloroplast structure, blocks the synthesis of chlorophyll and 
reduces photosynthesis (Niebur and Fehr 1981; Briat et al. 
2015). Fe availability is very low in calcareous soils, which 
is caused by high pH and poor aeration (Mcgeorge et al. 
1935). Moreover, calcareous soils account for approximately 
30% of the world’s cultivated soils, and Fe deficiency is a 

widespread agricultural problem affecting crop yields (Mori 
1999). An approach to preventing this problem is to use Fe 
deficiency-tolerant rootstocks (Rombolà and Tagliavini 
2006). Malus halliana shows Fe deficiency-tolerant charac-
teristics. The investigation of responses of Malus halliana 
to Fe deficiency may provide new insights into its regulation 
and adaptation mechanisms.

Under Fe deficiency, non-graminaceous plants experience 
changes in metabolic levels, including increases in several 
enzymes involved in the glycolytic pathway, the citrate cycle 
and the pentose phosphate pathway (Abadía et al. 2002; 
Zocchi 2006; López-Millán et al. 2009). Transcriptomic 
and proteomic studies have also reported an upregulation of 
enzymes related to the glycolytic pathway and citrate cycle 
in roots in Fe-deficient environments (Thimm et al. 2001; 
Jelali et al. 2010; Anita et al. 2012). Alteration of glycolysis 
seems to be an important mechanism for the adaptation of 
plants to Fe deficiency (Mai and Bauer 2016). Accordingly, 
Fe deficiency induces an accumulation of organic acids, 
mainly malate and citrate, that can affect Fe availability 
(Abadía et al. 2002). Moreover, root sugar accumulation 
under Fe deficiency results from starch degradation and/or 
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the reorientation of photosynthate distribution, probably via 
sorbitol or sucrose (Loescher et al. 1990). This reprogram-
ming of metabolism constitutes an anaplerotic pathway of a 
carbon source, which partly compensates for low photosyn-
thetic rates (López-Millán et al. 2009).

Sugar plays a vital role in plant growth and development 
as well as in the response to stress. Sorbitol and sucrose 
are the major transport forms for photoassimilates in apple 
trees (Reuscher et al. 2016). Additionally, sucrose is cleaved 
to glucose and fructose to perform additional functions. 
Kircher and Schopfer (2012) reported that photosynthesis-
derived sugar is necessary for the regulation of root elon-
gation growth by light. Moreover, numerous studies have 
shown that Fe deficiency increases the level of sucrose in 
plant roots (Thoiron and Briat 1999; Rellán-Álvarez et al. 
2010; Jiménez et al. 2011), which is required for regulating 
Fe deficiency responses in plants as a signal molecule. Exog-
enous applications of sucrose further stimulate Fe acquisi-
tion (Lin et al. 2016). On the other hand, the increases in 
root sucrose concentrations under Fe deficiency also support 
a metabolic shift towards fermentation (Rodríguez-Celma 
et al. 2013).

Changes in M. halliana roots involved in responses to 
Fe deficiency during the early stage of deficiency were 
investigated. Roots are the organs that directly contact the 
nutrient matrix, so it is very important to study the effects 
of Fe deficiency on roots. Large-scale transcriptomic analy-
ses, such as those involving DNA microarrays and RNA 
sequencing (RNA-Seq), are tools to gain a global view of 
plant responses to abiotic stress. In this study, RNA-Seq 
technology was used to explore a genome-wide transcrip-
tional characterization of Malus halliana roots regarding 
the response to Fe deficiency stress, and to investigate the 
possible molecular mechanisms of Fe deficiency tolerance 
in this species.

Materials and methods

Plant materials

Malus halliana apple seedlings with six true leaves were 
used as the test material. Uniform seedlings were selected 
and transferred to foam boxes that contained half-strength 
Han’s nutrient solution (Han et al. 1994) for a 15-d pre-
culture. The plants were then transferred to 500-mL plastic 
boxes (five plants per container) filled with Han’s nutri-
ent solution that contained either 4 µmol·L−1 (-Fe) or 40 
µmol·L−1 Fe(III)–EDTA (CK). The roots were harvested 
after 0 h (T1), 12 h (T2) and 72 h (T3) of Fe deficiency 
stress for transcriptome analysis, with T1 serving as a con-
trol. Each biological replicate comprised ten plants. The 

timepoints were selected according to previous physiologi-
cal experiments (Wang et al. 2018).

Transcriptome sequencing

The root samples were harvested and immediately immersed 
in liquid nitrogen for RNA extraction. The total RNA was 
isolated using a TRIzol kit (Invitrogen, Carlsbad, CA, USA). 
Two replicates of each sample were sequenced. Sequencing 
libraries were generated using a NEBNext® UltraTM RNA 
Library Prep Kit for an  Illumina® device (NEB, Ipswich, 
MA, USA). Clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System with a TruSeq 
PE Cluster kit v3-cBot-HS (Illumina). After cluster genera-
tion, library preparations were sequenced on an Illumina 
Hiseq 4000 platform. Clean data were obtained by remov-
ing reads containing the adapter, reads containing poly-N 
and low-quality reads from the raw data. The clean data 
were aligned to the apple reference genome using Tophat2 
(Kim et al. 2013). The abundances of all of the genes were 
normalized and calculated (via uniquely mapped reads) by 
the expected number of fragments per kilobase of transcript 
sequence per million base pairs sequenced (FPKM) method 
(Trapnell et al. 2010). Differential expression in the paired 
samples was screened by the DEG-seq method (adjusted P 
value (p-adj) < 0.05 and |log2(Fold Change)| > 1). The DEGs 
identified were then subjected to Gene Onthology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses using GO-Seq (Young et al. 
2010) and KOBAS 2.0 (Xie et al. 2011), respectively. GO 
enrichment analyses were based on the Wallenius noncentral 
hypergeometric distribution (corrected P value ≤ 0.05), and 
KEGG pathway enrichment analyses with a false discovery 
rate (FDR) ≤ 0.05 were conducted.

Quantitative real‑time PCR

cDNA was synthesized from total RNA using a Prime-
Script™ RT reagent kit with gDNA Eraser (Perfect Real 
Time) (TaKaRa, Dalian, China). Quantitative real-time PCR 
was performed using Light  Cycler® 96 Instrument (Roche, 
Shanghai, China) with GAPDH as a reference gene. The 
relative levels of genes were calculated using the  2−ΔΔCt 
method (Livak and Schmittgen 2001). Measurements for 
each plate were replicated three times. The real-time PCR 
primer pairs used are listed in Table S1.

Sugar content determination

Glucose content was measured with a glucose test kit (No. 
PT-2-Y) (Comin, Suzhou, China), sucrose content was meas-
ured with a sucrose test kit (No. ZHT-2-Y) (Comin, Suzhou, 
China) and fructose content was measured with a fructose 
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test kit (No. GT-2-Y) (Comin, Suzhou, China). All opera-
tions are strictly operated according to the kit instructions.

Statistical analyses

Parameters were statistically tested by analyses of variance 
and comparisons of means were performed with a Duncan’s 
test (P < 0.05). Statistical analyses were performed with 
SPSS, version 22.0 (IBM, Armonk, NY, USA). Figures 
were made with the drawing software Origin 8.0 (Origin-
Lab, Hampton, MA, USA).

Data availability

All Illumina sequence data have been deposited in Sequence 
Read Archive with the project ID PRJNA400500.

Results

RNA‑Seq transcriptome of M. halliana

RNA-Seq libraries were established from the roots of Fe-
deficient-treated seedlings at T1, T2 and T3. Correlations 
between gene expression levels in samples are important for 
testing the reliability of experiments. The correlation coef-
ficients were greater than 0.93 between replicates (Fig. 1a). 

RNA-Seq generated more than 38.76 million raw reads for 
each sample, and two biological replicates were set for each 
time point (Table 1). Of these reads, the GC content of the 
libraries was approximately 46.00%. After quality control, 
a number of clean reads from 33.34 to 44.14 millions were 
produced that had an approximate Q30 of 93.00% and a 
number of clean reads from 24.28 to 26.60 millions were 
mapped to the apple genome.

Differentially expressed genes during iron 
deficiency

The differentially expressed genes (DEGs) at T1, T2 and T3 
were examined via an adjusted P value (p-adj) < 0.05 and 
|log2(Fold Change)| > 1 as the threshold, and the DEGs were 
identified by three pairwise comparisons (Fig. 1b). Total of 
2473, 661, and 776 DEGs were found in the pairs T2 vs. 
T1, T3 vs. T1, and T3 vs. T2, respectively. A comparison of 
these three datasets showed that 12 genes overlapped among 
T2 vs. T1, T3 vs. T1, and T3 vs. T2. The results showed 
that 1477 DEGs were significantly upregulated and that 996 
DEGs were downregulated in the T2 library compared with 
the T1 library. In total, 369 DEGs were significantly upregu-
lated, and 293 DEGs were downregulated in T3 compared 
with T1. In addition, 339 DEGs were upregulated while 
437 genes were downregulated in T3 compared with T2 
(Fig. 1c).

Fig. 1  a Pearson correlation among gene expression levels in the different samples. b Venn diagram of DEGs at three time points. c Number of 
differentially expressed genes in each comparison

Table 1  Summary of 
transcriptome sequencing data 
from roots of M. halliana under 
Fe deficiency

Q30% is the proportion of the nucleotide quality value larger than 30

Samples Raw reads Clean reads Mapped reads Q30 (%) GC content (%)

T1_rep1 39,772,352 38,937,968 26,027,986 (66.84%) 93.15 46.41
T1_rep2 40,955,640 39,975,816 26,608,714 (66.56%) 92.91 46.76
T2_rep1 40,593,378 38,785,644 26,568,794 (68.5%) 93.37 47.09
T2_rep2 40,969,702 39,955,452 25,008,957 (62.59%) 93.13 47.35
T3_rep1 38,767,036 37,800,852 19,533,905 (51.68%) 92.94 45.81
T3_rep2 40,095,386 38,998,954 20,205,691 (51.81%) 93.62 46.68
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Functional classification of differentially expressed 
genes during iron deficiency

To decipher the functions of these DEGs, GO term enrich-
ment analysis was performed for each group comparison 
using GO-Seq (Fig. 2). The first three categories of cellu-
lar component were photosynthetic membrane, thylakoid 

membrane and thylakoid, while heat-shock protein binding, 
oxidoreductase activity and ADP binding were the main 
annotations represented in the molecular function category. 
For the biological process category, oxidation–reduction 
process, single-organism metabolic process, small molecule 
metabolic process, carboxylic acid metabolic process and 

Fig. 2  Gene ontology (GO) functional annotation of differentially expressed genes based on RNA-Seq data in T2 vs T1 (red). T3 vs. T1 (blue) 
and T3 vs. T2 (yellow). The three main categories (cellular component. molecular function and biological process) were used for GO analysis
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organic acid metabolic process were strongly enriched in T2 
vs. T1, T3 vs. T1 and T3 vs. T2.

We also mapped the DEGs in the KEGG database to 
perform biochemical pathway analysis (Table 2). Four, six 
and five KEGG pathways were significantly enriched in T2 
vs. T1, T3 vs. T1, and T3 vs. T2, respectively. The DEGs 
were associated with various KEGG pathways involved in 
photosynthesis, metabolism and protein processing. The 
photosynthesis pathway or photosynthesis–antenna protein 
pathway was induced in T2 vs. T1, T3 vs. T1 and T3 vs. T2. 
Interestingly, the glycolysis/gluconeogenesis pathway, tyros-
ine metabolism and fatty acid degradation were induced only 
at T3. Notably, we observed specific enrichment of genes in 
the glycolysis/gluconeogenesis pathway (mdm00010).

Expression profiles of glycolysis‑related genes

We analyzed the glycolysis/gluconeogenesis-related 
genes, including phosphoglucomutase (PGM), glu-
cose-6-phosphate isomerase (GPI), fructose-1,6-bis-
phosphatase (FBPase), 6-phosphofructokinase (PFK), 
fructose-bisphosphate aldolase (FBA), phosphoglycer-
ate kinase (PGK), enolase (ENO) and pyruvate kinase 
(PK) (Fig.  3; Table  S2). The expressions of most 
PGM genes (103439690, 103439907 and 103452245) 
decreased at T3, while the expression of seven genes 
(103401972, 103417145, 103420974, 103440430, 
103440507, 103440552 and 103,440,553) encoding the 
GPI was upregulated at T3. The expression of FBPase 
(103,416,291, 103433550, 103444638, 103450517 and 

103450592) genes was upregulated under Fe deficiency. 
The expression of two PFKase genes (103400183 and 
103439066) was upregulated at T3, the expression of five 
genes was upregulated at T2 (103408071, 103414866, 
103418180,103438916 and 103439065), that of two genes 
(103411637 and 103448202) was downregulated under Fe 
deficiency, and that of one gene (103439064) was upreg-
ulated consistently. In addition, genes coding for FBA 
exhibited a higher expression level than did genes cod-
ing for other enzymes. The expression of four PGK genes 
(103409034, 103435386, 103445876 and 103445883) 
showed upregulation under Fe deficiency. The expres-
sion of ENO genes (103415341, 103419156, 103431235, 
103437941, 103447452, 103449384, 103453924 and 
103455462) showed little response to Fe deficiency. 
There were 27 genes encoding PK. Among them, 15 
genes (103402797, 103408335, 103410064, 103410070, 
103414668, 103416875, 103420072, 103420595, 
103425723, 103431059 103431990, 103438858, 
103442109, 103445912 and 103449914) were upregu-
lated at T3, 9 genes (103403377, 103412636, 103414179, 
103422541, 103425559, 103429773, 103439830, 
103443326 and 103451429) were downregulated at T3, 
and 3 genes (103424068, 103436310 and 103436870) 
showed no obvious changes under Fe deficiency.

Expression profiles of sugar‑related genes

The genes for sugar synthesis, metabolism and transport 
were analyzed, including sucrose synthase (SS), sucrose 
phosphate synthase (SPS), sucrose transport protein (SUC), 
alkaline/neutral invertase (A/N Invs), plastidic glucose 

Table 2  KEGG pathway 
enrichment analysis of 
differentially expressed genes

Corrected P value represents the significance of enrichment; the value is smaller, the significance is higher. 
ID represents the KEGG pathway number

Regulation Pathways ID Corrected P value

T2 vs. T1 up Photosynthesis mdm00195 1.59E-08
Ribosome mdm03010 0.025140248

down Protein processing in endoplasmic reticulum mdm04141 0.009570771
Spliceosome mdm03040 0.009570771

T3 vs. T1 up Glycolysis/gluconeogenesis mdm00010 2.29E-05
Photosynthesis–antenna proteins mdm00196 7.29E-05
Tyrosine metabolism mdm00350 0.000581452
Photosynthesis mdm00195 0.000584763
Fatty acid degradation mdm00071 0.009871854
Pentose phosphate pathway mdm00030 0.01547105

T3 vs. T2 up Glycolysis/gluconeogenesis mdm00010 1.04E-05
Photosynthesis–antenna proteins mdm00196 1.50E-05
Tyrosine metabolism mdm00350 0.009595012
Fatty acid degradation mdm00071 0.020576333
Taurine and hypotaurine metabolism mdm00430 0.020745413
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Fig. 3  Heat map analysis showing the gene expression patterns involved in glycolysis/gluconeogenesis pathway during the iron-deficient pro-
cess. Each gene at each of the three time points was represented as a horizontal short line
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transporter (PGT) and sugar transporter (ST) (Fig.  4). 
The expression of sucrose biosynthesis genes, seven SS 
genes (103400901, 103409880, 103417499, 103426254, 
103426255, 103449164 and 103453958), increased in the 
roots under the Fe-deficient environment. However, expres-
sion of the SPS genes (103400066, 103411875, 103417980 
and 103456219) was downregulated at T2 and T3 com-
pared to T1. The expression of the most of the A/N Invs 
genes (103402206, 103403505, 103413070, 103413827, 
103427242 and 103436229) was downregulated at T3. The 
levels of expression of most SUC (103401916, 103410965, 
103416524103422077, 103441771, 103443890 and 
103444946) strongly changed at T2. The expression of 
most PGT genes (103402038, 103402916, 103410965, 
103416524103441771 and 103443890) was upregulated at 
T2. Here, the ST genes comprised two types: bidirectional 
sugar transporter genes and sugar transporter ERD6 genes. 
Two bidirectional sugar transporter genes (103452184 and 
103423978) showed high expression at T2. In addition, there 

was high expression of the sugar transporter ERD6 genes 
103450477 and 103413416.

Expression profiles of photosynthesis‑related genes

The expression levels of photosynthesis-related genes, such 
as photosystem protein, cytochrome b6-f subunit, ferre-
doxin, ATP synthase chain and plastocyanin, were analyzed 
(Fig. 5). The expression of all photosynthesis-related genes 
was upregulated under Fe deficiency. Two photosystem pro-
tein genes (103430669 and 103416404), one plastocyanin 
gene (103450341) and one ferredoxin gene (103418288) 
showed the highest expression at T3. In addition, other genes 
were expressed at the highest level at T2.

Changes in sugar content under iron deficiency

Sugar concentration was determined under Fe deficiency 
by examining the extracted sugars from the roots and 

Fig. 4  Representative gene expression profiles of sugar synthesis, metabolism and transport in the roots at three time points under iron defi-
ciency
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leaves (Fig. 6). The levels of glucose were significantly 
decreased in the roots of both T2 and T3 compared to T1. 
However, there were no significant changes in glucose 
content in the leaves (Fig. 6a). Interestingly, the changes 

in fructose contents in the roots and leaves were opposite 
for glucose (Fig. 6b). Under Fe deficiency, the levels of 
fructose were significantly decreased in the leaves, but 
there were no clear changes in the roots. The trend of 

Fig. 5  Representative gene expression profiles of photosynthesis in the roots at three time points under iron deficiency

Fig. 6  Effect of iron deficiency on sugar levels in M. halliana roots 
and leaves. Glucose (a), fructose (b) and sucrose (c) contents were 
measured at three time points: T1, T2 and T3 under Fe deficiency. 

Data are presented as means ± SE (n  =  3). The data with differ-
ent lower-case letters in same organ show significant difference 
(p < 0.05)
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the change in sucrose content was opposite that of the 
other two kinds of sugar (Fig. 6c). The sucrose contents 
increased under Fe deficiency in both the roots and 
leaves; the change in the roots occurred at T2, while the 
change in the leaves occurred at T3.

Validation of the RNA‑Seq analysis results 
by qRT‑PCR

Moreover, to validate the accuracy of the experiments, 15 
genes related to glycolysis/gluconeogenesis, sugar synthe-
sis and sugar transport were selected for qRT-PCR analy-
sis. The relative expression of the 15 genes was measured 
using independent samples with the same treatment as 
those subjected to RNA-Seq analysis. The measurements 
were replicated three times. GAPDH was used as a refer-
ence gene for data normalization. Eleven genes showed 
significant correlations (P = 0.05) between the qRT-PCR 
results and the RNA-Seq analysis results, which indicated 
that the RNA-Seq data were highly reliable (Fig. 7).

Discussion

Fe deficiency is one of the most frequent nutritional prob-
lems affecting apple production in calcareous soils. Plants 
alter their physiological processes and root architecture to 
cope with low availability of Fe in soils (López-Millán et al. 

2000; Fu et al. 2017). A global information analysis of plant 
responses to Fe deficiency may provide new insights into the 
molecular functions and mechanisms involved. Efforts have 
been made to obtain a general overview of Fe deficiency-
induced changes in the transcriptome of M. xiaojinensis 
(Wang et al. 2014), but information is scarce regarding the 
carbohydrate regulation especially in M. halliana. In the 
present study, the RNA-Seq analysis method was used to 
investigate the changes induced by Fe deficiency at three 
time points in the transcriptome profile of roots extracted 
from M. halliana plants grown hydroponically. The results 
of our transcriptomic analyses showed that more than 650 
DEGs in the pairs T2 vs. T1, T3 vs. T1, and T3 vs. T2 were 
found (Fig. 1b). According to the GO classification, these 
DEGs are involved mainly in photosynthetic membrane, thy-
lakoid, the oxidation–reduction process and acid metabolism 
(Fig. 2). In addition, the DEGs are enriched in pathways 
related to photosynthesis, photosynthesis–antenna protein, 
glycolysis/gluconeogenesis, tyrosine metabolism and fatty 
acid degradation (Table 2).

In view of gene expression profiling, the glycolysis path-
way may be more important in Fe deficiency responses than 
other pathways. An increase in glycolysis has been widely 
reported in Arabidopsis thaliana (Yang et al. 2010), Med-
icago truncatula (López-Millán et al. 2011), sugar beet 
(López-Millán et al. 2000), and tomato (Anita et al. 2012). 
Positive modulation of glycolysis is an important mechanism 
for the adaptation of plants to Fe deficiency (Mai and Bauer 
2016), which may be due to an increased demand for organic 

Fig. 7  qRT-PCR confirmation of 15 candidate genes at three time points: T1, T2 and T3. Left Y axis represents gene relative expression detected 
by qRT-PCR, right Y axis represents gene expression detected by RNA-Seq and X axis represents different stress time
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acids in Fe-deficient roots (López-Millán et al. 2013). In this 
experiment, although the citrate cycle was not significantly 
enriched, the glycolysis/gluconeogenesis, tyrosine metabo-
lism, fatty acid degradation, and taurine and hypotaurine 
metabolism pathways all point to pyruvate, the substrate of 
the citrate cycle.

The enzymes PGM, GPI, FBPase, PFK, FBA, PGK, 
ENO and PK are involved in the glycolysis pathway. These 
enzymes play an important role in glycolysis; for example, 
PGM catalyzes the bidirectional conversion of glucose-
1-phosphate (G-1-P) and G-6-P, which is the first step of 
glycolysis (Gururaj et al. 2004). FBA, which occupies a 
central position in the glycolysis pathway, is at the cross-
roads of several metabolic pathways that involve metabolites 
derived from glycolysis. The genes coding for these enzymes 
were altered under Fe deficiency (Table S2). In Arabidopsis, 
an expression analysis of genes involved in the glycolysis 
pathway revealed an induction of several enzymes (Thimm 
et al. 2001). Within 72 h of Fe-deficient growth, the expres-
sion levels of these genes increased, but no changes were 
found following 1 d of Fe-deficient growth (Thimm et al. 
2001). In this experiment, the expression levels of PGM 
(103439690), GPI (10344043, 103401972, 103440430 and 
103417145), and all of the FBPase, PFK, FBA (103449400 
and 103453790) and PGK genes were induced regardless of 
whether Fe deficiency persisted for 12 or 72 h which indi-
cates that M. halliana has a rapid response to Fe deficiency. 
Additionally, these transcriptional data fit well with prot-
eomic data previously published before (Rodríguez-Celma 
et al. 2011) as well as the increased activity of PK and PFK 
recorded in cucumber roots under Fe deficiency (Espen et al. 
2000). Specifically, the expression levels of ENO, FBA and 
PGK were found to be upregulated in Fe-deficient Prunus, 
Medicago, Chlorella, Solanum and Cucumis roots (Brum-
barova et al. 2008; Rellán-Álvarez et al. 2010; Rodríguez-
Celma et al. 2011, 2013; Kircher and Schopfer 2012).

Enhanced root glycolysis under Fe deficiency leads to 
sugar accumulation (Zargar et al. 2015a; Lin et al. 2016). 
Sucrose not only provides materials and energy for plant 
growth and development but also functions as a signaling 
molecule for the regulation of various physiological pro-
cesses in plants, such as root growth and photosynthesis 
(Kircher and Schopfer 2012; Zargar et al. 2015a). In this 
experiment, sucrose accumulated in the roots and leaves 
under Fe deficiency (Fig. 6 C), similar to the results of pre-
vious studies in Prunus and Arabidopsis thaliana (Jiménez 
et al. 2011; Zargar et al. 2015b). In addition, the expression 
levels of SS genes increased under Fe deficiency, especially 
103449164, which was upregulated almost threefold at T3 
compared with T1. However, the expression levels of SPS 
genes were downregulated under Fe deficiency. This result 
may have occurred because SS plays a major role in the syn-
thesis of sucrose under Fe deficiency. One of the SUC genes 

(103451844) was significantly downregulated under Fe defi-
ciency, which also coincided with an increase in sucrose 
content in the roots.

Fructose and glucose are products of sucrose hydrolysis 
catalyzed by A/N Invs. A/N Invs enzymes play a major role 
in sucrose partitioning and long-distance transport (Winter 
and Huber 2000). In this experiment, A/N Invs (103441853 
and 103452658) showed high expression at T2. However, 
the glucose content significantly decreased in the roots and 
changed little in the leaves under Fe deficiency. The altera-
tion of fructose content is opposite to that of glucose. The 
response differences between glucose and fructose may due 
to carbohydrates partitioning under Fe deficiency. Addition-
ally, Lin et al. (2016) find that glucose and fructose contents 
in Arabidopsis thaliana roots decreased under Fe deficiency. 
Nevertheless, a survey of the sugar concentration in Arabi-
dopsis thaliana shoots under Fe deficiency indicated that 
glucose and fructose concentrations increase as sucrose con-
centration increased (Zargar et al. 2015b). This finding may 
reveal that different species and different organizations have 
different ways to respond to Fe deficiency stress. Moreo-
ver, in the study of three cherry rootstocks under Fe defi-
ciency stress, Jiménez et al. (2011) found that the glucose 
concentration decreased in the more tolerant rootstock and 
increased in the more sensitive rootstock after Fe deficiency, 
which indicates that different resistant plants show different 
response modes to Fe deficiency. The glucose regulation pat-
tern of M. halliana is similar to that of more tolerant cherry. 
High expression of PGT genes was induced in the roots in 
response to Fe deficiency, which may be part of the reason 
that the glucose in the roots decreased while that in leaves 
did not change significantly.

Overall, the results indicated that sugar metabolism is 
affected by Fe deficiency and might lead to the disrup-
tion of sugar synthesis and utilization. Sugar accumulation 
originates from starch degradation and reorientation of 
photosynthate partitioning, probably via sucrose (Loescher 
et al. 1990; Zargar et al. 2015a). Therefore, Zargar et al. 
(2015a) reported that reduced photosynthetic activity may 
be affected by high sugar concentrations. Interestingly, in 
this work, although the sucrose content increased, the pho-
tosynthesis and photosynthesis–antenna protein pathways 
were enhanced in M. halliana under Fe deficiency, and the 
expression of all photosynthesis-related genes was upregu-
lated under Fe deficiency. This finding indicates that sugar 
regulatory effects in different plants are different under Fe 
deficiency. Not only sucrose metabolism but also the whole 
of carbohydrate metabolism may play important roles in 
strategies for coping with Fe deficiency stress in M. hal-
liana and may affect photosynthesis levels.

Sugar regulation is an important part of the root response 
of M. halliana to Fe deficiency. Furthermore, Fe deficiency 
causes the upregulated expression of photosynthesis-related 
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genes. This study provides a foundation for an improved 
understanding of Fe tolerance responses in apple and raises 
the issue of the relationship between photosynthesis and 
sugar under Fe deficiency. In future studies, we will focus 
on investigating the network of carbohydrate metabolism, 
transport, partitioning and photosynthesis in M. halliana 
under Fe deficiency and screening for key genes for cloning 
and functional analyses.
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