
ORIGINAL PAPER

Saccharomyces cerevisiae gene TPS1 improves drought tolerance
in Zea mays L. by increasing the expression of SDD1 and reducing
stomatal density

Yanbo Liu • Lizhen Han • Lijun Qin •

Degang Zhao

Received: 5 August 2014 / Accepted: 9 October 2014 / Published online: 26 October 2014

� Springer Science+Business Media Dordrecht 2014

Abstract Trehalose, a non-reducing disaccharide, can

effectively protect the biological structures of plants from

damage under stress conditions (i.e., high or low temper-

ature, drought, and dehydration) by forming a special

protective membrane on the plant-cell surface. Transfor-

mation of maize with stably expressed trehalose-6-phos-

phate synthase (TPS), the key enzyme of trehalose

biosynthesis, to improve drought-resistance has important

theoretical and economic values. In this study, we con-

structed the TPS1 gene expression vector driven by the

rd29a promoter, transformed immature embryos using

Agrobacterium-mediated methods, and screened the

transgenic maize plants. As a result, trehalose accumulated

in rd29a::TPS1 transgenic maize plants even though it was

not detected in wild-type (WT) maize. After determination

under repeated drought conditions, we found that the

survival rate of the rd29a::TPS1 maize was 70 % higher

than that of the WT. Photosynthetic physiological indica-

tors of transgenic maize under drought conditions were

better than those of the WT. Microscopic observations of

the detached newborn leaves showed that stomata density

on the leaf surface of rd29a::TPS1 transgenic maize after

drought treatment was reduced by 20 % rom that on the

WT leaf, while there were fewer and shorter villi on the

leaf surface of transgenic maize than on the WT leaf. In

addition, real-time PCR analyses showed that stomata

density and distribution 1 (SDD1) expression in the

rd29a::TPS1 transgenic maize increased. We concluded

that TPS1 improves drought-resistance in maize not only

by increasing trehalose content but also by decreasing

stomata density and reducing the transpiration rate in

transgenic maize plants.

Keywords TPS1 � Stomatal density � SDD1 � Trehalose �
Maize

Introduction

Maize, or corn, is one of the three major crops and has the

highest production of any other crop worldwide, although

drought is an important limiting factor of its high yield

(Wang et al. 2013). In different ecological zones, the yield

will vary from 9.3 to 35.1 % depending on the severity and

extent of the drought. According to the yield potential of

corn in regional trials, the loss of yield per hectare will be

359.48–1,187.99 kg, which is particularly serious in

Southwest China’s maize-producing areas, especially in

Guizhou Province (Yun et al. 2012). Improving drought-

resistance through genetic engineering is one of the most

cost-effective ways by which to overcome drought stress.
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Traditional breeding techniques play an important role in

the selection of drought-resistant maize varieties, but it is

time consuming because it requires a longer breeding cycle

(Li et al. 2005; Zhou et al. 2014). In recent years, the

application of transgenic technology to transform plants

accelerated the process of screening and fostered superior

biological strains, which expanded the use of genetic

resources (Basu et al. 2010).

Trehalose is a non-reducing disaccharide first extracted

from rye ergot by Wiggers in 1832 (Almeida et al. 2007).

Subsequent studies found that trehalose is widely distrib-

uted in nature in a variety of species, such as bacteria,

fungi, yeast, plants, insects, and invertebrates (Elbein et al.

2003); however, trehalose in most higher plants is rare. It

was found that the otsA-otsB pathway is common from

prokaryotic to eukaryotic organisms, and is also the only

trehalose-synthesis pathway in plants (Paul et al. 2008). In

this pathway, otsA gene-encoded trehalose-6-phosphate

synthase (TPS) catalyzes uridine diphosphate glucose and

glucose 6-phosphate to form a 6-trehalose phosphate

through the a-1,1-glycosidic linkage. Then, otsB gene-

encoded trehalose-6-phosphatase (TPP) generates trehalose

(Kaasen et al. 1992).

In bacteria and yeast, trehalose serves not only as a

structural component and energy material, but also protects

biomembranes and proteins against damage from stress

conditions such as drought, cold, high salinity (because of

its resistance to acidic and alkaline conditions), and high

temperatures and has strong water absorption potential

(Wingler et al. 2002). Thus, trehalose can improve the

stress-resistant capability of plants, the direct correlation of

which has been demonstrated in in vivo studies (Crowe

et al. 1984; Hottiger et al. 1994). Consistent with endog-

enous effects, trehalose exogenously applied to the cell

membrane also has a significant protective effect on active

substances, such as proteins and enzymes (Yoshida et al.

1998; Zhao et al. 2009). In fact, the starch and chlorophyII

content of the transgenic tomato containing yeast TPS1 are

higher than those in the WT, and the transgenic tomato has

an improved tolerance to drought (Cortina et al. 2005; Lyu

et al. 2013). Holmstrom et al. (1996) and Han et al. (2005)

also reported that transgenic tobacco containing TPS has

stronger drought-tolerance than the WT tobacco. Romero

et al. (1997) reported that yeast TPS1 gene expression

driven by the CaMV35S promoter in tobacco endows more

drought-tolerance and increases the trehalose content over

that found in the WT tobacco. Garg et al. (2002) transferred

the trehalose synthesis genes (otsA and otsB) of Esche-

richia coli into rice and found that the transgenic plants

accumulated 3–10 times more trehalose than the WT

plants. A trehalose content of 1.0 mg/g keeps the plants in

good condition. Overexpressing TPS gene in Arabidopsis

(Miranda et al. 2007), potato (Stiller et al. 2008; Yeo et al.

2000), bean (Suarez et al. 2008), and other plants can

effectively improve the drought-resistance of these plants.

Tao et al. (2008) reported the acquisition of a new trans-

TPS1 maize germplasm but without the identification of

drought-resistance. As a consequence, little information

about the drought-resistant mechanism in the transgenic

maize was provided.

Recent studies have shown that, in addition to sucrose,

trehalose can act as a signal molecule. Trehalose was found

to mediate stomata regulation by affecting abscisic acid

(ABA) in Arabidopsis (Schluepmann et al. 2004). TPS1

transgenic potatoes had lower stomata density (reduced by

35 %) and were more resistant to drought than WT pota-

toes (Stiller et al. 2008); therefore, defining the relationship

between trehalose and a stoma is crucial to be able to

elucidate trehalose mechanisms and improve drought-

resistance in maize. To make use of trehalose’s drought-

tolerance characteristics, it is helpful to transfer TPS1 into

maize and screen new drought-resistant strains using

genetic engineering.

Materials and methods

Test materials

Maize Jiao51, plant expression vectors, and Agrobacterium

tumefaciens strain LBA4404 were stored in our laboratory.

Restriction endonuclease SalI, EcoRI, SacI, XbaI, Premix

Taqver 2.0 plus dye, and DNA 2,000 marker Ladder were

purchased from Takara biotechnology (Dalian) Co., Ltd;

Plasmid Mini Kit I and plant RNA Kit were purchased

from OMEGA Bio-tek Inc.; Kanamycin, Rifampicin,

Glufosinate, Bialaphos, Timentin were purchased from

Sigma; TPS1 detection primer and other Real-Time PCR

primers were synthesized by Invitrogen biotechnology Co.,

Ltd.

Vector construction and genetic transformation

The poplar rd29a promoter-driven TPS1 expression cas-

sette was inserted into the pCAMBIA1305 vector, the

Ubiquitin promoter-driven Bar::GUS fusion gene as a

selectable marker and reporter gene, to obtain the recom-

binant expression vector pGM626-Ubi-BG-rd29a-TPS1

(pTPS1). pTPS1 was transferred into Agrobacterium

LBA4404 using the freeze–thaw transformation method.

Maize was genetically transformed using the immature

embryo transformation method as previously described

(Frame et al. 2002). After artificial pollination by bagging,

young ears of corn were harvested, stripped of their husks,

disinfected on a clean bench with 75 % alcohol for 5 min

and in 0.1 % mercuric chloride for 8 min, and then rinsed 5
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times with sterile water. The grain endosperm was slashed

and immature embryos were placed into a 2.0-mL centri-

fuge tube. Agrobacterium (OD600 = 0.3–0.4) suspended in

infection medium (Murashige and Skoog Basal Salt Mix-

ture [MS] and vitamins, 0.7 g/L L-proline [PRO], 0.1 g/L

hydrolyzed casein, 1.5 mg/L 2, 4-D, 68 g/L sucrose, 36 g/

L glucose, 100 lM Acetosyringone [AS], pH 5.2) was

added to the tube, which was then allowed to stand for

5 min. A co-culture medium (MS salts and vitamins,

1.5 mg/L 2, 4-D, 0.7 g/L L-PRO, 0.1 g/L hydrolyzed

casein, 0.1 g/L myoinositol, 30 g/L sucrose, 1.0 g/L fil-

tered sterilized silver nitrate, 300 mg/L L-cysteine, 100 lM

AS, 2.3 g/L Phytagel, pH 5.2) was added to the surface of

the immature embryo’s excess broth using a pipette. The

broth was then incubated in the dark at 23 �C for 3 d. The

immature embryos were transferred to a recovery area after

the conversion medium (MS salts and vitamins, 1.5 mg/L

2, 4-D, 0.7 g/L L-PRO, 100 mg/L hydrolyzed casein,

100 mg/L myoinositol, 30 g/L sucrose, 1.0 mg/L filtered

sterilized silver nitrate, 100 mg/L Timentin, 0.5 g/L MES,

2.3 g/L Phytagel, pH 5.2) was added and cultured for 7 d.

They were then transferred to selective medium (MS salts

and vitamins, 1.5 mg/L 2, 4-D, 0.7 g/L L-PRO, 100 mg/L

hydrolyzed casein, 100 mg/L myoinositol, 20 g/L sucrose,

1.0 mg/L filtered sterilized silver nitrate, 100 mg/L Ti-

mentin, 1.5 mg/L bialaphos, 2.3 g/L Phytagel, pH 5.8),

cultured for 60 d and screened, and induced resistance

callus subculture among 2–3 times. The resistant callus

subculture was then transferred to differentiation medium

(MS salts and vitamins, 700 mg/L L-PRO, 100 mg/L

hydrolyzed casein, 100 mg/L myoinositol, 60 g/L sucrose,

100 mg/L Timentin, 4 mg/L glufosinate, 2.3 g/L Phytagel,

pH 5.8) to produce differentiation resistant buds. The

resistant buds were cut to 1–2 cm long and placed in

rooting medium (MS salts and vitamins, 100 mg/L myo-

inositol, 0.7 g/L L-PRO, 100 mg/L hydrolyzed casein,

30 g/L sucrose, 100 mg/L Timentin, 2.3 g/L Phytagel, pH

5.8). Finally, the roots were transplanted to nutritive soil

and generated healthy growth.

Detection of transgenic maize plants

A histochemical GUS assay was performed using the

method as described by Jefferson et al. (1987). The assay

working solution contained 0.5 mM potassium ferrocya-

nide, 0.1 % (v/v) TritonX-100, and 1.0 mg/mL 5-bromo-4-

chloro-3-indolyl-D-glucuronide (X-gluc) in 50 mM phos-

phate buffer at a final neutral solution of pH 7.0. The 3- to

5-leaf stage of the herbicide phosphinothricin (PPT)-

resistant maize plants was used for histochemical GUS

staining. The staining results were observed using a ste-

reoscopic microscope and a negative control was set. Total

genomic DNA of the positive maize plants was extracted

using a Plant DNA Kit (Tiangen Biotech Co., Ltd, Beijing,

China) for PCR detection of transgenic maize plants. The

specific primers for detecting these transgenic maize plants

were as follows:(50-CGTGTGAGAGGCAAGAAGTTAG-

30 and 50-CAGACGAAGGGAATGGTGTATG-30). The

PCR procedure was as follows: 94 �C, 5 min; 94 �C,

1.0 min; 50 �C, 30 s, 72 �C, 30 s; 35 cycles; 72 �C

extension 10 min. The 5-lL PCR product was added to

1.0 % agarose gel containing red stain for gel electropho-

resis at 90 V and the results were detected under UV-light.

Detection of trehalose in maize

Transgenic and WT maize leaves in the 5- to 8-leaf stage

were taken before and after drought treatment and the

trehalose content was detected using the K-TREH trehalose

assay kit protocol (Megazyme International Ireland,

Wicklow, Ireland). Each test was repeated 3 times.

Measurement of drought resistance and physiological

parameters

The maize drought-resistance parameters were determined

by repeating the drought experiment (Cai et al. 2014). The

experiment was carried out in 3 batches, each batch con-

taining 20 genetically modified and 20 WT maize strains in

the 5- to 8-leaf stage. The leaves were transplanted into

pots containing nutritional soil in the greenhouse, and

cultured under normal growth conditions (16 h light/8 h

dark, 29 �C) for 2 weeks. The plants were not watered for

2 weeks and were rehydrated only once. This cycle was

repeated 3 times for total of 45 d. Resilient maize plant

phenotypes were observed and the survival rate of the

transgenic and WT maize plants was calculated and pho-

tographed. Plants with wilted leaves depletion were iden-

tified as dead plants.

Leaves were then placed into vials filled with distilled

water for 24 h, blotted to remove excess water, and

weighed to obtain the leaf turgid weight (TW). Leaves

were then dried at 65 �C and reweighed to obtain leaf dry

weight (DW) (Yoo et al. 2010).

Leaf relative water content (RWC) = (fresh weight

[FW] - DW)/(TW - DW) 9 100. To determine the rate

of water loss, 4- to 6-leaf stage leaves (approximately

1.0 g) were harvested from transgenic and WT maize

plants and placed on dry filter paper. FWs were measured

every hour for 12 h to determine the rate of water loss (Yan

et al. 2014).

Determination of biochemical parameters

The malondialdehyde (MDA) and PRO content, and the

superoxide dismutase (SOD) and peroxidase (POD)
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enzyme activity of the inverted fourth leaves of the

genetically modified and WT maize were measured before

and after the drought as per the manufacturer’s protocols

for the MDA, PRO, SOD, and POD test kits (Nanjing Ji-

ancheng Bioengineering Institute, Jiangsu, China,). Each

test was repeated 3 times.

Determination of photosynthetic parameters

Photosynthetic physiological parameters, including net photo-

synthetic rate (Pn), transpiration rate (Tr), stomata conductance

(Gs), and intercellular carbon dioxide (CO2) concentration (Ci),

of the inverted fourth leaves of genetically modified and WT

maize were measured using the LI-6400 portable photosyn-

thesis system before and after drought treatment. Measure-

ments were taken from 10:00 a.m. to 12:00 p.m. with the

artificial light intensity at 1,500 lmol m-2 s-1 (Purohit et al.

2002). Each test was repeated 3 times.

Microstructure of the leaf surface

Two leaves of the same size were taken from genetically

modified and WT maize in the 6- to 8-leaf stage (including

leaves at near and distal ends of the shaft). The area

measured was placed between 2 slides and observed using

an optical microscope. Five different leaf parts were

selected for observing the number of stomata per leaf.

Stomata density was determined as the number of stomata/

mm2 (de Carvalho et al. 2005). Each test was repeated 3

times. Another sample was fixed with glutaraldehyde and

examined using a scanning electron microscopy. Each test

was repeated 3 times.

Relative expression analysis of key genes in stomata

development

Primers for each gene were designed according to maize

TPS1, SDD1, too many mouths (TMM), mitogen-activated

protein kinase 3 (MAPK3), and mitogen-activated protein

kinase 6 (MAPK6) gene sequences in the National Center

for Biotechnology Information database. Actin served as an

internal reference. The primer sequences are shown in

Table 1. Total RNA was extracted from a 0.1-g leaf sample

(the fifth leaf from the bottom of the plant) of transgenic

and WT maize in the 6- to 8-leaf stage, and cDNAs were

obtained by reverse transcription. Real-time (RT)-PCR was

performed according to the instructions for the SYBR

Green I Dye Kit (Applied Biosystems Inc., CA, USA).

Results

Obtaining TPS1 transfer maize

Poplar rd29a promoter-driven TPS1 gene expression cas-

settes and Ubiquitin promoter-driven Bar::GUS fusion

gene expression vector pTPS1 were constructed in the

laboratory (Fig. 1a). Immature embryos were chosen,

infection medium was added to a suspension of A. bacte-

rium, and embryos were placed directly on a culture

medium together with the bacteria (Fig. 1bA) and incu-

bated in the dark for 3 d. Immature embryos were then

transferred to recovery media after 7 d of culture medium,

and then to screening medium to culture for 60 d

(Fig. 1bB) to induce resistance callus subcultures, inter-

mediate 2–3 times, The resistant callus subculture was

transferred to differentiation medium to generate resistant

shoots (Fig. 1bC), and the resistant transformed shoots

were transferred to rooting medium (Fig. 1bD). Finally, the

healthy regenerated plants (Fig. 1bE) were transplanted to

nutrient soil after practicing (Fig. 1bF) until flowering and

seeding. After growing and seeding the healthy regenerated

plants, as described in the methods section, the T0 gener-

ation was self-hybridized to get the T1 generation. IHC

staining of the GUS gene in the leaves of the selected 3- to

5-leaf stage transgenic and WT maize plants illustrated

Table 1 Real-time PCR

primers of stomatal

development-related genes

Genes Accession Primer sequences

TPS1 Y0856.1 50-GGAATGGGTTGATAGCGTAAAGC-30;
50-TCTTGCTTGAAGTCTCCCGAAC-30

SDD1 NM_001137303.1 50-TGTGCTCCTCCTTCTCTTCTTCATCG-30;
50-TTCAGGTAGACAATGTAGGTAGCCGC-30

TMM EU973132.1 50-TCGCTGCAGGACAACAA-30;
50-ACTGAGGTTCAGGTGGTACATC-30

MAPK3 EU966243.1 50-CGGTTCCTGCAGTACAACATA-30;
50-CTTCGTCTCGGAGTTCATCAC-30

MAPK6 NM_001111768.1 50-CAGCACGACCAGAAGAAGAA-30;
50-GTAGCTGCCTTTGCCTATGA-30

Actin J01238.1 50-GTATGTTGCTATCGAGGCTGTTC-30;
50-TCATTAGGTGGTCGGTGAGGTC-30
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GUS gene expression (Fig. 1c) in the transformed plants.

Plant DNA was extracted from WT maize plants and 5

independent transgenic lines. The TPS1 gene expression

was checked by RT-PCR using specific primers. No spe-

cific band was amplified in the-WT plants but it was

amplified with the expected 564-bp target band in the

transgenic maize plant (Fig. 1d). The above results sug-

gested that the TPS1 transgenic maize plant was obtained.

Drought-induced trehalose content in transgenic TPS1

maize plants

The trehalose content assay was performed for 10 lines of

WT and TPS1 transgenic maize and only TPS content

signals from three lines of the transgenic plants were

detected, while the remains were undetectable before

drought treatment. We proposed that the three lines might

suffer from biotic or abiotic stress. The trehalose mean

content in 3 TPS1 transgenic maize strains was 0.3 mg/g

before drought treatment, while the value was 1.51 mg/g in

10 transgenic lines after drought treatment (Fig. 2a). The

determined results of trehalose content indicated there was

a significant difference in trehalose content in plants before

and after drought treatment. Meanwhile, we found that the

relative expression of TPS1 gene was 9.8fold higher in

transgenic plants after drought treatment than before

drought treatment (Fig. 2b).

TPS1 gene transfer enhanced drought resistance

in maize

After repeating the 15-d drought experiment 3 times, the

statistical analysis on the survival of 20 WT strains and 20

TPS1 transgenic strains showed that 19 TPS1 transgenic

maize strains had a 95 % survival rate and 5 WT strains

had a 25 % survival rate. The survival rate of TPS1

transgenic strains was 70 % higher than that of the WT

strains (Fig. 2d). After a 30-d drought treatment, the leaf-

wilting symptoms of the transgenic maize strains was

lower than that of the WT maize (Fig. 2c). Leaf RWC of

the WT was 15 % and that of the transgenic maize strain

was 48 %, indicating that the transgenic maize strain had

C

B

E

A

D

F

500bp 564bp

WT TP

M WT P 1 2 3 4 5

a

d

b

c

Fig. 1 Transgenic maize plants containing TPS1 gene. a Construction of plant expressing vectors. b Procedure of genetic transformation. c GUS

staining of PPT-resistant plants. d Determination of PCR for the positive-GUS-staining plants (WT wild type, TP transgenic plant)
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33 % higher RWC than the WT (Fig. 2e). Measurement of

the rate of water loss from the leaves of both transgenic

and WT plants at various time points following leaf

detachment demonstrated that the transgenic lines dis-

played less water loss than WT lines at every time point

(Fig. 2f).

Changes in biochemical parameters in TPS1 transgenic

plants

There was no significant difference in biochemical

parameters between WT and TPS1 transgenic maize plants

before drought treatment (Fig. 3a–d), but PRO content,

POD, and SOD activity was higher than in WT plants

(Fig. 3a, c, d) after drought treatment, although the MDA

content in TPS1 transgenic plants was lower than in WT

plants (Fig. 3b), The above results suggested that better

physiological and biochemical properties improved

drought-resistance in transgenic maize plants.

Changes in photosynthetic characteristics in TPS1

transgenic plants

There was no significant difference in photosynthetic char-

acteristics between WT maize and TPS1 transgenic plants

before drought treatment (Fig. 3e–h), but after drought

treatment, the net photosynthetic rate decreased in the WT

plants (4.1 lmol CO2 m-2 S-1) more significantly than in

the transgenic plants (12.2 lmol CO2 m-2 S-1; Fig. 3e).

Fig. 2 The detection of trehalose content and the identification of

drought-resistance in transgenic maize plants. a Detection of trehalose

content in transgenic plants before and after drought. b Relative

expression level of TPS1 gene in drought-treated plants. c Identifica-

tion of drought resistance in transgenic maize plants after drought

treatment. d Statistical survival of wild-type maize and transgenic

maize after drought treatment. e Leaf relative water content (RWC) of

wild-type maize and transgenic maize. f Rate of water loss from

detached leaves of WT and transgenic plants. In all cases, data

represent mean values ± SD from three independent experiments.

Asterisks indicate statistical significance (*P\0.05, **P\0.01, Stu-

dent’s t test) of differences between transgenic and WT plants. (WT

wild type, TP transgenic plant)

cFig. 3 Determination of drought-related physiological indices and

detection of photosynthetic characteristics in transgenic maize plants.

a Proline (PRO) content in the leaves of wild-type (WT) and

transgenic (TP) plants. b Malondialdehyde (MDA) content. c Perox-

idase (POD) activity in the leaves of WT and TP plants. d Superoxide

dismutase (SOD) activity. e Photosynthetic rate (Pn). f Stomatal

conductance (Gs). g Intercellular CO2 concentration. h Transpiration

rate (Tr) respectively. In all cases, data represent mean values ± SD

from 3 independent experiments. Asterisks indicate statistical signif-

icance (*P \ 0.05, **P \ 0.01, Student’s t test) of differences

between TP and WT plants
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Meanwhile, stomata conductance decreased significantly in

the TPS1 transgenic strains (0.038 mol m-2 S-1) compared

to that in the WT plants (0.052 mol m-2 S-1; Fig. 3f). The

transpiration rate also decreased significantly in the TPS1

transgenic strains (1.46 mmol m-2 S-1) compared to that in

the WT plants (1.87 mmol m-2 S-1; Fig. 3h). Intercellular

CO2 concentration in the transgenic plants was lower than

that in WT plants after drought treatment (Fig. 3g). The

above results suggested that the TPS1 in transgenic maize

enhances drought-resistance because by lowering stomata

conductance, thereby reducing transpiration, water use effi-

ciency increases.

TPS1 gene reduced the stomata density in transgenic

plants

Optical microscopy results showed that there was no sig-

nificant difference in the number of stomata between WT

80µm80µm

40µm 40µm

80µm80µm

A B

C D

E F MK

I J

G Ha

c

b

Fig. 4 The microstructural change of stoma and surface structure in

TP maize leaves. a Observation of leaf surface by microscope.

b Observation of leaf surface by scanning electron microscope.

c Comparison of stomatal density between WT and TP maize. Data

represent mean values ± SD from 3 independent experiments.

Asterisks indicate statistical significance (**P \ 0.01, Student’s

t test) of differences between TP and WT plants (WT wild type, TP

transgenic plant)
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maize and TPS1 transgenic plants before drought treat-

ment; however, after drought treatment, the number of

stomata (28) in the leaf adxial and abxial epidermis of the

transgenic plants was lower than that (36) in the leaf adxial

and abxial epidermis of WT maize (Fig. 4aA, B, E, F).

Under 200X magnification, the WT maize had 10 stomata

at the leaf adxial epidermis (Fig. 4aC) but the transgenic

maize had 7 stomata (Fig. 4aD). Scanning electron

microscopy of the same visual field showed that WT plants

had 25 stomata (Fig. 4bG) and transgenic plants had 20

stomata (Fig. 4bH). The stomata density of the WT maize

was 90/mm2, while that of the transgenic maize was

72/mm2. The stomata density on the leaf surface of the

transgenic maize was 20 % lower than that of the WT

plants (Fig. 4c). Scanning electron microscopy showed that

the number of villi on the leaf surface of WT maize was

4/5 mm2 (Fig. 4bI), while it was 2/5 mm2 on transgenic

maize (Fig. 4bJ). Villi were also shorter on the leaf surface

of the transgenic maize (Fig. 4bM) compared to those on

the WT maize (Fig. 4bK). The above results suggested that

the TPS1 transgenic maize transpiration rate decreased

because of reduced stomata density.

TPS1 enhanced the gene expression of proteins

for stomata development

We found no significant changes in SDD1, TMM, MAPK3,

and MAPK6 expression in transgenic strains before drought

treatment, but SDD1 was 18 times higher than that in WT

plants after drought treatment (Fig. 5a), the stomata

development signaling pathway gene TMM expression

levels rose 15-fold (Fig. 5b), and MAPK3 (Fig. 5c) and

MAPK6 (Fig. 5d) increased 12- and 26-fold, respectively,

after drought treatment; therefore, TPS1 regulates the genes

Fig. 5 The relative expression level of the gene-related stomatal

ontogeny between TP and WT maize plants before and after drought

treatment. a SDD1 gene. b TMM gene. c MAPK3 gene. d MAPK6

gene. In all cases, data represent mean values ± SD from 3

independent experiments. Asterisks indicate statistical significance

(**P \ 0.01, Student’s t test) of differences between TP and WT

plants (WT wild type, TP transgenic plant)
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associated with stomata development. The TPS1 in trans-

genic maize reduces stomata density by increasing the

expression of SDD1.

Discussion

Most transgenic maize plants derived from model inbred

lines (i.e., lines A188, line B73, Hi-II, and H99) could not

satisfy production needs because of poor agronomic traits;

however, line Jiao51 is considered the most important

inbred line in the Guizhou Province and drew much

attention because of its many merits, such as high genetic

inheritance, good yield, and good quality (Zhang et al.

2008). In Guizhou, special topography and climatic con-

ditions will inevitably lead to drought, and drought is an

important restriction in crop yield; therefore, we transferred

the trehalose synthesis gene TPS1 into the Jiao51 line to

improve its drought-resistance.

In this study, the use of stress-induced promoter rd29a

can increase TPS1 expression, especially under drought

conditions. In genetically modified maize, the trehalose

content of the plants under drought conditions was

1.39–2.8 mg/g, and no detectable trehalose levels were

found before drought treatment. Drought stress can activate

transgenic drought defense mechanisms to improve drought-

resistance in transgenic plants. Similarly, Pellegrineschi

et al. (2004) used an inducible promoter rd29a drive DRE-

BA/CBF3 expression to improve drought-tolerance in

wheat. In addition, the application of stress promoter rd29a

could avoid the adverse effects of the expression of exoge-

nous genes on transgenic strains under non-stress condi-

tions. For example, Zhu et al. (2010) reported that a

constitutive CaMV35S promoter-driven BADH overexpres-

sion will cause growth delay in transgenic tobacco, and that

transgenic potatoes with yeast TPS1 driven by promoter

CaMV35S leads to dwarfing, yellowing, willow-leaf shap-

ing, unusual root development, and deformity.

Stiller et al. (2008) reported that the stomata density of

TPS1 transgenic potato plants decreased by 35 % com-

pared to that in the WT potato. We first found this phe-

nomenon when TPS1 transgenic maize also decreased

stomata density, but only by 20 %. Stomatal development

in the A. thaliana model includes a signaling pathway that

negatively regulates the basal pathway of stomata lineage,

which is necessary to achieve a balance between the

pavement and guard cells in the leaf epidermis (Casson and

Hetherington 2010). Determinants of the negative signal

regulatory pathway included the leucine-rich repeat

receptor-like protein TMM that is presumed to interact

with the ERECTA (ER) family members of leucine-rich

repeat receptor-like kinases (Shpak et al. 2005). SDD1

most likely processes propeptides into ligands that activate

the TMM-ER complex (Von Groll et al. 2002). Ligand

interaction with the receptor is presumed to activate the

MPAK3/6 cascade, which leads to its inactivation and

repression of the basal pathway to reduce stomata density

(Lampard et al. 2008). Simply put, stomata development

showed that several genes, including TMM (Bhave et al.

2009), MAPK3 (Bergmann et al. 2004), MAPK6 (Wang

et al. 2007), and SDD1 (Berger and Altmann 2000; Von

Groll et al. 2002; Yoo et al. 2010), negatively regulate

stomata development in plants. In this paper, we performed

RT-PCR analysis and found that TMM, MAPK3, MAPK6,

and SDD1 obviously increased in TPS1 transgenic maize

plants, indicating that TPS1 can negatively regulate sto-

mata development and reduce the number of stomata in

plants to improve drought-resistance. We believe that sto-

mata development in maize and Arabidopsis uses the same

signaling pathway. The precise regulation of stomata

development by TPS1 is worthy of more in-depth study.

In summary, transgenic plants launch a drought response

mechanism under drought conditions, boost trehalose

content, effectively protect cells from dehydration damage,

and enhance drought-resistance. In addition, TPS1 increa-

ses water utility efficiency because of reduced stomata

density on the leaf surface and decreases transpiration rate

by increasing the expression of SDD1.
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