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Carrot antifreeze protein enhances chilling tolerance in transgenic
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Abstract

Key message The expression of carrot antifreeze pro-

tein enhanced chilling tolerance in heterologous host

system tomato and AFP can be a potential gene candi-

date for producing chilling tolerant crop plants.

Abstract In an attempt to improve chilling tolerance, the

carrot gene encoding the antifreeze protein (AFP) was

cloned under the control of constitutive CaMV35S pro-

moter and genetically transformed the tomato var. PKM1

using Agrobacterium-mediated genetic transformation.

Putative transgenic plants were confirmed by PCR using

AFP-specific primers and grown to maturity. The integra-

tion of AFP transgene in the tomato genome was confirmed

by Southern blot analysis. The AFP gene expression in

transgenic plants was determined using semi-quantitative

reverse transcription PCR. Upon exposure to chilling stress

(4 �C), a significant decrease in membrane injury index

was observed in AFP transgenic tomato lines without any

phenotypic aberrations when compared with WT plants.

Hence, this study clearly proves that the development of

chilling tolerant tomato plants will soon become a reality.

Keywords Antifreeze protein � Lycopersicon

esculentum � Chilling tolerance � Genetic

transformation � Membrane injury index

Abbreviations

AFP Antifreeze protein

CTAB Cetyl trimethyl ammonium bromide

MS Murashige and skoog

sq RT-PCR Semi-quantitative reverse transcriptase PCR

MII Membrane injury index

Introduction

Abiotic stresses like cold, drought, soil salinity and heat are

the major environmental factors that adversely affect the

growth, productivity and quality of crop plants (Movahedi

et al. 2012). Cold, drought and salinity stress have been

proved to be interconnected and affect the water relations

in cellular, tissue, organ and whole plant leading to a series

of morphological, physiological, biochemical and molec-

ular changes (Beck et al. 2007). They are the primary cause

of crop loss worldwide, reducing productivity and pose a

threat to the sustainability of the whole agricultural

industry. Among the abiotic stresses, low temperature

(mainly ‘chilling and freezing stresses’) is a major one that

affects the plants primarily by dehydration. Chilling stress

is injurious to sensitive plant tissues. It cannot increase the

fluidity of bio-membranes and result in membrane leaki-

ness leading to cell death. During low-temperature expo-

sure, membrane conductivities are altered, viscosity of

water increases and the closure of stomata is blocked

resulting in dehydration. It retards metabolism, delays
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energy dissipation and induces formation of free radicals

resulting in oxidative stress (Beck et al. 2007). The

adaptability of plants during stress is through altered gene

expression (Kumar et al. 2012). The cold-responsive genes

encode proteins that are involved in membrane integrity,

several stress-protective proteins (e.g. dehydrins and anti-

freeze proteins) and low molecular mass compounds (e.g.

sugars, proline and mannitol), which act as osmolytes (Zhu

et al. 2012).

Cold tolerance is regulated by multiple genes and many

of these candidate genes have been exploited for enhancing

the cold tolerance (Park et al. 2004). The genetic modifi-

cation for enhancing stress tolerance is based on the

manipulation of genes that maintain the function and

structure of different cellular components. Transgenic

technology has emerged as a promising approach for crop

improvement.

Antifreeze proteins (AFPs) are a family of proteins

capable of protecting organisms from damage caused by

freezing conditions by lowering freezing point non-colli-

gatively, whilst leaving the melting point unchanged by a

process termed as thermal hysteresis (TH). In the last

40 years, AFPs have been reported from many different

kingdoms including fishes (De Vries 1971), bacteria, fungi

(Duman and Olsen 1993) and plants (Griffith et al. 1992;

Smallwood et al. 1999; Huang and Duman 2002). The two

main properties of AFPs are thermal hysteresis (TH) and

ice recrystallization inhibition (IRI). The main character-

istic feature of AFPs is thermal hysteresis activity (THA)

that is widely used as an indicator of AFP activity. The

second hallmark feature of AFP is ‘‘recrystallization inhi-

bition’’ because it binds to the surface of ice nuclei and

inhibits ice crystal growth (it inhibits the growth of small

ice crystals into large ones). This binding is an irreversible

process, as any off rate of binding would lead to further

growth of ice crystals (Knight and DeVries 1994). A large

surface area involves multiple bindings and interactions, all

of which would need to be broken simultaneously to

release the ligand. In addition to the structural match,

binding of a protein to any one of the planes of ice results

in irreversible binding that will stop the growth of ice

crystals. On the other hand, it has been proposed that the

interaction between hydrophobic aminoacids in AFP and

membrane lipids contributes to membrane stability during

thermotropic phase transition at chilling temperature (Hays

et al. 1996). (Tomczak et al. 2001, 2002a, b) proposed a

role for the AFP in the stabilization of membranes at low

temperature and suggested that AFPs alter the molecular

packing of the acyl chains in membrane lipids.

A novel cold-induced AFP was identified from carrot

(Smallwood et al. 1999). The theoretical 3D model of

carrot AFP showed 10-loop b-helix, 24 tandem repeats of

amino acids (PXXXXXLXXLXXLXLSXNXLXGXI) with

leucine rich repeats (LRR). The site-directed mutagenesis

in carrot AFP ice-binding motif revealed the importance of

conserved asparagines in the b-loop and its THA was

directly correlated to the length of its asparagine binding

site and the size of ice-binding face (Zhang et al. 2004a).

Tomato is one of the major vegetable crops that is

grown and consumed in almost all regions of the world.

Tomato (Solanum lycopersicum formerly Lycopersicon

esculentum) is a pre-eminent model system for genetic

transformation studies, and it is the second Solanaceous

species that is intensively studied due to its simple diploid

genetics, short generation time and availability of rich

genetic and genomic resources. The plant genome size is of

950 Mb, encoding *35,000 genes. Tomato is rich in

vitamins A, C, tocopherols, fibre and also lycopene

(*20–50 mg/100 g), which is one of the most powerful

antioxidants protecting the cells from free radicals. It has

become increasingly evident that environmental factors

such as drought, salinity, extremes of temperature, light

and biotic stresses have profound effects on tomato pro-

duction. Hence, we have selected a chilling-sensitive plant,

tomato, to study the effect of carrot AFP in enhancing

chilling tolerance.

The first report of Agrobacterium-mediated genetic

transformation in tomato was in 1986 (Mc Cormick et al.

1986). Zhang et al. (2004b) showed that tomato plants

could not cold acclimate even though they possess CBF

genes, but the same has been proved to enhance the stress

tolerance in Arabidopsis. A number of studies incorporat-

ing abiotic stress-tolerant genes in tomato have been

reported by different groups (Park et al. 2004; Roy et al.

2006; Khare et al. 2010; Singh et al. 2011; Yarra et al.

2012; Lyu et al. 2012). Nevertheless, any alteration

towards the enhanced survival of tomato plants during

chilling conditions will represent a major breakthrough in

high-altitude farming.

Materials and methods

Gene isolation and cloning in plant expression vector

Seeds of Daucus carota var. Kuroda were germinated in

commercial soil mix (Keltech Energies, Karnataka, India),

regularly nourished with 1/10 strength sterile MS salt

solution, maintained at 25 �C under 16 h photoperiod using

cool white fluorescent lamps (*50 lmol m-2 s-1) and

80–85 % humidity. Genomic DNA (gDNA) was isolated

from young leaves of 1-month-old carrot plants following

the protocol of Doyle and Doyle (1990). 100 ng of gDNA

was used as template for PCR amplification of the full-

length AFP gene (GenBank Accession AJ131340, AFP is a

gene lacking introns, showing an ORF with 1.1 kb) using
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the gene-specific primers encompassing restriction sites for

cloning (Fw: 50-CAA CCC GGG ATG GTA ATA TTG

AAT CA-30 and Rev: 50-AGT AGT GAG CTC CTA GCA

TTC TGG CAA TGG-30). PCR was carried out for 35

cycles, each cycle having 60 s at 94 �C, 45 s at 50 �C and

60 s at 72 �C. An initial denaturation step at 94 �C for

5 min and a final extension step at 72 �C for 10 min were

included. The PCR product was purified and cloned first in

pDRIVE TA vector (Qiagen PCR cloning kit, Qiagen, CA,

USA). The ligated product was then transformed to Esch-

erichia coli DH5a and the AFP sequence were confirmed

by sequencing. The gene was then subcloned under

CaMV35S promoter in pBI121 binary vector by replacing

GUS gene at the XmaI and SacI site and pBI121::AFP was

then moved to E. coli DH5a. Finally, the pBI121::AFP was

moved to Agrobacterium tumefaciens strain EHA105 by

the freeze–thaw method, which was then used for stable

plant genetic transformation.

Agrobacterium-mediated genetic transformation

A single colony of A. tumefaciens EHA105 strain har-

bouring pBI121::AFP vector was inoculated into liquid

Luria–Bertani (LB) medium containing 60 mg/l rifampicin

and 75 mg/l kanamycin and incubated overnight at 28 �C

at 180 rpm. A bacterial solution with OD 0.3–0.4 was used

for explants infection.

Seeds of Lycopersicon esculentum cv. PKM1 were

in vitro germinated in half-strength MS media and 7 days

old cotyledonary leaves were used as explants. Cotyledon-

ary leaves around 2 cm length were aseptically excised and

inoculated into petri dishes (6 cm diameter) containing

solid MS medium (30 g/L sucrose and 8 g/L agar) supple-

mented with 0.1 mg l-1 IAA and 2 mg l-1 Zeatin to induce

callogenesis (callogenesis medium). Explants (30–40) were

inoculated per petri dish in a total of 25 petri dishes (three

repetitions were performed). Three days after inoculation,

the explants were immersed in the bacterial solution for

10 min, followed by drying in a sterile filter paper for

10 min, transferred to a fresh medium with the same com-

position and incubated in dark for 3 days. After the co-

cultivation period, the explants were briefly washed with

sterile water having 300 mg l-1 carbenicillin, followed by

inoculation in fresh media with the same hormone combi-

nation containing 75 mg l-1 kanamycin and 300 mg l-1

carbenicillin (selection medium). These cultures were

incubated at 22–24 �C with 16 h photoperiod. After

30 days, the developed calli were excised and transferred to

the regeneration medium (MS with Gamborg’s B5 vitamins

supplemented with 0.1 mg l-1 IAA, 2 mg l-1 Zeatin

solidified with 8 g/l agar) containing the selection medium.

The cultures were then incubated for 8–10 weeks under

same conditions and plants were transferred to fresh media

every 15 days. Regenerated shoots were then transferred to

shoot elongation medium (same as callus induction media).

After 2 months, elongated shoots with 4–6 cm length, were

transferred to rooting media (1/2 strength MS media with

0.1 mg l-1 IAA solidified with 0.2 % gelrite) devoid of

antibiotics and incubated under the same conditions as

described above. The well rooted plants were transferred to

a sterile mixture of vermiculite and soil (1:1) nourished MS

salt solution and subsequently acclimatized to the ex vitro

conditions. The hardened putative transgenic lines were

subsequently transferred to the containment facility for

further growth. Observations were recorded to calculate the

percentage of plantlet regeneration.

The genetic transformation experiment was repeated in

three independent experiments.

Screening of tomato transgenic plants

gDNA was isolated from young leaves of both the putative

transformants and WT tomato plants and AFP-specific

primers were used for PCR screening. Southern blot was

performed for the PCR-positive transgenic lines (AFP 1

and AFP 3) and WT plant as control using 40 lg of gDNA,

which was digested with XbaI and SacI at 37 �C overnight.

The digested samples were resolved in 1 % agarose gel and

blotted on positively charged nitrocellulose membrane

(BioTrace NT, Pall, USA) by capillary transfer. Hybrid-

ization and detection was done using biotin labelling and

detection kit (Fermantas, USA). The labelling of probes,

hybridization and washing of the membrane were per-

formed as per the manufacturer’s instruction. The biotin-

labelled AFP PCR products were used as probe and

detection was done using streptavidin alkaline phosphatase

conjugate.

Evaluation of AFP during chilling stress

Plant material

To evaluate the involvement of the AFP transcript in

tomato plants under chilling treatment, transgenic lines

(AFP1, AFP 3 and AFP 3*) and WT tomato plants were

exposed to 4 �C for 48 h under a 16 h photoperiod. For

RNA extraction, young leaf samples located at the second

and third node were harvested and immediately frozen in

liquid nitrogen.

Gene expression analysis by reverse transcription

polymerase chain reaction (RT-PCR)

Total RNA was extracted using RNeasy plant mini kit

(Qiagen, CA, USA) by following the manufacturer’s

instructions and on column DNase digestion was
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performed using RNase-free DNase (Qiagen Inc, Valencia,

CA, USA). First-strand cDNA was synthesized using 2 lg

of RNA as per the manufacturer’s instruction using RET-

ROscript� First Strand Synthesis kit (Ambion INC, Austin,

Texas, USA). One ll of cDNA (diluted 1:10) was used as

template for PCR using Ready-To-Go PCR Beads (GE

Healthcare, Little Chalfont, Buckinghamshire, UK). AFP-

specific primers were used to amplify an 80 bp amplicon

(Fw: 50-CGA CAA GCA AGC TTT ACT CCA A-30 and

Rev: 50-CGT CTG ACA CCC ATG AGT CTG T-30). b-

tubulin was used as reference for gene expression analysis

(Fw: 50-TTA ATT CCC TTC CCA CGT CTT C-30 and

Rev: 50-TGC TGT GAT CCA CGA GAG GTT-30 was used

to amplify 79 bp). PCR was carried out for 30 cycles (Bio-

Rad, Hercules, CA, USA). Each cycle consisted of 30 s at

94 �C, 30 s at 60 �C and 30 s at 72 �C. An initial dena-

turation step at 95 �C for 5 min and a final extension step at

72 �C for 10 min were included. The products were

resolved in 2 % agarose gel and stained using ethidium

bromide solution (80 ng/ml).

Membrane injury index (MII)

The MII was assayed by quantifying the electrolyte leakage

using a conductometer to measure the membrane injury

due to alterations in their semipermeable properties. Elec-

trolytic leakage was performed as per Xu et al. (2005). Five

leaf discs/plant were collected at 0, 24 and 48 h from

leaves located at the two to three nodal regions of the plant.

The discs were equilibrated in deionized water for 4 h and

initial conductivity was measured. The samples were

autoclaved to get all the solutes out from the cells and final

conductivity was measured. The conductivity of the solu-

tion was measured as follows: EL (%) = initial conduc-

tivity/final conductivity 9 100. Three replicates were

performed per plant and the data obtained were the

mean ± SD.

Phenotypic analysis

Phenotypic analysis, which consisted in the evaluation of

plant growth, plant height and morphology of flowers and

fruits, was performed in transgenic lines and WT plants

during and after chilling stress treatment.

Results

Tomato genetic transformation

There is no universal method for plantlet regeneration and

genetic transformation, as the responses vary even between

the genotypes of the same species. In our study,

cotyledonary leaves as a source of explants resulted in

efficient transformation and regeneration of the transgenic

plantlets, which started to regenerate in 45 days after the

co-cultivation period (Fig. 1a–c). About 50–60 % of rhi-

zogenesis was observed after 30 days in rooting media

(Fig. 1d). The plants were then transferred to containment

facility for further studies (Fig. 1e, f).

Screening of putative transgenic tomato plants by PCR

and DNA blot analysis

After kanamycin selection, putative transgenic tomato

plants were tested for the presence of transgene. The AFP

fragment was amplified from the putative transformants by

PCR for initial confirmation (data not shown). From the

transgenic lines identified by PCR, two lines, AFP 1 and

AFP 3, were analysed by Southern blot hybridization using

Fig. 1 Agrobacterium tumefaciens-mediated genetic transformation

in Lycopersicon esculentum cv PKM1 using cotyledonary leaves as

explant. a Preculture of explants in MS with Gamborg’s B5 vitamins

supplemented with 0.1 mg l-1 IAA and 2 mg l-1 Zeatin. b, c Regen-

eration of putative transgenics in selection media (MS with

Gamborg’s B5 vitamins supplemented with 0.1 mg l-1 IAA,

2 mg l-1 Zeatin ? 75 mg/l kanamycin and 300 mg/l carbenicillin).

d Induction of roots in 1/2 MS. e Putative transgenic plant in the

containment facility. f Fruiting in transgenic plants
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the AFP full-length probe. The results confirmed the stable

integration of transgene AFP in the transgenic tomato lines

analysed (Fig. 2a).

Analysis of AFP gene expression by SQ RT-PCR

Three transgenic T1 lines were selected for gene expression

studies. The transgenic lines AFP1, AFP 3 and AFP 3*

showed transcript accumulation, which indicated that the

AFP was efficiently transcribed in the heterogeneous host

system. There was no transcript accumulation in WT plants

(Fig. 2b). The AFP expression level was stable, with no

changes between 0 and 48 h after chilling treatment;

however expression level varied between the transgenic

lines. These RT-PCR results indicate the genetic stability

of the integrated gene in tomato lines.

AFP and MII

In this study, MII in WT and transgenic lines did not show

any significant difference at normal condition. However,

when the temperature was reduced to 4 �C, the leakage was

higher in WT plants and further increased to 60 % after

48 h of stress, whereas in transgenic lines it was main-

tained at the level of 30 % as a maximum (Fig. 3).

Phenotypic analysis of transgenic lines

The transgenic tomato plants did not show any significant

variations in morphological and agronomical characters

such as plant growth, plant height, fruit size and shape and

flowering period.

Discussion

Development of a highly efficient transformation and

regeneration system is a pre-requisite for the genetic

improvement of crop plants (Gupta et al. 2012). The source

and age of the explants play an important role in inducing

in vitro regeneration and genetic transformation (Davis

et al. 1991). Cotyledonary leaves were reported to be the

best explant for the genetic transformation of tomato (Kaur

and Bansal 2010; Khare et al. 2010; Singh et al. 2011). A.

tumefaciens culture with optical density of 0.2–0.6 at

600 nm was found to be optimal for co-cultivation. Our

study corroborated with other reports that the optical den-

sity of 0.1–1.0 was essential for efficient transformation in

tomato (Mc Cormick et al. 1986; Raj et al. 2005; Singh

et al. 2011). Co-cultivation period for 3 days was found to

be optimal for effective transformation, while more than

3 days led to overgrowth of bacteria. The aminoglycoside

derivative kanamycin (interferes with the protein synthesis)

was used for selection of transformants. On selection

medium, no transformed shoots showed the symptoms of

chlorosis; however, it was observed in non-transgenic

shoots 15 days after selection, which resulted in total

bleaching due to lack of chlorophyll synthesis and growth

inhibition by 30 days. A preliminary study was performed

to select the most appropriate concentration of kanamycin

and it was found to be 75 mg/l where absolute arrest of

growth was observed. The genetic transformation effi-

ciency was found to be 31.2 % (48 plants showing the

Fig. 2 a Southern blot analysis of genomic DNA from transgenic

and WT tomato plants. The DNA was digested with XbaI and SacI to

release the fragment of AFP and the blot was probed with biotin

labelled with full length AFP PCR product. Lane 1 positive control

(AFP PCR product), lane 2 WT DNA, lane 3 and 4 DNA from

transgenic tomato lines AFP 1 and AFP3. b Gene expression analysis

of AFP in transgenic tomato by semi-quantitative RT-PCR. WT and

transgenic plants were given chilling stress at 4 �C for 48 h and total

RNA was isolated from all the samples. cDNA was synthesized using

2 lg of RNA. b-Tubulin was used as the reference gene. The sqRT-

PCR was repeated twice to verify the results. C Control sample,

48 h s sample after 48 h stress
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amplification of the transgene in a total of 150 plants

analysed). This is similar to the report in the var. Pusa

Ruby where tomato leaf curl virus coat protein gene was

expressed. Sharma et al. (2009) reported the maximum

transformation efficiency of 41.4 % and the lowest rate of

14.2 % was reported by Raj et al. (2005).

Xu et al. (2005) reported that carrot AFP driven under

CaMV35S resulted in growth retardation in transgenic

tobacco plants; however in our study, there were no phe-

notypic anomalies among the tomato transgenic plants

expressing AFP lines during chilling stress. The overall

morphology of transgenic plants including the number of

flowers and fruits was similar to the WT plants. We also

observed that the AFP expressing transgenic lines contin-

ued to proliferate with new tissues during the recovery

period (after low-temperature stress), whereas the WT

plants could not survive.

The RT-PCR results confirmed that AFP gene was

expressed in transgenic line forming functional AFP pro-

teins, which protected membranes during chilling stress as

indicated by electrolyte leakage assay. The mode of AFP

action relies probably on its interaction with membrane

lipids, where it alters molecular packing of the acyl chains,

as previously proposed (Tomczak et al. 2001, 2002a, b).

There is also a report that multiple forms of membrane

damage can induce cellular dehydration, and alteration in

membrane fluidity will help to prevent dehydration (Step-

onkus 1984). Tomczak et al. (2002b) AFP inhibits leakage

across chloroplast membrane when they are chilled, which

is a result of alteration in the acyl chains in the hydro-

phobic bilayer core (due to AFP lipid interaction). The AFP

from different fish species was found to maintain mam-

malian oocytes and their membranes after exposing to

4 �C. Thus, the AFP possesses the ability to protect cells

and membranes during low-temperature stress by inter-

acting with the membrane system (Rubinsky et al. 1991).

To conclude, this is first report of expression of a

functional carrot AFP in tomato transgenic plants. From

this study, we could confirm that carrot AFP led to chilling

tolerance in transgenic tomato plants. Our results clearly

prove that carrot antifreeze protein can protect tomato

plants at chilling temperature, the effect being probably

through the stabilization of membrane system in transgenic

plants.

This finding will open up new avenues to investigate

whether carrot AFP can confer low-temperature tolerance

in other chilling-sensitive economically important crops.

Hence, engineered cold-tolerant crops could soon become a

reality.
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