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Abstract Seedling emergence (SE) is an essential

trait in wheat (Triticum aestivum L.) that allows

desirable stand establishment even when adequate

seed-zone soil moisture is present at depths of 10 cm

or greater. The SE trait bestows several other advan-

tages, including lodging resistance and improved

water use efficiency. The aim of this study was to

understand the genetic basis of SE. It has previously

been reported that the cultivar Spinkcota has a high

rate of SE and Bounty 309 has a slow rate of SE. An F2

population of 190 plants from a cross between these

two parents was developed and evaluated for coleop-

tile length (CL) and in a specialized field SE test. The

population was genotyped by simple sequence repeat

(SSR) and genotyping-by-sequencing (GBS) for

genetic mapping and marker discovery of the two

traits. The GBS analysis was performed using

128,848,348 sequence reads with an average of

671,085 per F2 plant. From a total of 2,639 raw SNPs

discovered in the F2 population, 243 high-quality

SNPs along with 68 SSR markers were utilized to

construct a genetic linkage map of wheat spanning

5,532.9 cM on the 21 chromosomes. Using this map,

eight QTLs linked to CL and SE were detected on

chromosomes 1A, 1B, 2B, 3A, and 7D. Bioinformatic

dissection of the intervals under these QTLs on the

wheat whole-genome sequence led to the identifica-

tion of * 60 genes. Validated markers may enhance

the understanding of this critical trait and provide a

basis for marker-assisted selection.

Keywords Wheat � Seedling emergence � Genetic
mapping � QTL mapping

Introduction

The Rht dwarfing genes present in more than 90% of

the wheat grown worldwide were instrumental in the

‘Green Revolution.’ Despite the increases in the wheat

yield during the ‘Green Revolution’, these Rht genes

are associated with adverse effects on a range of

agronomic traits, including shorter coleoptile and

reduced early vigor (Ellis et al. 2004). These effects

are very pronounced in the low-precipitation wheat

production regions of the Inland Pacific Northwest of

the US (PNW), where desired planting depth can be as

deep as 20 cm below the soil surface to reach adequate
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soil moisture (Amram et al. 2015). Wheat lines

containing Rht-B1b/D1b alleles show reduced SE

along with a reduction in kernel size, with an increase

in number kernels per spike and grain protein content

(Jobson et al. 2019). In addition to the PNW, other dry

environment regions where deep sowing is practiced

are the China loess plateau, the Mediterranean Basin,

and south-eastern Australia (Sadras and Angus 2006).

Dryland wheat growers in these regions have chal-

lenges similar to the PNW due to the lack of a

commercial alternate dwarfing system (Fig. 1).

Improving seedling emergence from deep planting

is an important breeding objective in wheat that allows

vigorous stand establishment in low precipitation

zones (Newman and Moser 1988; Rebetzke et al.

2007). The fast-emerging trait is also desirable for

seedlings to emerge prior to rain showers, which

causes soil crusting that often prevents emerging

seedlings from breaking through the surface (Schil-

linger et al. 1998). Further, inducing higher rates of

emergence could increase early vigor, which, in turn

increases competitiveness against weeds (Amram

et al. 2015). Under deep planting, wheat seedlings

with longer coleoptiles have a faster and greater rate of

emergence than cultivars with short coleoptiles (Allan

et al. 1962; Rebetzke et al. 2005; Spielmeyer et al.

2007).

Understanding the genetic basis for coleoptile

length and seedling emergence (fast emergence

resulting in a greater number of emerged plants per

unit area per unit time) needs further investigation.

Previous studies have confirmed quantitative trait loci

(QTLs) controlling coleoptile length (CL) on wheat

chromosomes 4BS, 4BL, and 5AL (Rebetzke et al.

2001) (Table 1). Other relevant QTLs/genes relevant

to this trait have been localized on the following

chromosomes: Rht-D1 on 4DS, cQL1 on 1AS, q-

CL2 on 3BS, qCL3 on 2DS, qCL4 on 3BS, qCL5 on

5AL, and qCL6 on 5DS; while no chromosome was

identified for qCL7-qCL17 (Wang et al. 2009; Sidhu

et al. 2020). Additionally, Mohan et al. (2013) found

that CL accounted for only 28% of wheat SE

variability. With the lack of understanding of SE’s

genetic basis and increasing episodes of abiotic

stresses, it has been challenging to select faster and

higher rates of SE from deep planting. Therefore, the

objective of our study was to construct an SSR- and

SNP-based genetic linkage map using an F2 popula-

tion generated from a cross between the best-emerging

the worst-emerging wheat cultivars identified previ-

ously (Mohan et al. 2013); identify QTLs controlling

CL and SE traits, and identify genes underlying these

QTLs (Fig. 2).

Materials and methods

Parental lines, F2 population, and DNA extraction

Mohan et al. (2013) identified the wheat cultivar

Spinkcota as having a fast rate of emergence (i.e.,

within 7 days) under a specialized field emergence test

from deep planting depths (Schillinger et al. 1998).

The wheat cultivar Bounty 309 was grouped with lines

that had low rate of emergence (8%) 21 days after

planting and was thus rated as a poor emerger (Mohan

et al. 2013). An F2 population consisting of 190 plants

was developed by crossing these two wheat lines.

Spinkcota (CI012375) is a spring cultivar (hardness

unclassified) released in 1944 in South Dakota, and
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Fig. 1 Field emergence of Bounty 209 [Parent 2 (P2), left] and Spinkcota [Parent 1 (P1), right] on day 9 after planting at the WSU

Dryland Research Station near Lind, WA. The number of emerged plants e.g. 4 for Bounty 209 and 14 for Spinkcota are shown above
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Bounty 309 (CI017315) is a hard-red spring cultivar

released in 1974 in Colorado. This segregating

population, including the two parental lines, was

grown in the plant growth facility greenhouses at

Washington State University. Young, healthy leaves

from 192 (the two parents and 190 F2) plants were

collected, and DNA extraction was performed using a

modified high throughput SDS method described

earlier (Randhawa et al. 2009). Selfed seed was used

for CL and SE measurements (Fig. 3).

Field emergence test

The F2:3 population, being a F3 population derived

from selfing the F2 population, was evaluated by a

specialized field test for SE (Schillinger et al. 1998) at

the Washington State University Dryland Research

Station near Lind, WA. The field study was sown on

Sept. 21, 2016. A four-opener deep-furrow drill with

40-cm spacing between rows was used to deliver seeds

of individual entries into separate rows. Each of the

openers was equipped with an individual centrifugal-

force seed-delivery spinner. All the entries were

planted once with each of the four openers in a

randomized complete block design (RCBD), thus

providing four replications. We planted 20 uniform-

sized and undamaged seeds per entry in all four

replicates in a north–south direction. The seed of each

entry was covered with 9 cm of soil. Of the population

containing 192 lines, 162 F2:3 lines, which included

the parents, were planted, except for 12 lines, for

which we had adequate seed for only three replica-

tions. Elevation of the Lind field site is 489 m

(coordinates 47.0056 N latitude and 118.57 W longi-

tude). The soil was a Shano silt loam (coarse-silty,

mixed, super active, mesic, Xeric Haplocambids). The

Shano soil is widely found throughout much of the

low-precipitation wheat farming region of east-central

1 10 1 4 6 7 10

Fig. 2 Genetic linkage maps of all 21 chromosomes constructed usingOnemap program in ‘R’. All corresponding markers and marker

locations are located in the supplements

Table 1 QTLs detected for coleoptile length and seedling emergence on different chromosomes

CHR Emergence Coleoptile length

Day9 QTLs Day10 QTLs Both Day QTLs Day10 QTLs

QTL LOD score QTL LOD score QTL LOD score QTL LOD score

1A qSE-1A-1 – qSE-1A-1 2.37 qSE-1A-1 – – –

qSE-1A-2 2.59 qSE-1A-2 3.36 qSE-1A-2 2.74 – –

qSE-1A-3 – qSE-1A-3 2.77 qSE-1A-3 – – –

2A – – – – – – qCL-2A-1 2.49

2B qSE-2B-1 3.66 qSE-2B-1 3.33 qSE-2B-1 4.82 – –

3A – – – – – – qCL-3A-1 2.92

7D qSE-7D-1 3.41 qSE-7D-1 2.66 qSE-7D-1 3.22 qCL-7D-1 2.81

qSE-7D-2 2.83 qSE-7D-2 1.93 qSE-7D-2 3.13 – –
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Washington. This soil at the Lind site is more than

180 cm deep to underlying basalt bedrock, has

uniform texture throughout the profile, and has no

restrictive layers or rocks. Soil textural size distribu-

tion at the site was 10% clay, 51% silt, and 39% fine

sand. Relative humidity was at 38%, the dew point was

370, and the pressure was 30.04 IN on the day of

planting.

Data was collected by counting the number of

seedlings that emerged in all replicates on days 9 and

10 after planting. Days 9 and 10 after planting were

chosen based on the emergence data collected at the

same location by Mohan et al. (2013) for the two

parental lines. A seedling was considered emerged

when at least 1–1.5 cm of the coleoptile tip or first leaf

was visible. For data analysis, the number of seedlings

that emerged was converted to percent emergence.

Emergence was calculated by taking the number that

emerged on days 9 and 10 and dividing each by 20 then

multiplying by 100 to create the percentage for each

replicate individually.

Coleoptile measurements

Fifteen uniform-sized seeds of 188 of the 192 lines,

including the two parents, were placed about one cm

apart in the middle crease of moist germination paper

(heavy germination paper #SD 7615L) by keeping the

germ side down. After placing the seed in the crease,

the germination paper was then folded vertically in

half, followed by four horizontal folds. Excess water

was removed by rolling a pencil over the moist folded

Fig. 3 Quantitative trait loci for coleoptile length mapped on Chromosome 2a a, Chromosome 3a b, and Chromosome 7d c
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paper and then placed in a plastic tray with holes at the

base to drain any excess water. These plastic trays

were then placed inside a completely dark box and

were kept at room temperature (* 22 �C). After ten
days, the average coleoptile length of 10 uniform

seedlings was recorded to the nearest millimeter

measuring from the seed’s base to the coleoptile tip.

SSR genotyping and analysis

Both SSR analysis and genotyping-by-sequencing

analyses (see below) were performed at the USDA-

ARS Western Regional Small Grains Genotyping

Laboratory, Washington State University. A total of

768 SSR markers were screened to identify DNA

fragment size polymorphism between the two parents.

About 10 ng DNA was used as a template in a 12 ll
PCR reaction containing 6.56 ll ddH2O, 1.2 ll
10 9 PCR reaction buffer, 0.48 ll 25 mM MgCl2,

0.96 ll.
2.5 mM dNTP, 0.06 ll 10 lM M13-tailed forward

primer, 0.30 ll 10 lM reverse primer, and 0.24 ll
10 lM M13 labeled with fluorophores dyes (FAM-

blue, HEX-green, NED-black, PET-red). The PCR

conditions consisted of 94 �C for five minutes, 35

cycles of 94 �C for 30 s, 60 �C for 45 s, and 72 �C for

60 s, and a final extension of 10 min at 72 �C. The
PCR products with four different dyes (FAM, HEX,

NED, and PET) were pooled by taking 3 ll from each

reaction, and the mixture was diluted to 25 ll. Using
3 ll from this dilution, a volume of 9 ll Formamide

and 1 ll 445-bp Cassul DNA size standard was added

to make the 13 ll volume. PCR amplicons were size

separated by capillary electrophoresis using

ABI3730xl DNA Analyzer (Applied Biosystems,

CA, USA). Polymorphic data analysis was performed

using software GeneMarker v1.5 (SoftGenetics, PA,

USA).

Genotyping-by-sequencing: library construction

and sequencing

Genotyping-by-sequencing (GBS) was performed

using the protocol, facilities, and expertise of the

USDA-ARS Western Regional Small Grains Geno-

typing Laboratory at Washington State University

(https://plantpath.wsu.edu/people/faculty/see/see-lab/).

The GBS was performed on 192 plants, including two

replications for each parental line (to maximize GBS

tags) and 188 F2 plants. Briefly, a combination of two

restriction enzymes—PstI and MspI and a set of 96

adapters (used twice separately) were used to construct

two GBS libraries following the protocol provided by

(Mascher et al. 2013). Samples were pooled in a

96-plex manner after adapter ligation and cleaned using

the QIAquick PCR Purification Kit (Qiagen, CA,

USA). Each cleaned library was then PCR amplified

and size selected at approximately 300 bp on E-Gel (-

Thermo Fisher Scientific, MA, USA). Size selected

fragments were further analyzed on Agilent 2100 Bio-

analyzer (Agilent Technologies, CA, USA) for size

distribution and quantification. The required amount of

selected library DNAwas loaded on Ion Torrent Proton

Sequencer using Ion PI Chip kit v3 sequencing chip.

Two Ion Proton sequencing runs were made for the 192

samples.

Genotyping-by-sequencing SNP analysis

Using the respective barcodes assigned to individual

samples, sequence data was de-multiplexed, and the

sequence reads were trimmed to 75 bp. Only the

sequences that contained the PstI start site were used

for further analysis. The ‘‘GIO’’ analysis pipeline

(unpublished, Dr. Devon See) was implemented to

identify the SNP containing tags that were further

classified into nonrepetitive and repetitive. Nonrepet-

itive represents the sequence tag pairs that match only

each other allowing 1 or 2 SNPs. Repetitive means

each tag showed a match with several other sequence

tags allowing 1 or 2 SNPs. Chromosome position of

the sequence tags was identified after mapping them

using the draft genome assembly of bread wheat. For

both the parents, genotype calls for both dominant and

co-dominant markers were generated. For the popu-

lation, genotypes were called if they were present in

20% to 80% of the population. Imputation of missing

genotype calls for nonrepetitive tags was performed

using a Random Forest method in R.

Linkage map and QTL analysis

Mapping data from SSR and GBS analyses were

combined for the linkage mapping. A linkage map was

formed using 186 of the 192 plants, removing the six

plant lines with low quality/quantity data. Markers

were coded as ’A’ or ’B’ corresponding to the parents,

and heterozygotes were coded as ’H’. A genetic
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linkage map was constructed using the Onemap

program in R v3.4.0 by applying a script specialized

for this project (Supplemental Methods). The order of

the markers per group was determined using the two-

point pairwise method, which simultaneously per-

forms a comparison of eight markers. The two-point

algorithm used was the Rapid Chain Delineation

(RCD) algorithm. The linkage analysis results were

compared to the available mapping information of the

SSR markers and the SNPs with the whole genome

sequence to assemble 21 maps, each corresponding to

a wheat chromosome.

The quantitative trait loci (QTL) analyses were

performed on the CL and SE data (see the previous

section). The analyses were performed using the

Haley-Knott Regression algorithm and step = 0 (Ha-

ley and Knott 1992; Broman et al. 2003). To determine

significant LOD scores, the ’scanone’ function with

1,000 permutations for each trait was employed. The

graphs were created using ’ggplot20 package in R

v3.4.0 (Wickham 2011). The segregation distortion

was calculated using R/Qtl.

Identification of genes under the QTLs

To identify the gene(s) underlying each of the

identified QTLs, sequence reads flanking each of the

QTLs were identified and mapped on the IWGSC

RefSeq v1.0, using the BLAST algorithm. The

demarcated regions’ size was revealed, and the gene

present in each of the demarcated regions was

identified.

Results

Phenotypic variation of F2 mapping population

for emergence from deep planting depth

The frequency distribution of the F2:3 mapping

population for different percent emergence classes

on day 9 and 10 after planting is highlighted in Fig. 4a

and b. On both days, the population exhibited nega-

tively skewed distribution (skewness values of -0.56

and -0.59 on day 9 and 10, respectively), indicating

more emergence classes similar to the poor emerger

parent (P1). On average, Bounty 309 (P1) had an

emergence of 17.5% (day 9) and 50% (day 10),

whereas the better emerging parent Spinkcota (P2),

had an emergence of 81.3% (day 9) and 83.8% (day

10). The two parents were significantly different for

the SE trait on day 9 (P-value = 0.0024, a = 0.05) but

this significance was not observed on day 10 (P-

value = 0.08). In the population, an F2:3 family

showing unidirectional transgressive segregation

towards the best emerging parent was also observed.

The number of plants showing equivalent or better

emergence than P2 were 8 (mean value = 84.8%) and

42 (mean value = 87.2%) on day 9 and 10,

respectively.

Phenotypic variation of F2 mapping population

for coleoptile length

The frequency distribution of the mapping population

(10 days after planting) for CL in 10-mm intervals is

given in Fig. 4c. The population exhibited a moder-

ately positive skewed distribution (skewness of 0.41),

suggesting relatively more CL classes similar to the

parent P2. The CL of the population varied from

52.5 mm to 117 mm, with an average length of

80.9 mm. Parent 1 and 2 had average lengths of 60.4

and 109.4 mm, respectively, and the difference in CL

between the two parents was statistically different (P-

value = 1.42E-14, a = 0.0001). The population

showed bidirectional transgressive segregation for

CL. The number of plants with CL shorter than P1

parent was 5 (mean CL = 57.2 mm), whereas only one

plant (CL = 117 mm) was longer than the P2 parent.

Correlation between coleoptile length and seedling

emergence traits

The correlation coefficients (r) between CL and SE on

days 9 and 10 after planting were estimated. On both

days, CL correlated positively with SE; however, the

correlation’s degree and significance were dramati-

cally different. For day 9, the correlation coefficient

between these two traits was 0.36 (P-value\ 0.0001)

whereas the correlation was approximately 50% lower

on day 10 with r = 0.16 and P-value\ 0.05. The

relationship between these two traits is highlighted in

Fig. 4d.

Linkage map of the F2 population

A total of 2369 GBS tags and 68 SSR markers were

polymorphic between the parents Spinkcota and
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Bounty 309 and were used to develop the Spinkcota/

Bounty 309 genetic linkage map. The final linkage

map consisted of 244 SNPs and 17 SSR markers (total

261 markers) with a length of 5,481.3 cM, after

assigning the 45 linkage groups to the 21 haploid

wheat chromosomes. The B genome had the highest

coverage, with 104 markers and a genetic length of

2256.14 cM. With 104 markers showing a genetic

length of 2237.12 cM, both the number and the

distribution of markers on the A genome were very

similar to that of the B genome. The D genome had the

lowest coverage, with 54 markers showing a genetic

length of 988.04 cM. The smallest linkage map was of

chromosome 5D (51.02 cM, four markers), and the

longest was of chromosome 3A (493.61 cM, 24

markers). Genome-wide, the average distance

between each marker was 22.88 cM. The A-, B-, and

D-genome had an average marker distance of

23.62 cM, 24.57 cM, and 20.46 cM. There was a

strong positive relationship (r = 0.97) between the

number of markers and the linkage groups’ length. The

segregation distortion percentages have been calcu-

lated. Of the 257 markers used to calculate the linkage

map, 154 of the markers showed significant bias

towards one of the two parents. In the A genome,

52.9% of the markers showed significant bias, in the B

genome 70.6% of the markers showed significant bias,

and in the D genome 52.8% of the markers showed

significant bias (Fig. 5).

QTL mapping of seedling emergence

and coleoptile length traits

QTLs for seedling emergence

Using the values averaged over four replications of

each entry of the F2:3 population, four significant

QTLs were detected for SE on day 9. Based on the

Fig. 4 Coleoptiles of Bounty 209 [Parent 2 (P2), left] and Spinkcota [Parent 1 (P1), right] on day10 of the laboratory experiment. Lines

with double arrows represent the height of the coleoptile measured and the numbers (1–10) represent the number of plants
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highest LOD score, the most significant QTL for SE on

day 9 was on chromosome 2B (Fig. 6; Table 2). The

other significant QTLs were on chromosomes 1A and

7D. There was only one QTL on chromosome 1A,

whereas chromosome 7D showed two QTLs with their

peaks about 30 cM apart. All the QTLs detected for SE

on day 9 were also detected for SE on day 10. On

chromosome 1A, two additional QTLs flanking the

QTL detected on day 9, were detected. The LOD

scores of the QTLs for SE on day 9 varied from 2.59 to

3.66 compared to 1.93 to 3.36 for SE on day 10.

Analysis with the SE values averaged over day 9 and

day 10 detected all QTLs identified during individual

analysis. Significance of the QTL detected on both day

9 and day 10 improved significantly, as indicated by an

improved LOD score (range = 2.74 to 4.82). These

results suggest that the QTLs are common for SE on

both days. Significance of the new QTLs on chromo-

some 1A that were only detected for SE on day 10, was

reduced during the combined analysis suggesting that

these QTLs are specific for the emergence during day

10.

Fig. 5 a Distribution of F2 mapping population for mean field

emergence percentage on day 9 after planting.b Distribution of

F2 mapping population for mean emergence percentage on day

10 after planting. c Coleoptile length distribution of F2 mapping

population. d Mean emergence percentage (day 9) of F2

mapping population plotted against coleoptile length measured

on day 10. e Mean emergence percentage (day 10) of F2

mapping population plotted against coleoptile length measured

on day 10
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QTL for coleoptile length

Using the average values of the length of ten

coleoptiles per F2:3 plant, a total of three significant

QTLs were detected (Table 2; Fig. 6). With a LOD

score of 2.92, the most significant QTL for CL was on

chromosome 3A followed by that on chromosome 7D.

and localized each on chromosome 2A, 3A, and 7D.

Another QTL for CL was observed on chromosome

2A with a LOD value of.

2.49. The LOD scores obtained for the QTLs

controlling CL were lower than those detected for SE.

The CL QTL on chromosome 7D co-localized with

one of the QTLs for SE.

Genes under the QTLs

Table 3 shows the size of each of the intervals and the

encompassed number of genes. The physical size of

the six chromosomal regions ranged from 0.615 to

339.17 Mb. The smallest physical segment (0.615 Mb

on chromosome 7D) happened under the QTLs for

both CL and SE. This segment has only four genes.

The other five segments were quite large, with many

genes under each of the QTLs (Table 2).

Discussion

Both CL and SE are very complex traits. Several QTLs

have been identified for CL in the background of the

Fig. 6 Quantitative trait loci (QTL) for seeding emergence

from deep planting (SE) mapped on Chromosome 1a a, b, and
c on day 9 a, day 10 b, and average of both days c. Quantitative
trait loci for seedling emergence mapped on Chromosome 2B d,

e, and f on day 9 d, day 10 e, and average of both days

f. Quantitative trait loci for seedling emergence mapped on

Chromosome 7D g, h, and i on day 9 g, day 10 h, and average of
both days i

Table 2 Candidate gene identification containing QTL location, chromosome location, QTL length (cM and bp), size of overall

QTL, the flanking markers, and number of genes in each QTL

TRAIT QTL CHR INTERVAL

(cM)

INTERVAL (bp) SIZE

(Mb)

Underlying

SNPs/SSRs

Number of

genes

Seedling

emergence

qSE-1 1A 25.65 568,554,876..577984790 9.43 1571, 2296 165

qSE-2 2B 21.81 187,064,161..255347626 68.28 598,

barc0018

397

qSE-3 7D 42.1 180,142,955..519311681 339.17 2277, 1199 1781

qSE-4 7D 20.78 519,252,394..519867576 0.615 1199, 1357 4

Coleoptile length qCL-

1

7D 20.78 519,252,394..519867576 0.615 1199, 1357 4

qCL-

2

3A 45.26 628,728,710..667363693 38.63 1074, 1587 449
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dwarfing genes Rht1 and Rht2 (Rebetzke et al. 2001),

but their relevance in the genetic backgrounds lacking

the dwarfing genes is not known. No QTLs have been

identified for the SE trait. Thus, this study was

conducted to identify the genetic basis of these two

essential genetic background traits lacking the dwarf-

ing genes and to study the relationship between CL

and SE. The two parents of the mapping population

were contrasting for the two traits. The difference

between the two parents for the CL trait was 50 mm

(60 mm vs. 110 mm). For SE, the Spinkcota parent

was the best and the fastest emerger (Mohan et al.

2013) in the specialized field emergence test (Schil-

linger et al. 1998), whereas the parent Bounty 309 was

grouped among the worst emerging lines. Thus, the

mapping population was ideal for revealing genes/

QTLs for the two traits and studying the common

genes/QTLs as the two traits have been related.

As expected for a complex trait, the F2:3 popula-

tions of CL and SE traits showed normal distribution,

although the distributions were skewed. For SE, both

on day 9 and 10, the distribution was skewed toward

the fast-emerging parent, whereas for CL, the skew-

ness was toward the parent with shorter coleoptile. It is

not easy to draw any inference about the underlying

reasons for the skewness. Except for SE P1, both traits

showed transgressive sergeants beyond the parents.

For SE, none of the F2 plants showed emergence

worse than Bounty 309. thus, the P1 may represent one

of the slowest speeds of wheat emergence if not the

slowest. This conclusion is further supported by the

fact that the line was the worst emerger among the

world wheat collection (Mohan et al. 2013), encom-

passing more variation than any other characterized

population (Narayanan et al. 2014).

As reported earlier, CL and SE traits showed

significant correlation although the correlation values

were not very high; this suggesting involvement of

genes/QTLs controlling CL in addition to that con-

trolling SE. Similar conclusions were made during an

earlier study (Mohan et al. 2013). The correlation was

stronger for SE on day 9 than on day 10, suggesting

that CL may influence emergence speed more than the

extent of emergence.

The Spinkcota/Bounty 309 genetic linkage map has

261 markers on the 21 wheat chromosomes, with an

average of about 12 markers per chromosome. A

significant difference was observed for the number of

markers per chromosome, with chromosome 3A

showing the highest number of markers (24) and 5D

with the lowest number (4). The difference in the

number of markers was also significant among

genomes, with the D genome showing about half the

number of markers (54) compared to that of the A and

the B genomes. This difference among genomes and

chromosomes may either be due to the difference in

size between genomes and chromosomes or due to the

differential level of polymorphism between the two

parents for the genomes and chromosomes. The D

genome chromosomes’ total size is 4926 Mb com-

pared to 5726 for the A genome and 6264 Mb for the B

genome (Endo and Gill 1996). Chromosome 1D is the

smallest wheat chromosome yet had 2.5-times more

Table 3 Segregation distorted markers for each chromosome,

the A-genome, B-genome, D-genome, and total genome. The

percent of total markers per genome that are distorted. *Se-

gregation Distortion Markers. **Segregation Distortion

Percentage

Chromosome Total markers SDM* SDP*

1A 20 16 80

1B 21 14 66.66666667

1D 10 4 40

2A 11 4 36.36363636

2B 14 7 50

2D 6 3 50

3A 24 11 45.83333333

3B 9 5 55.55555556

3D 7 2 28.57142857

4A 9 2 22.22222222

4B 10 6 60

4D 6 4 66.66666667

5A 12 6 50

5B 7 5 71.42857143

5D 4 2 50

6A 10 6 60

6B 17 16 94.11764706

6D 11 9 81.81818182

7A 16 9 56.25

7B 24 19 79.16666667

7D 9 4 44.44444444

A genome 102 54 52.94117647

B genome 102 72 70.58823529

D genome 53 28 52.83018868

Total genome 257 154 59.92217899
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markers than the chromosome with the smallest

number of markers suggesting both the genome/

chromosome size as well as the difference in the

extent of polymorphism among chromosomes for the

two parents are responsible for the observed variation

for the number of markers per chromosome.

Previous studies have identified QTLs for the CL

trait on chromosomes 1AS, 2DS, 3BS, 4BS, 4BL,

5AL, and 5DS (Rebetzke et al. 2001; Wang et al.

2009). In our study, the QTLs for CL mapped on

chromosomes 2A, 3A, and 7D. Because of the lack of

common markers, it is difficult to predict if the QTLs

on 2A and 3A are on the homoeologous locations to

the previously identified QTLs. The 7D QTL is novel,

however. The 7D QTL is also interesting as it co-

localizes with the QTL for SE. The gene(s) controlling

SE trait via CL length underlying the 7D QTL either

are the same or are tightly linked. The other QTLs for

SE appear to be independent of the CL trait. These

results are supported by the low correlation between

CL and SE traits, especially for SE on day 10. A total

of 6 QTLs were detected, out of which four were

consistent over two micro-environments (i.e., two

days).
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