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Abstract

Detailed investigations of the activity profile of antioxidant
enzymes in salt stressed cotton plants, cotton callus and
ovule culture has focused attention on the possible role of
these enzymes in the mechanism of salt tolerance in non-
halophytes. The critical role of glutathione reductase in the
antioxidant enzyme system in plants has prompted us to
advance the hypothesis that an increase in the transcription
of glutathione reductase may up-regulate the ascorbate-
glutathione cycle and confer an enhanced ability of
transformed tissue to tolerate higher levels of salt. In order
to test this hypothesis we have genetically transformed
cotton callus with a cDNA encoding glutathione reductase
derived from pea plants. Transformed calli show an increase
in glutathione reductase activity of between 128-330% over
controls. We are currently examining the growth
performance of this tissue on salt amended growth media.

Introduction

During normal aerobic metabolism activated oxygen species
such as O2(superoxide), KD, (hydrogen peroxide) and
OH (the hydroxyl radicalare produced through a series of
univalent reductions of ground state oxygen. Electron
leakage from electron transport chains in the mitochondria
and photosystems | and Il in the chloroplast (Asada 1994,
Asadaet al., 1994) can eact with Q to produce the
superoxide (@) radical shown in Figure 1. (Mehler, 1951;
Halliwell and Gutteridge, 1985). Superoxide dismutase is a
major scavenger of £ producing hydrogen peroxide
(H,0,). Catalase, general peroxidases and ascorbate
peroxidase (AP) catalyze the breakdown gdjH{Chen and
Asada 1989). The ascorbate-glutathione cycle acts by the
enzymatic conversion of ascorbate (ASA) to
monodehydroascorbate radicals (MDA). These are then
reduced to dehydroascorbate (DASA) by NADPH-
dependent monodehydroascorbate radical reductase
(Hossairet al. 1984). Dehydroascorbate is reduced back
to ascorbate by dehydroascorbate reductase (Etadle,
1992). The resulting oxidized form of glutathione (GSSG)
is, in turn, converted back to the reduced form (GSH) by

Reprinted from th&roceedings of the Beltwide Cotton Conference
Volume 1:542-546 (1999)
National Cotton Council, Memphis TN

542

NADPH-dependent glutathione reductase (Fogeral.,
1991). When plants are subjected to physiological stress
such as drought, temperature extremes, herbicide treatment
or mineral deficiency, the production of reactive oxygen
species exceeds the capacity of the scavenging reactions of
the antioxidant system. This leads to cellular oxidative
damage to lipids (Fridovich, 1986; Liebkdral, 1986; Price

and Hendry 987; Wise and Naylor, 987), proteins (Halliwell
and Gutteridge 1985; Kirt al.,1985; Davies, 1987), and
nucleic acids (Fridovich, 1986; Imlay and Linn 1988).
Plants with higher constitutive, or inducible antioxidant
enzyme levels have been reported to have greater resistance
to oxidative damage (Dhindsa and Matowe, 1981; Harper
and Harvey, 1987; Wise and Naylor 1987; Monk and Davis
1989; Spychalla and Desborough 1990). Cotton is classified
as a salt-tolerant plant (Ayers and Wescot, 1977), and a
comparison between the cultivars shows varietal differences
in the levels of salt tolerance (Lauahial.,1981; Gossett
etal.,1992, 1994a). In cotton, high salt concentrations have
been shown to reduce yield (Fowler 1986) as well as
growth, stomatal conductance, stomatal resistance and
transpiration rates (Gossett, 1991). Previous studies carried
out with salt- stressed whole plants (Gossttil.,1992),
callus tissue (Gossedt al.1994a,b), and ovule cultures
(Bankset al.,1997) has revealed a significant increase in
the activity of antioxidant enzymes in the more salt-tolerant
tissues compared to controls. In addition, it is now known
that the increases in antioxidant enzyme activities are
transcriptionaly regulated (Banksal, 1998; Manchandia

et al., 1999). Collectively, this work has monitored the
activities of catalase, peroxidase, ascorbate peroxidase, and
glutathione reductase in a control and a salt-tolerant cell
line. The NaCl-tolerant cultivars and cell line had higher
antioxidant enzyme activities as well as a significantly lower
ascorbate/oxidized ascorbate ratio and a significantly higher
GSH/GSSG ratio, (Gossett al.1994a,b). These results
indicate that elevation in the activity of the ascorbate-
glutathione cycle probably confers a degree of salt
tolerance. The critical role of glutathione reductase in the
ascorbate-glutathione cycle (Figure 1) prompted us to
advance the hypothesis that an increase in the transcription
of the glutathione reductase genes may up-regulate the
ascorbate-glutathione cycle and thus confer an enhanced
ability of transformed tissue to tolerate higher levels of salt.
In order to test this hypothesis we have genetically
transformed cotton with a cDNA encoding glutathione
reductase under the control of a constitutive promoter.

Materials and Methods

Construction of pSGR1

A cDNA encoding the enzyme glutathione reductase was
isolated originally as a Igtl1 clone, from pea plaRisym
sativumL.) by Creisseret al. (1991). The full lengtiBam

H1 fragment was ligated into pBluescript Il SK (+) to make
the plasmid, pGR 201. pGR®1 was generously supplied to
us by Dr. Gary Creissen of the John Innes Institute,
Norwich, U.K. The 2KB glutathione reductase cDNA was




excised from pGR 201 usiigamH1 and ligated into the
Bam H1 site within the T-region of thAgrobacterium
binary vector, pBl 121 (Clonte&% Laboratories Inc.)
adjacent to the constitutive promoter, CaMV 35S to
construct the plasmid pSGR1 (Figure 2). Ligation mixtures
were used to transform electrocompetent cultur&sali
strain HB101 (Biorad) using kanamycin sulfate as the
selectable marker at 50mgaccording to the technique
described by Jacoles al. (1990). Digestion of pSGR1 with
Hind 11l revealed a 2.610 KB fragment. This confirmed the
ligation of the 2KB GR cDNA into pBl 121 in the sense
orientation. Had the GR cDNA been ligated into pBI 121 in
the antisense orientation, a 1.090 KB fragment would have
been generated upon digestion witind Il (Figure 2).
pSGR1 was subsequently extracted frimooli HB101
using the technique described by Maniatisal. (1982a),
electroporated intdgrobacterium tumefacierssrain EHA
105 using the technique described by Mersereau (1990) and
the transformed cells, EHA 105:pSGR1 identified by
selection on modified LB-agar media amended with
kanamycin at 50mg§ Maniatiset al.,1982b; Banket al.
1993).

Cotton Transformation Experiments

Surface sterilized seeds (Trolinder and Goodin, 1987) of
cotton, (Coker 312) were germinated on Stewart's media
(Stewart and Hsu, 1977) and grown foa. eight days at
26°C under a 16 hour light:8hour dark cycle. Hypocotyl
segmentsda. 8mm) were incubated for three days &7
also under a 16 hour light:8hour dark cycle on pre-culture
media containing on a per liter basis, 4.4g MS salts with
Gamborg's vitamins, 0.75mg MgCBOg glucose and 2g
phytogel (Trolinder and Goodin 1987), 0.1mg 2,4-D and
0.5mg kinetin were filter sterilized and added to the media
after autoclaving. Agrobacterium strains EHA 105
(control) and EHA 105:pSGR1 (experimental) were grown
for 40 hours at 3T to a titer of approximately 1€ells mi*

in modified LB media. Hypocotyl segments were inoculated
by bathing them in thégrobacteriuraLB broth for one
minute, blotting them dry to remove excess bacteria, and
returning them to the pre-culture plates for three days in the
dark at 27C. The hypocotyl segments were then transferred
to callus initiation media containing the ingredients of the
pre-culture plates and in addition filter sterilized amoxicillin
(1000mg mf) and potassium clavulanate (500mghle.,
Augmentid™, (Beecham Laboratories, Bristol, TN), to kill
the Agrobacterium In addition to these antibiotics, callus
initiation media used for the hypocotyl segments exposed to
EHA 105:pSGR 1 were amended with 50mg kalnamycin

for selection of transformed calli. Calli were transferred to
fresh media monthly. Hypocotyls exposed to EHA 105
(control) did not give rise to callus tissue when incubated on
callus initiation media containing kanamycin. Death of the
Agrobacteriurmon both control and experimental plates was
confirmed by crushing and smearing 30-day old callus onto
LB-agar plates. No bacterial colonies were observed.

Glutathione Reductase Assays
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Callus samples were prepared for glutathione reductase
assays according to the method of Foster and H886)

One g of frozen callus tissue was homogenized in 1 ml of
an ice-cold solution containing 100mM Tris (pH 7.0),
10mM D-isoascorbic acid, 2% PVP-10, 0.1mM EDTA.
0.2% Triton X-100 and 100ml of antifoam A emulsion. The
homogenate was then centrifuged at 15,0009 for 2 min at
4°C. One ml of the supernatant was centrifuge-desalted at
4°C through a 10ml bed of Sephadex G50-300
(Helmerhorst and Stokes 1980). Glutathione reductase
activity was determined by monitoring the glutathione-
dependent oxidation of NADPH at 340nm in a reaction
mixture containing 950ml of 0.15mM NADPH, 0.5 mM
GSSG and 3mM MgGin 50mM Tris (pH 7.5) and 50ml of
extract (Schaedle and Bassham, 1977). One unit of GR is
defined as the amount of enzyme required to reduce 1
nmole of substrate minat 25C.

Results and Discussion

Glutathione reductase activity was recorded from four
separate cultures of control callue(exposed to EHA 105
and generated on initiation media lacking 50mg ¢ ml
kanamycin) and four separate cultures of experimental
callus {.e.,exposed to EHA 105:pSGR1 and generated on
initiation media amended with 50mg g-mlkanamycin)
(Table 1). The GR activity for control callus yielded an
average of 95 enzyme units g fresh weight callwbereas

GR activity from experimental samples ranged from 122-
314 units g fresh weight callisThese results reveal an
increase in GR activity in transformed callus ranging from
128-330% when compared to the control average. The
variation in GR activity observed in transformed tissue may
be explained by the phenomenon known as genetic position
effect (Lewin, 1997). The insertion of DNA in to the host
plant genome is known to be a random event. The T-DNA
carrying the GR cDNA may insert into an area of the plant
genome that is actively transcribed. Such an event would
lead to a higher level of overall transcription of the T-region
than if the insertion into the plant genome occurs in a an
area of relatively low transcription. Moreover, not all areas
of the T-region are transcribed equally after insertion into
the plant genome (Dhaest al., 1983; Depickeet al.,
1883, Bevaret al.,1982). We are currently examining the
ability of the transformed callus to grow on salt amended
media.

Acknowledgements

We wish to thank Dr. Gary Creissen of the John Innes
Institute, Norwich, U.K. for supplying us with pGR 201.
We also gratefully acknowledge the support of Cotton
Incorporated (contract # 91-723) and the Louisiana Board
of Regents Support Fund (BORSF) for support of this
research.



References

Asada, K.. (1994) Pduction of active oxygen species in
photosynthetic tissue. In, C.H. Foyer and P.M.
Mullineaux, eds. Causes of Photooxidative Stress and
Amelioration of Defense Systems in Plaif@RkC Boca
Raton FL pp77-104

Asada, K., Takahashi, M., (1987) Production and
Scavenging of active oxygen radicals in
photosynthesis. In, D.J. Kyle, C.B. Osmond, and C.J
Arntzen, eds._PhotoinhibitiorElsevier, Amsterdam
pp227-297

Ayers, R.S., and Westcot, D.W. (1977) Water quality for
agriculture. Proc. Int. Conf. On Managing Saline
Water for Irrigation: Planning for the future 400-430

Bevan, M.W., Chilton, M-D. (1982) Multiple transcripts of
T-DNA detected in nopaline crown gall tumors.
J.Mol.App. Genetl: 539-46

Banks, S.W., Gossett, D. R., Lucas, M.C., Millhollon, E. P.,
LaCelle, M.G. (1993) AgrobacteriurmMediated
Transformation of KenafHibiscus cannabinyswith
the b-glucuronidase Gendlant Molecular Biology
Reporterll: (2) 101-104.

Banks, S.W., Rajguru, S.N., Gossett, D.R., Lucas, M.C.,
(1997) Antioxidant Response to Salt Stress During
Fiber DevelopmerRroceedings of the Beltwide Cotton
Conference. National Cotton Coundillemphis, TN.
Pages 1422-1424

Banks, S.W., Gossett, D.R., Manchandia, A., Bellaire, B.,

Lucas, M.C., Millhollon, E.P. (1998) The Influence of
a-Amanitin on the Induction of Antioxidant Enzymes
during Salt Stress. Proceedings of the Beltwide Cotton
Conference. National Cotton Council Memphis,
TN.Pages 1393-1395

Creissen, G., Edwards, E.A., Enard, C., Wellburn, A.,
Mullineaux, P., (1991) Molecular characterization of
glutathione reductase cDNAs from p@asum sativum
L.) The Plant JournaR: 129-131.

Chen, G., and Asada, K. (1989) Ascorbate peroxidase in tea
leaves: occurrence of two isozymes and the differences
in their enzymatic and molecular propertieigant Cell
Physiol.30: 987-998

Dhaese, P., DeGrave, H., Gielen, J., Seurinick, J., Van
Montagu, M., Schell, J. (1983) Identification of
sequences involved in the polyadenylation of higher
plant nuclear transcripts usiAgrobacteriumr-DNA
genes as modelEMBO Journal: 419-26

544

Depicker, A., Van Montgu, M., Schell, J., Plant cell
transformation byAgrobacteriunplasmidsin, Genetic
Engineering of Plants: An Agricultural Perspective.
Kosuge, C.P. Meridith A. Hollaender, (eds) pp.143-76
Plenum Press, New York.

Dhindsa, R.S., and W. Matowe. (1981) Drought tolerance
in two mosses: correlated with enzymatic defense
against lipid peroxidationl. Exp. Bot32:79-91.

Foster, J.G., and Hess, J.L., (1980) Response of superoxide
dismutase and glutathione reductase activities in cotton
leaf tissue exposed to an atmosphere enriched in
oxygen.Plant Physiology6: 482-487.

Fowler, J.L. (1986) Salinity and fruiting In,__ Cotton
Physiology.J.R Mauney and J.M. Stewart, eds., The
Cotton Foundation, Memphis TN.

Foyer, C.H., Lelandis, M., Galap, C., Kunnert, K.J. (1991)
Effects of elevated cytosolic glutathione reductase
activity on the cellular glutathione pool and
photosynthesis in leaves under normal and stress
conditionsPlant Physiol97:683.

Fridovich, 1., (1986) Biological effects of the superoxide
radical.Arch Biochem.Biophy247:1-11.

Gossett, D.R., Millhollon, E.P. Caldwell, W.D., and
Munday, S. (1991) Isozyme variation among salt
tolerant and sensitive varieties of cottBnoceedings
of the Beltwide Cotton Conferenddational Cotton
Council Memphis, TN.556-559.

Gossett, D.R., Lucas, M.C., Caldwell, W.D., Millhollon.,
E.P. and Barclay, A., (1992). Antioxidant status in salt
stressed cottorProceedings of the Beltwide Cotton
Research ConferenceNational Cotton Council
Memphis, TN.1036-1039.

Gossett, D.R., Millhollon, E.P., Lucas, M.C., Banks, S.W.,
and Marney, M-M. (1994a). Antioxidant response to
NaCl Stress salt-tolerant and salt sensitive cultivars of
cotton Gossypium hirsuturh.) Crop Scienc®: 339-
341.

Gossett, D.R., Millhollon, E.P., Lucas, M.C., Banks, S.W.,
Marney, M-M., (1994b) The effects of NaCl on
antioxidant enzyme activities in callus tissue of salt-
tolerant and salt-sensitive cottdBgssypium hirsutum
L.) cultivars.Plant Cell Report4.3: 498-503.

Gossett, D.R., Millhollon, E.P., Banks, S.W., Lucas,
M.C.(1995) Antioxidant response to salt stress in
cotton. In, Procedings of the Cotton Incorporated
Workshop on the Biochemistry of Gossypol and Fiber
Development published by Cotton Incorporated.
Raleigh North Carolina. pages 3-11.




Gossett, D.R., Banks, S.W., Millhollon, E.P., Lucas,
M.C.,(1996) Antioxidant response to NaCl stress in a
control and an NaCl-tolerant cotton cell line grown in
the presence of paraquat, butathione sulfoximine and
exogenous glutathionePlant Physiologyl12: 803-
809.

Gossett, D.R., Bellaire, B., Banks, S.W., Lucas, M.C,,
Manchandia, A., Millhollon, E.P.,(1997), Induction of
Antioxidant enzyme Activity in Cotton: Proceedings of
the Beltwide Cotton Conference. National Cotton
Council Memphis, TN.1374-1376.

Harper, D.B., and Harvey, BMR. (1978) Mechanisms of
paraquat tolerance in perenial ryegrass Il role of
Superoxide dismutase, catalase and peroxidant
Cell Environ.1: 211-215.

Halliwell, B., and Gutteridge, J.M.C. (1985) Free radicals
in biology and medicine. Clarendon Press, Oxford
p.29.

Helmerhorst, E., and Stoles G.B. (1980) Microcentrifuge
desalting: a rapid quantitative approach for desalting
small amounts of proteiAnn Biochem04:1034-135.

Hossain, M., Nokano, K., Asada, K. (1984)
Monodehydroascorbate reductase in spinach
chloroplasts and its participation in the regeneration of
ascorbate for scavenging hydrogen peroRidat Cell
Physiol.61: 385-395.

Imlay, J.A., and Linn, S. (1988) DNA damage and oxygen
radical toxicityScience240: 1302-1309.

Jacobs, M., Wnedt, S., Stahl, U., (1990) High efficiency
electro-transformation oE. coli with DNA from
ligation mixturesNucleic Acid Research3: (6) 165.

Kim, K., Rhee, S.G., Stadtman, E.R. (1985) Non-enzymatic
cleavage of proteins by reactive oxygen species
generated by dithioretinol and irod. Biol. Chem
260:15394-15397.

Lauchi, L.L.,Kent, M and Turner, J.C. (1981) Physiological
responses of cotton genotypes to saliri#ypc of the
Beltwide Prod. Res. CanNational Cotton Council,
Memphis TN 40.

Lewin, B. (1997) _Genes Vipage 804. The Oxford
University Press, Oxford, U.K.

Liebler, D.C., King, D.S., and Kling D.J. (1986)
Antioxidant protection of phospholipid bilayers &y
tocopherol. Control of-tocopherol status and lipid
peroxidation by ascorbic acid and glutathianBiol.
Chem.261:12114-121109.

545

Manchandia, A.M., Banks, S.W., Gossett, D.R., Lucas,
M.C., Bellaire, B.A., (1999) The Influence at-
Amanitin on the Induction of Antioxidant Enzymes
during Salt StressFree Radical Researchn Press.

Maniatis, T., Fritsch, E.F., Sambrook, J. (1982a) Molecular
Cloning-A Laboratory ManualCold Spring Harbor
Press. pages 88-95.

Maniatis, T., Fritsch, E.F., Sambrook, J. (1982b) Molecular
Cloning-A Laboratory ManualCold Spring Harbor
Press. page 440.

Mehler, A.H. (1951) Studies on reactivities of illuminated
chloroplasts. I. Mechanism of the reduction of oxygen
and other Hill reagentéurch. Biochem.Biophy33:65.

Mersereau, M., Pazour, G.J., Das, A. (1990) Efficient
transformation of Agrobacterium tumefaciendy
electroporationGene90: 149-151

Monk, L.S., and Davies, H.V. (1989) Antioxidant status of
the potato tuber an €adeficiency as a physiological
stressPhysiologia Plant75:411-416.

Polle, A., and Rennenberg, H., (1994) Photooxidative stress
in trees. In CH Foyer, PM Mullineaux, eds, Causes of
Photooxidative Stress and Amelioration of Defense
Systems in Plants CRC Press. Boca Raton, FL, pp 199-
218.

Price, A., and Hendry, G. (1987) The significance of the
tocopherols in stress survival in plants. Free Radicals,
Oxidant Stress and Drug Actio.Rice-Evans, ed.
Richelieu Press London 433-450.

Schaedle, M., and Bassham, J. A. (1977) Chloroplast
glutathione reductasBlant Physiolog$9:1011-1012.

Spychalla, J.P. and Desborough, S.L. 1990. Superoxide
dismutase, catalase, and alpha-tocopherol content of
stored potato tuberBlant Physiol94:1214-1218.

Stewart, J., Hsu, C.L., (1971 ovuloembyo culture and
seedling development of cottoBd@ssypium hirsutum
L.). Planta(Berlin) 137: 113-117.

Trolinder, N.L.,and J.R. Goodin. 1987. Somatic
embryogenesis and plant regeneratiofismssypium
hirsutumL. Plant Cell Re6:231-234.

Wise, R.R., and Naylor, A.W. (1987) Chilling-enhanced
photooxidation: Evidence for the role of singlet oxygen
and endogenous antioxidanBant Physiol.83:278-
282.



Table 1. Glutathione Reductase Activity from Transformed and Control
Callus.
Sample #

1 2 3 4

Control Callus:
Glutathione
Reductase
Activity g fresh
weight callug

103 83 83 112

Experimental Callus:
Glutathione
Reductase

Activity g fresh
weight callus®

One unit of glutathione reductase is defined as the amount of enzyme
required to reduce 1 nmole of substrate h@n25C.

122 186 314 239

e-

0, Lo = 0,7
Superoxide Dizmutase
+
H,0, 2H AH,
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Ascorbate Catalase
Peroxigase Hzﬂ + 02
HO+ 0
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D bat
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Figure 1. Relationships Among Antioxidant Enzymes in Plants
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Figure 2. Construction of Plasmid pSGR1



