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5-Aminolevulinate (ALA) is well-known as an essential bio-
synthetic precursor of all tetrapyrrole compounds, which has 
been suggested to improve plant salt tolerance by exogenous 
application. In this work, the gene encoding aminolevulinate 
synthase (ALA-S) in yeast (Saccharomyces cerevisiae Hem1) 
was introduced into the genome of Arabidopsis controlled by 
the Arabidopsis thaliana HemA1 gene promoter. All transgenic 
lines were able to transcribe the YHem1 gene, especially un-
der light condition. The chimeric protein (YHem1-EGFP) was 
found co-localizing with the mitochondria in onion epidermal 
cells. The transgenic Arabidopsis plants could synthesize more 
endogenous ALA with higher levels of metabolites including 
chlorophyll and heme. When the T2 homozygous seeds were 
cultured under NaCl stress, their germination and seedling 
growth were much better than the wild type. Therefore, in-
troduction of ALA-S gene led to higher level of ALA metabo-
lism with more salt tolerance in higher plants. [BMB reports 
2010; 43(5): 330-336]

INTRODUCTION

Salt stress, particularly because of NaCl, is one of the most im-
portant limiting factors to crop production in agriculture 
worldwide (1). The increased salinization of arable land is ex-
pected to have devastating global effects with 30% land loss 
within the next 25 years, and up to 50% by the year 2050 (2). 

Several approaches have been suggested to solve the prob-
lems, such as improving soil irrigation and drainage systems or 
plant salt tolerance by breeding or plant growth substance 
application. 5-Aminolevulinic acid (ALA), a key precursor in 
the biosynthesis of porphyrins such as chlorophyll and heme 
(3, 4), have also been suggested to be able to improve salt tol-
erance in several higher plants (5-10). However, the effect has 

not been approved by transgenic plants. 
It is well-known that ALA is biosynthesized through C5 

pathway in the chloroplasts of higher plants (3) or C4 pathway 
in the mitochondria of animals or yeast (4). GSA-AT, which co-
des the last enzyme in ALA biosynthesis in higher plants, was 
the first gene transformed into tobacco (11). Then, Zavgorodnyaya 
et al. (12) transformed a gene coding aminolevulinate synthase 
(ALA-S) in yeast into tobacco. They found that the recombinant 
gene could be expressed in higher plants, and more endoge-
nous ALA was biosynthesized because of the additional ALA-S 
activity. Lately, Jung et al. (13, 14) introduced an ALA-S gene 
from Bradyrhizobium japonicum into the genome of rice and 
found the transgenic rice was able to synthesize 44-85% more 
endogenous ALA than the wild type (WT). However, either the 
transgenic tobacco or rice could grow only under low light 
condition because the exogenous recombinant genes were 
controlled by constitutive promoters. When the transgenic rice 
was exposed to photosynthetic photon flux density (PPFD) of 
350 μmol m−2 s−1, they grew slowly and leaves were bleach-
ed by photooxidation (13). Recently, we constructed a binary 
vector pYK3840-YHem1 that contains a Hem1 gene from yeast 
and a light-responsive promoter of HemA1 gene (AtHemA1) 
from Arabidopsis thaliana (15). We found that the recombi-
nant YHem1 gene controlled by the AtHemA1 promoter could 
be expressed in transgenic tobacco plants (16) with higher 
ability of photosynthesis and photochemistry, and the more 
important is that they could grow under natural solar light 
(about 2,000 μmol m−2 s−1) without any photobleaching 
symptom (17). 

In this work, we introduced the yeast Hem1 gene under 
control of AtHemA1 promoter into Arabidopsis, and found the 
transgenic plants could synthesize more ALA with stronger salt 
tolerance.

RESULTS

Expression of yeast Hem1 gene in transgenic Arabidopsis 
plants
Transgenic Arabidopsis plants expressing yeast Hem1 gene 
were generated according to the agrobacterium-mediated 
transformation technique by the floral dip method. Thirty seed-
lings of T1 generation with hygromycin resistance were se-
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Fig. 1. (a) The YHem1 plant expression vector YK3840-YHem1. The double CaMV 35S promoter linking to the Tobacco mosaic virus 
(TMV) omega leader sequence (DCaMV35Somega) was fused to the Saccharomyces cerevisiae Hem1 gene (encoding 5-aminolevulinic acid 
synthase), and the Arabidopsis HemA1 promoter (HemA1 P) was used to control the expression of the Hem1 gene were fused in the 
vector. (b) The YHem1-EGFP expression vector pYHem1-EGFP. (c) Confirmation of yeast Hem1 genomic integration in transgenic lines by 
RT-PCR, where the WT is the wild type (line 1) and P0, P3 and P12 are T3 transgenic lines (line 2-4). (d) Relative transcription of yeast 
Hem1 in transgenic plants under dark and light (Line 1-3: Hem1 gene expression at dark; Line 4-6 Hem1 gene expression under light). 
(e) Distribution of YHem1-EGFP in living onion epidermal cells, where mitochondrion was red in the right image and YHem1-EGFP was 
green in the left one, and the two images were overlaid to determine colocalization (Merge). (f) YHem1 expression led to an additional 
ALA-S activity in transgenic lines.

lected by GUS staining, and the self-pollinated seeds from in-
dividual T1 plants were harvested to sow for T2 generation 
seedlings. After confirmation by PCR analysis of genomic 
DNA (data not shown), the homozygous seeds of independent 
lines including P0, P3 and P12 that carried the yeast Hem1 were 
used for further analysis in the work. It can be observed from 
Fig. 1c that transgenic Arabidopsis lines were able to tran-
scribe the Hem1 mRNA, whereas no Hem1 expression could 
be detected in the WT. When the expression of Hem1 was 
compared between the transgenic plants exposed to light and 
those kept at dark for 6 h, the relative transcript in the former 
was about 80-120% higher than the latter. This means that the 
AtHemA1 promoter, a light-responsive promoter, can regulate 
Hem1 expression in transgenic Arabidopsis according to light 
environment (Fig. 1d). 

Distribution of YHem1-EGFP in living onion epidermal cells
The subcellular localization of YHem1 was investigated in on-
ion by using a fusion protein consisting of YHem1 fused an en-
hanced green fluorescent protein (EGFP) (Fig. 1b). The result 
shows that the chimeric protein (YHem1-EGFP) was expressed 

transiently in onion epidermal cells after biolistic transforma-
tion (green spot). After the mitochondria were labeled with 
MitoTracker Red CM-H2Ros, many cells displayed a punctate 
pattern of EGFP fluorescence (green) were consistent with 
Mitochondria-localized protein (red) (Fig. 1e). Thus, the exoge-
nous ALA-S protein should be located in mitochondrion in 
higher plants.

Seed germination in transgenic Arabidopsis under NaCl stress
To validate if the Hem1 gene transformation could improve 
salt tolerance, the wild type and transgenic Arabidopsis seeds 
were cultured on MS medium containing different levels of 
NaCl (0, 50, 100 and 150 mM) for 2 weeks. When NaCl con-
centration was not higher than 50 mM, there were no sig-
nificant differences between the WT and the transgenic types 
in germination and root growth. When they were exposed to 
100 mM NaCl, however, the germination rate of the WT de-
creased to 52.58%, whereas that of P0, P3, and P12 was 
83.36%, 87.74% and 91.42%, respectively. When the salt 
concentration was 150 mM NaCl, the results were similar with 
that of 100 mM NaCl treatment, the germination rates of the 
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Fig. 2. (a) Response of the wild type (WT) and the transgenic plants (P0, P3, P12) to NaCl stress. (b) Germination percentage of the WT 
and the T2 transgenic Arabidopsis seeds under NaCl treatment. The WT and the transgenic plants were grown on MS medium containing 
0, 50, 100 or 150 mM NaCl for 14 days in a growth chamber with temperature of 20-22oC, photoperiod of 16 h a day and PPFD of 
150 μmol m−2 s−1. The data present the means of three independent replicates. (c) Phenotype of WT and transgenic Arabidopsis plants 
expressing YHem1 gene grown under natural solar light. The WT and transgenic seedlings were cultured in soil mixtures that include ver-
miculite：humus：perlite (18：6：1 mix) about 6 weeks under the natural solar light (about 1,000 μmol m−2 s−1 at noon).

transgenic plats were higher than that of WT. The germination 
rate of WT, P0, P3 and P12 was 33.45%, 58.33%, 65.43% and 
53.08%, respectively (Fig. 2). Those results indicated that the 
expression of Hem1 in Arabidopsis significantly enhanced the 
salt tolerance of plant.

Levels of endogenous ALA and its metabolism in transgenic 
plants under NaCl stress
Actually, YHem1 expression led to an additional ALA-S activ-
ity about 9.3-12.6 nmol mg−1 protein h−1 among the lines of 
transgenic plants (Fig. 1f), which could condense succinate 
and glycine into ALA in transgenic plants, while the enzyme 
did not occur in the WT. However, YHem1 expression has no 
influence on levels of endogenous ALA in general (Fig. 3a). 
100 mM NaCl treatment significantly stimulated ALA accumu-
lation either in the WT or T3 plants, which means that the ef-
fect of salt stress on ALA accumulation was much more dra-
matic than that of genetic transformation. However, analysis 
with the LA-induced tissues turned out that both the ALA bio-
synthesis and catabolism in the T3 plants were much higher 
than that in WT, especially at 50 mM NaCl treatment (Fig. 3b, 
c). Thus, the accumulated levels of endogenous ALA in T3 
plants were almost equaled to the WT because of a balance 
between synthesis and catabolism. Analysis of ALA dehydrase 
(ALAD) activity showed that salt stress significantly inhibited 
ALAD activity, especially in the WT (Fig. 3d), suggesting that 
ALAD was sensitive to salt stress. Nevertheless, ALAD activ-
ities in transgenic plants were rather stable under salt stress. 
For example, at 100 mM NaCl treatment, the ALAD activities 
in P0, P3 and P12 lines were 174%, 204% and 227%, respec-
tively, as high as that of the WT. Thus, Hem1 expression in 
Arabidopsis stimulated the enzyme activity and alleviated 
ALAD deactivation by salt stress.

Levels of chlorophyll and heme in transgenic plants under 
NaCl stress
Chlorophylls and heme, the main tetrapyrrole compounds in 
the higher plants, were much higher in the transgenic plants, 
compared to the WT, whether under salt stress or not. It was 
found that there was less decrease in chlorophyll content un-
der 50 mM NaCl challenge, but significant decrease in heme 
content was observed. When NaCl concentration was added 
to 100 mM, the relative content of chlorophyll or heme was 
about 72% or lower than 50% of that of WT without NaCl 
stress, respectively, which indicated that the heme biosyn-
thesis was more sensitive than chlorophylls to salt stress.

DISCUSSION 

There are many reports suggesting that exogenous ALA can im-
prove salt tolerance for higher plants (5-10). Until now, there 
were no papers which showed that the transgenic plants with 
ability to over-produce endogenous ALA can improve salt tol-
erance, although transgenic tobacco or rice with this ability 
was obtained several years ago (12-17). In fact, the transgenic 
plants with a constitutive promoter could not grow under high 
light condition because the over-produced ALA under dark 
would be incorporated into protochlorophyllide, protoporphy-
rin IX, and Mg-protoporphyrin IX at the stage preceding chlor-
ophyll biosynthesis, which are strong photosensitizers, and 
photooxidation would injury plants when they switched to 
light condition (14). Our recombined YHem1 gene controlled 
by a light sensitive promoter could be expressed more under 
light and less under dark (Fig. 1d). Thus, no photodynamic 
damage occurred even the plants were grown under nature 
light condition (16, 17). When the transgenic Arabidopsis was 
transferred to natural solar light, the plants grew more vigo-
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Fig. 3. Effect of salt stress on the endogenous 
ALA and its metabolism in the WT and the 
transgenic plants of Arabidopsis thaliana seed-
lings. The growth conditions and NaCl treat-
ment of Arabidopsis were the same as Fig. 2b.

rously than the WT (Fig. 2c). Therefore, the transgenic plants 
with yeast Hem1 controlled by a light-responsive promoter 
were guessed significant in agriculture. Furthermore, ALA bio-
synthesis in higher plants is located in chloroplasts (3, 4) and 
the exogenous ALA-S proteins in transgenic tobacco and rice 
were located in the stroma of chloroplasts (12, 13). In this 
work, we did not fuse a chloroplast-targeting peptide in the re-
combinant gene, and the expressed ALA-S protein was located 
in the mitochodria (Fig. 1e), where the enzyme could catalyze 
succinate and glycine to synthesize additional ALA, which is 
different from the previous reports (12, 13).

In the transgenic rice, the endogenous ALA content was 44- 
85% higher than that of the WT (13). However, the ALA con-
tent in the transgenic tobacco in our previous report (16) or 
Arabidopsis in this work (Fig. 3a) was not significantly higher 
than that of the WT. When ALA metabolism capacity, both bi-
osynthesis and catabolism, was analyzed by pretreatment with 
LA, it was found that the capacity in transgenic Arabidopsis 
plants was remarkably higher than that of the WT (Fig. 3b, d), 

which was similar with that in transgenic tobacco (16). There-
fore, a balance between ALA synthesis and catabolism in the 
transgenic plants resulted in a comparative level of endoge-
nous ALA with the WT (Fig. 3a). 

It is reasonable to assume that the increased capacity of ALA 
biosynthesis in transgenic plants was a result from the in-
troduction of exogenous ALA-S activity (Fig. 1f). The enzyme 
activity, about 10 nmol mg−1 protein h−1, measured in the 
work was similar with the other reports (12, 13). However, the 
ALA synthesizing capacity in Arabidopsis was found increased 
during salt stress (Fig. 3b). ALA biosynthesis was known neg-
ative-feedback regulated by its final product heme (18, 19). 
Our findings were consistent with these suggestions that salt 
stress inhibited the ALAD activity (Fig. 3d) and the lower heme 
content (Fig. 3f) would be responsible for higher ALA accumu-
lation under salt stress (Fig. 3b).

It has been reported that exogenous hematin could mitigate 
growth inhibition under salt stress (20). In pakchoi, ALA pro-
moting seed germination under salt stress depended on its in-
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Table 1. The primer sequences in PCR or RT-PCR

Gene and 
accession no. Primer Oligonucleotides PCR condition

Yeast Hem1 
(YSCHEM1AA)

YHem1Z1 5'-AG GATCCATGCAACGCTCCATTTTTGCGAGGTTC-3' (BamH I site underlined) 94oC/10 min; 
94oC/40 s,
70oC/40 s,
72oC/2 min, 35 cycles;
72oC /10 min

YHem1F1(A) 5'-AAGAGCT CTTACTGCTTGATACCACTAGAAACCTC-3' (Sac I site underlined)
YHem1F1(B) 5'-AGAG AATTCCAAAATCTCAATCTCCTCTCTGTC-3' (EcoR I site underlined)

AtHemA1 gene 
promoter (F295364)

AtHemA1 PZ 5'-CCCA GCTTACCGAAATGTAGGAATCCCACTTCC-3' (Hind III site underlined)
AtHemA1 PF  5'-AG GATCCCAAAATCTCAATC TCCTCTCTGTC-3' (BamH I site underlined)

Yeast Hem1 
(YSCHEM1AA)

Yhem1Z2 5'-GATGATGTGTTCAATGAGCTAC-3' 94oC/5 min;
94oC/30 s, 
59oC/30 s,
72oC/30 s, 26 cycles;
72oC/10 min

Yhem1F2 5'- CTTGATACCACTAGAAACCT C-3'
AtAc2
(NM112764)

AtAc2Z: 5'-GCACCCTGTTCTTCTTACCGAG-3'
AtAc2F 5'- AGTAAGGTCACGTCCAGCAAGG-3'

corporation into pyrrole compounds (7). NaCl stress impaired 
more biosynthesis of heme than ALA, and seed germination 
was highly correlated with heme levels. Abdelkader et al. (21) 
assumed that high salt stress inhibited chlorophyll accumu-
lation mainly by reducing the rate of porphyrin formation. We 
also found that NaCl stress caused significant decrease in 
heme content (Fig. 3f), which was consistent with previous 
reports. Thus, ALA catabolism and tetrapyrrole, especially 
heme biosynthesis might be sensitive for higher plants to salt 
stress. The transgenic Arabidopsis contained higher levels of 
ALAD, chlorophylls and heme (Fig. 3d-f), which might be asso-
ciated with its higher salt tolerance.

In conclusion, our results indicate that expression of Hem1 
gene under the control of AtHemA1 promoter in Arabidopsis 
may contribute to increase ALA-S activity, biosynthesis of en-
dogenous ALA, chlorophyll and heme content, although the 
accumulation of endogenous ALA did not always increase as 
compared with the WT. The transgenic plants revealed more 
salt tolerance when evaluated by seed germination and seed-
ling growth.

MATERIALS AND METHODS

Generation of yeast Hem1-expressing Arabidopsis plants
The full-length sequence of AtHemA1 promoter (accession 
No: AF295364) and Saccharomyces cerevisiae Hem1 gene en-
coding aminolevulinate synthase (ALA-S) (accession No: YSCHEM 
1AA) were amplified by PCR using the following primers: 
AtHemA1PZ1 and AtHemA1PF1; YHem1Z1 and YHem1F1 (A) 
(Table 1). After the sequence integrity was verified, the frag-
ments of AtHemA1 promoter and YHem1 were religated into 
the same restriction sites of binary vector pYK3840, which was 
constructed on the basis of the vector pCAMBIA-1301, with a 
Hyg gene as the selection marker and a Gus gene as the report 
gene. The recombinant gene cassette was flanked by two to-
bacco scaffold attachment regions respectively in order to sta-
bilize the inheritance, in between the double CaMV 35S pro-
moter and Nos-Terminator in its downstream sequence (Fig. 1a). 
The constructs were introduced into Agrobacterium tumefa-

ciens strain GV3101 by electroporation, and the recombinant 
gene was transformed to six-weeks-old Arabidopsis (Ecotype 
‘Columbia’) by the floral dip method (22).

Distribution of YHem1-EGFP in living onion epidermal cells
The construct pYHem1-EGFP was created by cloning a 
PCR-amplified fragment using two primers YHem1Z1 and 
YHem1F1 (B) (Table 1) including extra polylinker sites (BamHI 
and EcoRI) into the corresponding sites of the vector pYK 
6866-EGFP (Fig. 1b).

Onion epidermal peels were cultured on MS medium (23) 
containing 0.4 mmol L−1 D-sorbitol (pH 5.7) for 12 h in dark 
at 25oC. Gold microprojectiles (1.0 μm) were coated with DNA 
according to the manufacturer’s instructions. Microprojectiles 
were bombarded into the onion epidermal cells using a 
Bio-Rad Pds-1,000/He particle gun with 1,100-1,350 psi pres-
sure disks under a vacuum of 27-28 in Hg. After bombard-
ment, the cells were allowed to recover for 16 h on agar plates 
at 25oC in the dark (24). For the MitoTracker experiments, sec-
tions of transformed onion epidermal peels were stained with 
0.5 μmol L−1 MitoTracker Red CM-H2Ros for 30 min. Imaging 
of GFP and MitoTracker fluorescence was performed on a 
Zeiss Axioskop 40 fluorescence microscope. Serial optical sec-
tions were obtained using an excitation wavelength of 488 nm 
for GFP and 579 nm for MitoTracker, with emission signals be-
ing collected at the emission maxima of 510, 599 nm, respec-
tively. Images were captured with a Nikon Coolpix 4500 digi-
tal camera. A combined extended focus image then was pro-
duced from Adobe Photoshop CS.

Plant culture and salt treatment
Arabidopsis seeds were surface sterilized with bleaching pow-
der (5%, w/v) for 20 min, wished with sterilized water three 
times, then placed on MS medium containing 0, 50, 100 or 
150 mM NaCl in Petri dishes. All materials were incubated in 
growth chamber for 2 weeks at 20-22oC under PPFD of 150 
μmol m−2 s−1 with 16 h light/8 h dark cycle. Seedlings were 
collected for further analysis.
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Total RNA isolation and RT-PCR
Total RNA was isolated from Arabidopsis using RNA Isolation 
and Purification Kit (Watson’s, China). The single-stranded 
cDNA was prepared from 5 μg of total RNA by Reverse 
Transcription System (Promega) according to the manufactur-
er's instructions. The Arabidopsis actin gene (AtAc2, accession 
No: NM112764) synthesized by two primers AtAc2Z and 
AtAc2F (Table 1) was used as an internal standard gene. A 
200-bp fragment of YHem1 was amplified using specific pri-
mers YHem1Z2 and YHem1F2 (Table 1) according to the se-
quence of the YHem1 gene. The equal volume of PCR prod-
ucts was subjected to electrophoresis on 1.5% (w/v) agarose 
gels. The experiments were repeated three times with the same 
results and data from a representative experiment was presented.

Assay of the endogenous ALA content and ALA metabolism
The content of endogenous ALA of Arabidopsis plants was 
measured using the method described previously (25). Leaves 
were homogenized in 20 mM acetic acid buffer (pH 4.6), then 
added acetylacetone, boiled for 10 min. After cooling, Ehrlich’s 
reagent was added, and the absorbance was recorded at 553 
nm by spectrophotometer. To evaluate ALA metabolism in 
transgenic plants, Arabidopsis plants were incubated in 20 
mM levulinic acid (LA) for 3 h at dark, then exposed to PPFD 
of 50 μmol m−2 s−1 for 6 h. After induction, the ALA content 
was quantified as described above. The ALA content measured 
in the method could represent the synthesizing ability because 
the ALA catabolism was blocked by LA, whereas the differ-
ences between the LA-induced and the non-induced repre-
sented the catabolism of ALA.

Analysis of the ALA synthase (ALA-S) activity
For measurements of ALA-S activity, transgenic Arabidopsis 
plants were homogenized in 20 mM phosphate buffer (pH 7.6) 
containing 330 mM sorbitol. After centrifugation, the super-
natant was added into assay mixture containing 50 mM Tris- 
HCl (pH 7.5), 10 mM MgCl2, 100 mM glycine, 0.1 mM pyr-
idoxal phosphate, 15 mM ATP, 100 mM sodium succinyl, 370 
μM CoA and 100 mM levulinic acid. Reactions were carried 
out for 30 min at 37oC and stopped by adding 50% (w/v) tri-
chloroacetic acid (TCA) and the ALA-S activity was assayed by 
the synthesized ALA content (12). 

Assay of the ALA dehydratase (ALAD) activity
ALAD activity was measured by measuring the rate of porpho-
bilibogen (PBG) formation described by Mauzerall and Cra-
nick (26). The product of Ehrlich PBG was determined at 555 
nm using a molar absorption coefficient of 6.1 × 104 M−1 
cm−1.

Determination of chlorophyll content 
Chlorophyll was extracted from leaves with 95% (v/v) ethanol 
for 12 h. The supernatant was used to determine absorbance at 
665 and 649 nm to evaluate the total chlorophyll content (27).

Determination of heme
Heme was measured according to the method described by 
Lombardo et al. (28). Leaf tissues were homogenized in 50 
mM Tris-HCl (pH 7.4) buffer and the supernatant was ex-
tracted by acidified chloroform, then the chromophore was 
quantified at 388 nm by spectrophotometer.

Statistical analysis
All data were subjected to ANOVA test and the means were 
compared by the Duncan’s test. Comparisons with P ＜ 0.05 
were considered significant difference.
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