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Abstract 

 

Malic dehydrogenases (MDHs) have vital functions in the development of plants. In this study, the full-length coding 

sequence of RmMDH (GenBank ID: JQ412742) was isolated from Rhododendron micranthum Turcz. RmMDH had a 999-bp 

open reading frame (ORF), which was responsible for encoding a protein that contained 332 amino acid residues, its 

theoretical isoelectric point was 6.40 and its predicted molecular mass was 35.61 kDa. RmMDH was predicted to localize to 

the chloroplast. Real-time RT-PCR analyses showed that the transcript levels of RmMDH in Rh. Micranthum differed among 

tissues (highest levels in the flowers, lowest levels in the roots) and developmental stages (highest transcript levels in 

flowers at the full-bloom stage, and in leaves in October). RmMDH was introduced into tobacco, and its integration into the 

genome was confirmed by PCR and Southern blot analyses. Compared with wild-type tobacco, transgenic plants showed 

smaller leaves, shorter height, lower malondialdehyde contents, and higher proline contents. Transgenic plants showed 

stronger tolerance to NaCl, NaHCO3, polyethylene glycol, and aluminum stresses relative to wild-type tobacco. Our results 

show that RmMDH dramatically affects plant growth and is involved in abiotic stress resistance. These results lay the 

foundation for the genetic improvement of Rh. micranthum. 
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Introduction 

 

Malic dehydrogenases (MDH) are widely 

distributed in plants, animals, and microorganisms, and 

are highly conserved. In plants, the availability of 

NAD(P)H affects the activity of MDHs, which catalyze 

the mutual transformation of malic acid and oxaloacetic 

acid (OAA) (Selinski et al., 2014). According to their 

subcellular location, plant MDHs can be divided into 

mitochondrial MDHs, peroxisome MDHs, plastid 

MDHs, and cytoplasmic MDHs (Gietl, 1992). These 

enzymes are involved in many physiological activities, 

including seed germination, plant growth, pollen 

development, fruit development, and stress resistance 

(Yao et al., 2011a; Yao et al., 2011b; Beeler et al., 2014; 

Rudrappa et al., 2008). Nine MDHs, including two 

peroxisome MDHs, are found from Arabidopsis thaliana 

(Pracharoenwattana et al., 2007). 

Malic acid has an important function in the response 

to abiotic stress, metabolism and nutrition of plant, which 

also accounts for a key intermediate produced in the 

tricarboxylic acid cycle (Schulze et al., 2002a; Schulze et 

al., 2002b; Scheibe, 2004). The high MDH transcript level 

is suggested previously to be related to the increased 

contents of malic acid. This may increase the osmotic 

pressure of cells, and/or increase the chelation and 

removal of aluminum ions to improve plantsô tolerance to 

aluminum. Many studies have explored the complex 

functions of MDHs. MDH gene expression is reported in 

certain articles to improve plantsô tolerance to aluminum. 

For instance, in Medicago sativa, the cytoplasmic MDH 

overexpression increased the organic acid exudation rate 

from root by 4 folds, compared with that of wild type. 

This improved tolerance to Al
3+
 by chelating aluminum 

ions in the soil (Tesfaye et al., 2001). Overexpression of 

MDH genes encoding plastid and cytoplasmic-soluble 

MDHs from A. thaliana improved the tolerance of 

transgenic tomato to aluminum (Zhang, 2008; Wang et 

al., 2010). Overexpression of MDH improved the 

tolerance of alfalfa to aluminum toxicity in acid soil (Luo 

et al., 2004), and overexpression of an MDH from A. 

thaliana in tobacco improved its tolerance to aluminum 

(Wang et al., 2010). Transgenic tobacco plants expressing 

an MDH from orange also showed improved aluminum 

tolerance (Zhang, 2008). In the transgenic tobacco, MDHs 

overexpression in Escherichia coli and A. thaliana were 

shown to promote the synthesis of malic acid and improve 

aluminum resistance (Wang et al., 2010). Further studies 

have shown that MDH expression responds to abscisic 

acid (ABA), low temperature, and salt stresses, indicating 

the key functions of MDHs in enhancing the abiotic stress 

resistance of plants. An apple MDH gene encoding a 

cytoplasmic MDH promoted the accumulation of malic 

acid in callus of transgenic apple and transgenic tomato 

by regulating gene levels associated with malic acid 

transport and decomposition, TCA cycle and 

gluconeogenesis (Yao et al., 2011b). This led to changes 

in the contents of certain substances, which increased the 

stress resistance of the transgenic materials. 

There are many MDH isomers. Some MDH subtypes 

in plants exhibit special subcellular locations, which also 

interact with different coenzymes. Many MDH subtypes 

are discovered from diverse species (Yao et al., 2011b; 

Abd et al., 2015; Zhang et al., 2015). Therefore, it is 
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unknown whether MDHs of one species will have the 

same activity or effect when expressed in another species. 

Rh. micranthum Turcz is a semi evergreen shrub with a 

high ornamental and medicinal value. However, it has strict 

growth requirements. It grows best in loose-textured acid soil 

that is rich in humus, and it does not tolerate hot, dry, and 

saline alkali soil. The soil in most areas of northern China is 

alkaline, so Rh. Micranthum introduced to these areas grows 

poorly or does not survive. Many researchers have attempted 

to develop methods to introduce and cultivate acid-loving 

Rhododendron in an alkaline environment. At present, acidic 

substances are applied to soil to reduce its alkalinity, but this 

is a temporary fix. Consequently, the introduction and 

cultivation of Rh. micranthum into areas with alkaline soil 

have not been successful. The introduction of exogenous 

genes into target species using modern genetic engineering 

methods can not only achieve directional improvement, but 

also save costs and improve breeding efficiency. Many 

previous studies have explored the functions of MDH genes, 

but most have focused on model plants and crops (Gietl 

1992; Pracharoenwattana et al., 2007; Tomaz et al., 2010; 

Selinski et al., 2014). The roles of MDH genes in ornamental 

plants such as Rh. micranthum are still unclear. It is possible 

that MDH overexpression could improve tolerance to salt, 

alkali, and aluminum in Rh. micranthum, but its MDH genes 

have not been cloned or functionally analyzed. 

Therefore, in this study, we identified and cloned an 

MDH gene, designated as RmMDH, from Rh. 

micranthum. We analyzed its transcript levels different 

organs and tissues, and in leaves and flowers at different 

stages of development. We then studied its role in stress 

resistance and aluminum tolerance by overexpression in 

tobacco and Rh. micranthum. 

 

Material and Methods 

 

Sample collection and stress treatments: All tested 

samples (roots, stems, leaves, and flowers) were harvested 

from a 20-year-old Rh. micranthum tree growing at the 

Beijing Botanical Garden, Chinese Academy of Sciences. 

Leaf, root, and stem materials were collected in 2017 (from 

April to October). In the same year, flower tissues were 

collected at four developmental stages from 6 May to 6 

July. Each test specimen was frozen within the liquid 

nitrogen at once and preserved under ī80ÁC before to RNA 

isolation. To analyze the stress tolerance, seedlings with the 

age of 4 weeks were placed into Murashige and Skoog 

(MS) medium that contained 50 ÕM AlCl3, 200 mM NaCl, 

5% PEG 6000, or 20 mM NaHCO3, and grown for 7 days. 
 

Cloning of full-length RmMDH cDNA: The modified 

CTAB method was utilized to extract total RNA in the 

leaf samples of Rh. micranthum (Allen et al., 2006), in 

line with specific protocols. Later, SMARTÊ RACE 

cDNA Amplification Kit (Takara, Dalian, China) was 

employed to purify RNA and synthesize first-strand 

cDNA. Thereafter, this study cloned RmMDH full-length 

cDNA sequence based on the leaf samples of Rh. 

micranthum through rapid-amplification of cDNA ends 

(RACE). For RACE, the 3ǋ RACE primer (forward) along 

with 5ǋ RACE primer (reverse) supplemented in 

SMARTÊ RACE cDNA Amplification Kit (Clontech, 

Palo Alto, CA, USA) was adopted. According to 3¡- and 

5¡-end sequences, this study synthesized the same primers 

for amplifying the RmMDH full-length sequence (Table 

1). After gel purification, this study cloned PCR products 

to pMD19-T vector (Takara). Later, Sangon Biotech 

(Shanghai, China) was responsible for sequencing 

positive clones. Sequence of gene RmMDH was imported 

into GenBank (accession no JQ412742). 

 

Table 1. Primers used in this study. 

Primer name Primer sequence (5' to 3') 

3¡-RACE-F 5¡- CAGCGTGGTGCGGCTATTATCAAGGC-3¡ 

5¡-RACE-R 5¡-GCAACCATTCGTCGTTGGCAACAAGC-3¡ 

RmMDH-F 5¡- TCCCATTTTCCACCTTTCAGATC-3¡ 

RmMDH-R 5¡- CCATCATTACCCGTCGACTCAAG -3¡ 

EF-1Ŭ-F 5'- TGTCATCGATGCTCCTGGAC -3' 

EF-1Ŭ-R 5'- TCTCGGGTCTGACCATCCTT -3' 

CYP -F 5'- AGGGCCGAAATGTCGTTCTA -3' 

CYP -R 5'- CCCATCTCCAGCCAAATCAT -3' 

Q-RmMDH-F 5'- TGAGGCACTGAATGGAGTGAAA -3' 

Q-RmMDH-R 5'- CTTTCCTAGGGAACCCACCAAC -3' 

RmMDH-F¡ 
5¡-CGCGGATCCTTCAGTTTTACCTCTCTG-3¡, 
BamHI site underlined 

RmMDH-R¡ 
5¡-GCGGTCGACATTCAAAGGAGAGGAGGG-

3¡, SalI site underlined 

 

Bioinformatics analysis of RmMDH: The generated 

sequence was verified for similarity using the BLAST 

program (http://blast.ncbi.nlm.nih.gov/). When ORF 

finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was 

utilized to obtain ORF, we adopted DNAMAN to translate 

coding sequence (CDS) to amino acid sequence. 

Protparam (http://web.expasy.org/protparam) was 

employed to analyze those estimated proteins for their 

physiochemical characters. Hydrophobic analysis of 

RmMDH was carried out using ProtScale (https://web. 

expasy. org/protscale/). Protein phosphorylation sites were 

predicted using tools at the NetPhos 3.1 server 

(http://www.cbs.dtu.dk/services/NetPhos/). NetNGlyc 1.0 

(http://www.cbs.dtu.dk/Services/NetNGlyc/) was utilized 

to predict N-glycosylation sites. The Cell-PLoc 2.0 online 

approach (http://www.csbio.sjtu.edu.cn/bioinf/plant-

multi/) was employed to predict subcellular localization. 

NPSA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl? 

page=/ NPSA/npsa_seccons.html) was used to predict 

secondary structure, and the three-dimensional (3D) 

structure was obtained using tools at the SWISSMODEL 

server (https://swissmodel.expasy.org/). The conserved 

domains of RmMDH were analyzed using tools at the 

NCBI Conserved Domain Database (https://www.ncbi. 

nlm.nih.gov/Structure/cdd/wrpsb.cgi). DNAMAN version 

9 was adopted for multiple sequence alignment, while 

MEGA X was utilized to construct a phylogenetic tree via 

neighbor-joining under 1000 bootstraps. 
 

Quantitative real-time PCR analysis of RmMDH: For 

investigating RmMDH expression profiles within Rh. 

micranthum, this study isolated total RNAs from flower, 

leaf, stem and root samples, respectively, according to the 

identical method adopted in section 2.2. Thereafter, 

PrimeScript RT reagent kit was utilized to purify RNA 

https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?%20page=/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?%20page=/
https://www.ncbi/
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and synthesize first-strand cDNA by using gDNA Eraser 

(Takara), and the cDNA was diluted 10-fold before use. 

Previous studies have shown that EF-1Ŭ is the most stable 

reference gene among different tissues (leaves, roots, 

stems, and flowers) at the same developmental stage, 

while CYP is the most stable reference gene among 

flowers at different developmental stages (Schulze et al., 

2002a; Scheibe 2004; Schulze et al., 2002b). Therefore, 

these genes were used as internal reference genes as 

appropriate. Table 1 lists all primers adopted in qRT-PCR. 

The 20 ÕL qRT-PCR system contained 50ĬROX 

Reference Dye II (0.4 ÕL), 2ĬSYBR Premix Ex TaqÊ 

(10 ÕL, Takara), forward and reverse primer (each 0.4 ÕL, 

10 ÕM), ddH2O (6.8 ÕL) and diluted cDNA (2 ÕL, 200 

ng). Each reaction was carried out thrice. The ABI 

GeneAmp PCR 9700 thermal cycler (ABI, Foster City, 

CA, USA) was employed for qRT-PCR by the two-step 

process, including 30 s under 95ÁC; followed by 5 s under 

95ÁC and 34 s under 60ÁC for 40 cycles. Subsequently, 

this study conducted melting curve analysis by the 

following process, 15 s under 95ÁC, 60 s under 60ÁC and 

15 s under 95ÁC. The standard curve was calibrated by 

serial cDNA dilution for every gene, so as to guarantee 

the almost identical target and reference gene primer 

amplification efficiency (about 100%). The 2
-ææCt
 

approach (Livak & Schmittgen, 2001) was utilized to 

calculate relative RmMDH transcript expression. 

 

Southern blot analysis: The integration of RmMDH to 

tobacco genome was confirmed by Southern blot 

hybridization assay, which was also applied in 

estimating the copy number of transgene. The CTAB 

protocols were adopted to prepare genomic DNA based 

on tobacco leaf samples. To carry out Southern blotting 

assay, about 20 ɛg genomic DNA was isolated from 

every line for BamHI digestion. Thereafter, the 

digoxigenin (DIG)-High Prime DNA Labeling and 

Detection Starter Kit I (Mylab Medical Technology, 

Beijing, China) was utilized for Southern blotting 

hybridization assay in line with specific protocols. 

 

Construction of overexpression vector and genetic 

transformation into tobacco: Gene-specific primers 

RmMDH- R¡ and RmMDH-F¡ were utilized to amplify 

RmMDH ORF (Table 1), followed by cloning of amplified 

product to the pBI121 expression vector harboring the 

CaMV35S promoter. Subsequently, the pBI121-RmMDH 

vector was transferred into the Agrobacterium tumefaciens 

strain GV3101, which was cultured to a suitable 

concentration. Using the leaf disc transformation method, 

transgenic (TM) tobacco plants were generated. Then, we 

selected seeds from TM plants in the MS medium that 

contained kanamycin (100 mgĿL
-1
). Thereafter, this study 

transferred the T2 positive plants into the substrate mixture 

that contained peat, perlite and vermiculite (3:0.5:1, v/v). 

Later, qRT-PCR was conducted to confirm that transgene 

was harbored in the surviving transformants. 
 

Growth phenotypes and physiological indexes of 

transgenic tobacco plants: We sowed seeds from 

homozygous TM plants as well as the relevant wild-type 

(WT) plants in the MS medium (that contained 0.8% agar 

and 30 g/L sucrose). At 10ï12 days later, we transferred 

each seedling into corresponding pot that contained 

equivalent substrate mixture in weight. The plant height, 

leaf width, leaf length, and leaf area were recorded 45 

days after the seedlings were transplanted. 

Thereafter, we grew TM plants in the MS medium 

that contained kanamycin (50 mgĿL
-1
), whereas WT lines 

in the kanamycin-free MS medium. The growth 

conditions were as follows: 25ÁC, 16-h light/8-h dark 

photoperiod. After 30 days of growth, the TM plants 

showed resistance and sensitivity separation. The bud tip 

tissue (about 1 cm) of resistant plants was cut and 

inoculated onto MS medium containing 200 mM NaCl, 

5% (w/v) polyethylene glycol (PEG) 6000, 50 ɛM AlCl3, 

or 20 mM NaHCO3, and grown for 7 days. All stress 

treatments were completed under otherwise consistent 

growth conditions. This study harvested the first tender 

leaves of seedlings and freeze them into the liquid 

nitrogen at once for the analysis of free proline levels 

depicted by Bates (Bates et al., 1973) and 

malondialdehyde (MDA) levels (an index of lipid 

peroxidation) using a spectrophotometric method as 

described by Hodges (Hodges et al., 1999). 

 

Data processing and analysis: SPSS17.0 (Chicago, IL, 

USA) was employed to statistically analyze relative 

expression of gene transcripts. After calculating averages 

and standard errors (mean Ñ SE) for each sampling time, 

significance of difference in each growth index was 

detected between WT and TM groups by t test. 

Differences in physiological indexes between TM and WT 

plants were assessed by post-hoc Duncanôs multiple range 

tests and one-way ANOVA. 

 

Results 

 

Identification and phylogenetic analysis of RmMDH in 

Rh. Micranthum: This work extracted RmMDH full -

length cDNA sequence based on Rh. Micranthum leaf 

samples (Supplementary file 1, Fig. S1). The RmMDH 

open reading frame (ORF) and protein sequences were 

predicted and compared (Fig. 1A). Analyses using 

ProtParam showed that the ORF of RmMDH was 999 bp, 

which was also responsible for encoding a protein that 

contained 332 amino acids, its estimated molecular mass 

was 35.61 dDa whereas its theoretical isoelectric point 

was 6.40. The instability index was calculated to be 35.78, 

which classified the protein as stable. The grand average 

of hydropathicity (GRAVY) value was 0.069. BlastP and 

conserved domain searches in the NCBI database 

revealed that RmMDH belongs to the MDH family. In 

comparative analyses, the amino acid sequence of 

RmMDH showed high similarities with homologs in other 

plants. Conserved domain analyses showed that RmMDH 

contains classical NAD-binding and carboxy C-terminal 

domains (Fig. 1B). Phylogenetic tree constructed 

according to MDH protein nucleotide coding sequences 

was divided into three major subgroups; typically, amino 

acid sequence of RmMDH shared the greatest identity 

(91%) to MDH isolated from Camellia oleifera 

(ANN22405.1) (Fig. 1C). 
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Fig. S1. The PCR amplification product of the RmMDH. M: DL 2000 marker; 1, 2: The PCR product of 3ôRACE cDNA. 3: The PCR 

product of 3ôRACE cDNA. 4, 5: The PCR product of full-length cDNA. 
 

 
 

Fig. 1. RmMDH nucleotide sequence and RmMDH deduced amino acid sequence (A), alignment of multiple sequences (B), and phylogenetic 

associations among the chosen MDH proteins (C). (a) RmMDH open reading frame (upper panel) and deduced amino acid sequence (lower 

panel). Start codon is ATG and stop codon (TGA) is marked with an asterisk. Box indicates MDH binding site, NAD binding site is 

underlined, shading indicates dimer binding site. (b) RmMDH and other MDH protein amino acid sequence alignment. Broken and solid lines 

under the sequence stand for carboxy C-terminal and NAD-binding domains, separately. Hollow triangles indicate MDH active site, solid 

triangles stand for catalytic group, whereas asterisks indicate glycine motif. GenBank accession numbers of RmMDH and other MDH 

sequences are as follows: Handroanthus impetiginosus (PIN14152.1), Camellia oleifera (ANN22405.1), Quercus suber (XP_023879128.1), 

Ipomoea triloba (XP_031098474.1), Dorcoceras hygrometricum (KZV43577.1), Sesamum indicum (XP_011091314.1), Ananas comosus 

(XP_020094482.1), Prunus humilis (ALI57374.1), Pistacia vera (XP_031252906.1), Asparagus officinalis (XP_020250168.1), Striga 

asiatica (GER52265.1), R. micranthum (AFI08586.1). (c) Neighbor-joining tree constructed using bootstrap method. 














