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Association analysis of agronomically
important traits using SSR, SAMPL and
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In bread wheat, marker-trait associations were studied
for 14 agronomic traits using a set of 519 DNA-based
molecular markers (derived from 20 SSR, 2 SAMPL
and 8 AFLP primer pairs) with a set of 55 elite wheat
genotypes. Using simple linear and multiple regres-
sions, each of the 14 traits was regressed on all 519
available polymorphic markers (221 SSR markers, 43
SAMPL markers and 255 AFLP markers). A total of
131 SSR, 43 SAMPL and 166 AFLP markers gave signi-
ficant associations with at least one of the 14 traits, either
with linear or with multiple regression; 51 of these
markers showed association using both approaches
(linear and multiple regressions), and therefore may
prove useful for marker-assisted breeding after neces-
sary validation.
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DURING the last two decades, DNA-based molecular
markers have been extensively used for a variety of pur-
poses in many animal and plant systems, and bread wheat
is no exception to this trend"”. Using linkage-based asso-
ciation analysis (including QTL interval mapping) in
bread wheat, a large number of genes for various traits
(quality traits, resistance to biotic and abiotic stresses,
etc.) have already been tagged with markers™’. However,
linkage-based studies conducted in the past allowed identi-
fication of genes/QTLs at distances as large as 10-30 cm
from the closest markers, which is hardly suitable either
for marker-assisted breeding or for identification/cloning
of functional genes. Furthermore, in linkage-based analyses,
only few genotypes that are used as parents of mapping
populations could be screened for marker-trait associations,
placing another limitation. In order to overcome these
limitations of linkage-based analysis, in the recent past,
association studies have been conducted, which not only
allow mapping of genes/QTLs with higher level of confi-
dence, but also allow detection of genes/QTLs, which
would otherwise escape detection in linkage-based studies™”.
In humans, association mapping has already proved ex-
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tremely useful in tagging a large number of Mendelian
genes, particularly those involved in various diseases’. In
plant systems also, a few association studies have been
conducted7, including two recent studies in wheat®®, Avail-
ability of a large number of markers in bread wheat
prompted us to utilize this approach in yet another study
aiming at the detection of marker—trait associations in
this crop. The present study involved regression analyses
(both linear and multiple regressions) using as dependent
variables the data on 14 individual phenotypic traits re-
corded in 55 elite exotic genotypes, and as independent
variables the molecular marker data for the corresponding
genotypes with each of a large number of DNA-based
molecular markers (SSR, SAMPL and AFLP markers).

Materials and methods
Seed materials and field experiment

Seeds of 55 wheat accessions/genotypes were procured
from the Directorate of Wheat Research, Karnal, India.
These genotypes originated in 29 countries belonging to
six continents. Information on the name/pedigree of the
accessions is available elsewhere'®. These 55 genotypes
were grown in a randomized block design with three rep-
lications at the experimental farm, Ch. Charan Singh
University, Meerut. Each genotype was evaluated in a
single-row plot of 2.25 m with a plant-to-plant distance
of 15 cm and row-to-row distance of 23 cm.

Recording of phenotypic data

Data from 15 plants (five plants per replication) of each
genotype were recorded on the following 14 phenotypic
traits: plant height (cm), days to flowering, days to maturity,
tiller number, flag leaf area (cmz), peduncle length (cm),
spike length (cm), number of spikelets per spike, number
of florets per spike, number of grains per spike, biological
yield per plant (g), grain yield per plant (g), harvest index
and 1000 grain weight (g).
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Table 1. Details of 20 SSR primers used for PCR amplification of 55 elite wheat genotypes, their polymorphic information content (PIC) values,
associated genes and associated characters

Primer Chromosome Number Associated

designation assignment* of alleles PIC gene Associated character**

WMC24 1AS 12 0.90 TriAl Plant height, spikelets/spike

WMC25 2BS, 2DS 11 0.77 Lr-16 Days to flowering, flag leaf area

WMC35 4B- 5 0.75 - NA

WMC44 1BL 13 0.86 - Harvest index

WMC47 4BS, 5AS, 5BS 4 0.73 - NA

WMC76 7BL 7 0.73 - NA

WMCS83 7AS 9 0.85 - Days to flowering, tiller no., grain yield, harvest index

WMC120 1A- 2 0.46 - NA

WMC149 2AS, 2BL, 5BS 9 0.77 Lr-16 Spikelets/spike, days to flowering

WMC167 2DL 11 0.83 - Days to flowering, tiller no., grain/spike, harvest index

WMC169 3AL 9 0.79 - Days to flowering

WMC170 2A- 10 0.80 - Days to flowering, biological yield, harvest index, days to
maturity, florets/spike

WMC177 2AS8 10 0.85 - NA

WMC216 1BL, 1DL 13 0.87 Glu-D1 Grain/spike, days to flowering, days to maturity, flag leaf area,
peduncle length

WMC221 7DL 2 0.30 - NA

WMC243 2BS, 2DL, 6AS 3 0.64 Lr-16 Peduncle length, grain yield

WMC245 2BL, 2DL 5 0.74 Lr-16 NA

WMC254 4B- 12 0.85 - Flag leaf area, spikelets/spike, florets/spike

WMC256 6A, 6D 4 0.21 - NA

WMC267 5A- 3 0.65 - Days to maturity

*Chromosomal arm assignment was not possible in all the cases.
*%NA, Not associated.

Primers, DNA isolation and PCR amplification

The primers used included 20 SSR primers (Table 1), two
SAMPL primer combinations (S¢ X Mcag and S7 X Mcag)
and eight AFLP primer combinations (Eacc X Mcra;
Eace X Mcrg; Eaac XMcre; Eaac X Meats Eace X Merrs;
Eace X Mcag; Eace X Mcaa; Eaca X Mcac). More details
of the above three types of primers are available in pub-
lished literature'®™"%,

The protocols for DNA extraction, PCR amplification,
polyacrylamide gel electrophoresis, gel drying, and auto-
radiography are also described elsewhere'”.

Chromosome and arm assignment

Twenty SSR primers were tried for chromosome and arm
assignment using 42 nullisomic-tetrasomic (NT) and 24
ditelosomic (DT) lines, procured from B. S. Gill, Kansas
State University, USA.

Search for candidate gene

Candidate genes were searched using cMAP (a map
alignment tool) available at GrainGenes website (http:/
wheat.pw.usda.gov), utilizing map information for SSR
markers used in the present study. Map information for
the above SSR markers was determined from composite
wheat genetic map (Appels’ unpublished data) and loca-
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tion of genes was determined from gene map of wheat'.
SAMPL and AFLP markers were not used for the above
exercise due to lack of map (genetic and physical) infor-
mation.

Data analysis

The bands on all the gels/autoradiograms were scored in a
1-0 binary format and used in regression analysis with
phenotypic data of 14 different traits recorded on 55 wheat
genotypes.

Analysis involving estimations of polymorphic informa-
tion content (PIC), marker index (MI) and analysis of vari-
ance (ANOVA) was conducted using the above 1-0 data.

The association analysis was conducted using both
simple linear regression and multiple regression. For simple
linear regression, data on individual phenotypic trait were
regressed on whole 1-0 binary marker data for each indi-
vidual marker using Excel programme. Multiple regres-
sion analysis was conducted using SPSS software.

Results
Phenotypic data

For each of the 14 phenotypic traits included in the present
study, data on mean, range, mean squares and coefficients
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Polymorphism in a representative set of eight elite wheat genotypes detected using (@) SSR primer WMC24, M = 100 bp ladder; ()

SAMPL primer combination S7 X Mgcag. M = 50 bp ladder; and (¢) AFLP primer combination Escq % Meag. M = 50 bp ladder. Arrowheads in each

case indicate polymorphic fragments.

of phenotypic and genotypic variations are available with
another study published elsewhere'”.

Information content of SSR, SAMPL and AFLP
markers on 55 wheat genotypes

Detection of polymorphism: Twenty SSR primers gave
221 polymorphic bands, two SAMPL primers gave 43 po-
lymorphic bands, and eight AFLP primers gave 255 poly-
morphic bands (Figure 1a-c). For SSRs, the mean PIC
value was 0.70, with a range from 0.21 (WMC256) to
0.90 (WMC24; Table 1); for SAMPL, the mean PIC value
was 0.264 with a range from 0.035 to 0.499; and for
AFLP, the mean PIC value for the different AFLP primer
pairs was 0.21, with a range from 0.13 (Epac X Mcar) to
0.35 (Eacc X Meag). The MI value for SSR markers was
0.70, for SAMPL it was 9.61, and for AFLP it was 16.14,

Simple regression: Data on each of the 14 phenotypic
traits were separately regressed on each of the polymorphic
markers, including 221 SSR markers, 43 SAMPL markers
and 255 AFLP markers. In each marker class, while there
were markers, on each of which more than one trait re-
gressed significantly, there were also individual traits
which regressed significantly on more than one marker.

SSR markers: Analyses of variances for regressions
showed significant regression of each of 13 of the 14 traits
(excluding 1000-grain weight) on one or more of a total
of 99 of the 221 polymorphic SSR bands (Table 2). The
associated markers each explained a maximum of 8.12
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(tiller numbers) to 27.95% (for harvest index) of the total
available variation for individual traits (Table 2).

SAMPL markers: Regression analyses showed signifi-
cant regression of each of the 11 traits (excluding spike
length, biological yield and 1000-grain weight) on a total
of 19 of the 43 polymorphic SAMPL bands (Table 2).
While on one extreme, flag leaf area was associated with
five SAMPL markers (Table 2), on the other extreme,
days to maturity and grain yield were both associated with a
solitary SAMPL marker (Table 2). The associated markers
each explained up to 8.11 (for days to maturity) to 20.20%
(for harvest index) of the phenotypic variation for 11 dif-
ferent traits (Table 2).

AFLP markers: Significant regression was observed for
each of 13 of the 14 traits (excluding days to maturity)
involving 133 of the 255 polymorphic AFLP bands (Table 2).
As extreme examples, while each of five different traits
regressed on the same AFLP marker (XcesEqucMerc268),
peduncle length regressed only on two AFLP markers,
and a solitary trait, florets per spike regressed on a maxi-
mum number of 63 AFLP markers (Table 2). Associated
markers explained up to 11.22 (for grain yield) to 29.38%
(for florets per spike) of the total variation available for
different individual traits (Table 2).

Multiple regressions: SSR markers: Significant regres-
sions of each of the 14 traits were observed on a variable
number (47-55) of different SSR markers. Surprisingly,
from these 55 associated markers, individual subsets
(each having 45 to 52 SSR markers) were able to explain
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Table 2. Details of simple linear regression analysis using SSR, AFLP and SAMPL markers involving 14 different phenotypic
traits

SSR SAMPL AFLP
Phenotypic trait T R* (%) T R* (%) T R* (%) Total markers
Plant height 7 16.69 2 9.21 12 16.95 21
Days to flowering 30 21.30 3 12.64 13 18.84 46
Days to maturity 12 16.74 1 8.11 - - 13
Tiller number 3 8.12 4 9.14 9 20.65 16
Flag leaf area 7 13.68 5 9.75 8 15.04 20
Peduncle length 5 15.63 2 9.40 2 12.43 9
Spike length 8 10.03 - - 12 15.23 20
Spikelets/spike 17 25.08 2 8.15 17 25.05 36
Florets/spike 15 18.14 2 11.44 63 29.38 80
Grains/spike 15 11.93 2 9.29 55 24.89 72
Biological yield 12 13.33 - - 11 13.58 23
Grain yield 19 16.94 1 10.40 5 11.22 25
Harvest index 27 27.95 3 20.20 4 11.40 34
1000-grain weight - - - - 12 16.22 12

T, Total number of markers showing significant association with the trait.
R?, Maximum variation of a trait explained by a marker out of total significantly associated markers.

Table 3. Details of analyses of variances (ANOVA) involving multiple regressions for 14 traits using 221 SSR, 43 SAMPL, and 255 AFLP poly-
morphic bands (only those having significant regression are included)

Mean square

Trait Source of variance df SSR df SAMPL df AFLP
Plant height X 47 (291.670%%*) 16 (496.838**) 53 (258.944**)
y 7 (2.218) 38 (151.965) 1 (0.001)
Days to flowering X 47 (291.670%%*) 16 (496.833%%) 53 (258.944**)
y 7 (2.218) 38 (151.965) 1 (0.001)
Days to maturity X 47 (291.670%%*) 16 (496.838%%) 53 (258.944**)
y 7 (2.218) 38 (151.965) 1 (0.001)
Tiller number X 47 (291.670%%*) 16 (496.838**) 53 (258.944**)
y 7 (2.218) 38 (151.965) 1 (0.001)
Flag leaf area X 49 (7.077%%) 16 (49.657*%) 46 (27.339%%)
y 5 0.014) 38 (12.271) 8 (0.399)
Peduncle length X 52 (37.309%%) 11 (16.853*%) 51 (6.799%%)
y 2 (0.023) 43 (3.755) 3 (0.024)
Spike length X 49 (68.661%%) 9 (105.787**) 53 (36.606**)
y 5 (0.165) 45 (21.956) 1 (0.003)
Spikelets/spike X 51 (3.957%) 16 (159.713%%*) 49 (68.666**)
y 3 (0.001) 38 (21.311) 5 (0.121)
Florets/spike X 51 (17.713%%) 5 (46.218%%) 52 (17.373%%)
y 3 (0.011) 49 (13.721) 2 (0.001)
Grains/spike X 51 (4.261%) 4 (7.532%%) 53 (3.808%%)
y 3 (0.008) 50 (1.705) 1 (0.001)
Biological yield X 51 (3.957%) 9 (12.174%*%) 45 (4.559%)
y 3 (0.001) 45 (2.05) 9 (0.022)
Grain yield X 50 (124.283%%*) 18 (242.890**) 53 (117.345%%*)
y 4 (1.281) 36 (51.313) 1 (0.001)
Harvesting index X 45 (71.068**) 1 (25927.583*%) 53 (60.550*%*)
y 9 (1.231) 53 (6724.543) 1 (0.001)
1000-grain weight X 50 (7645.864**) - - 48 (7955.024**)
y 4 (8.795) - - 6 (81.206)

*#%Sionificant at 5 and 1%, respectively; x, Regression; y, Residual; df, degree of freedom.
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Table 4. Markers common in both simple linear and multiple regression analyses

Trait Marker type Marker designation
Plant height SSR Xwmc24;24
SAMPL -
AFLP XL‘L‘SEAchCTG]48, XL‘L‘SEAchCTG456
Days to flowering SSR Xwmc83s;, Xwmcl49;6:, Xwmcl67;63, Xwmel 69160, Xwme 170207, Xwme2 1610
SAMPL XcesSeMcac250, XeesSsMeac370, XeesSeM cac420
AFLP XL‘L‘SEAchCTAZOS, XL‘L‘SEAchCTAj’SO, XL‘L‘SEAchCT(;340, XL‘L‘SEACGMCAGZj’O
Days to maturity SSR Xwmcl70307, Xwme216;4, Xwmc267212
SAMPL XcesSeMcac420
AFLP -
Tiller number SSR Xwmc83;54
SAMPL XL‘L‘SSgMCA(;365, XL‘L‘SS7MCA(;230
AFLP XL‘L‘SEAchCTA] ]5, XL‘L‘SEAchCTAj’gO, XL‘L‘SEACGMCA(;245
Flag leaf area SSR Xwmc25747, Xwme25;6, Xwme2 16320, Xwme2545;0
SAMPL XL‘L‘SSgMCA(;365, XL‘L‘SS7MCAG]35, XL‘L‘SS7MCA(;240
AFLP XL‘L‘SEAchCTA350
Peduncle length SSR Xwmc216;73, Xwmc243;s7
SAMPL -
AFLP XcesEaceMercl48
Spike length SSR -
SAMPL XcesSMcac240
AFLP XL‘L‘SEAchCTG]48, XL‘L‘SEAGG MCAC245
Spikelets/spike SSR Xwmc24i16, Xwme24 34, Xwmel49:5, Xwmel67;7;, Xwme254;ss
SAMPL -
AFLP XL‘L‘SEAAcMcrcl 28, chsEACCMCTA290, XL‘L‘SEAchCTAj’gO, XL‘L‘SEAchCTG456, XL‘L‘SEACGMCAGZj’O
Florets/spike SSR Xwmcl70;0;, Xwme254;ss
SAMPL XcesSeMcac370
AFLP XL‘L‘SEAAcMcrcl 60, chsEACCMCTA295, XL‘L‘SEAchCTAj’gO, XL‘L‘SEAchCTG456, XL‘L‘SEACGMCAGZj’O,
XL‘L‘SEAGGMCAA425, chsEAGGMCAC245
Grain/spike SSR Xwmc2434, Xwmel67;7;
SAMPL XcesSMceacl35
AFLP XL‘L‘SEAAcMcrcl 68, XCCSEAAcMcrcj86, XL‘L‘SEAchCTG456, XL‘L‘SEACGMCAG]60, XL‘L‘SEACGMCAGZj’O,
XL‘L‘SEAGGMCAA425
Biological yield SSR Xwmcl70;ss
SAMPL -
AFLP chsEACCMCTA290, XL‘L‘SEAGGMCAAZOO, chsEAGGMCAC245
Grain yield SSR Xwmc83s;, Xwmce216;73, Xwmc243;s7
SAMPL -
AFLP XL‘L‘SEACGMCA(;245
Harvest index SSR Xwmcd4zo0;, Xwme83s;, Xwmcel 67571, Xwmcel70;74
SAMPL XcesSeMcac250
AFLP XL‘L‘SEAchCTGZ 76
1000-grain weight SSR -
SAMPL -
AFLP XCCSEAAcMcrcj86, XL‘L‘SEAchCTA] 15

In SSR marker designation, the first three letters followed by 2-3 digits denote the name of SSR primer and subscripts of 2-3 digits in lower case
denote size of the band in each case. In AFLP marker designation, ccs represents Ch. Charan Singh University, E,,, and M,,, are names of AFLP
EcoRI and Msel primers, followed by three digits indicating the size of AFLP bands.

97 to 100% of the total available variation for each of the on a total of 38 markers; individual traits regressed on 1

14 phenotypic traits examined.

SAMPL markers:

to 18 markers. Details of regression analysis are available
in Table 3. Among these 13 traits, harvest index showed

Significant regression was observed  significant regression on only one SAMPL marker, while

for each of 13 of the 14 traits (excluding 1000-grain weight)  grain yield showed significant regression on 18 SAMPL
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markers. The associated markers explained 5 (harvest index)
to 66% (spikelets per spike) of the variation for individual
traits.

AFLP markers: Significant association was observed for
54 of the 255 polymorphic markers with at least one of
the 14 traits, the number of markers associated with indivi-
dual traits ranging from 45 to 53 markers (Table 3). Only
a solitary trait (biological yield) regressed on as many as
45 AFLP markers; eight other traits (plant height, days to
maturity, days to flowering, tiller number, spike length,
grains per spike, grain yield and harvest index) were associ-
ated each with as many as 53 AFLP markers. Each of the
remaining five traits showed association with 46 to 52
AFLP markers. These associated markers together explained
98 to 100% variations of the 14 phenotypic traits examined.

Altogether, out of 519 DNA markers (SSR =221,
SAMPL =43 and AFLP = 255), a total of 340 markers
(SSR =131, SAMPL =43 and AFLP = 166) were identi-
fied to show association with at least one of the 14 agro-
nomic traits with either of the two approaches; 51 DNA
markers (SSR =23, SAMPL =7 and AFLP =21) exhibited
association, each with at least one of the 14 traits follow-
ing both the above approaches. Markers that were found
to be associated with an individual trait both in linear and
multiple regressions were considered to be relatively more re-
liable (Table 4).

Chromosome/arm assignment of markers: A number of
SSR markers could be assigned to individual chromosomes
and to their arms using nullisomic—tetrasomic lines and
the corresponding ditelocentrics. The results are included
in Table 1.

Candidate genes: A search was made for genes lying close
to the markers showing association with one or more traits.
Six of the trait-associated markers had proximity to the
following genes: Tri AIl, Lr-16 and Glu-DI (see Table 1
for details). Apparently, these genes may not be candidate
genes for the associated traits, but may have either a plei-
otropic effect or an indirect effect on the concerned trait
through other related traits.

Discussion

Molecular markers linked with QTL/major genes for traits
of interest are being routinely developed in several crops
using materials derived from planned crosses such as F,,
RIL, DH populations, etc. Hopefully, some of these
markers will be used for MAS in future wheat breeding
programmes. However, non-availability of mapping popula-
tions and substantial time needed to develop such popula-
tions are sometimes major limitations in the identification
of molecular markers for specific traits. Another limitation
is the absence of tight linkage observed in these studies. To
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overcome these limitations, and as an alternative to
planned populations, molecular markers for traits of interest
have been identified through association studies conduc-
ted using germplasm collections’. Such association studies
involving the use of germplasm collections for the identi-
fication of molecular markers have so far been only sparingly
conducted in crop plants, including cereal species such as
rice'®, barley'”, wheat® and ryegrass'®.

The present study involved a set of 55 exotic wheat
genotypes, which constitute an important and diverse in-
ternational elite germplasm of wheat, exhibiting moderate
to high genetic variability for the 14 phenotypic traits exami-
ned during the present study'’. It is obvious that for any
specific trait, an international germplasm like the one used
in the present study (relative to the Indian wheat germplasm
having a narrow genetic base) would allow us to sample a
much larger number of QTLs/genes and their correspond-
ing alleles for identification of marker—trait associations.

Using both simple linear regression and multiple regression
methods, a total of 340 molecular markers (SSR =131,
SAMPL = 43; AFLP = 166) were identified, each of which
showed significant association with at least one of the 14
traits. Out of the above 340 markers, 51 were identified
using both the regression methods (SSR = 23, SAMPL =
7 and AFLP = 21; Table 4). In both analyses, a maximum
of 11 common markers were identified for days to flowering,
followed by 10 markers each for spikelets per spike and
florets per spike. For the remaining traits, the number of
common markers varied from 2 to 9 (Table 4). It can be
seen that each of a number of individual SSR, SAMPL
and AFLP markers showed association with two to eight
phenotypic traits. Such associations and/or prediction of
97-100% phenotypic variation by markers may be attributed
to the presence of false positives and/or the use of structured
populations in the present study. The AFLP/SAMPL
markers used in the present study are not mapped; therefore,
it is difficult to study population structure at this stage.
Also, it is difficult to eliminate false positives with avail-
able methods. Therefore, markers identified during the
present study need to be subjected to validation and/or
functional analysis of respective traits, which is beyond
the scope of the present study. However, we believe that
at least some of the markers identified during the present
study would be validated and used for MAS involving Indian
germplasm of bread wheat.
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