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Abstract Quantitative trait loci (QTLs) for yield

and drought related physiological traits, osmotic

potential (OP), carbon isotope ratio (d13C, an indica-

tor of water use efficiency), and leaf chlorophyll

content (Chl), were exchanged via marker-assisted

selection (MAS) between elite cultivars of the two

cotton species Gossypium barbadense cv. F-177 and

G. hirsutum cv. Siv’on. The resulting near isogenic

lines (NILs) were examined in two field trials, each

with two irrigation regimes, in order to (1) evaluate

the potential to improve cotton drought resistance by

MAS and (2) test the role of physiological traits in

plant productivity. NILs introgressed with QTLs for

high yield rarely exhibited an advantage in yield

relative to the recipient parent, whereas a considerable

number of NILs exhibited the expected phenotype in

terms of lower OP (5 out of 9), higher d13C (4 out of 6)

or high Chl (2 out of 3). Several NILs exhibited

considerable modifications in non-targeted traits

including leaf morphology, stomatal conductance

and specific leaf weight (SLW). In G. barbadense

genotypes, yield was correlated negatively with d13C

and OP and positively with stomatal conductance,

SLW and Chl, whereas in G. hirsutum yield was

negatively correlated with d13C, SLW and Chl. This

dissimilarity suggests that each of the respective

species has evolved different mechanisms underlying

plant productivity. We conclude that the improvement

of drought related traits in cotton NILs may lead to

improved drought resistance via MAS, but that

conventional breeding may be necessary to combine

the introduced QTL(s) with high yield potential.
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Chl Leaf chlorophyll content

GB Gossypium barbadense

GH Gossypium hirsutum

MAS Marker assisted selection

OA Osmotic adjustment

A. Levi � V. Barak � Y. Saranga (&)

The Robert H. Smith Institute of Plant Sciences and

Genetics in Agriculture, Faculty of Agricultural, Food

and Environmental Quality Sciences, The Hebrew

University of Jerusalem, P.O. Box 12,

Rehovot 76100, Israel

e-mail: saranga@agri.huji.ac.il

A. H. Paterson

Plant Genome Mapping Laboratory, University

of Georgia, Athens, GA 30602, USA

D. Yakir

Department of Environmental Sciences and Energy

Research, Weizmann Institute of Science, P.O. Box 26,

Rehovot 76100, Israel

B. Wang � P. W. Chee

Cotton Molecular Breeding Lab, NESPAL, University

of Georgia, 2356 Rainwater Road, P.O. Box 748, Tifton,

GA 31793, USA

123

Mol Breeding (2009) 23:179–195

DOI 10.1007/s11032-008-9224-0



OP Osmotic potential

QTL Quantitative trait locus

SLW Specific leaf weight

WUE Water use efficiency

d13C Carbon isotope ratio

Introduction

Cotton (Gossypium spp.; Malvaceae family) is the

world’s leading fiber crop (http://www.fao.org) and

among the most important oilseed crops. G. hirsutum L.

and G. barbadense L. (noted hereafter as GH and GB,

respectively), the two predominant elite cotton species,

are both allotetraploids (2n = 4x = 52) that combine

the ‘A’ and ‘D’ genomes of diploid species into a single

‘AD’ nucleus (Wendel 1989). Cotton is usually grown

during the summer in arid and semiarid regions where

water availability is often limited. Estimates indicate

that cotton represents more than half of the irrigated

agricultural land in the world (http://www.panda.org).

Regardless of whether it is irrigated or not, cotton is

often exposed to drought, which adversely affects both

yield and lint quality (Pettigrew 2004).

Drought, induced by soil and/or atmospheric water

deficit, poses the most important environmental con-

straint to plant survival and crop productivity (Boyer

1982). With increasing aridity and population growth,

water is expected to become even scarcer in the near

future (Chaves et al. 2003). Developing drought

resistant crop plants is vital to meeting increased

demand for agricultural products and mitigating the

effects of an anticipated environmental shift towards

greater aridity (Plucknett et al. 1987; Parry et al.

2005). This solution, however, requires comprehen-

sive understanding of plant adaptive mechanisms and

responses to water stress at their underlying physio-

logical and genetic mechanisms.

Plants subjected to water stress show numerous

physiological responses at the molecular, cellular, and

whole-plant levels (Chaves et al. 2003; Shinozaki and

Yamaguchi-Shinozaki 2007). Two drought related

traits received special attention in the current study.

Osmotic adjustment (OA), the active accumulation of

solutes in response to water deficit resulting in reduced

osmotic potential (Turner and Jones 1980; Blum

1988), has been suggested as an important trait in

sustaining yield or biomass under water-limited con-

ditions across different cultivars of crop plants

(reviewed by Blum 2005). OA helps to maintain cell

turgor pressure and physiological processes as water

deficits develop (Turner and Jones 1980; Morgan

1984). Selection for a single gene influencing OA was

shown to increase yield under reduced water supply

conditions (Morgan 2000). Water use efficiency

(WUE), defined as dry matter or yield produced per

unit of water consumed, is an important determinant of

plant productivity under limited water supply (Endaie

et al. 1991; Condon and Hall 1997). Carbon isotope

ratio (13C/12C, expressed with a differential notation as

d13C) is commonly used as an indirect indicator of

WUE (Farquhar and Richards 1984). However, high

WUE (and d13C) can be negatively, positively or not at

all associated with yield (reviewed by Hall et al. 1994;

Condon et al. 2004). Breeding GB cotton for high

yield under irrigation in hot arid environments has

substantially increased stomatal conductance in the

absence of soil water stress (Cornish et al. 1991). In

this respect, GH cultivars resemble those of a closely

related species, GB (Radin 1992). As a result, modern

cotton cultivars are characterized by extremely high

stomatal conductance (Lu et al. 1994; Radin et al.

1994) and low WUE (Lu et al. 1996).

Breeding efforts to improve crop adaptation to

water-limited conditions through direct selection have

been hindered by the complex genetic basis of plant

productivity and drought responses, characterized by

low heritability and large ‘genotype 9 environment’

(G 9 E) interaction (Blum 1988; Ceccarelli and

Grando 1996; Mittler 2005). Genomic approaches

offer unprecedented opportunities to dissect quantita-

tive traits into their single genetic determinants,

quantitative trait loci (QTLs), thus enabling transfer

of specific genomic regions between different genetic

backgrounds through marker assisted selection (MAS)

(Tuberosa and Salvi 2006). The application of QTL

analysis provided opportunities to identify chromo-

somal regions controlling productivity under drought

and related physiological traits, such as OA, canopy

temperature, stay green, rooting depth, carbon isotope

discrimination, and reduced leaf area (reviewed by

Tuberosa and Salvi 2006; Cattivelli et al. 2008). How-

ever, only a few examples of MAS for traits associated

with drought resistance have been reported (Cattivelli

et al. 2008), and none have been reported in cotton.

In a previous study, QTLs associated with productiv-

ity and related physiological traits have been identified in

inter-specific cotton (GB 9 GH) populations under
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water-limited and well-watered environments (Saranga

et al. 2001, 2004). Productivity of cotton in well-watered

versus water-limited conditions was largely accounted

for by different QTLs, indicating that adaptation to both

conditions can be combined into the same genotype

(Saranga et al. 2001). QTL likelihood intervals for high

seed cotton yield and low leaf osmotic potential

corresponded in three genomic regions, implicating

OA as a major component of improved cotton produc-

tivity under arid conditions (Saranga et al. 2004). QTLs

for d13C showed only incidental association with

productivity, indicating that high WUE can be associated

with either high or low productivity. The finding that the

GH allele was favorable at some loci and the GB allele at

other loci illustrates how recombination of favorable

alleles from different species may form novel genotypes

that are better adapted to arid conditions than either of the

parental species.

In this study, near isogenic lines (NILs) introgres-

sed with selected genomic regions associated with

productivity and physiological traits were developed

and field tested in order to (1) evaluate the potential

to improve cotton drought resistance by marker

assisted selection and (2) test the role of physiolog-

ical traits in plant productivity.

Materials and methods

Development of NILs

Seven genomic regions containing QTLs conferring

productivity and drought related traits, osmotic

potential (OP), d13C and leaf chlorophyll content

(Chl), were selected for the development of NILs

(Table 1). A marker-assisted backcross program was

conducted for the introgression of targeted regions

using GH cv. Siv’on and GB cv. F-177 as donor and

recipient genotypes. The procedure used well estab-

lished protocols for genomic DNA extraction

(Paterson et al. 1993) and RFLP marker analysis

(Reinisch et al. 1994).

Donor genotypes were drawn from the original F3

mapping population genotyped with 279 DNA mark-

ers. Plants containing the favorable allele at the

targeted region, carrying a minimum of chromatin

from the donor species (an average of about 40%),

were backcrossed three times to the recipient parent

to produce BC3F1 progenies. In BC2F1 as well as in

BC3F1 progenies, 25 plants per target region were

genotyped with the appropriate markers, flanking and

within-target regions, to identify plants heterozygous

at the target markers. For each target region, about 10

BC3F1 were selfed to produce 40 BC3F2 progenies,

which were genotyped to identify plants homozygous

at the target markers. Subsequently, BC3F3 progenies

genotyped with a total of 105 microsatellite markers

revealed an average 6.6% of the donor genome

(including the target region).

Experimental design and growth conditions

The NILs and their parental genotypes were exam-

ined under two irrigation regimes (well-watered

control and water-limited treatment) in two field

trials conducted at two different locations and years,

Table 1 QTLs targeted for making near-isogenic lines in the two cultivated cotton species G. barbadense (GB) and G. hirsutum
(GH)

Target region Chromosome and flanking markers Length of

interval (cM)

Associated traits Recipient parent # of tested NILs

Trial 1 Trial 2

#1 LGA02 (pAR792, M1688, pGH232a) 68.6 SCw, OPd, Chlw GB 4 3

#2 Chr. 06 (pAR936, G1099) 43.4 SCd, OP GB 5 3

#5 Chr. 02 (A1325, pAR451) 48.5 SCd GB 4 3

#9 LGD05 (pAR3-42, A1210, pAR239) 46.8 d13Cd, Chl GB 3 3

#3 Chr. 25 (pAR969, pGH309, pAR839) 49.5 SC, OPd GH 4 3

#8 Chr. 22 (pAR243, pAR757) 25.9 d13Cd, Chl GH 4 3

#10 LGAO6 (a1474, pGH550, PXP3-89) 38.8 d13C GH 4 0

Traits are abbreviated as: Chl, leaf chlorophyll content; OP, osmotic potential; SC, seed cotton yield; d13C, carbon isotope ratio
d, w Indicate QTLs detected only under water-limited or well-watered environment, respectively
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(four environments in total). A total of 28 NILs

introgressed with seven target regions were tested in

trial 1. Based on phenotypic evaluation, 18 NILs

carrying six genomic regions were tested in trial 2

(Table 1). Trial 1 was sown on April 9, 2006, at the

experimental farm of the Hebrew University of

Jerusalem in Rehovot (31�540 N, 34�470 E). At this

location the soil is brown-red degrading sandy soil

(Rhodoxeralf) composed of 76% sand, 8% silt and

16% clay. Trial 2 was sown on March 30, 2007 at

Bnei-Darom farm (31�500 N 34�410 E). The soil at

this location is sandy clay composed of 51.3% sand,

6.9% silt and 41.8% clay. Both Rehovot and Bnei-

Darom are located in the coastal plain of Israel. In

both trials, temperature during the field experiment

varied between a minimum of 8–18�C to a maximum

27–35�C, in April and July, respectively. A split-plot

factorial (line 9 irrigation regime) block design with

six replicates was employed, with irrigation treatment

in main plots and genotypes in sub-plots. Each sub-

plot consisted of a single row 2.25 9 1.5 m (length 9

row spacing) or 4 9 0.96 m in trial 1 and 2,

respectively, with *9 plants per m of row.

The amounts of water applied to the well-watered

treatment were calculated according to ‘‘Class A’’

pan evaporation multiplied by crop coefficients,

consistently with commercial cotton practices. Fine

adjustments of water application were made to

maintain the recommended daily growth rates of the

main stem (reflecting plant water status). The water-

limited treatment was irrigated with the amount of

water required to maintain half of the recommended

daily growth rates. Irrigation was applied via a drip

system. In trial 1, irrigation was applied twice a day

(due to low stored moisture of the sandy soil), with

total amounts of 653 and 357 mm for the respective

treatment. In trial 2, irrigation was applied twice a

week (as acceptable in commercial cultivation), with

total amounts of 572 and 292 mm, respectively.

Phenotypic measurements

Physiological measurements were conducted during

flowering, unless indicated differently, using the

youngest fully expanded leaf. Leaf chlorophyll con-

tent (Chl) was measured four (trial 1) or two (trial 2)

times per season using a chlorophyll meter (SPAD-

502, Soil-Plant Analysis Development (SPAD) Sec-

tion, Minolta Camera Co., Osaka, Japan). Samples

for measurements of turgid OP were collected in

early morning. A whole leaf was sampled from each

plot, placed in a test tube with its petiole immersed in

distilled water and rehydrated for 5 h at 4�C

(to obtain full turgor). Subsequently, leaves were

frozen in liquid N and kept at -18�C until measured.

Samples were defrosted, and OP of the leaf sap was

assessed using a vapor-pressure osmometer (Model

5520; Wescor Inc., Logan, UT, USA). Osmotic

adjustment (OA) was calculated as the difference in

OP between well-watered and water-limited plants

(Blum 1989; Turner et al. 2007). Carbon isotope ratio

(d13C) and specific leaf weight (SLW) analysis were

conducted using the same 11-mm diameter leaf discs.

Three leaf discs were sampled from the youngest

fully expanded leaf and from each of the two leaves

below it at *10% boll ripening stage. Leaf discs

were oven-dried, weighed (for SLW), powdered, and

d13C was determined as previously described

(Saranga et al. 1998). Stomatal conductance was

measured twice in trial 1 at early afternoon between

13:00 and 15:00 using a steady-state porometer

(LI-1600; LI-COR, Lincoin, NE USA). Stomatal

density was assessed for the well-watered treatment

of trial 1, using a single leaf per plot. Three nail

polish copies were taken from the abaxial side of

each leaf and analyzed under a light microscope

(Axiovert 200M; Zeizz, Germany). Digital photo-

graphs were taken and the number of stomata per

mm2 was determined. Leaf size measurements were

conducted in trial 2 using the youngest fully

expanded leaf and two leaves below it, sampled from

one plant in each plot and measured with a leaf area

meter (LI-3100, Li-Cor, Lincoln, NE, USA). Yield

was harvested manually at full boll opening, from 1

or 2 m of plants row in trials 1 and 2, respectively.

The harvested seed cotton was ginned with a

miniature gin and lint yield was determined. Since

seed cotton yield and lint yield were closely related,

only the lint yield is presented throughout this paper.

Statistical analysis

The JMP� 5.0 statistical package (SAS Institute

2005) was used for statistical analysis. The 18 NILs

tested in both trials as well as the parental genotypes

were subjected to analysis of variance. A factorial

split-plot model was employed separately for each

trial and genotype group (recipient parent and its
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derivative NILs). Analysis of variance was applied

with genotype (G) and irrigation (I) as fixed effects,

and block (B) and B 9 I as random effects. The

effect of irrigation was tested against B 9 I (error a),

whereas genotype and G 9 I interaction were tested

against the residual (error b). Student’s t-test was

used to compare between each NIL and its recipient

parent separately under each environment.

Linear correlation analyses with data of all the tested

genotypes (30 and 20 in trials 1 and 2, respectively)

were employed to study the association between lint

yield and the various physiological variables. Separate

correlation analysis was applied for each group of

genotypes under each trial and irrigation treatment.

Results

Phenotypic differences between NILs and their

recipient parents

Analysis of variance, carried out separately for each

group of the cotton genotypes (GB and GH), usually

revealed highly significant effects of genotype and

irrigation (Tables 2–3). The G 9 I interaction was

also significant in most cases, hence, comparisons

between the NILs and their recipient parents were

done separately for each of the irrigation regimes in

each trial.

Lint yield of the recipient parents, Siv’on and F-

177, under the well-watered treatments was within

the acceptable range obtained in Israel by commer-

cially grown irrigated cotton (Table 4). In trial 1, the

average lint yield (across all genotypes) under water

limitation was 40% lower in GB and GH genotypes as

compared with the well-watered treatment. In trial 2,

however, average lint yield was increased by 9% in

GB and reduced by 9% in GH under the water-limited

treatment.

Four sets of NILs (#s 1, 2, 3 and 5) were

introgressed with QTLs associated with improved

productivity (Table 1). Two NILs carrying target

region #1 (1-2 and 1-4) exhibited in the trial 1 well-

watered treatment significantly or nearly significant

higher yield as compared with the recipient parent.

However, this trend was not consistent in the other

Table 2 Analysis of variance for variables examined in trial 1 for two groups of cotton (G. babadense and G. hirsutum) NILs and

their recipient parents

Source of variation dfa F Ratio

Lint OP d13C Chl SLW Stomatal conductivity

G. barbadense genotypes

Genotype (G) 12 (11) 9.98*** 7.81*** 16.03*** 10.73*** 10.33*** 9.36***

Irrigation (I) 1 (1) 112.55*** 278.66*** 24.84** 122.85*** 5.49 31.08*

G 9 I 12 (11) 3.07*** 2.66** 2.85** 1.45 1.32 3.98***

Block (B) 5 (3) 6.71* 6.13* 4.86* 0.51 0.24 0.03

Error a (B 9 I) 5 (3) 1.63 1.46 1.79 2.60* 6.10*** 2.61

Error b (residual) 119 (65)

G. hirsutum genotypes

Genotype (G) 6 (6) 40.54*** 12.12*** 7.95*** 11.06*** 36.41*** 6.97***

Irrigation (I) 1 (1) 9.26* 410.34*** 10.36* 368.34*** 21.73** 56.04***

G 9 I 6 (6) 5.27*** 2.83* 0.51 2.54* 1.63 3.74**

Block (B) 5 (3) 0.99 10.24* 1.49 2.66 10.68** 3.54

Error a (B 9 I) 5 (3) 5.46*** 1.05 2.44* 0.65 1.35 1.13

Error b (residual) 60 (36)

Traits are abbreviated as: Lint, lint yield; OP, osmotic potential; d13C, carbon isotope ratio; Chl, leaf chlorophyll content; SLW,

specific leaf weight
a df number for stomatal conductance are indicated in parenthesis

*, **, *** Indicate significance at p B 0.05, 0.01 and 0.001, respectively
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tested environments (Table 4). The NILs introgressed

with target regions #2 and #3 usually did not differ

from their recipient parent in trial 1 and exhibited

significantly lower yields in trial 2. NILs introgressed

with target #5 (QTL associated with higher produc-

tivity) as well as with targets #8 and 9 (no

productivity QTL) exhibited in most cases lower

yield as compared with their recipient parents.

Osmotic potential (OP) under the well-watered

treatment of trial 1 ranged from -0.9 to -1.2 MPa,

and under water-limited treatment from -1.3 to

-1.9 MPa (Table 5). Higher OP values were obtained

in trial 2, ranging from -0.8 to -1.0 MPa under

control conditions and from -1.0 to -1.5 MPa under

water limitation. Nevertheless, OA values were sim-

ilar in both trials ranging between 0.1 and 0.7 MPa.

Three sets of NILs (#s 1, 2 and 3) were introgres-

sed with target regions conferring lower OP

(Table 1). All NILs carrying target region #1 exhib-

ited in both trails under the water-limited treatment

significantly lower OP (nearly significant in NIL 1-2)

as compared with their recipient parent (Table 5).

The lower OP was associated with greater OA, which

was found significant in several cases. NILs carrying

target region #2 did not differ significantly from the

recipient parent in OP, yet in several cases they

exhibited significantly greater OA values. Among the

NILs introgressed with target region #3, one line

(3-2) exhibited in trial 1 lower OP and greater OA as

compared to the recipient parent, however, opposite

trends were found in trial 2. A similar phenomenon

was found for all three NILs introgressed with target

region #8, in which OP QTLs were not detected

previously. NILs introgressed with targets #5 and 9

(not containing OP QTLs) did not show an advantage

in OP in any trial or environment.

Carbon isotope ratio (d13C) ranged from -25.7 to

-27.9% in trial 1, whereas lower values were

obtained in trial 2, ranging from -26.3 to -29.4%
(Table 6). Two sets of NILs were introgressed with

target regions conferring higher d13C: #9 with the GB

recipient parent and #8 with the GH recipient parent

(Table 1). All NILs carrying target region #9 showed

significantly greater d13C in all tested environments

(except 9-2 in the water-limited treatment of trial 2).

Among NILs carrying target region #8, only one NIL

(8-1) exhibited significantly higher d13C under

well-watered conditions in both trials (Table 6).

Table 3 Analysis of variance for variables examined in trial 2 for two groups of cotton (G. babadense and G. hirsutum) NILs and

their recipient parents

Source of variation dfa F ratio

Lint OP d13C Chl SLW

G. barbadense genotypes

Genotype (G) 12 (12) 29.30*** 3.23*** 9.62*** 5.77*** 4.27***

Irrigation (I) 1 (1) 3.47 24.61** 0.84 113.36*** 129.92***

G 9 I 12 (12) 3.48*** 2.67** 1.51 1.71 1.88*

Block (B) 5 (3) 0.35 0.40 0.64 1.08 0.77

Error a (B 9 I) 5 (3) 2.61* 6.36*** 6.75*** 2.80* 2.18

Error b (residual) 119 (70)

G. hirsutum genotypes

Genotype (G) 6 (6) 29.00*** 1.70 1.24 12.91*** 6.10***

Irrigation (I) 1 (1) 7.82* 35.90* 4.90 156.59*** 60.91***

G 9 I 6 (6) 2.96** 1.21 9.10*** 2.91* 2.53*

Block (B) 5 (3) 4.83* 1.89 1.43 1.02 0.38

Error a (B 9 I) 5 (3) 0.82 1.48 1.94 1.76 2.69*

Error b (residual) 60 (33)

Traits are abbreviated as: Lint, lint yield; OP, osmotic potential; d13C, carbon isotope ratio; Chl, leaf chlorophyll content; SLW,

specific leaf weight
a df number for d13C are indicated in parenthesis

*, **, *** Indicate significance at P B 0.05, 0.01 and 0.001, respectively
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Among the NILs that were not introgressed with d13C

QTLs, higher d13C were manifested in NILs carrying

target regions #5 and #2 (both treatments), whereas

target region #3 was associated usually with reduced

d13C, except for the trial 2 control treatment showing

the opposite trend.

Leaf chlorophyll contents (Chl) exhibited similar

values in all NILs and recipient parents across years

(Table 7). Three NILs were introgressed with target

region #1, which was associated with high Chl, two of

which (1-2, 1-4) exhibited higher Chl compared with the

recipient parent (significant in one or two environ-

ments). Target regions #8 and #9, which were selected

primarily for their high d13C in the mapping study, were

also associated with low Chl. However, low Chl was

found only in one case (line 9-1, well-watered), while

high Chl was found in a few other cases (8-1, both

treatments; 8-3, well-watered) and no effect in the

remaining cases. Among the NILs that were not

introgressed with Chl QTLs, lower Chl was associated

with target region #5 (both treatments) and target region

#3 (water-limited), whereas target region #2 was

associated with mixed trends.

Specific leaf weight (SLW) was not mapped in our

previous study and hence it was not targeted in the

current introgressions. Nevertheless, several target

regions were associated with significant modifica-

tions in SLW as compared with their recipient parents

(Table 8). NILs introgressed with target regions #5

and 3 exhibited lower SLW in most lines and

environments, whereas NILs carrying target region

#8 showed higher SLW in trial 1.

Stomatal conductance, which was not mapped in

our previous study, was assessed in trial 1. Three sets

Table 4 Lint yield of

cotton NILs and their

recipient parents F-177

(G. barbadense) and Siv’on

(G. hirsutum) under four

tested environments

In bold are NILs

introgressed with QTLs for

the targeted trait

*, **, *** Indicate

significance at P B 0.05,

0.01 and 0.001,

respectively, between each

NIL to the recipient parent.

Probability levels between

0.05 B P B 0.1 are

indicated in parenthesis

Genotype Lint yield (g m-2)

Trial 1 Trial 2

Well-watered Water-limited Well-watered Water- limited

G. barbadense genotypes

1-1 147 82 (0.06) 190 176

1-2 174* 103 209 162*

1-4 171 (0.06) 100 143*** 206

2-2 158 97 47*** 98***

2-4 121 112 117*** 156**

2-5 148 80* 82*** 95***

5-2 77*** 55*** 99*** 131***

5-3 115 (0.09) 74** 179 167*

5-4 91*** 73** 67*** 101***

9-1 135 70** 113*** 142***

9-2 132 69** 159* 151**

9-3 130* 47** 92*** 82***

F-177 140 108 198 199

G. hirsutum genotypes

3-1 214 174 220* 189 (0.09)

3-2 223 141** 194* 171**

3-3 209 168 177*** 211

8-1 87*** 103*** 129*** 112***

8-3 202 146** 150*** 151***

8-4 112*** 95*** 153*** 123***

Siv’on 216 181 245 216

Mean yield

GB genotypes 134 82 130 144

GH genotypes 181 144 181 167
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of NILs carrying target regions #2, 5 and 9 on a GB

background showed significantly lower stomatal

conductance as compared with their recipient parent

under well-watered conditions (Table 9). NILs

introgressed with target region #1, also on GB

background, exhibited similar stomatal conductance

as compared with the recipient parent. Two sets of

NILs carrying target regions #3 and 8 on a GH

background did not show a consistent trend with

respect to stomatal conductance.

Leaf morphology in two sets of NILs was consid-

erably different from that of the recipient parent.

NILs introgressed with target region #1 showed

highly significant reduction in leaf size as compared

with the recipient parent (Fig. 1a). NILs carrying

target region #3 exhibited significantly higher sto-

matal density (Fig. 1b) and smaller epidermal cells

(Fig. 2) as compared with the recipient parent.

Association between lint yield and physiological

traits

Correlation analyses were employed to study the

association between lint yield and physiological

traits. Analyses were conducted separately for each

species under each environment. In trial 1, correla-

tions between lint yield and physiological traits were

significant or nearly significant in most cases

(Table 10). Similar trends were obtained in trial 2,

though usually not significant.

Table 5 Osmotic potential (OP) and osmotic adjustment (OA) of cotton NILs and their recipient parents F-177 (G. barbadense) and

Siv’on (G. hirsutum) under four tested environments

Genotype Osmotic potential and osmotic adjustment (Mpa)

Trial 1 Trial 2

OP, well-watered OP, water-limited OA OP, well-watered OP, water-limited OA

G. barbadense genotypes

1-1 -1.19 -1.86*** 0.67** -0.95 -1.39* 0.44

1-2 -1.16 -1.64 (0.06) 0.48 -0.99 -1.38 (0.07) 0.39

1-4 -1.16 -1.77* 0.61* -0.92 -1.50** 0.58*

2-2 –0.97 -1.58 0.61* -0.83 -1.37 (0.09) 0.54*

2-4 -1.07 -1.52 0.45 -0.98 -1.18 0.20

2-5 -1.02 -1.43 0.41 -0.82 -1.30 0.48*

5-2 -0.99 -1.33* 0.34 -0.86 -1.03 (0.09) 0.17

5-3 -1.11 -1.38 0.27 -0.90 -1.03 (0.08) 0.13 (0.09)

5-4 -1.06 -1.46 0.40 -0.91 -1.03 (0.07) 0.12 (0.09)

9-1 -0.98 -1.27** 0.29 -0.84 -1.11 0.27

9-2 -1.04 -1.39 0.35 -0.95 -1.19 0.17

9-3 -1.03 -1.47 0.44 -0.82 -1.24 0.42

F-177 -1.20 -1.49 0.39 -0.89 -1.20 0.31

G. hirsutum genotypes

3-1 -0.91 -1.31 0.40 -0.87 -1.05* 0.18*

3-2 -0.97 -1.48* 0.51** -0.88 -0.99** 0.11**

3-3 -0.96 -1.28 0.32 -0.88 -1.08* 0.20*

8-1 -1.07 -1.53** 0.46* -0.87 -1.09 (0.07) 0.22 (0.08)

8-3 -1.10 -1.67*** 0.57** -0.87 -1.09* 0.22*

8-4 -1.02 -1.48* 0.46* -0.91 -1.24 0.33

Siv’on -1.00 -1.33 0.33 -0.88 -1.29 0.41

In bold are NILs introgressed with QTLs for the targeted trait

*, **, *** Indicate significance at P B 0.05, 0.01 and 0.001, respectively, between each NIL to the recipient parent. Probability

levels between 0.05 B P B 0.1 are indicated in parenthesis
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A comparison between coefficients obtained with GB

versus GH showed considerable differences. Chl and

SLW, which were correlated with each other (P \ 0.05,

data not shown), exhibited positive correlation with yield

in GB genotypes but negative correlations in GH

genotypes. OP exhibited negative correlation with lint

yield in GB, while positive or no association between

these variables was found in GH. In agreement with this,

the correlations between OA and yield in trail 1 exhibited

positive trend in GB and negative trend in GH, thought in

both cases it did not reach statistical significance.

Stomatal conductance was positively correlated with

lint yield in GB, but showed no association in GH.

Finally, d13C was negatively correlated with lint yield in

GB and GH, thus being the only variable showing similar

association in both species. It worth noting that the

physiological variables used represent leaf-level spot

measurements, whereas yield integrates the whole plant

and leaf performances over the entire season.

Discussion

Effects of irrigation treatments on plant

performances

Two trials were conducted in the current study in

different years and locations. Similar amounts of

water were applied in both years in the well-watered

and water-limited treatments, nevertheless plant

responses to these water regimes differed consider-

ably between years. In trial 1, the water-limited

treatment exhibited 40% reduced lint yield as com-

pared with the well-watered conditions. In trial 2, GH

genotypes showed a significant (Table 3) but small

reduction (9%) in yield under the water-limited

treatment, whereas, yield of the GB genotypes was

not significantly affected by irrigation regimes.

Apparently, the well-watered treatment in trial 2

may have been over-irrigated, and hence the

Table 6 Carbon isotope

ratio of cotton NILs and

their recipient parents F-177

(G. barbadense) and Siv’on

(G. hirsutum) under four

tested environments

In bold are NILs

introgressed with QTLs for

the targeted trait

*, **, *** Indicate

significance at P B 0.05,

0.01 and 0.001,

respectively, between each

NIL to the recipient parent.

Probability levels between

0.05 B P B 0.1 are

indicated in parenthesis

Genotype Carbon isotope ratio (%)

Trial 1 Trial 2

Well-watered Water- limited Well-watered Water- limited

G. barbadense genotypes

1-1 -27.0** -27.5 -29.0 -29.1 (0.09)

1-2 -27.8 -27.6 -29.4 -28.8

1-4 -27.9 -27.7 -29.4 -28.9

2-2 -27.5 -26.5** -27.9** -28.0

2-4 -27.2* -27.0 (0.09) -28.0* -28.4

2-5 -27.8 -26.7** -28.4 -27.4 (0.06)

5-2 -27.0** -26.1*** -27.7** -27.7

5-3 -26.7*** -26.6** -27.6** -27.9

5-4 -26.5*** -25.9*** -28.1* -26.8**

9-1 -27.4 (0.09) -26.8* -27.3*** -26.9**

9-2 -26.7*** -25.7*** -27.3*** -27.6

9-3 -26.8*** -26.2*** -27.9* -27.1**

F-177 -27.8 -27.4 -29.0 -28.3

G. hirsutum genotypes

3-1 -27.6 -27.2 (0.07) -27.3** -28.1

3-2 -27.9* -27.1 -27.5** -28.0

3-3 -27.6 (0.07) -26.9 -27.9 -27.5

8-1 -26.6* -26.3 (0.08) -27.5** -27.5

8-3 -27.2 -26.7 -28.0 -27.3

8-4 -26.9 -26.5 -28.6 -26.3***

Siv’on -27.2 -26.7 -28.4 -27.7
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respective water-limited treatment experienced a

minor stress. This is supported by the higher OP values

in trial 2 as compared with trial 1 (Table 5). Neverthe-

less, in both trials OP was significantly affected by the

irrigation treatments. Despite the differences between

the two trials with respect to lint yield, a high degree of

similarity was observed between them in the physio-

logical responses to water limitation.

Efficiency of marker-assisted selection for yield

and physiological traits

The effect of QTLs on yield production was examined

in 12 NILs (set #s 1, 2, 3, 5) of which only two lines (1-2

and 1-4) exhibited superior yield over the recipient

parent under the trial 1 well-watered treatment

(Table 4). Among nine NILs introgressed with OP

QTL, four NILs (Table 5, targets #1, 2) exhibited

significantly reduced OP under water-limited condi-

tions or improved OA capacity in both trials, and one

NIL (3-2) exhibited such an effect only in trial 1.

Among the six NILs introgressed with d13C QTLs, four

NILs exhibited higher d13C under most tested envi-

ronments. Out of the three NILs introgressed with QTL

for high Chl, two exhibited higher Chl under specific

environments compared with the recipient parent. In

summary, while introgression of QTLs for higher yield

had poor success, a considerable number of NILs

introgressed with QTLs for physiological traits exhib-

ited the expected phenotype.

The application of MAS for improvement of

simply inherited traits, such as disease resistances

and crop quality, is gaining considerable successes

and increasing importance (Francia et al. 2005 and

references therein). However, the complexity of

polygenic traits, such as yield, makes MAS extremely

difficult. MAS studies for yield improvement in crop

plants resulted in opposite effects of those expected

(Bouchez et al. 2002), non-significant effect (Kand-

emir et al. 2000; Reyna and Sneller 2001), or non-

Table 7 Leaf chlorophyll

content of cotton NILs and

their recipient parents F-177

(G. barbadense) and Siv’on

(G. hirsutum) under four

tested environments

In bold are NILs

introgressed with QTLs for

the targeted trait

*, **, *** Indicate

significance at P B 0.05,

0.01 and 0.001,

respectively, between each

NIL to the recipient parent.

Probability levels between

0.05 B P B 0.1 are

indicated in parenthesis

Genotype Chlorophyll content (SPAD values)

Trial 1 Trial 2

Well-watered Water- limited Well-watered Water- limited

G. barbadense genotypes

1-1 38.5 46.1 38.5 47.5

1-2 43.4* 45.6 37.5 49.1*

1-4 41.1 47.4 37.3 48.4*

2-2 37.2* 45.3 35.6* 43.7

2-4 41.8 47.9 (0.06) 37.8 51.9**

2-5 40.2 46.4 37.9 47.3

5-2 33.7*** 40.7*** 31.9*** 41.6 (0.06)

5-3 36.4** 43.5 36.1 (0.08) 43.3

5-4 35.9** 44.0 36.6 42.0

9-1 37.9 (0.1) 46.1 36.7 45.1

9-2 38.5 44.5 37.6 44.5

9-3 40.5 47.0 38.7 47.4

F-177 40.0 45.4 39.3 44.9

G. hirsutum genotypes

3-1 40.5 47* 37.8 46.5*

3-2 40.4 (0.09) 46.9* 37.9 47.0 (0.07)

3-3 40.9 47.9 (0.07) 36.2 43.2***

8-1 43.8 56.1*** 43.2*** 54.9**

8-3 44.0 50.5 40.7** 48.2

8-4 41.3 50.7 36.9 48.7

Siv’on 42.8 50.4 35.4 50.0
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consistent effects across environments (Schmierer

et al. 2004). There are only a few success examples

in which introgression of QTLs for yield improve-

ment resulted in consistent effects across

environments, with one QTL (Tuinstra et al. 1998),

or with a few out of several QTLs (Stuber 1995;

Romagosa et al. 1999; Concibido et al. 2003). Com-

pared to the poor efficiency MAS for yield, better

success was reported for the less complex physiolog-

ical traits such as root morphology (Shen et al. 2001;

Steele et al. 2006), stay-green (Tuinstra et al. 1998;

Harris et al. 2007), anthesis-silking interval (in

maize) (Ribaut and Ragot 2007) and earliness

(Bouchez et al. 2002).

The discrepancy between the predictions of map-

ping studies and the observed values in introgression

lines could be derived from several sources (reviewed

by Francia et al. 2005; Cattivelli et al. 2008): (i)

change in the testing environments affecting G 9 E

interactions; (ii) change in genetic background of the

introgressed QTL from the donor to the final recipient

line, which can alter epistatic interactions between

QTLs and other genetic factors; and (iii) small effects

of each of the individual genes involved in the plant

phenotype. In the current study, each of these factors

could affect the performance of the NILs. In most

tested variables, significant G 9 E interactions were

found in both years (Tables 2, 3). This is in

accordance with our mapping study in which a

considerable number of QTLs were expressed under

specific irrigation regimes (Saranga et al. 2004).

Under each of the respective genetic backgrounds,

OP and Chl exhibited contrasting association with

yield (Table 10). The QTLs introgressed into our

NILs explained usually\10% of the variability in the

segregating mapping populations (Saranga et al.

2004). Weak effects are more difficult to assess

particularly for traits with a strong G 9 E interaction.

This implies that the effect of individual genetic

regions is not readily identifiable and that several

regions (i.e. QTLs) must be manipulated simulta-

neously in order to obtain a significant impact

Table 8 Specific leaf

weight of cotton NILs and

their recipient parents F-177

(G. barbadense) and Siv’on

(G. hirsutum) under four

tested environments

*, **, *** Indicate

significance at P B 0.05,

0.01 and 0.001,

respectively, between each

NIL to the recipient parent.

Probability levels between

0.05 B P B 0.1 are

indicated in parenthesis

Genotype Specific leaf weight (mg cm-2)

Trial 1 Trial 2

Well-watered Water- limited Well-watered Water- limited

G. barbadense genotypes

1-1 6.4 7.1* 6.0 7.9

1-2 6.1 6.6 5.0** 7.5

1-4 6.1 7.0 (0.09) 6.0 8.3

2-2 5.7** 6.2 6.1 8.3

2-4 6.2 6.9 6.1 8.4

2-5 6.6 6.7 5.7 8.5

5-2 5.1*** 5.5*** 5.0** 6.5***

5-3 6.1 6.7 6.3 7.3

5-4 5.6** 6.1 (0.08) 5.8 6.9*

9-1 6.1 6.6 5.7 8.0

9-2 6.9 (0.08) 6.6 6.2 7.6

9-3 6.5 7.0 (0.07) 6.0 8.5

F-177 6.4 6.5 6.1 7.9

G. hirsutum genotypes

3-1 5.5** 6.2*** 6.9 9.1**

3-2 5.6** 6.6** 7.1 8.4***

3-3 5.9 6.6** 6.6 8.8**

8-1 8.2*** 8.5** 8.2 (0.07) 10.3

8-3 7.4** 7.7 7.7 10.0

8-4 7.6*** 7.9 7.0 10.8

Siv’on 6.4 7.6 7.3 10.3
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(Cattivelli et al. 2008). Finally, we cannot preclude

the possibility that non-targeted introgressions were

also involved in determining the phenotype of the

studied NILs.

Modifications of non-targeted traits

The modified expression of non-targeted traits in

NILs carrying target regions #1 and 3 warrants

special attention. NILs introgressed with target region

#1, associated with Chl, OP and yield (Saranga et al.

2004), exhibited considerably lower leaf size as

compared with the recipient parent (Fig. 1a) and high

stomatal conductance, though not significantly dif-

ferent, from the recipient parent (Table 9). Lu et al.

(1994) reported that selection for high yield in

advanced lines of GB cotton was associated with

reduced leaf size and higher stomatal conductance.

Crop cultivars selected for yield under water-limited

environments often have constitutively reduced leaf

area associated with smaller leaves (Blum 2005).

Reduced leaf size caused by moisture stress was

speculated to have led to greater concentration of

‘photosynthetic machinery’ (i.e. higher Chl values)

per unit leaf area, which enables greater photosyn-

thetic rate during the morning (Pettigrew and Gerik

2007). The concurrent effect of target region #1 on

leaf size, Chl, OP and to some extent also lint yield,

may indicate that these traits are under common

genetic control. This suggests that genetic manipula-

tion of NILs carrying this target region, aiming to

eliminate negative epistatic effects, may result in

improved lint yield.

NILs introgressed with target region #3, associated

with OP and yield (Saranga et al. 2004), exhibited

considerably lower SLW (leaf thickness; Table 8),

higher stomatal density (Fig. 1b), smaller epidermal

cells (Fig. 2) and, in some cases, also lower d13C

(Table 6) as compared with the recipient parent.

Table 9 Stomatal conductance of cotton NILs and their reci-

pient parents F-177 (G. barbadense) and Siv’on (G. hirsutum)

under the two tested environments of trial 1

Genotype Stomatal conductance (mol m-2 s-1)

Well-watered Water-limited

G. barbadense genotypes

1-1 1.8 0.9

1-2

1-4 1.7 0.7

2-2 1.0*** 0.7

2-4 1.3** 0.8

2-5 1.3** 0.7

5-2 0.9*** 0.5

5-3 0.9*** 0.9

5-4 0.6*** 0.5

9-1 0.7*** 0.4

9-2 0.7*** 0.3

9-3 0.7*** 0.5

F-177 1.9 0.6

G. hirsutum genotypes

3-1 1.48 0.69

3-2 1.27 0.79

3-3 0.86** 0.72

8-1 0.94*** 0.70

8-3 2.15 (0.08) 0.89

8-4 1.64 0.84

Siv’on 1.67 0.90

*, **, *** Indicate significance at P B 0.05, 0.01 and 0.001,

respectively, between each NIL to the recipient parent.

Probability levels between 0.05 B P B 0.1 are indicated in

parenthesis
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Fig. 1 (a) Leaf size of NILs introgressed with target region #1

and their recipient parent F-177 (G. barbadense). (b) Stomatal

density of NILs introgressed with target region #3 and their

recipient parent Siv’on (G. hirsutum). * and *** indicate

significant difference between each NIL to its recipient parent

at P B 0.05 and P B 0.001, respectively
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Arabidopsis mutant lines carrying null or non-func-

tional copy of the ERECTA gene, which regulates

transpiration efficiency, exhibited modified mesophyll

anatomy, smaller epidermal cells, greatly increased

stomatal density, and lower d13C (Mastle et al. 2005).

These mutant lines did not exhibit systematic differ-

ences in leaf blade thickness, however, association

between mesophyll anatomy differences and SLW or

leaf thickness were previously reported in other studies

(Syvertsen et al. 1995; Hanba et al. 1999) including

GH cotton (Volkanburgh and Davies 1977). ERECTA

homologs were identified in diverse species (Mastle

et al. 2005). Using Tblastn program (Altschul et al.

1990), we found several cotton mRNAs showing a high

sequence similarity ([80%) to the ERECTA protein

(CottonDB URL; http://cottondb.org/cdbhome.html),

indicating a highly conserved function of this protein in

cotton. It is therefore possible that an ERECTA

homolog is involved in target region #3, thus influ-

encing SLW (leaf thickness), stomatal density and

d13C.

Associations between lint yield and physiological

variables in GB versus GH genotypes

In the original mapping population, QTL likelihood

intervals for low OP corresponded with QTLs for high

yield in three genomic regions, suggesting a partly

common genetic basis of these traits (Saranga et al.

2004). In agreement with this, under the severe stress

imposed in trial 1, low OP and high OA were

associated with higher lint yield in GB genotypes,

whereas in the GH the opposite trends were found

(Table 10). Both turgid OP measured under water-

limited conditions and OA may represent the active

solute accumulation in response to water deficiency, as

reflected by the highly significant correlations between

these two variables (P \ 0.0001, in all trials and

genotype groups, data not shown). However, OA is

calculated from two independent OP measurements,

and therefore it is subjected to a greater (*double)

experimental error. This reduces the association

between OA and yield, compared with OP versus

yield, as found in the current study. Previous findings

on the relation between OA and yield were inconsis-

tent, showing either positive (Reviewed by Blum

2005), negative (Singh et al. 1990), or no association

between these traits (Leport et al. 1999; Turner et al.

2007), as reported in GH cotton as well (Leidi et al.

1999). Serraj and Sinclair (2002) claimed that crop

yields benefit from OA particularly under extremely

low-yielding environments, however, some benefit

may be observed in cases where OA increases the

extraction of water from deep soil layers.

Previous studies showed that advances in yield of

GB cotton during the second half of the Twentieth

century were associated with increased photosynthetic

rate and heat avoidance via increased stomatal

conductance (Cornish et al. 1991; Lu et al. 1994;

Radin et al. 1994) which is detrimental to WUE (Lu

et al. 1996). In agreement with this, in our GB

genotypes higher lint yield was associated with higher

stomatal conductance and lower d13C (Table 10), with

the two latter variables being negatively correlated

with one another (P \ 0.05, data not shown). Our

results suggest that the unfavorable association

between yield and stomatal conductance in GB cotton

Fig. 2 Abaxial leaf surface of NILs introgressed with target

region #3 (b) and its recipient parent G. hirsutum cv. Siv’on (a)

showing differences in stomatal density and epidermis cell size
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was not ‘broken’ by introgression of the targeted GH

genomic regions. Low OP is known to maintain leaf

turgor pressure and stomatal conductance under water

deficit (Serraj and Sinclair 2002). As opposed to GB,

yield in GH was not related to stomatal conductance

(or OP), whereas in both species yield was negatively

correlated with d13C.

Chl per unit of leaf area was highly correlated with

SLW in both species. However, while in GB Chl and

SLW were positively correlated with yield, an

opposite trend was evident in GH (Table 10). SLW

was positively associated with Chl also in wheat and

barley (Araus et al. 1997a, b). In GH cotton differ-

ences in SLW reflected differences in leaf thickness

(Volkanburgh and Davies 1977). Therefore, it is

likely that changes in Chl in the NILs were derived

from changes in SLW (leaf thickness). In GH cotton,

Leidi et al. (1999) reported significant negative

correlation between SLW and seed cotton yield

whereas Lopez et al. (1995) reported a positive

association. Thicker leaves, containing more photo-

synthetic tissue per unit leaf area, can result in higher

photosynthetic capacity thus enabling greater yield

(see Araus et al. 1997a, b and references therein;

Terashima et al. 2001). However, greater leaf thick-

ness can be associated with increased mesophyll

resistance (Syvertsen et al. 1995; Terashima et al.

2001), which limits CO2 influx to carboxylation sites

and reduces photosynthetic rate (Evans 1999) and

productivity. A simulation study of cotton suggested

that thicker leaves cause an increase in the sink

strength of leaves leading to carbohydrate investment

in leaves rather than in fruits (Landivar et al. 1983). It

is therefore possible that while in GB genotypes high

Chl and SLW enhanced photosynthetic capacity, in

GH the opposite occurred due to increased mesophyll

resistance or a different balance between vegetative

and reproductive sinks.

Conclusions

The importance of this study arises from the concur-

rent introgression of QTLs for yield and major

Table 10 Coefficients of correlation (r) between lint yield and drought-related physiological traits in cotton NILs and their recipient

parents F-177 (G. barbadense) and Siv’on (G. hirsutum) under four tested environments

Physiology traits Trial 1 Trial 2

Control Water-limited Control Water-limited

n = 17 n = 17 n = 13 n = 13

GB genotypes

Osmotic potential -0.46 (0.06) -0.44 (0.07) -0.67* -0.25

Osmotic adjustment 0.33 -0.05

Carbon isotope ratio -0.64** -0.71** -0.47 -0.73**

Chlorophyll content 0.68** 0.53* 0.38 0.26

Specific leaf weight 0.63** 0.26 -0.008 -0.04

Stomatal conductancea 0.47 (0.08) 0.50 (0.06)

n = 13 n = 13 n = 7 n = 7

GH genotypes

Osmotic potential 0.19 0.63*b 0.14 -0.06

Osmotic adjustment -0.23b 0.03

Carbon isotope ratio -0.54* -0.53 (0.06) 0.03 -0.56

Chlorophyll content -0.16 -0.51 (0.07) -0.72 (0.07) -0.64

Specific leaf weight -0.76** -0.66* -0.51 -0.51

Stomatal conductance 0.05 -0.24

*, **, *** Indicate significance at P B 0.05, 0.01 and 0.001, respectively. Probability levels between 0.05 B P B 0.1 are indicated in

parenthesis
a n = 15
b One outlier data point omitted, n = 12
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drought related traits (OP, d13C and Chl) in the same

NILs, which permitted direct testing of MAS effi-

ciency for yield versus underlying physiological

variables. We are aware of only two prior MAS

studies in which QTLs for yield and a single physi-

ological trait were targeted, ‘stay green’ in sorghum

(Tuinstra et al. 1998) and earliness in maize (Bouchez

et al. 2002). Another unique aspect of the current study

is the mutual introgression between two cotton

species, which enabled us to characterize the studied

traits under two distinct genetic backgrounds and

reveal the considerable differences between the

respective species in physiological mechanisms under-

lying plant productivity.

Yield, the ultimate objective of most breeding

programs, is known as a low-heritability complex trait,

influenced by multiple gene networks and epistatic

interactions among genetic elements, as well as

between genetic and environmental variables. Breed-

ing for yield under stress conditions is even more

complex due to the difficulty to define and apply a

precise set of environmental condition relevant to the

range of naturally occurring stress scenarios. This

emphasizes the power of genetic mapping, allowing

the dissection of complex traits and distinguishing

common heredity from casual associations (Paterson

et al. 1988), which cannot be achieved by conven-

tional approaches. Targeting specific genomic regions

and characterizing their effects can enable the recon-

struction of favorable loci into elite cultivars.

Some advantages and difficulties involved in the

application of MAS for practical breeding are high-

lighted in the current study. Cotton NILs exhibited an

improvement in drought related traits such as greater

OA, higher d13C, and reduced leaf size, compared with

the recipient parents. From a purely mechanistic point

of view such changes can be defined as drought

tolerance (Specht and Williams 1984). However, from

an empirical point of view, or yield-based definition of

drought tolerance, NILs containing putatively favor-

able alleles did not exhibit a clear advantage. Elite

cotton cultivars, such as the recipient parents used in

our study, are the outcome of intense selection over

many generations among huge number of individual

genotypes. The unique combination of gene networks

resulting from such processes is likely to be interrupted

due to introgression of either targeted or non-targeted

genomic regions. This possibly is a major reason for

the poor success of MAS for improved yield in

previous studies (Cattivelli et al. 2008) as well as

in the current study. Theoretical and analytical inves-

tigations have shown that maximal selection efficiency

for quantitative traits may be obtained by using a

combination of molecular and phenotypic information

(Lande and Thompson 1990; Wittaker et al. 1995).

The relatively successful introgression of QTLs for

drought related traits in this study may serve as a basis

for future breeding. It is suggested that elite genetic

materials introgressed with a QTL(s) for drought

adaptive traits (e.g. OA) via MAS should be subjected

to conventional breeding to identify lines taking

advantage of the newly introduced QTL(s) while

retaining high yield potential.

Acknowledgments This research was supported by a grant

(# 3-2291) from the, Ministry of Science and Technology,

Israel, within the cooperation program with the Ministry of

Science and Technology, India, and by the Israel Cotton

Production and Marketing Board. We thank the staff of the

Hebrew University Experimental Farm and the Bnei Darom

field crops section for their cooperation.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)

Basic local alignment search tool. J Mol Biol 215:403–410.

Araus JL, Amaro T, Zuhair Y, Nachit MM (1997a) Effect of

leaf structure and water status on carbon isotope dis-

crimination in field-grown durum wheat. Plant Cell

Environ 20:1484–1494. doi:10.1046/j.1365-3040.1997.

d01-43.x

Araus JL, Bort J, Ceccarelli S, Grando S (1997b) Relationship

between leaf structure and carbon isotope discrimination

in field grown barley. Plant Physiol Biochem 35:533–541

Blum A (1988) Plant breeding for stress environments. CRC

Press Inc., Boca Raton, Florida

Blum A (1989) Osmotic adjustment and growth of barley

cultivars under drought stress. Crop Sci 29:230–233

Blum A (2005) Drought resistance, water-use efficiency, and

yield potential—are they compatible, dissonant, or

mutually exclusive? Aust J Agric Res 56:1159–1168. doi:

10.1071/AR05069

Bouchez A, Hospital F, Causse M, Gallais A, Charcosset A

(2002) Marker-assisted introgression of favorable alleles

at quantitative trait loci between maize elite lines.

Genetics 162:1945–1959

Boyer JS (1982) Plant productivity and environment potential

for increasing crop plant productivity, genotypic selection.

Science 218:443–448. doi:10.1126/science.218.4571.443

Cattivelli L, Rizza F, Badeck FW, Mazzucotelli E, Mastran-

gelo AM, Fracia E, Mare C, Tondelli A, Stanca AM

(2008) Drought tolerance improvement in crop plants: an

integrated view from breeding to genomics. Field Crops

Res 105:1–14. doi:10.1016/j.fcr.2007.07.004

Mol Breeding (2009) 23:179–195 193

123

http://dx.doi.org/10.1046/j.1365-3040.1997.d01-43.x
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-43.x
http://dx.doi.org/10.1071/AR05069
http://dx.doi.org/10.1126/science.218.4571.443
http://dx.doi.org/10.1016/j.fcr.2007.07.004


Ceccarelli S, Grando S (1996) Drought as a challenge for the

plant breeder. Plant Growth Regul 20:149–155. doi:

10.1007/BF00024011

Chaves MM, Maroco JP, Pereira JS (2003) Understanding

plant responses to drought—from genes to the whole

plant. Funct Plant Biol 30:239–264. doi:10.1071/FP02076

Concibido VC, La Vallee B, McLaird P, Pineda N, Meyer J,

Hummel L, Yang J, Wu K, Delannay X (2003) Intro-

gression of quantitative trait locus for yield from Glycine
soja into commercial soybean cultivars. Theor Appl Genet

106:575–582

Condon AG, Hall AE (1997) Adaptation to diverse environ-

ment: variation in water-use efficiency within crop

species. In: Jackson LE (ed) Ecology in agriculture.

Academic Press, San Diego, CA USA, pp 79–116

Condon AG, Richards RA, Rebetzke GJ, Farquar GD (2004)

Breeding for high water-use efficiency. J Exp Bot

55:2447–2460. doi:10.1093/jxb/erh277

Cornish K, Radin JW, Turcotte EL, Lu Z, Zeiger E (1991)

Enhanced photosynthesis and stomatal conductance of

Pima cotton (Gossypuim barbadence L.) bred for

increased yield. Plant Physiol 97:484–489

Endaie B, Hall AE, Farquar GD, Nguyen HT, Waines JG

(1991) Water-use efficiency and carbon isotope discrim-

ination in wheat. Crop Sci 31:1282–1288

Evans JR (1999) Leaf anatomy enables more equal access to

light and CO2 between chloroplasts. New Phytol 143:93–

104. doi:10.1046/j.1469-8137.1999.00440.x

Farquhar GD, Richards RA (1984) Isotopic composition of

plant carbon correlated with water-use-efficiency of wheat

genotypes. Aust J Plant Physiol 11:539–552

Francia E, Tacconi G, Crosatti C, Barabaschi D, Bulgarelli D,

Dall Alio E, Vale G (2005) Marker assisted selection in

crop plants. Plant Cell Tissue Organ Cult 82:317–342.

doi:10.1007/s11240-005-2387-z

Hall AE, Richards RA, Condon AG, Wright GC, Farquhar GD

(1994) Carbon isotope discrimination and plant breeding.

Plant Breed Rev 12:81–113

Hanba YT, Miyazawa SL, Terashima I (1999) The influence of

leaf thickness on CO2 transfer conductance and leaf stable

carbon isotope ratio for some evergreen tree species in

Japanese warm-temperature forests. Funct Ecol 13:632–

639. doi:10.1046/j.1365-2435.1999.00364.x

Harris K, Klein R, Mullet J (2007) Sorghum stay-green QTL

individually reduce post-flowering drought-induced leaf

senescence. J Exp Bot 58:327–338. doi:10.1093/

jxb/erl225

Kandemir N, Jones BL, Wesenberg DM, ullrich SE, Kleinhofs

A (2000) Marker-assisted analysis of three grain yield

QTL in barley (Hordeum vulgare L.) using near isogenic

lines. Mol Breeding 6:157–167. doi:10.1023/A:10096

02514106

Lande R, Thompson R (1990) Efficiency of marker-assisted

selection in improvement of quantitative traits. Genetics

124:743–756

Landivar JA, Baker DN, Jenkins JN (1983) Application of

GOSSYM to genetic feasibility studies. II. Analysis of

increasing photosynthesis, specific leaf weight and lon-

gevity of leaves in cotton. Crop Sci 23:504–510

Leidi EO, Lopez M, Gorham J, Gutierrez JC (1999) Variation

in carbon isotope discrimination and other traits related to

drought tolerance in upland cotton cultivars under dryland

conditions. Field Crops Res 61:109–123. doi:10.1016/

S0378-4290(98)00151-8

Leport L, Turner NC, French RJ, Barr MD, Duda R, Davies

SL, Tennant D, Siddique KHM (1999) Physiological

responses of chickpea genotypes to terminal drought in a

Mediterranean-type environment. Eur J Agron 11:279–

291. doi:10.1016/S1161-0301(99)00039-8

Lopez M, Gutierrez JC, Leidi EO (1995) Selection and char-

acterization of cotton cultivars for dryland production in

the South West of Spain. Eur J Agron 4:119–126

Lu Z, Radin JW, Turcotte EL, Percy R, Zeiger E (1994) High

yields in advanced lines of Pima cotton are associated

with higher stomatal conductance, reduced leaf area and

lower leaf temperature. Physiol Plant 92:266–272. doi:

10.1111/j.1399-3054.1994.tb05336.x

Lu Z, Chen J, Percy RG, Sharifi MR, Rundel PW, Zeiger E

(1996) Genetic variation in carbon isotope discrimination

and its relation to stomatal conductance in Pima cotton

(Gossypium barbadence). Aust J Plant Physiol 23:127–

132

Mastle J, Gilmore SR, Farquar GD (2005) The ERECTA gene

regulates plant transpiration efficiency in Arabidopsis.

Nature 436:866–870. doi:10.1038/nature03835

Mittler R (2005) Abiotic stress, the field environment and

stress combination. Trends Plant Sci 11:15–19. doi:

10.1016/j.tplants.2005.11.002

Morgan JM (1984) Osmoregulation and water stress in higher

plants. Annu Rev Plant Physiol Plant Mol Biol 35:299–

319. doi:10.1146/annurev.arplant.35.1.299

Morgan JM (2000) Increases in grain yield of wheat by

breeding for an osmoregulation gene: relationship to water

supply and evaporative demand. Aust J Agric Res

51:971–978. doi:10.1071/AR00062

Parry MAJ, Flexas J, Medrano H (2005) Prospects for crop

production under drought: research priorities and future

directions. Ann Appl Biol 147:211–226. doi:10.1111/

j.1744-7348.2005.00032.x

Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln S,

Tanksley SD (1988) Resolution of quantitative traits into

Mendelian factors by using a complete linkage map of

restriction fragments length polymorphisms. Nature

335:721–726. doi:10.1038/335721a0

Paterson AH, Brubakar CL, Wendel JF (1993) A rapid method

for extraction of cotton (Gossypium spp.) genomic DNA

suitable for RFLP or PCR analysis. Plant Mol Rep

11:122–127. doi:10.1007/BF02670470

Pettigrew WT (2004) Moisture deficit effects on cotton lint

yield, yield components, and boll distribution. Agron J

96:377–383

Pettigrew WT, Gerik TJ (2007) Cotton leaf photosynthesis and

carbon metabolism. Adv Agron 94:209–236. doi:

10.1016/S0065-2113(06)94005-X

Plucknett DL, Smith NJH, Williams JT, Anishetty NM (1987)

Gene banks and the world’s food. Princeton University

Press, Princeton, NJ, USA

Radin JW (1992) Reconciling water-use efficiencies of cotton

in field and laboratory. Crop Sci 32:13–18

Radin JW, Zhenmin L, Percy RG, Zeiger E (1994) Genetic

variability for stomatal conductance in Pima cotton and its

relation to improvements of heat adaptation. Proc Natl

194 Mol Breeding (2009) 23:179–195

123

http://dx.doi.org/10.1007/BF00024011
http://dx.doi.org/10.1071/FP02076
http://dx.doi.org/10.1093/jxb/erh277
http://dx.doi.org/10.1046/j.1469-8137.1999.00440.x
http://dx.doi.org/10.1007/s11240-005-2387-z
http://dx.doi.org/10.1046/j.1365-2435.1999.00364.x
http://dx.doi.org/10.1093/jxb/erl225
http://dx.doi.org/10.1093/jxb/erl225
http://dx.doi.org/10.1023/A:1009602514106
http://dx.doi.org/10.1023/A:1009602514106
http://dx.doi.org/10.1016/S0378-4290(98)00151-8
http://dx.doi.org/10.1016/S0378-4290(98)00151-8
http://dx.doi.org/10.1016/S1161-0301(99)00039-8
http://dx.doi.org/10.1111/j.1399-3054.1994.tb05336.x
http://dx.doi.org/10.1038/nature03835
http://dx.doi.org/10.1016/j.tplants.2005.11.002
http://dx.doi.org/10.1146/annurev.arplant.35.1.299
http://dx.doi.org/10.1071/AR00062
http://dx.doi.org/10.1111/j.1744-7348.2005.00032.x
http://dx.doi.org/10.1111/j.1744-7348.2005.00032.x
http://dx.doi.org/10.1038/335721a0
http://dx.doi.org/10.1007/BF02670470
http://dx.doi.org/10.1016/S0065-2113(06)94005-X


Acad Sci USA 91:7217–7221. doi:10.1073/pnas.91.

15.7217

Reinisch AJ, Dong J, Brubakar CL, Stelly DM, Wendel JF,

Paterson AH (1994) A detailed RFLP map of cotton

Gossypuim hirsutum 9 Gossypuim barbadence: chromo-

some organization and evolution in a disomic polyploidy.

Genetics 138:829–847

Reyna N, Sneller CH (2001) Evaluation of marker-assisted

introgression of yield QTL alleles into adapted soybean.

Crop Sci 41:1317–1321

Ribaut JM, Ragot M (2007) Marker-assisted selection to

improve drought adaptation in maize: the backcross

approach, perspectives, limitations, and alternatives. J Exp

Bot 58:351–360. doi:10.1093/jxb/erl214

Romagosa I, Han F, Ulrich SE, Hayes PM, Wesenberg DM

(1999) Verification of yield QTL though realized molec-

ular marker-assisted selection responses in a barley cross.

Mol Breed 5:143–152. doi:10.1023/A:1009684108922

Saranga Y, Flash I, Yakir D (1998) Variation in water-use-

efficiency and its relation to carbon isotope ratio in cotton.

Crop Sci 38:782–787

Saranga Y, Menz M, Jiang CX, Wright RJ, Yakir D, Paterson

AH (2001) Genomic dissection of genotype 9 environ-

ment interactions conferring adaptation of cotton to arid

conditions. Genome Res 12:1988–1995. doi:10.1101/

gr.157201

Saranga Y, Jiang C, Wright R, Yakir D, Paterson AH (2004)

Genetic dissection of cotton physiological responses to

arid conditions and their inter-relationships with produc-

tivity. Plant Cell Environ 27:263–277. doi:10.1111/

j.1365-3040.2003.01134.x

Schmierer DA, Kandmir N, Kudrna DA, Jones BL, Ullrich E,

Kleinhofs A (2004) Molecular marker-assisted selection

for enhanced yield in malting barley. Mol Breed 14:463–

473. doi:10.1007/s11032-004-0903-1

Serraj R, Sinclair TR (2002) Osmolyte accumulation: can it

really help increase crop yield under drought conditions?

Plant Cell Environ 25:333–341. doi:10.1046/j.1365-

3040.2002.00754.x

Shen L, Courtois B, McNally KL, Robin S, Li Z (2001) Evalu-

ation of near-isogenic lines of rice introgressed with QTLs

for root depth through marker-aided selection. Theor Appl

Genet 103:75–83. doi:10.1007/s001220100538

Shinozaki K, Yamaguchi-Shinozaki K (2007) Gene networks

involved in drought stress response and tolerance. J Exp

Bot 58:221–227. doi:10.1093/jxb/erl164

Singh DP, Chaudhary BD, Singh P, Sharma HC, Karwasra,

SPS (1990) Drought tolerance in oilseed Brassicas and

chickpea. Haryana Agriculture University, Hisar, India,

pp 1–60

Specht JE, Williams JH 1984. Breeding for drought and heat

resistance-some prerequisites and examples. In: Shibles

RM (ed) Proceedings of world soybean research confer-

ence III, Ames, IA, 12–17 August 1984. Westview Press,

Boulder, CO, pp 468–475

Steele KA, Price AH, Witcombe JR (2006) Marker-assisted

selection to introgress rice QTLs controlling root traits

into an Indian upland rice variety. Theor Appl Genet

112:208–221. doi:10.1007/s00122-005-0110-4

Stuber CW (1995) Mapping and manipulating quantitative

traits in maize. Trends Genet 11:477–481. doi:10.1016/

S0168-9525(00)89156-8

Syvertsen JP, Lloyd J, McConchie C, Kriedemann PE, Farquar

GD (1995) On the relationship between leaf anatomy and

CO2 diffusion through the mesophyll of hypostomatous

leaves. Plant Cell Environ 18:149–157. doi:10.1111/

j.1365-3040.1995.tb00348.x

Terashima I, Miyazawa SI, Hanba YT (2001) Why are sun

leaves thicker than shade leaves? Consideration based on

analyses of CO2 diffusion in the leaf. J Plant Res 114:93–

105. doi:10.1007/PL00013972

Tuberosa R, Salvi S (2006) Genomics-based approaches to

improve drought tolerance of crops. Trends Plant Sci

11:405–412. doi:10.1016/j.tplants.2006.06.003

Tuinstra MR, Ejepta G, Goldsbrough P (1998) Evaluation of

near-isogenic sorghum lines contrasting for QTL markers

associated with drought tolerance. Crop Sci 38:835–842

Turner NC, Jones MM (1980) Turgor maintenance by osmotic

adjustment: a review and evaluation. In: Turner NC,

Kramer PJ (eds) Adaptation of plants to water and high

temperature stress. Wiley-Interscience, New-York,

Chichester, Brisbane, Toronto, pp 87–103

Turner NC, Abbo S, Berger JD, Chaturvedi S, French RJ,

Ludwig C, Mannur D, Singh S, Yadava H (2007) Osmotic

adjustment in chickpea (Cicer arietinum L.) results in no

yield benefit under terminal drought. J Exp Bot 58:187–

194. doi:10.1093/jxb/erl192

Volkanburgh EV, Davies WJ (1977) Leaf anatomy and water

relation of plants growth in controlled environments and

in the field. Crop Sci 17:353–358

Wendel JF (1989) New world tetraploid cottons contain old

world cytoplasm. Proc Natl Acad Sci USA 86:4132–4136.

doi:10.1073/pnas.86.11.4132

Wittaker JC, Curnow RN, Haley CS, Thompson R (1995)

Using marker-maps in marker-assisted selection. Genet

Res 66:255–265

Mol Breeding (2009) 23:179–195 195

123

http://dx.doi.org/10.1073/pnas.91.15.7217
http://dx.doi.org/10.1073/pnas.91.15.7217
http://dx.doi.org/10.1093/jxb/erl214
http://dx.doi.org/10.1023/A:1009684108922
http://dx.doi.org/10.1101/gr.157201
http://dx.doi.org/10.1101/gr.157201
http://dx.doi.org/10.1111/j.1365-3040.2003.01134.x
http://dx.doi.org/10.1111/j.1365-3040.2003.01134.x
http://dx.doi.org/10.1007/s11032-004-0903-1
http://dx.doi.org/10.1046/j.1365-3040.2002.00754.x
http://dx.doi.org/10.1046/j.1365-3040.2002.00754.x
http://dx.doi.org/10.1007/s001220100538
http://dx.doi.org/10.1093/jxb/erl164
http://dx.doi.org/10.1007/s00122-005-0110-4
http://dx.doi.org/10.1016/S0168-9525(00)89156-8
http://dx.doi.org/10.1016/S0168-9525(00)89156-8
http://dx.doi.org/10.1111/j.1365-3040.1995.tb00348.x
http://dx.doi.org/10.1111/j.1365-3040.1995.tb00348.x
http://dx.doi.org/10.1007/PL00013972
http://dx.doi.org/10.1016/j.tplants.2006.06.003
http://dx.doi.org/10.1093/jxb/erl192
http://dx.doi.org/10.1073/pnas.86.11.4132

	Field evaluation of cotton near-isogenic lines introgressed with QTLs for productivity and drought related traits
	Abstract
	Introduction
	Materials and methods
	Development of NILs
	Experimental design and growth conditions
	Phenotypic measurements
	Statistical analysis

	Results
	Phenotypic differences between NILs and their recipient parents
	Association between lint yield and physiological traits

	Discussion
	Effects of irrigation treatments on plant performances
	Efficiency of marker-assisted selection for yield and physiological traits
	Modifications of non-targeted traits
	Associations between lint yield and physiological variables in GB versus GH genotypes

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


