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Introduction

Metal ions, such as Fe, Mn, Cu, and Zn are essential ele-
ments for plant growth and development (Marschner and 
Romheld 1994; Marschner 2012). Fe, however, has poor 
solubility in most soil types (Guerinot and Yi 1994), par-
ticularly in partial alkaline soil where the content of free Fe 
is far below 10− 6 M, a required concentration for compat-
ible plant growth (Han et al. 1998; Hell and Stephan 2003). 
Therefore, Fe deficiency is a worldwide problem for crop 
growth, development and production (Abadía et al. 2002). 
Fe deficiency-induced plant chlorosis in young leaves is a 
major global problem (Romheld and Marschner 1986; Ling 
et al. 1999), which is a common disease in apple, especially 
in North China, and largely limits the growth, yield and 
quality of apple (Yang et al. 2015).

To avoid such deficiencies, plants have developed adapt-
able mechanisms to acquire Fe from soil, which have 
been classified into two strategies (Strategy I and Strat-
egy II) by Marschner and Romheld (1994). In response 
to Fe deficiency, all non-graminaceous plants appear to 
adopt ‘Strategy I’, the activity of citrate synthase (CS) 
and CA content increase (Han et  al. 2015a). Regarding 
Fe deficiency-induced the citrate and other carboxylates 
increases have been reported in many species (Abadía 
et  al. 2002), such as in fruit trees including kiwifruit 
(Rombolà et  al. 2002), pear (López-Millán et  al. 2001), 
Citrus (Martínez-Cuenca et  al. 2013), etc. Fe-deficiency 
caused increase of CS activity, which has also been found 
in tomato (López-Millán et al. 2009) and pea (Jelali et al. 
2010). Fe-deficiency also induced the increased expres-
sion of the CS gene in Arabidopsis (Thimm et  al. 2001) 
and apple (Han et al. 2012, 2015b). Recently, this fact has 
also been reported in a study on barley (a Strategy II plant), 
which focused on the Fe deficiency-induced changes in 
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carboxylate metabolism in two cultivars of barley with dif-
ferent Fe efficiency responses (López-Millán et  al. 2012). 
Additionally, CA can chelate Fe(III) for its long distance 
transportation through xylem (Cataldo et al. 1988; Rellán-
Álvarez et al. 2010) in plants where the pH is about 5.5–6 
(Hell and Stephan 2003). ‘Strategy I’ plants produce more 
ferric reductase–oxidase under Fe-deficiency stress, to 
reduce Fe(III) to Fe(II) and benefit Fe uptake (Zhang et al. 
2009). The Arabidopsis mutant, frd3, has provided molecu-
lar evidence of the role of CA in long-distance Fe transport 
(Durrett et al. 2007).

The absorption and utilization of Fe in apple (M. xiao-
jinensis included) follows ‘Strategy I’ mechanism. Previ-
ous studies indicated that M. xiaojinensis is a Fe-efficient 
apple genotype (Han et  al. 1998). A relevant number of 
molecular components involved in the high tolerance to Fe 
deficiency of M. xiaojinensis have been isolated and stud-
ied during the last decade. The expression of these genes 
was affected by Fe stress in M. xiaojinensis and transgenic 
plants had higher Fe stress tolerance than wild-type, which 
involved in the ‘Strategy I’ responses at different levels 
such as Fe acquisition and transport, and regulation of Fe 
responses. Most of these studies reported on the physiolog-
ical and molecular components involved in acquisition and 
transport of Fe in M. xiaojinensis, such as MxIRT1 by Li 
et al. (2006), MxMYB1 by Shen et al. (2008), MxSAMS by 
Zhu et al. (2009), MxNas1 by Zhang et al. (2009) and Han 
et al. (2013b), MxbHLH01 by Xu et al. (2011), MxVHA-c 
by Zhang et al. (2012), MxIRO2 by Yin et al. (2013). The 
MxCS1 and MxCS2 were also studied by Han et al. (2013a, 
2015a), these results showed that the expression levels of 
MxCS1 and MxCS2 were affected by Fe stress and plant 
hormones (IAA and ABA) treatments. Over-expression 
of MxCS1 and MxCS2 improved Fe stress tolerance in 
transgenic Arabidopsis and tobacco. Increased expression 
of MxCS1 in transgenic tobacco plants also resulted in 
early-flowering, morphological abnormalities flowers and 
increased concentrations of Fe, Mn, Cu, and Zn in young 
leaf and flower (Han et al. 2013a).

Moreover, some plant hormones such as IAA and ABA 
are considered as signals of Fe stress in Arabidopsis and 
tomato (Schikora and Schmidt 2001; Schmidt et al. 2000). 
The expression of MxCS1 and MxCS2 in M. xiaojinensis 
seedlings was affected by IAA and ABA treatments, and 
the expression levels increased in all parts of M. xiaojin-
ensis (Han et al. 2013a, 2015a). Fe-deficiency also induced 
the increasing of IAA content in the shoot apex of M. xiao-
jinensis and treatments of IAA to the shoot apex triggered 
Fe deficiency responses (Wu et al. 2012).

In the present study, we isolated a new citrate synthase 
gene from M. xiaojinensis, designated it as MxCS3. The 
MxCS3 is a new member of M. xiaojinensis citrate syn-
thase gene family. The functions of MxCS1 and MxCS2 

have been studied, which played a key role in synthesizing 
citrate synthase. In addition, the over-expression of MxCS1 
and MxCS2 improved Fe stress tolerance in transgenic 
plants. However, whether another member of this gene 
family (MxCS3) has the similar function and which gene is 
the key gene of this family are still unknown. Furthermore, 
the relationship between MxCS3 gene and Fe transport or 
plant development remains unclear. Through the experi-
ment, we detected the expression level of MxCS3 in differ-
ent organs, and found the relationships between the expres-
sion of MxCS3 and Fe stress, IAA and ABA treatments. 
Moreover, we found that ectopic expression of the MxCS3 
improved tolerance to Fe stress in transgenic Arabidopsis 
thaliana, but also led to increased fresh weight, root length, 
CS activity, and contents of chlorophyll, citrate acid and Fe, 
especially when dealt with Fe stress. More importantly, we 
first discovered that ectopic expression of MxCS3 resulted 
in abnormal flowers in transgenic A. thaliana.

Materials and methods

Plant material and growth conditions

Malus xiaojinensis test-tube seedlings were rapidly propa-
gated on Murashige and Skoog medium (MS) + 0.5 mg L−1 
IBA + 0.3 mg L−1 6-BA for 40 days, and then returned to 
MS +1.2 mg L−1 IBA for 45 days for rooting. Finally, the 
seedlings were transferred to Hoagland solution for 50 days 
for growth. When the plants had 8–9 mature leaves (fully 
expanded), they were exposed to Hoagland nutrient solu-
tions with different Fe concentrations (4, 40, and 160 µM). 
For IAA and ABA treatments, seedlings were respectively 
put into 0.1 mM IAA and 0.1 mM ABA Hoagland solution 
with normal Fe concentration (Han et al. 2013b). The root, 
phloem, xylem and leaf samples of all control and treated 
plants were sealed after treatments of respectively 0, 2, 4, 
8, and 12 h, immediately frozen in liquid nitrogen, and then 
stored at −80 °C for RNA extraction.

Isolation and real‑time PCR expression analysis 
of MxCS3

Total RNA was respectively extracted from root, phloem, 
xylem, new leaf (partly expanded), and mature leaf using 
the CTAB method (Han et  al. 2015a). First strand cDNA 
was synthesized with 1  μg total RNA and 1  μL super 
script II enzyme (Invitrogen, USA) according to the 
manufacturer’s protocol. PCR was performed to obtain 
a whole sequence of MxCS3 by using the first strand 
cDNA of M. xiaojinensis as a template. A pair of prim-
ers (F1, 5′-ATG​GTA​TTC​TTC​ACG​AGC​GTCAC-3′ and 
F2, 5′-CTA​TGA​GAG​AGA​TGT​AAT​ATG​CTT​TACC-3′) 
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was designed based on the homologous regions of MdCS3 
(MDP0000913825) to amplify the full-length cDNA 
sequence. The full-length cDNA of MxCS3 gene was iso-
lated from M. xiaojinensis using nested PCR with F1 and 
F2 as primers twice. The obtained DNA fragments were gel 
purified and cloned into the pMD18-T vector (Takara) and 
sequenced (Invitrogen, Beijing).

Real-Time PCR expression analysis of MxCS3 methods 
was performed according to Jiang and Zhou (2016). As a 
control, the 18S rRNA gene was amplified from M. xiaojin-
ensis tissues using the following primers: Mx18SF, 5′-ACA​
CGG​GGA​GGT​AGT​GAC​AA-3′ and Mx18SR, 5′-CCT​CCA​
ATG​GAT​CCT​CGT​TA-3′, which were designed from the 
sequences published in the GenBank databases. For real-
time PCR detection, the primers of MxCS3 were designed 
from partial sequences isolated in this study, which are MF, 
5′-GAA​CGT​CTG​AAG​AAA​CTG​AAG​GCA​-3′ and MR, 
5′-GCT​GGA​ACT​ACA​GCA​CGA​GTCCT-3′, respectively. 
The thermal cycling program was one initial cycle of 93 °C 
for 30 s, followed by 40 cycles of 93 °C for 5 s, and 58 °C 
for 30 s. The relative transcription level data was analyzed 
using the 2− ΔΔCT method (Livak and Schmittgen 2001).

Subcellular localization of the MxCS3 protein

The MxCS3 ORF was cloned into the SacI and KpnI 
sites of the pSAT6-GFP-N1 vector. This vector contains 
a modified red shifted green fluorescent protein (GFP) at 
SacI–KpnI sites. The MxCS3–GFP construct was trans-
formed into onion (Allium cepa) epidermal cells by particle 
bombardment as described earlier (Yang et al. 2015). The 
Clone MTC754 (ScyTek, USA) was used as mitochondrial 
marker for mitochondrion detection. The transient expres-
sion of the MxCS3–GFP fusion protein was observed under 
confocal microscopy.

Arabidopsis thaliana transformation

To construct an expression vector for transformation of A. 
thaliana, restriction enzyme cut sites of SmaI and EcoRI 
were added into MxCS3 cDNA at both 5′ and 3′ ends by 
PCR. To construct the pBI121-MxCS3 vector, the products 
of PCR and pBI121 were digested by SmaI and EcoRI, and 
linked together through the replacing of GUS gene. The 
MxCS3 gene driven under CaMV 35S promoter was intro-
duced into Arabidopsis plants by Agrobacterium-mediated 
GV3101 transformation (An et al. 1988). Columbia ecotype 
A. thaliana plants were transformed using the vacuum 
infiltration method. Transformants were selected on MS 
medium containing 50 mg dm− 3 Kanamycin. T3 generation 
plants were used for further analysis.

Germination and growth assay

The T3 generation transgenic A. thaliana were used in the 
subsequent experiments. For the growth assay, T3 trans-
genic plants lines and wild-type seeds were placed on MS 
agar plates for germination. After 6  days, 30 germinated 
seedlings from each line were carefully transferred to 
new MS agar plates supplemented with 4 (low concentra-
tion), 100 (normal level), 400 µM (high concentration) Fe, 
respectively. After 14  days growth in treatment medium, 
the development conditions were observed and the root 
length (total length of each plant) and fresh weight of seed-
lings were measured. Twenty strains transgenic A. thaliana 
for each experimental line (OE-4 and OE-5) were collected 
together and used in the present experiments. Each index 
was measured for five times, three replicates were con-
ducted and the standard deviation (±SD) were measured.

Detection of the contents of chlorophyll, Fe, Zn and CA 
and CS activity

Chlorophyll contents were measured according to the 
method of Aono et  al. (1993). According to Takahashi 
et al. (2003), Fe and Zn concentrations in leaf were meas-
ured. Assays for the content of citric acid were performed 
by HPLC method (López-Millán et  al. 2009) with a 
Waters HPLC system, including a 600E pump, a 996 pho-
todiode array detector and the Millenium 2010 software. 
Samples were injected with a Rheodyne injector (20  μL 
loop). Mobile phase was pumped at a 0.7 mL min− 1 flow 
rate. Quantification was carried out with pure citric acid 
(Sigma, USA) as an external standard. According to Leek 
et  al. (2001), the CS activities of all kinds of A. thaliana 
(MxCS3-OE and WT lines) in leaf were measured.

Observation and record of the flowers of Arabidopsis 
thaliana

The transgenic Arabidopsis for each experimental line 
(OE-4 and OE-5) T3 transgenic plants and wild-type seeds 
were placed on MS agar plates for germination. Then, 50 
germinated seedlings from each line were carefully trans-
ferred to culture matrix (nutrient soil:vermiculite ratio 
is 4:1) with normal water management in a light growth 
chamber at 25 ± 1 °C under a 16 h light (120 μmol m−2 s−1) 
/ 20 ± 1 °C under a 8 h dark regime. When most of Arabi-
dopsis were in full bloom, 100 flowers of each line were 
collected, observed and recorded with stereomicroscope 
(Olympus BX51). As a reference factor, the number of pet-
als of each line (OE-4, OE-5 and WT) was also statistically 
analyzed (100 flowers were collected from each A. thaliana 
line at 8:00 AM). Three replicates were conducted and the 
standard errors (±SE) were calculated.
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Results

Isolation of MxCS3 gene from M. xiaojinensis

Sequence analysis showed that the MxCS3 cDNA is a 
complete open reading frame of 708 bp, and the predicted 
MxCS3 protein comprises 235 amino acids with a theoreti-
cal isoelectric point of 9.47 as well as a predicted molec-
ular weight of 26.3  kDa. The MxCS3 gene sequence and 
amino acid sequence of the MxCS3 protein are presented 
with citrate synthase domain underlined in Fig. 1.

Phylogenetic relationship of MxCS3 with other CS 
proteins

To investigate the evolutionary relationship among plant 
CS proteins, eight CS proteins from different species were 
analyzed by DNAman analyse software (Fig. 2). As shown 
in Fig.  2a, the deduced amino acid sequence of MxCS3 
includes one conserved CS domain in the C-terminal 
region. The citrate synthase domain contains the plant-
specific GKVQLGNITV sequence which serves as a DNA-
binding motif of CS (Alexandrov et  al. 2006; Han et  al. 
2013a).

Comparing the amino acid sequences of MxCS3 with 
other CS proteins, we found that MxCS3 has a high identity 
to the CS protein family. Additionally, a phylogenetic tree 
(neighbour-joining) was constructed with the full-length 
amino acid residues (Fig.  2b) by DNAman. The results 
showed that MxCS3, MdCS3 (M. domestica), MxCS1 (M. 
xiaojinensis, Han et al. 2012) and PpCS3, CS protein from 
peach (Etienne et  al. 2002) clustered together. AtCS4, CS 
protein from A. thaliana (Alexandrov et al. 2006), DcCS3, 
CS protein from carrot (Takita et al. 1999) and NtCS, CS 
protein from tobacco were grouped into another cluster. 

However, OsCS, CS protein from rice was the third cluster 
alone.

Subcellular localization of MxCS3

The presence of a CS synthase, which has a citrate syn-
thase domain, suggests that MxCS3 is a functional gene. As 
shown in Fig. 3, the MxCS3–GFP fusion protein is targeted 
into mitochondrion and cytoplasmic membrane, whereas 
the control GFP alone is distributed throughout the cyto-
plasm. These results showed that MxCS3 is a mitochon-
drion and cytoplasmic membrane localization protein.

Expression analysis of MxCS3 in M. xiaojinensis

The expression profile of the MxCS3 in various M. xiao-
jinensis tissues under normal Fe treatment (40  µM) was 
investigated by using real-time PCR assay. Expression of 
MxCS3 was enriched in leaf, root and phloem of stem, but 
very low in the xylem (Fig.  4a). The results showed that 
MxCS3 mRNA increased in new leaf, phloem and root, 
under a low Fe concentration (4 µM), IAA, and ABA con-
ditions (Fig. 4b, d, e) at the beginning and reached the max-
imums at 8 h, then decreased slightly at 12 h, whereas the 
expression level of MxCS3 in these parts decreased under 
a high Fe (160 µM) stress. The expression level of MxCS3 
in mature leaf was just opposite to the above parts under 
Fe stress concentration and had the same trend when dealt 
with IAA and ABA (Fig. 4c).

Ectopic expression of MxCS3 confers tolerance to Fe 
stress in transgenic A. thaliana

In order to investigate the role of MxCS3 in response to 
Fe stress in plants, we generated transgenic A. thaliana 
with ectopic expression of MxCS3 under the control of the 

Fig. 1   Nucleotide and deduced amino acid sequences of MxCS3. The citrate synthase domain is underlined
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CaMV 35S promoter. Among ten transformed lines, six 
of them (OE-1, OE-3, OE-4, OE-5, OE-7 and OE-9) were 
confirmed by using RT-PCR analysis with WT line (wild-
type) as control (Fig. 5a).

No significant difference in appearance between WT 
line and MxCS3-OE A. thaliana lines was observed. The T3 
transgenic lines OE-4, OE-5 and WT seedlings were placed 
on MS agar plates supplemented with 4 (low Fe stress), 100 

Fig. 2   Comparison and phylogenetic relationship of MxCS3 with 
other reported citrate synthase proteins. a Positions containing iden-
tical residues are shaded in navy blue, while conservative residues 
are shown in green (top). b Phylogenetic tree analysis of MxCS3 
and other plant citrate synthase proteins. The tree was constructed 

by the neighbour-joining method with DNAman. The gene accession 
numbers are listed as follows:[MdCS3 (XM_008376898.2), MxCS1 
(ADL62695.1), PpCS3 (AAL11504.1), AtCS4 (AAM62868.1), 
DcCS3 (AB017159.1), NtCS (CAA59008.1) OsCS (AAG28777.1)]. 
(Color figure online)
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(normal Fe level), 400 µM (high Fe stress) Fe. As shown 
in Fig.  5b, after 14  days growth in treatment medium, 
the appearances were observed. On normal Fe level agar 
plates, all types of Arabidopsis grew well. WT line had 
obvious chlorosis appearance, but MxCS3-OE lines (OE-4 
and OE-5) had no obvious chlorosis appearance on Fe-
deficiency (4  µM) agar plates. MxCS3-OE lines also had 
better appearance than WT line on high Fe concentration 
(400 µM) agar plates.

The MxCS3-OE lines (OE-4 and OE-5) had higher fresh 
weight and longer root length than WT line (Table 1), espe-
cially when exposed to Fe stress. The fresh weight and root 
length of MxCS3-OE lines were respectively 2.5–2.8 folds and 
1.7–2.3 folds higher than that of WT line. To determine the 
effect of Fe stress on different plants, the chlorophyll contents 
were measured in leaf from MxCS3-OE (OE-4 and OE-5) 
and WT lines. As shown in Table 1, the MxCS3-OE seedlings 
showed higher chlorophyll contents than that in WT line, espe-
cially when exposed to low or high Fe concentrations. The 
WT line was more wilted and yellow than those of transgenic 
A. thaliana, corresponding to lower chlorophyll contents.

As shown in Table  1, the MxCS3-OE lines showed 
higher CS activity than WT line, especially when grown 
on medium with low or high Fe concentration. The CS 
activities in MxCS3-OE lines under low and high con-
centrations were 5.2 and 4.2 folds higher than WT line, 
respectively. Fe and Zn contents of MxCS3-OE transgenic 
lines were higher than that of WT line in all kinds of MS 
media (different Fe concentrations). The content of citric 
acid was also measured in A. thaliana lines. As shown 
in Table  1, the transgenic seedlings showed higher con-
tents of CA on all kinds of agar plates, especially when 
grown on media with low or high Fe stresses. The con-
tents of CA in MxCS3-OE transgenic lines under low 

and high concentrations were 3.3 and 3.8 folds, respec-
tively, higher than that in WT line. Increased expression 
of MxCS3 in transgenic A. thaliana also led to increased 
fresh weight, root length, and the contents of chlorophyll 
especially when dealt with Fe stress.

Ectopic expression of MxCS3 resulted in abnormal 
flowers in transgenic A. thaliana

In addition to the changes of contents of chlorophyll and 
CA, the transgenic MxCS3 A. thaliana (OE-4 and OE-5) 

Fig. 3   Subcellular localization of MxCS3. Transient expressions 
in onion epidermal cells of 35S-GFP and 35S-MxCS3-GFP transla-
tional product were visualized by fluorescence microscopy. The tran-
sient vector harboring 35S-GFP and 35S-MxCS3-GFP cassettes were 
transformed into onion epidermal cells by particle bombardment. 
The photos were taken in the bright light (left), in the dark for GFP 
images (middle), the mitochondrial detection (red colour ) in the dark 
(right) after incubation for 26 h. (Color figure online)

Fig. 4   Time-course expression patterns of MxCS3 in M. xiaojinen-
sis using real-time PCR. a Expression patterns of MxCS3 in xylem, 
new leaf, mature leaf, phloem and root in normal Fe concentration 
(40 µM). b–e Expression patterns of MxCS3 in a low concentration of 
Fe (4 µM,−Fe), high concentration of Fe (160 µM, ++Fe), dealt with 
0.1 mM IAA (IAA) and 0.1 mM ABA (ABA) in new leaf (b), mature 
leaf (c), phloem (d) and root (e) at the following time points: 0, 2, 
4, 8 and 12  h. The expression amounts were normalized to that of 
Mx18S. Each data (mean ± SD, n = 3) represents the average of three 
independent plants; error bars indicate the standard deviation. Aster-
isks above the error bars indicate a significant difference between the 
treatment and control (0 h) using Student’s t test (P ≤ 0.05)
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flowers developed markedly morphological abnormalities 
(Fig. 6). The flowers of WT A. thaliana had four calyxes, 
four petals, six stamens and only one pistil (Fig. 6a, f). In 

contrast, MxCS3-OE Arabidopsis produced two types of 
abnormally shaped flowers: (1) Abnormal shape of flower 
organs: curving and short calyx (Fig. 6h, i), curving petal 
(Fig. 6i) and short stamens (Fig. 6g, i); (2) Abnormal num-
ber of flower organs. This type of flower showed super-
numerary calyxes, petals, stamens and pistils (Fig.  6b, 
d, g, i), or a decreased number of calyxes, petals and sta-
mens (Fig.  6e, j) or supernumerary calyxes, petals and a 
decreased number of stamens (Fig. 6c, h).

As one of the reference factors, the number of petals of 
transgenic MxCS3 A. thaliana (OE-4 and OE-5) changed 
markedly (Fig. 7). The results showed that the largest pro-
portion of transgenic MxCS3 A. thaliana flowers which has 
five petals accounted for about 45.7% in OE-5 line (44.3% 
in OE-4), followed by the flowers with four petals and six 
petals, the ratios were about 23.7 and 18.3%, the flowers 
with three petals had the smallest proportion, about 14.7%. 
In contrast, the proportion of the total abnormal petals 
flowers in WT line was less than 1%.

Discussion

Sequence homologous analysis showed that MxCS3 is 
a member of the CS family (Fig.  2a), there are only 4.1, 
5.2, 12.3, 16.4, 21.5, 21.8, and 23.6% of amino acid dif-
ferences between MxCS3 and MdCS3, MxCS1, PpCS3, 
AtCS4, DcCS, NtCS, OsCS, respectively (Fig. 2b). All the 
CS family includes one conserved CS domain in the C-ter-
minal region (Etienne et al. 2002; Alexandrov et al. 2006; 
Han et al. 2013a). These results showed that the CS fam-
ily genes are highly conserved during evolution. Previous 
reports have indicated that CS genes were widely distrib-
uted in apple, peach, A. thaliana, carrot, tobacco and rice, 
and were known to be involved in a variety of processes, 
including metal transport (Han et al. 2012).

Fig. 5   Expression of MxCS3 in transgenic A. thaliana and over-
expression (OE) of MxCS3 in A. thaliana improved Fe tolerance. a 
The expression level of MxCS3 in wild type (WT) and MxCS3-OE 
transgenic T1 lines. Ethidium bromide staining of PCR products 
using MxCS3-specicific primers with (top) and without (middle) 
prior reverse transcription, and the RT-PCR products with 18s rRNA 
gene (Mx18SF and Mx18SR) primers (bottom); b Over-expression of 
MxCS3 in A. thaliana improved Fe tolerance. The seedlings pheno-
type of WT and T3 MxCS3-OE lines (OE-4 and OE-5) were germi-
nated and grown on MS media supplied with 4, 100, 400 µM Fe for 
14  days. All treatments are repeated at least three times and repre-
sented results were showed here

Table 1   Effects of transformation of MxCS3 on MS agar plates with different Fe concentrations (4, 100 and 400 µM) on fresh weight, root 
length, content of chlorophyll, CS activity, Fe content, Zn content and citrate acid content of Arabidopsis

All parameters were measured 14 days after treatments. Each value represents the mean of three experiments with ten replicates in each. Means 
within a column followed by different letters are significantly different at P < 0.01 by SAS
FM fresh mass, DM dry mass

Parameter 4 µM 100 µM 400 µM

WT OE-4 OE-6 WT OE-4 OE-6 WT OE-4 OE-6

Fresh weight (mg FM) 195B 494A 489A 453A 461A 459A 109C 298B 323B

Root length (cm) 13.9B 35.4A 29.6A 23.1A 24.2A 23.7A 15.8B 25.1A 27.7A

Chlorophyll content (mg.g-1 FM) 0.82D 1.88C 1.91C 2.16 A 2.27A 2.31A 0.74C 1.59B 1.67B

Citrate synthase activity (U·mg-1 FM) 892B 4597A 4641A 563C 1248B 1326B 928B 3842A 3937A

Fe content (µg.g-1 DM) 42D 79C 82C 87C 99C 95C 133B 189A 197A

Zn content (µg.g-1 DM) 27D 59C 62C 23C 41C 43C 15B 39A 37A

Content of citrate acid (µg·g-1 FM) 71C 228A 243A 54C 129B 133B 62D 155B 161B
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Subcellular localization has revealed that the MxCS3 
is a mitochondrion and cytoplasmic membrane localiza-
tion protein (Fig. 3), which is consistent with MxCS2 (Han 
et  al. 2015a) and another CS protein into mitochondrion 
(Alexandrov et  al. 2006). Previous studies showed that 
the expected location of citrate synthases in A. thaliana 
were mitochondria, peroxisome or glyoxysome and had 
a conservative ‘RLAVL’ box in the N-terminus (Slabas 

et  al. 2004). The citrate synthases in oilseed plants, such 
as soybean, sunflower, and canola were located in peroxi-
some (Eckardt 2005). Presumably, the protein may have 
an uncertain or unknown area which affects the results of 
subcellular localization, leading to the localization in mito-
chondrion and cytoplasmic membrane.

The expression of MxCS3 was much enriched in new 
leaf and root than that in phloem and mature leaf, but 
very low in the xylem (Fig.  4a). This expression pat-
tern indicated that MxCS3 may play an important role in 
active organs, which was in accord with the expression 
level of MxCS1 and MxCS2 gene in different parts in M. 
xiaojinensis in normal Fe concentration (Han et al. 2012, 
2015a). When treated with IAA and ABA, high and low 
Fe stresses, the expression of MxCS3 in leaf, phloem and 
root was markedly affected. It is possible that MxCS3 
plays a key role in regulating Fe stress response in M. 
xiaojinensis. IAA and ABA are considered as signals of 
Fe stress in plants (Schikora and Schmidt 2001; Schmidt 
et al. 2000), and IAA treatment affected the expression of 
MxCS3.

The results showed that the expression level of MxCS3 
increased in new leaf (Fig. 4b), phloem (Fig. 4d) and root 
(Fig.  4e) under low Fe treatment after 2, 4, 8  h, respec-
tively, while decreased slightly after 12 h. It is possible that 

Fig. 6   Flower and flower organ of wild-type Arabidopsis thaliana 
and MxCS3-OE transgenic A. thaliana (OE-4 and OE-5). a Wild-
type Arabidopsis flower; b–e MxCS3-OE Arabidopsis flowers; f All 
organs (calyxes, petals, stamens and pistil) of WT Arabidopsis flower 

(a); g–j All organs (calyxes, petals, stamens and pistils) of MxCS3-
OE Arabidopsis flowers (b–e). Scale bars 0.6 mm in (a–e) and 3 mm 
in (f–j)

Fig. 7   Proportions of each type flower with different number of pet-
als of MxCS3-OE transgenic Arabidopsis thaliana. OE4-3, OE4-4, 
OE4-5, OE4-6, OE5-3, OE5-4, OE5-5, OE5-6 are represented differ-
ent transgenic Arabidopsis lines (OE4 and OE5) with different num-
ber of petals (3, 4, 5 and 6), respectively
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when exposed to low Fe stress, M. xiaojinensis increased 
the expression of MxCS3 to accelerate the synthesis of 
CS and CA. Consequently, higher concentration of CA in 
plants promoted the uptake of Fe from poor Fe environment 
(Gray et  al. 1996). A possible explanation for the lower 
expression of MxCS3 under 12 h treatment is that there has 
been enough CA accumulation for the Fe absorption at this 
point. Conversely, the expression of MxCS3 in these parts 
was down-regulated in high Fe environment to reduce the 
synthesis of CS and CA so that the uptake of Fe from the 
environment decreased. The expression level of MxCS3 in 
mature leaf (Fig. 4c) was just opposite to the above parts 
under Fe stress concentration, which decreased when dealt 
with low Fe treatment but increased when dealt with high 
Fe stress. In low Fe environment, Fe was preferentially pro-
vided to active parts such as new leaf, phloem and root, so 
the expression level of MxCS3 in these parts increased, but 
decreased in mature leaf. The expression level increased 
in mature leaf when dealt with high Fe stress for removing 
Fe toxicity. The expression levels of MxCS1 and MxCS2 
increased in active organs, such as root and new leaf when 
dealt with low Fe stress but decreased when dealt with high 
Fe treatment (Han et al. 2012, 2015a).

The FRD mutants (such as Atfrd3 and Osfrdl1) have 
also been studied, and the results showed that the mutants 
lack a protein responsible for efflux of citrate in cells of 
the xylem vasculature (Durrett et al. 2007; Yokosho et al. 
2009) as well as in inter-cellular spaces lacking symplastic 
connections (Roschzttardtz et  al. 2011). The above stud-
ies demonstrated that FRD mediated-Cit efflux is required 
to sustain normal rates of Fe transport. The expression 
levels of MxCS1 and MxCS2 were strongly affected by Fe 
stress in M. xiaojinensis seedlings, in new leaf and mature 
leaf, which were just opposite (Han et  al. 2013a, 2015a). 
The effects of high and low Fe stresses on expression lev-
els of MxCS3 in new leaf, mature leaf, root, and phloem 
were obvious in this study, except in xylem (not presented 
here). It is possible the xylem is not an active organ and is 
constituted almost by dead cells. Low Fe stress induced the 
increases of the expressions of three M. xiaojinensis citrate 
synthase genes MxCS1, MxCS2 and MxCS3 play a role in 
the synthesis of CS and citric acid. Thus, the CS and CA 
in M. xiaojinensis are higher under low Fe stress (Wu et al. 
2012). These results are consistent with previous findings 
that higher concentration of CA in plants promoted the 
uptake of Fe from poor Fe environment (Gray et al. 1996; 
Rellán-Álvarez et al. 2010).

The expression levels of MxCS1 and MxCS2 in root and 
mature leaf of M. xiaojinensis were strongly affected by 
IAA treatment, but weakly by ABA treatment (Han et  al. 
2013a, 2015a). However, the expression levels of MxCS3 
in new leaf, mature leaf, phloem, and root of M. xiaojin-
ensis were markedly affected by IAA and ABA treatments. 

Fe-deficiency also induced IAA level increase in the shoot 
apex of M. xiaojinensis and treatments of IAA to the shoot 
apex triggered Fe deficiency responses (Wu et  al. 2012). 
Based on the previous studies and theories, we reckon that 
IAA and ABA treatments induce Fe deficiency responses, 
such as the increased expression of MxCS3 in the above 
parts and the MxCS3 gene probably has affected Fe 
transport.

Ectopic expression of MxCS3 enhanced the tolerance 
to Fe stress at both high and low concentrations in trans-
genic A. thaliana. It is possible that MxCS3 plays a crucial 
role in helping plants to survive from Fe stress by regulat-
ing the synthesis of citric acid. Higher content of CA in 
MxCS3-OE A. thaliana helped to extract Fe from poor Fe 
environment (Wang et al. 2013; Han et al. 2013a, 2015a). 
Meanwhile, high concentration of citric acid was also help-
ful in chelating redundant metal ions for detoxification 
when plants were exposed to high metal environment. Cit-
rate is involved in the detoxification of Al via complexa-
tion either externally [Al-induced root-secretion of organic 
acids (Ma 2007)] or internally [occurrence of Al-citrate 
complex in xylem sap (Ma and Hiradate 2000)]. Therefore, 
this theory explained why transgenic A. thaliana showed 
higher tolerance to high Fe stress. Moreover, the higher 
Fe level induced by high concentration of CA leads to the 
higher content of chlorophyll in MxCS3-OE lines, since Fe 
is a necessary component of chloroplast. Ectopic expres-
sion of MxCS1 and MxCS2 also improved Fe stress toler-
ance in transgenic Arabidopsis (Han et  al. 2012, 2015a). 
The results of this study showed that ectopic expression of 
MxCS3 improved the tolerance to Fe stress in transgenic 
A. thaliana (Fig. 5), but also led to increased fresh weight, 
root length, CS activity, and contents of chlorophyll, cit-
rate acid, Fe and Zn, especially when dealt with Fe stress 
(Table 1).

More importantly, it is the first time we found that 
ectopic expression of MxCS3 resulted in abnormal flowers 
in transgenic A. thaliana (Fig. 6), including abnormal shape 
and the number of flower organs. The proportion of trans-
genic MxCS3 A. thaliana flowers with normal number of 
petal is less than 25% (Fig. 7) while the proportion in WT 
line is more than 99%. Previous study found that increased 
expression of MxCS1 in transgenic tobacco resulted in 
early-flowering and morphological abnormalities flowers 
(Han et al. 2013a). Metal ions (particularly Zn and Fe) par-
ticipate in normal flower development (Conte and Walker 
2011). Metal ions are also very important for reproductive 
development of plants, because they are components of 
many critical proteins during this stage (Kim and Gueri-
not 2007). The higher contents of metal ions (especially Zn 
and Fe) in transgenic Arabidopsis under Fe stress (Table 1) 
probably affect the activity of critical proteins in flower 
development, and the function of transcriptional regulatory 
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proteins, such as Zn finger, and RING finger domains. Zn 
plays an essential role in some structural motifs of tran-
scriptional regulatory proteins, including Zn finger, Zn 
cluster, and RING finger domains (Kapoor et  al. 2002). 
The increased contents of metal ions in transgenic Arabi-
dopsis were due to the elevated concentration of CA. CA, 
acting as a metal carrier, can help to transfer metal ions to 
organs such as leaves. CA could also be involved in regulat-
ing functions of metal-requiring proteins (such as Zn finger 
proteins), thus it may affect the number of flower organs, 
determine the shape of flower organs. Hence, the abnor-
mally shaped flowers of transgenic A. thaliana were pro-
duced as a result.

Previously, we have not found that the MxCS1-OE 
or MxCS2-OE transgenic A. thaliana flowers appear to 
be misshappened, one possible reason is that the flower 
of A. thaliana is so small or the functions of MxCS1 and 
MxCS2 were not strong enough. Compared with MxCS1 
(Han et  al. 2012, 2013a) and MxCS2 (Han et  al. 2015a), 
the expressions of MxCS3 in young and mature leaf of M. 
xiaojinensis changed more quickly with higher amplitude 
when dealt with Fe stress. The contents of CA and Fe in 
MxCS3-OE transgenic A. thaliana are higher than MxCS1-
OE and MxCS2-OE lines. Hence, the MxCS3 gene is more 
likely the key gene of MxCS gene family than MxCS1 and 
MxCS2.

These results suggested that MxCS3 might be one of 
the upstream regulator genes of Fe stress, and the ectopic 
expression of MxCS3 can enhance the Fe stress tolerance 
in A. thaliana. The role of MxCS3 in inducing misshapen 
flowers indicates its great potential application in the breed-
ing of horticultural plants especially ornamental flowers. 
Clarifying the role of the different domains of MxCS3 in 
stress response will be helpful in breeding stress-resistant 
Malus by gene transfer. Further experiments are required to 
identify other functions of MxCS3 gene.
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