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Abstract
Main conclusion  Plastid genome engineering is an effective method to generate drought-resistant potato plants accu-
mulating glycine betaine in plastids.

Glycine betaine (GB) plays an important role under abiotic stress, and its accumulation in chloroplasts is more effective on 
stress tolerance than that in cytosol of transgenic plants. Here, we report that the codA gene from Arthrobacter globiformis, 
which encoded choline oxidase to catalyze the conversion of choline to GB, was successfully introduced into potato (Sola-
num tuberosum) plastid genome by plastid genetic engineering. Two independent plastid-transformed lines were isolated 
and confirmed as homoplasmic via Southern-blot analysis, in which the mRNA level of codA was much higher in leaves 
than in tubers. GB accumulated in similar levels in both leaves and tubers of codA-transplastomic potato plants (referred to 
as PC plants). The GB content was moderately increased in PC plants, and compartmentation of GB in plastids conferred 
considerably higher tolerance to drought stress compared to wild-type (WT) plants. Higher levels of relative water content 
and chlorophyll content under drought stress were detected in the leaves of PC plants compared to WT plants. Moreover, PC 
plants presented a significantly higher photosynthetic performance as well as antioxidant enzyme activities during drought 
stress. These results suggested that biosynthesis of GB by chloroplast engineering was an effective method to increase 
drought tolerance.
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Abbreviations
GB	� Glycine betaine
COD	� Choline oxidase
RWC​	� Relative water contents
MDA	� Malondialdehyde

qP	� Photochemical quenching
NPQ	� Non-photochemical quenching
ETR II	� Electron transport rate of PSII
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase
POD	� Peroxidase
CAT​	� Catalase
APX	� Ascorbate peroxidase

Introduction

Potato (Solanum tuberosum L.) as one of the staple food 
crops with annual production approaching up to 300 mil-
lion tons (Camire et al. 2009) ranks the fourth in production 
after wheat, maize, and rice (Ünlü et al. 2006) and plays a 
vital role in ensuring food supply all over the world (Ger-
bens-Leenes et al. 2009). However, due to its sparse and 
shallow root system, most potato varieties are vulnerable 
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to a series of abiotic stresses, including severe temperature 
changes, drought and high salinity (Hijmans 2003; Ahmad 
et al. 2008), thus resulting in a reduction in tuber yield and 
quality (Jefferies 2010). Even short periods of drought stress 
can result in serious damage and cause a severe reduction in 
tuber production (Cho et al. 2016). Water deficit can inhibit 
and even completely stop many physiological processes 
such as photosynthesis, transpiration and enzymatic activi-
ties in potato (van Loon 1981). Therefore, there is an urgent 
need to develop drought-resistant potato variety to meet the 
challenge by global warming and desertification (Cho et al. 
2016).

Glycine betaine (GB) is a fully N-methyl-substituted 
derivative of glycine, widely distributed in bacteria, marine 
invertebrates, higher plants and animals (Rhodes and Han-
son 1993; Chen and Murata 2002). In both higher plants 
and Escherichia coli, GB is synthesized by two-step oxi-
dation reaction from choline via betaine aldehyde, a toxic 
intermediate, while one-step synthesis pathway in the soil 
bacterium Arthrobacter globiformis is completed by a sin-
gle enzyme–choline oxidase (COD), which can catalyze the 
direct conversion from choline to GB (Ikuta et al. 1977). As 
a low molecular weight metabolite, GB is highly soluble in 
water and non-toxic at high concentration (Wei et al. 2017) 
and plays a crucial role in protection of plant against various 
abiotic stresses.

GB has shown multiple biological functions (Rhodes and 
Hanson 1993; Chen and Murata 2008) including osmotic 
adjustment to maintain cellular water balance (Hasegawa 
et al. 2000; Mansour 2000; Al Hassan et al. 2016), stabiliz-
ing the secondary structure of enzymes and proteins (Demi-
ral and Türkan 2004) and maintaining a highly ordered state 
of membranes (Papageorgiou and Murata 1995). In addition, 
it can efficiently protect the photosynthetic machinery, such 
as Rubisco and the oxygen-evolving photosystem II (PSII) 
complex under stress conditions (Murata et al. 2007).

Introduction of GB biosynthesis pathway genes into GB 
non-accumulating plants, such as potato, tomato, Arabidop-
sis and rice, can enhance their tolerance to various stresses 
(Hayashi et al. 1998; Sakamoto and Murata 2000; Chen 
and Murata 2002, 2008). For example, introduction of the 
codA gene from A. globiformis enhanced drought and salt 
tolerance in potato (Ahmad et al. 2008, 2010; Cheng et al. 
2013), rice (Sakamoto and Murata 1998; Mohanty et al. 
2002; Kathuria et al. 2009) and poplar (Ke et al. 2016), 
improved chilling (Park et al. 2004) and salt tolerance (Goel 
et al. 2011; Wei et al. 2017) in tomato, increased salt and 
cold tolerance (Hayashi et al. 1997), freezing (Sakamoto and 
Murata 2000) and photodamage tolerance (Alia et al. 1999) 
in Arabidopsis.

The plastid is considered to originate from a formerly 
free-living cyanobacterium and has a prokaryotic-like 
genetic system. Plastid transformation holds couples of 

unique advantages compared to conventional nuclear trans-
formation (Staub and Maliga 1995; Scott and Wilkinson 
1999; Bock 2015), e.g., remarkable high expression levels 
due to high polyploidy plastid genome, absence of epige-
netic transgene silencing, precision of the transgene into 
plastid genome and the increased biosafety by maternal 
inheritance (Bock 2015). It has been demonstrated that GB 
was synthesized in plastids and GB accumulation in plas-
tids could be more effective than in the cytosol for protect-
ing transgenic plants against abiotic stresses (Sakamoto 
and Murata 1998). There is a positive correlation between 
chloroplastic GB content and stress tolerance capacity (Park 
et al. 2007; Zhang et al. 2008). These findings prompted us 
to investigate whether directly engineering the GB synthesis 
pathway in plastids would efficiently increase the biosyn-
thesis of GB in plastids and confer improved tolerance of 
plants against abiotic stresses. In this study, we obtained 
codA-transplastomic potato plants (referred to PC plants) 
by plastid transformation. Our results showed that GB sta-
bly accumulated in leaves as well as in tubers of PC plants. 
Compartmentation of GB in plastids of PC plants conferred 
considerably higher tolerance to drought stress compared to 
wild-type (WT) plants in terms of growth, photosynthetic 
performance and antioxidant enzyme activities. To the best 
of our knowledge, this is the first study showing enhance-
ment of potato drought tolerance by plastid transformation.

Materials and methods

Plant material and growth conditions

Potato (Solanum tuberosum cv. Désirée) plants were grown 
under aseptic conditions on agar-solidified MS medium 
containing 3% (w/v) sucrose (Murashige and Skoog 1962). 
Regenerated homoplasmic shoots were rooted and propa-
gated on the MS medium. Rooted plantlets were transferred 
and grown in greenhouse in 160 µmol m−2 s−1 constant light 
under a 16-h-light/8-h-dark photoperiod, at 22 °C/20 °C and 
50% humidity.

Vector construction

The A. globiformis codA gene (Accession: AY589052) was 
codon optimized based on the codon usage preference of 
plastid gene expression and chemically synthesized (Online 
Resource S1) (GeneCreate, Wuhan, China). The codA gene 
was amplified with primer pairs codA-F (5′-CATG​CCA​
TGG​ATG​GGG​GAA​GCG​G TGA​TCG​-3′) and codA-R 
(5′-CTAG​TCT​AGA​TTA​TTT​GCC​GAC​TAC​CTT​GGTGA 
TCT-3′), by introducing NcoI and XbaI restriction sites 
(underlined) at the 5′ end and 3′ end, respectively. The PCR 
product was digested with NcoI/XbaI (Takara), and cloned 
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into previously reported pYY12 plasmid (Wu et al. 2017) to 
replace the gfp reporter gene, generating plasmid pYY47 for 
potato transformation.

Plastid transformation in potato

Potato plastid transformation and regeneration of the trans-
plastomic potato plants were carried out as previously 
described (Zhang et al. 2015). Plasmid DNA for plastid 
transformation was prepared using the Nucleobond Xtra 
Plasmid Midi Kit (Macherey-Nagel, Düren, Germany). 
Young leaves of potato plants grown under aseptic condi-
tions were bombarded with DNA-coated 0.6-µm gold parti-
cles using a PDS-1000/He Biolistic Particle Delivery Sys-
tem (BioRad, Hercules, CA, USA). Homoplasmy of putative 
transplastomic events was confirmed by Southern blotting.

Isolation of nucleic acids and gel blot analyses

Total leaf cellular DNA was isolated from leaves of wild-
type and transplastomic plants by a cetyltrimethylam-
monium bromide-based protocol (Murray and Thompson 
1980). Total RNA was isolated using the Trizol Reagent 
(Invitrogen, Waltham, MA, USA) following the manufac-
turer protocol. For Southern-blot analysis, 5 µg total cellular 
DNA was digested with AgeI (NEB, Ipswich, MA, USA) for 
3 h and MluI (NEB) for 12 h, separated by agarose gel elec-
trophoresis on 1% agarose gels and transferred onto Hybond 
nylon membranes (GE Healthcare). A fragment covering a 
portion of psbZ gene amplified from potato plastid genome 
DNA using primer pairs St-S-psbZ-F (5′-GTG​CGA​ATC​
CAC​CGG​TCG​ATCTA-3′) and St-S-psbZ-R (5′-AAG​TAG​
CAA​TTA​ATG​CAA​AAACA-3′) was used as a hybridiza-
tion probe to verify plastid transformation and assess the 
homoplasmic status of transplastomic lines. For RNA gel 
blot analysis, RNA samples were denatured and separated in 
formaldehyde-containing 1% agarose gels and blotted onto 
Hybond nylon membranes (GE Healthcare). A 496 bp PCR 
product generated by amplification of a portion of codA gene 
using primers coda-nor-probe-F (5′-AGT​TGA​AGC​TGG​T 
CTG​ATG​ATCG-3′) and coda-nor-probe-R (5′-ATC​TAG​
TTC​CAT​CAG​CTC​GTCGA TTAAT-3′) served as probe 
to determine codA mRNA transcripts. Probes were labeled 
according to the manufacturer’s protocol using DIG High 
Prime DNA Labeling and Detection Starter Kit II (Roche, 
Basel, Switzerland). Hybridizations were performed at 
42 °C for Southern- and Northern-blot analyses.

Quantification of glycine betaine

The mature leaves and tubers of WT and PC plants were 
sampled for GB analysis. Frozen dried plant materials were 
weighted and suspended in 1000 μL 50%/50% methanol/

water solution. Four seconds on/off cycling program was 
used (eight cycles) for its in-solution ultrasonic extraction 
process (VX-130; Sonics, Newtown, CT, USA). Samples 
were centrifuged at 15,000g for 8 min, and the supernatants 
were then lyophilized and re-dissolved in 450 μL water. 
A 450 μL aqueous layer was transferred to a clean 2-mL 
centrifuge tube. Fifty microliters of sodium 4,4-dimethyl-
4-silapentane-1-sulfonate (DSS) standard solution (Anachro, 
Toronto, Canada) was added. Samples were mixed well 
before transferred to 5 mm NMR tube (Norell, Andover, 
MA, USA). Spectra were collected using a Bruker AV III 
600 MHz spectrometer. The first increment of a 2D-1H, 
1H-NOESY pulse sequence was utilized for the acquisition 
of 1H-NMR data and for suppressing the solvent signal. 
Experiments used a 100 ms mixing time along with 990 ms 
pre-sa 128 scans over a period of 15 min.

Whole plant drought stress treatment

Plantlets were transplanted to nursery pots contain-
ing only vermiculite and grown in a greenhouse with 
160  µmol  m−2  s−1 constant light under a 16-h-light/8-
h-dark photoperiod, at 22 °C/20 °C. The relative humid-
ity was maintained at ~ 60%, and the plants were irrigated 
using 20-20-20 N-P-K Scotts Peters Professional water-
soluble fertilizer through trays placed underneath the pots 
for 4 weeks. Subsequently, a total of 24 plants (12 for WT 
plants and 12 for PC plants) of similar height and health 
conditions were selected and divided into two groups. One 
group consisting of six WT plants and six PC plants was set 
as control, in which the plants were grown under normal 
growth conditions with regular watering. Another group was 
subjected to water deficit by withholding the water supply. 
Photographs were taken before stress, 9, 13 days after stress, 
and 2 days after re-watering, respectively. All experiments 
were repeated at least three times, and results from one rep-
resentative experiment were shown.

Relative water contents

The degree of drought stress was assessed by the relative 
water contents (RWC) of leaves from WT and PC plants 
after 9 days of water withholding. The third to fifth fully 
developed leaves (counting from the top) of potato plants 
were collected at 9:00 am of each indicated day and used 
for RWC measurements (Kanamoto et al. 2006). The fol-
lowing formula was utilized to calculate the relative water 
content: RWC (%) = [(fresh weight − dry weight)/(turgid 
weight − dry weight)] × 100, in which fresh weight means 
immediate weight of freshly collected leaves, turgid weight 
of leaves was measured after incubation in water at 20 °C 
for 6 h and dry weight of leaves was measured after drying 
at 80 °C for 48 h.
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Analysis of antioxidant enzyme activities as well 
as proline and malondialdehyde contents

Superoxide dismutase (SOD) activity was measured as 
the method described by Giannopolitis and Ries (1977), 
peroxidase (POD) activity as described by Maehly and 
Chance (1954). Catalase (CAT) and ascorbate peroxidase 
(APX) activities were analyzed according to the method 
previously described by Bartoli et al. (1999) and Pinhero 
et al. (1997). The malondialdehyde (MDA) content was 
determined as described by Heath and Packer (1968) and 
the proline content according to the method described by 
Bates et al. (1973).

Photosynthetic gas exchange measurements

The net photosynthetic rate (Pn), stomatal conductance 
(Gs), transpiration rate (Tr) and substomatal CO2 con-
centrations (Ci) were measured using a CIRAS-3 port-
able photosynthesis system (PP Systems, Amesbury, MA, 
USA) at 25 °C, 1000 µmol m−2 s−1 PPFD, 70% relative 
humidity and ambient CO2 (360 ± 20 µL L−1) between 
9:00 a.m. and 11:00 a.m. The fourth and fifth fully devel-
oped leaves of each potato were selected, and eight repli-
cates were determined each time.

Chlorophyll fluorescence parameters measurements

The assay was performed using a Dual-PAM100 chloro-
phyll fluorescence instrument (Walz, Effeltrich, Germany). 
The fourth and fifth fully developed leaves of the top 
leaves of each potato were selected, and the leaves were 
subjected to dark adaptation for 20 min before the assay. 
After dark adaptation, the initial fluorescence yield (Fo) 
was measured and then the maximum fluorescence yield 
(Fm) with application of a saturation pulse for 0.2-1.5 s. 
Subsequently, the actinic light was turned on (Fo’) to set 
up the light intensity to 300 μmol m−2 s−1 till the fluo-
rescence signal reached steady state (Fs, about 45 min), 
and the maximum fluorescence yield under light (Fm’) 
adaptation was finally determined when exposed to the 
saturated pulsed light. Chlorophyll parameters were cal-
culated according to the following formulae:

ETR (electron transpor t rate) (II) = (Fm ′  − Fo)/
Fm′ × PAR × 0.5 × 0.84, where 0.5 is the parameter obtained 
by assuming that the absorbed light is equally divided by 

qP (photochemical quenching) = (Fm�−Fs)∕(Fm�−Fo�);

NPQ (non-photochemical quenching)

= (Fm − Fm�)∕Fm� = Fm∕Fm� − 1

two optical systems and 0.84 is the absorption coefficient 
(Schreiber et al. 1995).

Measurements of total chlorophyll content in potato 
leaves

Two leaf disks (diameter 0.5 cm) within the region of infil-
tration were excised, and total chlorophyll was extracted 
with 10 mL of 80% acetone in the dark for 72 h at room 
temperature. The extracts were analyzed using a UV–vis-
ible spectrophotometer (UV-1601, Shimadzu, Kyoto, Japan) 
according to the method described by Porra (2002).

Results

Vector construction for potato plastid 
transformation

The potato chloroplast transformation vector pYY47 was 
constructed to mediate the integration of the expression cas-
settes to the trnfM-trnG region of the plastid genome via 
homologous recombination. The pYY47 consists of the left 
(containing 3′ end of psbB, trnfM and rps14) and right (con-
taining psbZ and trnG) homologous recombination regions 
and two expression cassettes that harbor spectinomycin 
resistance gene aadA and choline oxidase encoding gene 
codA, respectively. The codA gene was driven by tobacco 
plastid 16S ribosomal RNA operon promoter (Prrn) with 
fusion of 5′ untranslated region from gene 10 of bacterio-
phage T7, a strong translation signal in nongreen plastid 
(Fig. 1a).

Generation of transplastomic potato plants

The construct pYY47 was introduced into potato plas-
tid genome by biolistic transformation followed by selec-
tion of spectinomycin-resistant shoots as described previ-
ously (Zhang et al. 2015). Five transplastomic lines were 
obtained and Southern-blot analysis was performed to verify 
the homoplasmic status. Among them, two representative 
lines showed the presence of the 2.51 kb signal band while 
the absence of a hybridization signal for the WT genome 
(2.13 kb) (Fig. 1b), indicating homoplasmy of these two 
transplastomic lines. Due to site-directed transgene inte-
gration by homologous recombination and the absence of 
position effects and epigenetic gene silencing mechanisms 
from plastids, all the transplastomic lines generated with 
the same construct were identical and showed no variation 
in expression of transgene (Bock 2015; Zhang et al. 2015). 
To confirm this, we performed Northern-blot analysis, and 
the results revealed that two independent PC lines gener-
ated with the same construct showed identical transgene 
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expression levels (Fig. 1c). The phenotypes of two homo-
plasmic PC lines were phenotypically entirely normal and 
indistinguishable from WT plants under both mixotrophic 
growth conditions on synthetic sucrose-containing medium 
and autotrophic growth conditions in soil (Fig. S1). We 
therefore used one representative transplastomic line for the 
next physiology experiments.

Determination of codA expression level in leaf 
and tuber

To assess the codA mRNA transcripts accumulation in leaves 
and tubers, Northern-blot analysis was performed using a 
hybridization probe specific for the codA coding region. The 
codA mRNA accumulation in leaves was around ten times 
higher than that in tubers, as shown by strongly different 
intensities of signals on the blot among leaf and tuber sam-
ples (Fig. 2a). The full-length mRNA transcripts of the codA 
gene were detected in both leaves and tubers of PC plants. 
The less abundant and larger signals were also present on the 
blot (Fig. 2a), which could be the read-through transcripts by 
plastid-encoded RNA polymerase (Zhou et al. 2007).

Glycine betaine accumulation 
in codA‑transplastomic potato plants

To determine whether the insertion of codA into potato plas-
tid genome resulted in the increase in GB content in the PC 
plants, the GB was analyzed quantitatively by 1H-NMR, a 
highly sensitive detection method. The codA-expressing plants 
accumulated GB in both leaves (~ 1.21 ± 0.36 µmol g−1 DW, 
dry weight) and tubers (~ 1.77 ± 0.21 µmol g−1 DW) at the 
similar level, which were much higher compared to WT plants 
(Fig. 2b). However, the GB contents in PC plants did not fur-
ther increase when exposed to drought stress (Fig. S2).

GB accumulation enhances drought tolerance 
of transplastomic potato plants

To evaluate whether GB accumulation in plastid can 
increase the drought tolerance of PC plants, we subjected 
the plants to drought stress. WT and PC plants grown at 
similar stage withheld the water supply. At day 9 of water 
deficit, WT plants began to wilt, while PC plants stayed 
vigorous (Fig. 3a). After 13 days of drought stress, the WT 

Fig. 1   Introduction of codA 
gene into potato plastid genome. 
a Physical map of the region 
in the plastid genome to which 
the codA is targeted and map 
of the plastid transformation 
vector containing codA expres-
sion cassette. b Southern-blot 
analysis of transplastomic 
potato lines. DNA samples were 
digested with MluI and AgeI 
and hydrized to a DIG-labeled 
probe as indicated. The absence 
of the hybridization signal diag-
nostic of the wild-type genome 
indicates the homoplasmy of the 
two transplastomic lines. Note 
that no difference of RFLP pat-
tern in two independent trans-
plastomic lines was observed. 
This is because of identical 
transgene integration into the 
plastid genome by homologous 
recombination and no posi-
tion effects and/or transgene 
silencing of plastid transgenes. c 
Northern-blot analysis of codA 
mRNA accumulation in leaves 
of two independently generated 
PC lines. Two-microgram total 
cellular RNA of leaves was 
loaded. The ethidium bromide-
stained gel prior to blotting is 
shown below the blot
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plants were severely wilted, but the PC plants just started 
to wilt (Fig. 3a). Subsequently, plants were re-watered after 
13 days of water withholding. After 2-day re-watering, the 
PC plants were fully recovered from damage by drought and 
continued to grow, while the WT plants were hardly capa-
ble to recover and finally died (Fig. 3a). RWC in leaves of 
PC plants was remarkably higher than that of WT plants 
after 9-day drought stress (Fig. 3b). When WT plants and 
PC plants were subjected to drought stress, the RWC in 
WT leaves decreased from 96 ± 3 to 52 ± 2%. In contrast, 

the RWC was still maintained at 90% ± 2% in leaves of PC 
plants (Fig. 3b). There was no significant difference in the 
chlorophyll content between WT and PC plants under nor-
mal growth conditions (Fig. 3c). But under drought stress, 
the chlorophyll content of PC plants was higher than that 
of WT plants while the chlorophyll content of WT plants 
decreased significantly. Another transplastomic line (PC#2) 
also showed the similar phenotype to line PC#1 in tolerance 
to drought stress (Fig. S3).

Effects of drought stress on antioxidant enzyme 
activities

Reactive oxygen species (ROS) normally accumulate when 
plants are exposed to drought stress. In order to determine 
whether the PC plants have better antioxidant responses to 
drought stress, we measured the activities of SOD, POD, 
APX and CAT, enzymes linking to ROS metabolism, in WT 
and PC plants under normal and drought stress conditions, 
respectively. As shown in Fig. 4, the SOD, POD and APX 
activities between WT and PC plants were almost at the 
same level under normal condition, but significantly higher 
in PC plants compared to the WT plants (Fig. 4a–c) under 
drought stress condition. Comparably, CAT activity had no 
significant difference between WT and PC plants irrespec-
tive of stress or non-stress treatment (Fig. 4d).

Effects of drought stress on MDA and proline 
contents

Our results indicated that there was no significant difference in 
MDA and proline contents between WT and PC plants under 
normal condition (Fig. 4e, f). After 9-day water withhold, 
MDA content increased remarkably in the WT plants, nearly 
three times higher as that in the PC plants (Fig. 4e), indicating 
a less cell membrane damage in the PC plants. In addition, 
increased levels of proline in response to drought stress were 
observed in both WT and PC plants. The proline content in PC 
plants was comparably higher than that in WT plants (Fig. 4f).

Effects of drought stress on gas exchange

Under normal conditions, there was no significant differ-
ence in photosynthetic gas exchange parameters, including 
net photosynthetic rate (Pn), substomatal CO2 concentra-
tions (Ci), stomatal conductance (Gs) and transpiration rate 
(Tr) between WT and PC plants. After 9 days of drought 
stress treatment, the Pn, Ci, Gs and Tr of WT and PC plants 
decreased significantly; however, the Pn, Gs and Tr values 
of PC plants were higher than those of WT plants. The Ci 
value of PC plants was significantly lower than that of WT 

Fig. 2   Analysis of codA expression in codA-transplastomic (PC) 
potato plants. a Northern-blot analysis of codA mRNA accumulation 
in leaves and tubers of PC plants. The amount of total RNA loaded 
in each lane is indicated (μg), and the band sizes of the RNA marker 
are given on the left. The ethidium bromide-stained gel prior to blot-
ting is shown below the blot. b GB content in leaves and tubers of 
wild-type (WT) and PC plants. Samples were collected under normal 
conditions. Data are expressed as the mean ± SD of three replicates. 
Significance of differences was analyzed by two-tailed Student’s t 
test. *P < 0.05; **P < 0.01. NS no significance
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plants (Fig. 5). These results indicate that under drought 
stress, the transplastomic potato plants maintain a higher 
photosynthetic rate and show a reduced damage of the pho-
tosynthetic apparatus.

Effects of drought stress on PSII photochemistry

NPQ indicates non-photochemical quenching in fluores-
cence quenching, which is an effective way for plants to 
dissipate excess excitation energy and an effective indicator 

Fig. 3   Effect of drought stress 
on potato wild-type (WT) and 
PC plants grown in a green-
house. a Plantlets grown in MS 
medium were transplanted to 
pots filled with only vermiculite 
for 4 weeks; WT and PC plants 
(n = 6) were grown under nor-
mal conditions or withheld from 
water, respectively. Photographs 
were taken 0 (wh-0), 9 (wh-9) 
and 13 (wh-13) days after 
withholding from water, and 2 
(rw-2) days after re-watering. 
Bar = 10 cm. Relative water 
content (b) and chlorophyll con-
tent (c) were measured under 
normal conditions and after 
drought stress treatment for 
9 days. Data are shown as the 
mean ± SD of three replicates. 
Significance of differences was 
analyzed by two-tailed Student’s 
t test. **P < 0.01
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Fig. 4   Changes in activities of 
SOD (a), POD (b), APX (c) and 
CAT (d), and contents of MDA 
(e) and proline (f) in leaves of 
potato WT and PC plants under 
normal conditions and drought 
stress for 9 days. Data are the 
mean ± SD of three replicates. 
Significance of differences was 
analyzed by two-tailed Student’s 
t test. *P < 0.05

Fig. 5   Changes in photosyn-
thetic rate (Pn, a), stomatal 
conductance (Gs, b), intercel-
lular CO2 concentration (Ci, c) 
and transpiration rate (Tr, d) 
in leaves of potato WT and PC 
plants under normal conditions 
and drought stress for 9 days. 
Significance of differences was 
analyzed by two-tailed Student’s 
t test. *P < 0.05; **P < 0.01. 
Error bars indicate SD of eight 
replicates
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of the ability of non-radiative dissipation (Demmig-Adams 
and Adams 1996; Ort 2001). As shown in Fig. 6a, under 
normal growth conditions, the NPQ value of PC plants was 
higher than that of WT plants, indicating that the ability of 
PC plants regulating excess excitation energy was stronger 
than that of the WT plants under normal conditions. Under 
drought stress, the NPQ values of WT and PC plants 
increased significantly, and the increase of PC plants was 
more significant (Fig. 6a), which indicated that PC plants 
could protect PSII by consuming more excess excitation 
energy than WT plants. Different from NPQ, qP indicates 
photochemical quenching in fluorescence quenching. Under 

normal growth conditions, there was no significant differ-
ence in qP values between WT and PC plants. Neverthe-
less, under drought stress, the qP values of potato leaves 
decreased significantly, and the decline of PC plants was less 
than that of WT plants (Fig. 6c), indicating that PC plants 
could maintain high photochemical efficiency. Another eval-
uation was ETR, as it can quantitatively represent the elec-
tron transfer from PSII to PSI (Munekage et al. 2004). The 
ETR values of WT and PC plants were about the same under 
normal growth conditions. During drought stress, the ETR 
values of both had decreased significantly, while WT plants 
had lower ETR than PC plants (Fig. 6b). Collectively, our 
results showed that the PC plants could maintain higher qP 
and ETR than WT plants during drought stress, suggesting 
that GB accumulation in PC plants is involved in protecting 
PSII from drought stress.

Discussion

Potato is one of the major food crops grown worldwide but 
vulnerable to drought stress, necessitating the breeding for 
drought tolerance potato varieties. Plastid transformation has 
developed for almost three decades and showed its unique 
advantages in improving the agronomic traits of crops. For 
example using tobacco as model plants, plastid-transformed 
plants showed increased tolerance to herbicides, biotic stress 
(insect, disease) and abiotic stress (drought, salt) (Bock 
2015). Not like tobacco, only till recently, potato plastid 
engineering has been conducted to confer insect resistance 
(Zhang et al. 2015). In the present work, we transformed the 
bacterial codA gene into potato plastid genome plants and 
obtained the homoplasmic PC plants with enhanced drought 
tolerance (Figs. 1, 3).

It has already been indicated that most plastid-encoded 
gene expressions in tuber amyloplasts were markedly lower 
when compared to those in leaf chloroplasts (Valkov et al. 
2009). Consistently, our results indicated that the signal of 
codA mRNA transcripts of PC plants in leaves was around 
ten times stronger than that in tubers (Fig. 2a). Compared 
with leaf chloroplasts, gene expression at the posttranscrip-
tional and translational levels was much lower in nongreen 
plastids (Valkov et al. 2009; Zhang et al. 2012). COD pro-
tein expression level was thus assumed to be much lower 
in tubers compared with that in leaves (less than tenfold). 
Although with a drastic difference in codA gene expression, 
PC plants could stably accumulate GB in both leaves and 
tubers at a similar level (Fig. 2b), either under normal condi-
tions or exposed to drought stress (Fig. S2). This suggests 
that the GB content in PC plants is unrelated to the expres-
sion level of codA gene and PC plants can generate an active 
COD enzyme, which is capable of efficiently converting cho-
line into GB. That the GB content (measured by 1H-NMR 

Fig. 6   Changes in non-photochemical quenching (NPQ, a), electron 
transport rates of PSII (ETR, b), photochemical quenching (qP, c) 
in the fourth and fifth fully expanded leaf of the potato WT and PC 
plants under normal conditions and drought stress for 9  days. Sig-
nificance of differences was analyzed by two-tailed Student’s t test. 
*P < 0.05; **P < 0.01. Error bars indicate SD of eight replicates
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spectroscopy) in our PC plants was not higher than that in 
previously reported transgenic potato lines was probably due 
to the different GB measurement and calculation methods 
used (Ahmad et al. 2008). Nevertheless, it has been demon-
strated that choline import into chloroplast is a constraint 
step and is essential for GB synthesis (Nuccio et al. 1998; 
McNeil et al. 2000; Nuccio et al. 2000; Zhang et al. 2008). 
Moderate increase in GB content in the PC plants may be 
partially due to the limited availability of choline in plastids. 
Taken together, we speculate that activity of COD can main-
tain at a considerably high level in PC plants either in tuber 
amyloplasts or leaf chloroplasts despite their different codA 
gene expression levels and efficiently convert choline into 
GB; however, a limited capacity of transporting endogenous 
choline into the plastids may be attributed to a moderately 
increased level of GB in PC plants. It has been proposed 
that the choline content in chloroplasts could be increased 
by over-expressing a high affinity choline transporter (BetT) 
of E. coli (Lamark et al. 1991; Nuccio et al. 2000). Whether 
this strategy could enhance the choline content in plastids 
remained to be elucidated.

It has been proven that even slight GB accumulation by 
introducing the codA gene into nuclear genome of trans-
genic plants is enough to improve the abiotic tolerance. 
For example, slight GB accumulation (0.28 ± 0.03 µmol/g 
FW) in transgenic Japanese persimmon enhanced its tol-
erance to salt stress (Gao et al. 2000). Transgenic tomato 
plants with chloroplast-targeted COD accumulated GB at 
0.3 ± 0.02 µmol/g FW and conferred significant tolerance 
to salt and water stresses (Goel et al. 2011) and chilling 
stress (Park et al. 2004). Interestingly, the degree of chilling 
tolerance was similar in both lowest GB-accumulating line 
(as low as 0.09 µmol/g FW) and higher GB-accumulated 
line (0.3 µmol/g FW), suggesting that GB at low level could 
adequately confer a high level of tolerance (Park et al. 2004). 
Moreover, the chloroplast-targeted COD tomato plants with 
low leaf GB content were more tolerant to chilling stress 
than were cytosol- or both (chloroplast and cytosol)-targeted 
plants (Sakamoto and Murata 1998; Park et al. 2007). This 
indicated that GB accumulation was more effective in the 
chloroplasts than in the cytosol in protecting transgenic 
plants from abiotic stress. In agreement with previous stud-
ies, although containing a moderate GB in our PC plants, 
the plants developed very well compared to the WT controls 
during a water deficit assay and exhibited less suffering from 
drought and better recovery rate after re-watering (Fig. 3a). 
Moreover, PC plants also had higher leaf RWC (Fig. 3b) and 
leaf chlorophyll content (Fig. 3c) compared to WT plants 
under drought stress.

ROS levels rise excessively in response to diverse 
stresses, potentially leading to oxidative stress and damage 
to macromolecules such as proteins, lipids and nucleic acids 
(Apel and Hirt 2004). During drought stress, chloroplastic 

ROS production has long been proposed as a major driver 
of redox signal or damage in plant cells (Noctor et  al. 
2014). In order to cope with excessive ROS production 
under stress, plants have evolved efficient enzymatic and 
non-enzymatic mechanisms to regulate ROS levels (Noctor 
and Foyer 1998). A plethora of studies have reported effects 
of drought on activities of the major antioxidant enzymes 
such as SOD, CAT and APX (Cruz de Carvalho and Con-
tour-Ansel 2008). Our results showed that three antioxidant 
enzyme activities SOD, POD and APX were enhanced in 
PC plants compared with WT plants under drought stress 
(Fig. 4a–c), suggesting that accumulated GB in plastids of 
PC plants could help to quench ROS and alleviate its dam-
age to cellular components (Demiral and Türkan 2004). 
SODs, PODs and APXs are located throughout different 
compartments of the plant cell, while CATs are exclusively 
located in the peroxisomes. In addition, APX has a higher 
affinity for H2O2 than CAT, though both APX and CAT are 
major enzymatic cellular scavengers of H2O2 (Mittler 2002). 
This might explain why the CAT activity did not increase 
significantly during drought in our results. PC plants had 
lower MDA level (Fig. 4e) compared to WT plants when 
exposed to water deficit. The lower MDA level indicates 
less cell membrane damage in PC plants (Gorham 1995; 
Chen et al. 2000). Moreover, high proline accumulation was 
observed in PC plants (Fig. 4f), which is consistent with 
previous studies that reported the enhanced proline content 
in codA-transgenic tomato (Goel et al. 2011) in response to 
salt stress. High proline synthesis in stressed plants can favor 
a better recovery of these plants (De Ronde et al. 2004), 
protect photosynthetic apparatus and increase grain yield 
(Vendruscolo et al. 2007).

The photosynthetic rate of PC plants is higher than that 
of WT plants under drought stress (Fig. 5a). Previous study 
showed that there was a linear correlation between CO2 
assimilation rate and stomatal conductance in control and 
GB-fed plants (Yang and Lu 2006). Our results indicated 
that under drought stress, the stomatal conductance of 
potato leaves decreased; however, the PC plant maintained 
higher stomatal conductance than WT plants (Fig. 5b). The 
increased photosynthetic rate of PC plants was due to an 
increase in stomatal conductance.

PSII is a key part of various stress injuries such as 
drought, high temperature and strong light. When the 
plant is exposed to severe abiotic stress, the damage rate 
of PSII will exceed its repair rate, and the photoinhibi-
tion caused by the irreversible inactivation of PSII will 
lead to the decrease of photosynthetic activity of plants, 
thereby reducing the photosynthetic rate (Murata et al. 
2007; Nixon et al. 2010; Umena et al. 2011; Nishiyama 
and Murata 2014). Drought stress also reduces the activ-
ity of PSII, causing electron transfer blocked and increas-
ing the excess light energy in plants. Excess light energy 
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is highly susceptible to the generation of ROS (singlet 
oxygen), which causes degradation of photosynthetic 
pigments and destruction of photosynthetic mecha-
nisms, causing photooxidation or photobleaching. NPQ 
is positively correlated with the heat dissipation of the 
lutein-dependent cycle which plays an important role in 
protecting the plant photosynthetic apparatus from reduc-
ing the excess excitation energy. The increase in NPQ is 
beneficial to dissipate excess excitation energy and protect 
plants from excessive light energy. qP reflects the share 
of light energy absorbed by the PSII antenna for photo-
chemical electron transport, reflecting to some extent the 
openness of the PSII reaction center (Krause et al. 1990). 
ETR refers to the electron transfer rate of plant leaves and 
can express the patency of electron transport from PSII to 
PSI (Schreiber et al. 1995). The NPQ, qP and ETR of PC 
plants were higher than WT plants under drought stress, 
which indicates that PC plants can dissipate more excess 
light energy and protect plant photosynthetic apparatus to 
maintain high photochemical efficiency (Fig. 6a–c). Under 
drought stress, GB accumulated in vivo in PC plants might 
have certain protective effects on various components in 
the electron transport chain, thereby increasing the elec-
tron transport activity and enhancing the photochemical 
efficiency of PC plants leaves. At the same time, GB accu-
mulating in vivo could enhance the dissipation ability of 
plants and decrease the damage of photosystem caused by 
drought stress. Our results indicated that GB accumulated 
in PC plants can protect the photosynthesis machinery and 
improve drought tolerance, while GB may not function as 
osmoprotectant because of its low accumulation level in 
PC plants which was lower than the osmotically effective 
concentration (Fig. 2b).

In conclusion, for the first time, by using plastid trans-
formation technology, the GB synthesis gene codA from A. 
globiformis was successfully transformed into potato plas-
tid genome. Although high expression of codA in chloro-
plast does not lead to a high GB content that may be due 
to the limitation of choline in plastids, compartmentation 
of GB in plastids conferred considerably high tolerance to 
drought stress. These findings suggest that biosynthesis of 
GB by plastid engineering is an effective method to increase 
drought tolerance and transportation of choline from cytosol 
into chloroplast entailing the next effort for GB engineering.
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