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Abstract With the aim to study variability in genes

involved in ecological adaptations, we have analysed

sequence polymorphisms of eight unique genes putatively

involved in drought response by isolation and analysis

of allelic sequences in eight inbred lines of sunflower of

different origin and phenotypic characters and showing

different drought response in terms of leaf relative water

content (RWC). First, gene sequences were amplified by

PCR on genomic DNA from a highly inbred line and their

products were directly sequenced. In the absence of single

nucleotide polymorphisms, the gene was considered as

unique. Then, the same PCR reaction was performed on

genomic DNAs of eight inbred lines to isolate allelic

variants to be compared. The eight selected genes encode a

dehydrin, a heat shock protein, a non-specific lipid transfer

protein, a z-carotene desaturase, a drought-responsive-ele-

ment-binding protein, a NAC-domain transcription regu-

lator, an auxin-binding protein, and an ABA responsive-C5

protein. Nucleotide diversity per synonymous and non-

synonymous sites was calculated for each gene sequence.

The pa/ps ratio range was usually very low, indicating

strong purifying selection, though with locus-to-locus dif-

ferences. As far as non-coding regions, the intron showed a

larger variability than the other regions only in the case of

the dehydrin gene. In the other genes tested, in which one

or more introns occur, variability in the introns was similar

or even lower than in the other regions. On the contrary,

30-UTRs were usually more variable than the coding regions.

Linkage disequilibrium in the selected genes decayed on

average within 1,000 bp, with large variation among genes.

A pairwise comparison between genetic distances calculated

on the eight genes and the difference in RWC showed a

significant correlation in the first phases of drought stress.

The results are discussed in relation to the function of ana-

lysed genes, i.e. involved in gene regulation and signal

transduction, or encoding enzymes and defence proteins.

Introduction

A major goal of population and quantitative genetics is to

identify the polymorphisms underlying phenotypic varia-

tion, particularly in traits that are important for ecological

adaptations (Feder and Mitchell-Olds 2003; Stinchcombe

and Hoekstra 2008). While the accumulation of functional

genomics data over the last decades has provided detailed

information on the genetic basis of many of such traits in a

number of model organisms, genetic variation in non-

model species remains largely unknown.

Among traits that are important for ecological adapta-

tions, drought tolerance in plants is a multigenic trait, i.e.

many genes are involved in drought response (Shinozaki

and Yamaguchi-Shinozaki 2007). As for other stresses,

gene products involved in the response may be classified

into two groups: having a direct role in stress protection, or

regulating gene expression and signal transduction during
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stress response (Kasuga et al. 1999). The former group

includes proteins that protect cellular structures during

dehydration, as dehydrins, chaperonins, enzymes for osm-

olites synthesis (sugars, proline, organic acids) and detox-

ifying enzymes; the latter includes transcription factors and

kinases (Shinozaki and Yamaguchi-Shinozaki 2007).

Genetic analyses of drought response are especially

referred to induced variation in the transcriptome. In the

sunflower (Helianthus annuus L.), a cDNA microarray

containing about 800 clones covering major metabolic and

signal transduction pathways allowed to identify many

differentially expressed genes in leaves and embryos of

drought-tolerant and -sensitive genotypes subjected to

water-deficit under field conditions (Roche et al. 2007).

The majority of the cDNA clones differentially expressed

under water stress was found to display opposite gene

expression profiles in a drought-tolerant genotype when

compared with a drought-sensitive one. These dissimilari-

ties suggest that the difference between tolerant and non-

tolerant plants is mainly associated with changes in mRNA

expression. However, it is to be recalled that phenotypic

variation resides also on changes in allelic sequences that

can affect the efficiency of the encoded proteins. Hence,

sequence variability of stress-related genes can modulate

the stress response within a species.

Despite the importance of genes related to abiotic stress

in environmental adaptation, studies on DNA sequence

polymorphism of such genes within a plant species are rare.

The most apparent difficulty in studying genetic variability

in stress-related genes is that most of such genes belong to

multigenic families and this can lead to errors in compar-

isons, for example, non-orthologous loci can be incorrectly

compared. This difficulty can be overcome if the gene is in

a unique copy in the genome, or, at least, if a gene-specific

primer pair used for PCR-amplification amplifies a unique

sequence. This can be determined by PCR-amplification on

genomic DNA from a completely homozygous plant (for

example an highly inbred line) and subsequent direct

sequencing of the amplicon: if no SNPs occur in the

ferogram, then the amplified product is unique and can be

compared to other allelic products from genomic DNAs of

other lines.

Some unique or low copies drought stress-related

genes have been described in the sunflower. In the group of

genes whose product is directly involved in the defence, a

dehydrin-encoding gene, HaDhn1 (Ouvrard et al. 1996), was

proved to be in a unique copy and its sequence variability

has been already analysed (Natali et al. 2003; Giordani

et al. 2003). Many studies indicate that dehydrins are

associated with macromolecules such as nucleoprotein and

endomembranes, suggesting that these proteins are sur-

factants that inhibit the coagulation of a range of macro-

molecules and preserve their structural integrity, stabilizing

proteins and membranes (Close 1996). Dehydrins are

usually produced following any environmental stimulus

involving dehydration, such as drought or cold stress and

salinity, as key components of dehydration tolerance (Zhu

et al. 2000).

Another sunflower putative single-copy gene, whose

product interacts with biological macromolecules during

stress response, encodes a heat shock protein (HSP). HSPs

are usually produced in response to heat stress, however,

they can also be induced by other stress and even consti-

tutively expressed (Carranco et al. 1997). The gene

HSP17.6 was isolated by Almoguera and Jordano (1992)

and was shown to be unique by Southern blot

hybridization.

Other genes whose product is involved directly in the

stress response encode enzymes and proteins related to

lipid metabolism. Lipid modifications are apparently

involved in the response to many stresses (Navari-Izzo

et al. 1993). Recently, the hypothesis that lipid transfer

proteins can have a role, or at least be involved, in plant

defence signalling emerged (De Oliveira Carvalho and

Moreira Gomes 2007). In the sunflower, a gene encoding a

lipid transfer protein (Ouvrard et al. 1996) and another

encoding a z-carotene desaturase (Conti et al. 2004) were

reported as single-copy genes.

Stress-related genes belonging to the class of genes

whose products are involved in gene regulation and hor-

monal signalling have been described in the sunflower. For

example the NAC-1 gene (Liu and Baird 2003) belongs to

the NAC family of transcription regulators involved in

morphogenesis and stress response (Ooka et al. 2003). Also

drought-responsive-element-binding (DREB) protein

encoding genes are transcription factors, which bind DRE

cis-elements on the proximal promoter of drought-respon-

sive genes (Shinozaki and Yamaguchi-Shinozaki 2007).

Though many genes encode DRE-binding proteins, in

sunflower the DREB2 gene was proved to be unique (Diaz-

Martin et al. 2005).

Also a gene encoding an auxin-binding protein (ABP1)

was suggested to be unique in the sunflower genome

(GenBank acc. number AF450281). ABP1 is involved in

the auxin transport within the cell and is considered to be a

candidate auxin receptor, triggering early modification of

ion fluxes across the plasma membrane in response to

auxin (David et al. 2007).

Finally, an ABA-responsive-C5 (ABAC5) encoding

gene was reported to be in two copies in the sunflower

genome (Liu and Baird 2004). ABAC5 is involved in

abscisic acid-mediated drought response and probably has

a nuclear localization (Liu and Baird 2004).

In the sunflower, intraspecific genetic polymorphism has

been studied by analyses of allozymes (Rieseberg and

Seiler 1990; Cronn et al. 1997), SSR (Tang and Knapp
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2003; Harter et al. 2004; Burke et al. 2005), retrotranspo-

son-based molecular markers (Vukich et al. 2009). In

recent years, a number of studies have reported on

sequence diversity of coding genes (Natali et al. 2003;

Kolkman et al. 2004; Hass et al. 2006; Schuppert et al.

2006; Tang et al. 2006; Liu and Burke 2006). While var-

iability in wild H. annuus is comparable to that of other

outcrossing species, gene diversity is strongly reduced (by

40–50%) in sunflower cultivars, that have lost the sporo-

phytic self-incompatibility typical of the genus Helianthus,

and are easily self-pollinated (Liu and Burke 2006).

In this paper, we report on the sequence variability of

eight genes, involved in drought response and described

above, in eight inbred lines of sunflower of different origin

and showing different drought response, by isolation and

analysis of allelic sequences.

Materials and methods

Plant materials and DNA isolation

The inbred lines used for this study were selfed for at least

12 generations and collected at the Department of Crop

Plant Biology. Inbred lines were selected showing vari-

ability for different morphological characters and origi-

nating from different countries (Table 1).

Seeds were germinated in Petri dishes on distilled water

and, after 3 days, were transferred to 8 cm diameter pots

(about 2.0 9 10-4 m3 volume) containing a mixture of

soil and sand plus an initial dose of complete fertilizer

(Osmocote 14-14-14, Sierra Ltd, UK). Leaflets were col-

lected from one plantlet for each genotype. DNA was

extracted from leaf tissues according to the method devised

by Doyle and Doyle (1989) with minor modifications

(Giordani et al. 1999).

For analyses of drought response, plantlets were grown

in a growth chamber at 23�C, 0.7 kPa vapour pressure

deficit (VPD). A 16-h photoperiod was provided by mer-

cury lamps (Osram HQI-TS 250W/NDN, Wembley, UK)

with intensity of 200 lmol m-2 s-1. Plants were watered

to pot capacity twice daily.

Leaf discs (1.5 diameter) punched from expanded leaves

(3rd node) of 4-week-old plants were used for relative

water content (RWC) measurements. Leaf discs were

placed on a bench at 23�C, 0.7 kPa VPD, under light

(200 lmol m-2 s-1), with the abaxial surfaces uppermost

and allowed to dehydrate for 2 h. Measurements were

performed every 30 min, using five leaf discs punched

from different plants for each genotype. RWC was calcu-

lated according to the equation RWC = 100 9 (FW -

DW)/(TW - DW), where FW is fresh weight, DW is dry

weight and TW is turgid weight. TW was determined after

floating discs on distilled water for 24 h at 4�C, in the dark;

DW was measured after oven-drying for 48 h at 75�C.

RWC measurements were subjected to one-way ANOVA.

Gene amplification and sequencing

DNA sequences allelic to eight genes of sunflower were

isolated by PCR on genomic DNAs obtained from the dif-

ferent genotypes. To verify that the genes are in single copy

in the sunflower genome, gene sequences were amplified by

PCR on genomic DNA from a highly (18 generation of sel-

fing) inbred line. PCR was performed using oligonucleotides

designed on the published DNA sequences of sunflower and

reported in Table 2. PCR products were directly sequenced.

In the absence of single nucleotide polymorphisms, the gene

was considered as unique. Then, sequences were amplified

from all inbred lines, using 100 ng of genomic DNA as a

template; thermocycling was performed at 94�C for 4 min

(denaturation), followed by 30 amplification cycles at 94�C

Table 1 Sunflower (Helianthus annuus L.) inbred lines used for analysis and their characteristics

Accession

name (and

code)

Country

of origin

Pigmentation

of achene

wall

Apical

branching

Corolla

colour of

disc and ray

flowers

Stem

height

(cm)

Onset of

flowering

(day)

Anther

colour

1,000 seed

weight (g)

RWC in punched leaf discs

0 (min) 30 (min) 60 (min) 120 (min)

R (R) Spain Black Yes Yellow 160 67 Black 66.60 87.4 69.6 56.1 43.5

R857 (R8) USA Black striate Yes Yellow 160 67 Black 78.91 78.7 63.8 53.4 43.6

C1 (C1) Romania Black striate No Yellow 100 60 Yellow 54.56 89.2 73.6 60.3 44.5

GB2112

(GB)

Russia White Yes Yellow 190 75 Black 53.88 91.8 70.6 57.8 37.2

EF2 (EF) France Black striate No Lemon 150 55 Black 54.49 84.7 65.4 58.2 43.0

D8 (D) Italy Black No Yellow 180 75 Black 92.31 85.3 68.8 61.5 44.6

L72 (L7) Serbia Black striate No Yellow 140 70 Black 85.54 88.3 71.6 61.9 46.9

GIOC

(GI)

Romania Black striate No Yellow 120 60 Yellow 83.53 92.5 70.6 62.7 49.0

Theor Appl Genet (2011) 122:1039–1049 1041

123



for 30 s, 60�C for 30 s and 72�C for 60 s, and a final

extension reaction at 72�C for 7 min, using Taq-DNA

polymerase (Promega, Madison, WI, USA). For each PCR-

amplified product, two independent DNA isolations from

each inbred line were used.

The amplified fragments were purified and directly

sequenced by the dideoxy chain termination method using the

PRISM dye terminator cycle sequencing kit (Perkin-Elmer,

Foster City, CA, USA) according to the manufacturer’s ins-

tructions; sequences were analysed using the SEQUENCING

ANALYSIS 2.1.2 (Perkin-Elmer) and SEQUENCHER 3.0

analysis programs (Gene Codes Corporation).

Sequence analysis

Whenever possible, the DNA sequences were subdivided

into exons, introns, and UTR. Intron delimitation within

genomic sequences was carried out by comparing the

genomic sequences with the published cDNAs and con-

firmed using the program FEX (Baylor College of Medi-

cine, Houston, TX, USA).

Sequences were aligned using CLUSTAL W (Thompson

et al. 1994). Some adjustments were made by eye. Statistics of

intraspecific polymorphism within H. annuus were performed

using the DnaSP program version 3.51 (Rozas and Rozas

1999). p, (nucleotide diversity, i.e. the average number of

nucleotide differences per site, Nei 1987) and h (the number of

segregating sites, Watterson 1975), and their sampling vari-

ances were calculated. Numbers of synonymous and non-

synonymous substitutions per site were estimated for coding

nucleotide sequences using the DnaSP program as above,

according to the method of Nei and Gojobori (1986). Align-

ment gaps were excluded from comparisons. The p and h

values were compared by the Tajima’s D test (Tajima 1989)

implemented in DnaSP to test the neutrality of molecular

polymorphisms. This test asks the question of whether h and p
are significantly different. Under the assumption of a beta

distribution, D has a mean of 0 and variance of 1; whether D is

significantly different from zero (the expectation if h = p)

was determined from the confidence intervals given in

Table 2 of Tajima (1989). To analyse the pattern of diversity

we applied the sliding window method with a window size of

100 bp and a step size of 25 bp.

Linkage disequilibrium (LD) was estimated using

squared allele–frequency correlations, R2 (Hill and Robert-

son 1968), for pairs of polymorphic sites. The Chi-square and

the Fisher’s exact test were used to determine whether the

associations between polymorphisms were significant. The

analyses were performed by applying DnaSP.

Relationships among DNA sequences from different

genotypes were investigated by the neighbour-joining (NJ)

method (distance algorithm after Kimura), using the

PHYLIP program package version 3.572 (Felsenstein

1989): with the SEQBOOT program, 1,000 versions of the

original alignment were generated; then, trees were gen-

erated using the DNADIST and NEIGHBOR programs.

A strict consensus tree was obtained from the available

trees using the CONSENSE program.

Isoelectric points of the deduced proteins were calculated

using the program Compute pI/Mw at the ExPASy server of

the Swiss Institute of Bioinformatics (Switzerland),

according to Wilkins et al. (1998). Hydrophobicity profiles

were constructed by the program ProtScale, at the ExPASy

server, according to amino acid scale values by Kyte and

Doolittle (1982), using a window size of nine amino acids,

with a 100% relative weight of the window edges compared

Table 2 List of selected

primers used to amplify eight

gene sequences in Helianthus
inbred lines

Primer Sequence Target

HSP? 50-CCAGCAAAAGAAGCAACATA-30 Heat shock protein gene

HSP- 50-ACAACCACCGTCAACACACC-30 Heat shock protein gene

DREB2? 50-CGAAGAAGGGTTGTATGAAAG-30 DREB2 gene

DREB2- 50-AAACCAAGACCCAACTCCTC-30 DREB2 gene

NAC? 50-CACCCAACAGATGAAGAACT-30 NAC-domain protein gene

NAC- 50-ACTTAACAAGATGAGATTACAAAC-30 NAC-domain protein gene

ABAC5? 50-CAGAACCAGAAAGCAACAAC-30 ABRC5 gene

ABAC5- 50-CATAGCATAGTAATCAACTTTCAA-30 ABRC5 gene

ABP1? 50-TGAGGTATGGCTTCAAACATT-30 Auxin-binding protein gene

ABP1- 50-ATTTTGACTGGTGGACGAGA-30 Auxin-binding protein gene

DES? 50-GGCAAGCTGCAGGGTTGGAC-30 Z-desaturase gene

DES- 50-AGACTCAGCTCATCAACTCC-30 Z-desaturase gene

DHN? 50-GCAGCATATGGCAAACTACCGAGGAGATAA-30 Dehydrin gene

DHN- 50-CGAATTCGTGAAACCACATACAAAACAAAA-30 Dehydrin gene

LTP? 50-TGGCAAAGATGGCAATGATG-30 Lipid transfer protein gene

LTP- 50-ATCAAAGACACATACACATCCATA-30 Lipid transfer protein gene
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to the window centre. The predicted secondary structure of

deduced proteins (percentage of a-helix, extended strand and

random coil) was analysed using the program HNN at the

Pole BioInformatique Lyonnais server (Lyon, France).

Results

Drought response of inbred lines

Eight highly inbred lines of sunflower were chosen

according to the occurrence of phenotypic variability for

different characters (pigmentation of achene wall, presence

of apical branching, corolla colour, stem height, onset of

flowering, anther colour, seed weight) and to their geo-

graphical origin from different countries (in which the

sunflower is a major crop) (Table 1).

Drought response in the eight selected lines was evalu-

ated by measuring RWC in leaf discs punched from

expanded leaves of 4-week-old plants and analysed after 0,

30, 60, and 120 min (Table 1). ANOVA was then per-

formed for each treatment time and is reported in Table 3.

It is apparent that the selected inbred lines show different

RWC in both control and drought stress. Some RWC

variability is observed also within genotypes, especially in

the control and in the first 30 min of drought stress.

Gene amplification and sequencing

Sequences homologous to eight putative single-copy genes of

H. annuus were isolated by PCR from genomic DNA of eight

sunflower inbred homozygous lines. The primers used to

isolate the sequences in the present investigation were

designed to obtain one specific DNA fragment by PCR: after

amplification and direct sequencing of the PCR products,

analysis of the ferograms allowed to exclude the occurrence of

SNPs, showing that selected primers amplified from a single

locus and that the eight lines were homozygous at all selected

loci, i.e. no heterozygous plants were found. All isolated

sequences are deposited in the GenBank database (accession

numbers FR670619-26, FR671160-99, and FR671350-65).

Sequence lengths varied from 489 to 1,012 bp and 7 out of 8

gene regions included both coding and non-coding (intron

and/or UTR) domains. On the whole we were able to analyse

5,268 bp of aligned sequences per genotype.

DNA sequence diversity analysis

The nucleotide diversity (p), i.e. the average number of

nucleotide differences per site (Nei 1987) and Theta (h),

i.e. the number of segregating sites, for each gene are

reported in Table 4, calculated excluding sites subjected to

insertions or deletions.

Table 3 One-way ANOVA for leaf RWC in eight sunflower genotypes measured in punched leaf discs after 0 (control), 30, 60, and 120 min

Drought time (min) ANOVA

Source of variation SS DF MS F P

0 Between genotypes 680.8 7 97.26 20.74 \0.0001***

Within genotypes 110.5 4 27.62 5.89 0.0014**

Residual 131.3 28 4.69

Total 922.6 39

30 Between genotypes 365.7 7 52.24 6.61 0.0001***

Within genotypes 212.4 4 53.11 6.71 0.0006***

Residual 221.5 28 7.91

Total 799.6 39

60 Between genotypes 437.8 7 62.54 3.61 0.0067**

Within genotypes 22.29 4 5.57 0.32 0.8608 ns

Residual 484.6 28 17.31

Total 944.6 39

120 Between genotypes 624.3 7 89.18 3.55 0.0074**

Within genotypes 3.62 4 0.90 0.04 0.9974ns

Residual 703.6 28 25.13

Total 1,331.5 39

For each experimental point, five independent samples were used

ns Non significant

**Significant at P \ 0.01

***Significant at P \ 0.001
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Within the 8 sunflower lines studied, we detected 154

polymorphic sites (Table 4), excluding indels, and an

average polymorphism density of one polymorphic site per

34 bp. This value is very similar to that found for other

nine genes of sunflower (1 SNP/38.8 bp) (Liu and Burke

2006). Forty-four of the 154 single nucleotide polymor-

phisms (28.6%, Table 5) caused a change in the amino acid

composition.

In the sunflower genes tested, p and h values ranged

from 0.00268 and 0.00301 (for ABP1) to 0.03315 and

0.03247 (for LTP), respectively. These values were not

significantly different at Tajima’s D test (Table 4).

The results of Tajima’s tests for all genes suggest no

significant difference between p and h and thus, by this

criterion, the data are consistent with neutral theory

(Moriyama and Powell 1996; Haseneyer et al. 2008).

However, four out of eight genes (DREB, ABA-C5, DHN,

and DES) exhibit a h value larger than p, producing a

negative D. This is consistent with a pattern of there being

too many rare nucleotide polymorphisms with respect to

predictions of the neutral theory (Braverman et al. 1995).

Nucleotide diversity per synonymous and non-synony-

mous sites (ps and pa) were calculated for each gene

(Table 5). The pa/ps ratio range is very close to 0 for NAC,

ABA-C5, and HSP genes, indicating that diversity is lar-

gely governed by purifying selection, and close to 1 for

LTP. Surprisingly, the only two SNPs of ABP1 gene are

non-synonymous, suggesting that some portion of this gene

has been under positive selection, as already observed for a

sunflower glutathione peroxidase gene (Liu and Burke

2006).

Concerning insertions or deletions, single nucleotide

gaps in the coding regions were found only in the dehydrin

and the NAC-domain protein genes. In all cases, 3, 6, or 9

nucleotide insertions or deletions were observed, i.e. not

determining frame shifts. Larger frequencies of indels were

found in non-coding sequences.

Nucleotide diversity was also calculated along the DNA

sequences. Following alignment using the program

CLUSTAL W, a 50-bp window was moved along the

sequences in steps of 20 nucleotides. p was calculated in

each window, and the value was assigned to the nucleotide

at the midpoint of the window (Fig. 1); alignment gaps

were not considered in the length of the windows.

As far as non-coding regions, the intron showed larger

variability than the other regions only in the case of DHN,

Table 4 Summary of measures of nucleotide variability and Tajima’s D

Gene Nr. of

nucleotides

Nr. of sites

(excluding

sites

with gaps)

Nr. of

polymorphic

sites

Nucleotide diversity

(p) and sampling

SD (in brackets)

h and sampling

SD (in brackets)

Tajima’s D K (average

number

of nucleotide

differences)

NAC 632 598 12 0.00866 (0.00140) 0.00774 (0.00388) 0.59845 5.179

DREB 593 593 12 0.00596 (0.00245) 0.00780 (0.00391) -1.18759 3.536

ABA-C5 546 541 10 0.00647 (0.0000045) 0.00713 (0.00367) -0.45791 3.321

ABP1 640 640 4 0.00268 (0.0000005) 0.00241 (0.00150) 0.48523 1.714

DHN 1,012 982 39 0.01498 (0.00164) 0.01532 (0.00693) -0.11624 14.714

HSP 601 589 20 0.01498 (0.00248) 0.01310 (0.00620) 0.74780 8.821

LTP 489 487 38 0.03315 (0.00757) 0.03009 (0.01363) 0.54210 16.143

DES 755 749 19 0.00926 (0.00232) 0.00978 (0.00466) -0.28287 6.929

Table 5 Number of sites (excluding gaps and including stop codon), number of mutations, nucleotide diversity per site (p) from the total number

of mutations, for synonymous and non-synonymous sites, of eight gene sequences from eight inbred lines of H. annuus

Gene Number of sites

excluding gaps

Synonymous (and non-coding) sites Non-synonymous sites

Nr. of sites Nr. of mutations ps Nr. of sites Nr. of mutations pa

NAC 598 211.58 10 0.02060 383.42 1 0.00065

DREB 593 133.81 7 0.00735 457.19 6 0.00558

ABA-C5 541 323.67 10 0.01026 217.33 0 0.00000

ABP1 640 499.83 0 0.00000 137.17 2 0.00365

DHN 982 428.81 30 0.02615 552.19 9 0.00634

HSP 589 219.79 20 0.03510 367.21 2 0.00301

LTP 487 257.19 20 0.03499 229.81 18 0.03109

DES 749 427.98 13 0.01118 318.02 6 0.00596
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as already reported (Natali et al. 2003). In the other genes

in which one or more introns occur (NAC, ABP1, LTP, and

DES), variability in the introns is in the same range or even

lower than in the other regions. The other non-coding

regions analysed in this study, the 30-UTRs, are usually

more variable than the coding regions (Fig. 1). The only

exception was LTP, that revealed extremely variable in the

coding region.

Overall genetic diversity of the eight genes tested is

reported in Fig. 2, keeping separated the four genes

encoding regulatory proteins (i.e. involved in expression

regulation or signalling cascade, NAC, ABA-C5, DREB,

ABP1) from the four genes encoding enzymes or defence

proteins: the latter group of genes shows a generally higher

diversity than the former.

Concerning LD, it was generally significant (mean

R2 [ 0.3) along all the sequenced genes of sunflower but

DHN (R2 = 0.204) (Table 6). A total of 266 and 471 pairs

of sites (among 1,820) revealed significant level of R2 with

Fisher’s exact test and Chi-square test, respectively

(Table 6). The remaining significant pairwise comparisons

yielded moderate LD values. Data from all the eight genes

Fig. 1 Graphic representation

of the pattern of change of

nucleotide diversity along eight

gene sequences from eight

inbred lines of sunflower.

Yellow boxes represent

30-UTRs, grey boxes represent

introns
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were pooled or distinguished between genes encoding

regulatory proteins and genes encoding proteins acting in

the cell metabolism. The plot of R2 values as a function of

the pairwise distance between polymorphic sites revealed

a decay of LD of the loci analysed within 1,000 bp (Fig. 3),

a value apparently lower than that observed analysing other

genes by Liu and Burke (2006). Such discrepancy can be

explained by large locus-to-locus variation occurring in the

genes examined in our experiments that ranges from 168 to

31,000 nucleotides (Table 6).

The observed nucleotide sequence variations determine

differences in biochemical and biophysical properties of

encoded proteins. Calculated isoelectric point, molecular

weight, and predicted secondary structure (percentage of

a-helix, extended strand and random coil) show differential

variability in different genes (data not shown) indicating

the occurrence of different evolutionary constraints on the

related proteins. It was observed that ‘‘regulatory’’ proteins

are generally less variable than ‘‘metabolism involved’’

ones, suggesting that the protein structure is especially

maintained in the former class.

Phylogenetic analysis and relationship between drought

response and sequence diversity

A NJ analysis of the eight inbred lines using the isolated

nucleotide sequences is reported in Fig. 4. All nodes are

strongly supported, confirming the occurrence of large

genetic variability among the selected lines. In other

analyses, phylogenetic relations were investigated for each

gene, and also using intron sequences, that are generally

considered as neutral. Large differences were observed

among dendrograms (data not shown) compared to the

dendrogram obtained combining all genes. These differ-

ences further suggest differential evolutionary constraints

among genes.

Pairwise comparisons between genetic distances calcu-

lated by NJ analyses and differences in RWC at different

times of drought stress are reported in Fig. 5. The corre-

lation resulted significant after 30 min of drought stress,

i.e. in the first phases of drought response.

Discussion

DNA sequences are usually distinguished into neutral

sequences (for example, non-coding, repeated DNA) and

showing evolutionary constraints. Changes in the latter

occur more rarely, with slower mutation rates, because

their function depends strictly on the protein (or the RNA)

that they encode. However, different mutation rates can be

found between different loci (Ogata et al. 1991) and even

within a locus (Ingvarsson et al. 2008).

Our data report on the occurrence of sequence vari-

ability among eight genes putatively involved in stress

response. Although differences among genes are in some

cases not statistically significant, many parameters, as

differences between p and h, LD values, putatively

Fig. 2 Overall nucleotide diversity of eight gene sequences from

eight inbred lines of sunflower. The four genes encoding regulatory

proteins (on the right) are separated from the four genes encoding

enzymes or defence proteins (on the left)

Table 6 Analysis of LD in eight gene sequences of H. annuus

Gene Nr. of sites Nr. of polymorphic

sites analysed

Nr. of pairwise

comparisons

Fa v2b Mean R2 ntc

NAC 632 12 66 11 25 0.387 31,000

DREB 593 11 55 0 29 0.556 710

ABA-C5 546 9 36 0 10 0.405 168

ABP1 640 3 3 0 1 0.391 694

DHN 1,012 39 741 37 88 0.204 1,911

HSP 601 19 171 28 60 0.386 1,010

LTP 489 35 595 153 212 0.451 556

DES 755 18 153 37 46 0.374 947

a Number of significant pairwise comparisons by Fisher’s exact test
b Number of significant pairwise comparisons by Chi-square test
c Number of nucleotides at which a complete decay of R2 is observed
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encoded protein sequences, phylogenetic analyses, show a

considerable locus-to-locus variation with estimates of

nucleotide diversity varying more than tenfold across

genes, strongly indicating the occurrence of different

evolutionary constraints.

Data on sequence polymorphism in plant genes are quite

rare. Concerning sequences involved in gene regulation,

data are reported for two MYB transcription factors of

barley and wheat (Haseneyer et al. 2008): p is 0.00223 in

barley and 0.00268 in wheat, comparable to our values. An

analysis of genes involved in the activation of defence

response in Arabidopsis thaliana shows that 8 sequences

related to gene regulation have an average ps of 0.00126

and pa of 0.00089 (Bakker et al. 2008).

As far as genes encoding enzymes and defence proteins,

p values reported for the overall sequence of Adh3 locus in

wild barley is 0.0219 (Lin et al. 2001); other Adh loci of

allogamous species show p values ranging from 0.00204 to

0.01742 (Cummings and Clegg 1998). A chitinase-encod-

ing gene (i.e. involved in fungal response) of A. thaliana

has p = 0.0104 (Kawabe et al. 1997). The above cited

study by Bakker et al. (2008) shows that seven genes

involved in the final phases of defence response, encoding

pathogen-related proteins, have ps = 0.00183 and

pa = 0.00126. NBS-LRR encoding genes of A. thaliana

show an even higher genetic diversity (Bakker et al. 2006).

On the whole, the values of genetic diversity observed in

our experiments are in the range of those reported in the

literature (Tables 4, 5; Fig. 2).

As far as non-coding regions, variability in the introns is

generally similar or even lower than in the other regions.

Other studies have demonstrated high levels of sequence

Fig. 3 Linkage disequilibrium (LD) structure in eight gene

sequences of eight inbred lines of sunflower. The plots shows the

pair-wise LD measurement R2 related to physical distance (in

nucleotides, nt) for all genes, for the four genes encoding regulatory

proteins (a), and for the four genes encoding enzymes or defence

proteins (b). The line on each graph depicts the expected decline in

LD

Fig. 4 Neighbour-joining analysis of eight inbred lines of sunflower

using the sequences of the eight selected genes. Inbred line

identification codes as in Table 1. Asterisks indicate significant

bootstrap values (**[80%; *[50%)

Fig. 5 Correlation between the pairwise differences in leaf RWC

after 0, 30, 60, and 120 min of drought stress and genetic distances

between the same inbred lines, calculated on sequence analysis of

eight genes
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conservation in non-coding DNA compared between

human and mouse, interpreting this conservation as evi-

dence for functional constraints (Hare and Palumbi 2003).

If this interpretation is correct, the hypothesis of the

occurrence of regulatory elements in the introns is sup-

ported. In human and mouse DNA, much of the non-coding

sequence conserved between these species may result from

chance or from small-scale heterogeneity in mutation rates.

However, the observed level of intron sequence conserva-

tion was higher than expected by chance and indicates that

intron sequences play a larger functional role in gene

regulation than previously realized (Hare and Palumbi

2003).

It has been hypothesized that categories of genes

involved in different stages of stress response pathways

are expected to experience different selective pressures

(Bakker et al. 2008). In cultivated sunflower, though their

analyses are not aimed to stress-related genes, Liu and

Burke (2006) reported p values slightly higher for genes

encoding enzymes (five genes, mean p = 0.0051) than for

sequences involved in gene regulation (three genes, mean

p = 0.0037).

Indeed, a tendency to increase sequence variability from

upstream to downstream stress response genes can be

inferred from our data. Comparisons between these two

gene categories in other species also confirm this tendency.

Though our analysis is limited to eight genes, our data

indicates that p values of the eight tested genes are lower in

the four genes encoding involved in expression regulation

or signalling cascade (NAC, ABA-C5, DREB, ABP1)

while higher diversity can be observed in genes encoding

enzymes and defence proteins.

Concerning the effect of sequence variability on drought

response, it is apparent that large variability in stress

response between genotypes is related to difference in

regulation of gene expression, as recently shown also for

sunflower (Roche et al. 2007). However, that changes in

DNA coding sequences, and consequently in the structure

of encoded proteins, may cause different efficiency of

metabolic processes (including those acting in stress tol-

erance) cannot be ruled out. Though genes analysed in our

study are few, the correlation between genetic distances

(calculated on gene sequences) and differences in drought

response is significant, at least in the first phases of the

stress (Fig. 5).

The analysis of many genes is required to establish

general rules concerning (1) the question if genes encoding

proteins involved in gene regulation and signal transduc-

tion are more conserved than those acting in the down-

stream metabolism, and (2) the relative importance of

variations in gene expression compared to sequence vari-

ability of stress defence genes in causing stress response

variability among genotypes. Using now available

resequencing techniques will conveniently allow analysing

a number of genes in a number of genotypes.
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