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Molecular mapping of popping volume QTL in popcorn (Zea maize L.)
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Abstract
Popcorn (Zea mays L.) is a special type of maize that pops up when heated leading to high flake volume. It is being used as

a popular fiber-rich and nutritious snack all over the world. The genetic control of the popping rate and flake volume is not

well understood. The cross made between high popping volume inbred line as the female parent and low popping volume

composite as the male parent. The F2 population of 504 plants showed continuous variation for popping volume signifying

that the popping volume is a quantitative trait governed by multiple genes. Only a set of 126 out of 313 maize SSR markers

were successfully amplified using the standard PCR reaction and 66 among these were found polymorphic between the two

parents. Bulk segregant analysis (BSA) of F2 plants based on F2:3 seeds were carried out for mapping popping volume QTL

using the 66 polymorphic SSR markers. Only four markers showed an association with popping volume in BSA. Out of the

four, three SSR markers (bnlg1331, bnlg1520, bnlg1144) showed high association with the popping volume data after de-

bulking of the positive and negative plants used in the bulks. All the 504 F2 plants were genotyped using 3 SSR markers

and the F2:3 seeds were phenotyped for popping volume. The single marker analysis of the F2 plants showed that the 3 SSR

markers bnlg1331, bnlg1520, and bnlg1836 on chromosome 1, 2, and 5, respectively, were closely associated with the QTL

for popping volume covering 78% of total phenotypic variance.
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Abbreviations
BSA Bulk segregant analysis

SMA Single marker analysis

HPV High popping volume

LPV Low popping volume

Introduction

Maize (Zea mays L.) is one of the important staple crops

worldwide as well as in India (Kumar 2016). The most

common types of maize are flint, dent, floury, sugary,

popcorn, waxy, and multicolored. The kernel types are

determined by their physical appearance, the pattern of the

endosperm and the amount and quality of the endosperm.

Among the different maize types, popcorn is the most

popular type of corn snack (Swapna 2017). Maize con-

sidered among the top three staple cereal being consumed

by the majority of the human population plays a significant

role in human nutrition worldwide (Danson et al. 2006;

Muthusamy et al. 2014). Maize is being grown in different

geographical areas covering 193.7 million hectares glob-

ally (Tripathi et al. 2016), with an average production of

1147.62 MT. USA, China, Brazil, Argentina, Mexico, and

India are the major producers of maize in which India

stands on 6th rank with the production of 27.82 MT

(FAOSTAT, 2020; http://www.fao.org/faostat/en/#data/

QC). The popcorn plants of most of the cultivars are

shorter, especially of inbred lines and open-pollinated

varieties and weaker than that of the dent maize. Some

popcorn hybrids in tropical environments can be as tall as
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or taller than those of the dent maize hybrids (Ziegler

2001).

The popped grains of popcorn are the most popular,

nutritious, and fiber-rich snack in all parts of the world and

are consumed by every age group (Ertas et al. 2009; Kar-

ababa 2006). The popcorn production in India is 25–30 q/ha

(IASRI 2020) and the global popcorn market was valued at

$9060 million in 2016 and is projected to reach $15,098

million by 2023, registering a CAGR of 7.6% from 2017 to

2023 (https://www.alliedmarketresearch.com/). This popu-

lar snack production is of �785.7 million (AgMRC assessed

in 09/03/2020; https://www.agmrc.org/) and its production

is increasing steadily in the countries like India, Brazil, and

Turkey due to its economic value (Ahmet and Kapar 2011;

Vieira et al. 2009; Vijayabharathi et al. 2009). The popcorn

kernels are characterized by a high proportion of hard

endosperm. Many physical properties of popcorn have been

studied including kernel length, width, thickness, diameter,

sphericity, volume, surface area and thousand seed weight

(Karababa 2006). The popcorn inbred lines that have dent

allele may exhibit increased kernel weight, grain yield,

reduced stem, and root lodging, and also reduced popping

expansion volume (PEV) (Ren et al. 2018). The popping

traits associated with PEV are (1) the number of unpopped

kernels and (2) the grain moisture content at the time of

popping (Ahmet and Kapar 2011; Jele 2012; Mishra et al.

2014; Soylu and Tekkanat 2007). The popping ability of

popcorn also depends on the methods used for popping

(Dofing et al. 1991). Development of genotypes having high

grain yield with high popping volume is an important fea-

ture of popcorn breeding (Dhliwayo 2008; Effa et al. 2011;

Freitas Júnior et al. 2009; Miranda et al. 2003; Rinaldi et al.

2007). The aim of the breeding programs besides maxi-

mizing yielding potential is to improve the popping quality

of popped kernels (Gökmen 2004; Soylu and Tekkanat

2007; Srdic and Pajic 2011).

The QTL mapping is one of the approaches to identify

loci underlying genetic variation in PEV and other desired

traits. The QTL for high PEV are located on different

chromosomes (Amaral Junior et al. 2016). Four to six QTL

were detected in different studies and several reports have

shown that at least one QTL for high PEV was located on

chromosome 1 of maize (Babu et al. 2006; Li et al.

2007b, c; Lu et al. 2003). Bulked segregant analysis (BSA)

has been considered as a simplified approach for the

identification of QTL (Giovannoni et al. 1991; Michelmore

et al. 1991). The BSA has been used to identify and map

important QTL for different traits in many crops (Trick

et al. 2012; Zou et al. 2016). The present study was carried

out to map the QTL for popping volume in an F2 mapping

population developed from a cross of commercial popping

corn inbred line and popcorn composite for use in molec-

ular marker-assisted selection.

Materials and methods

Plant material

The mapping population was developed from a cross

between a HPV inbred line introduced from the USA and

commercially used in India, as the female parent and a

LPV composite (Bajaura Popcorn developed by HPKV,

Palampur) as the male parent. The parental lines were

maintained through selfing as well as intermating in iso-

lation to avoid contamination. The HPV 9 LPV cross was

made at the experimental farm area, Eternal University,

Baru Sahib (H.P.) during Kharif season 2015. A total of 95

F1 hybrid plants along with the parents were selfed and

harvested. Only 10 F1:2 cobs were bulked to raise 800 F2
plants. A mapping population of 504 F2 plants was used for

genotyping and phenotyping for mapping the QTL for

popping volume.

Screening for popping volume

To determine the popping volume of seeds, a commercial

popcorn machine (SHAKTI/Model No.VBG-803) was

used. The machine was standardized by the use of 15 seeds

of HPV at 10–14% moisture content giving around 100 ml

popping volume at 220–260 �C. A sample of 15 seeds from

each F2:3 cobs was popped and the volume (ml) of the

popped seeds was measured in a 250 ml measuring cylin-

der (Brunson 1937).

Molecular analysis

The genomic DNA from parents and each of the F2 plants

was isolated by using the CTAB method (Murray and

Thompson 1980) with some modifications. The extracted

DNA concentration was visualized on a 1% agarose gel for

quality assessment, and quantification of DNA was found

to be 20–70 ng/ll with A(260/280) = 1.8 ± 0.5 absorbance.

The 20 ll volume PCR amplification reaction mixture

contained 50 ng DNA, 2 ll 109 reaction buffer, 1.5 mM

MgCl2, 0.75 U Taq polymerase (Promega, WI, USA),

0.2 mM dNTPs, and 0.2 lM of each primer. The protocol

of the PCR cycle included an initial denaturation at 95 �C
for 3 min, followed by 35 cycles of denaturation at 94 �C
for 1 min, annealing at 55 �C or 58 �C (depending on the

SSR primers) for 1 min, and extension at 72 �C for 2 min,

and a 10 min final extension at 72 �C. Amplification

products were resolved by gel electrophoresis on 2.5–3.0%

polyacrylamide gels at 150 V for 3 h. The amplicon band

size was determined using ‘‘1 kb plus DNA ladder’’ (In-

vitrogen Life Technology, Carlsbad, CA, USA). The PCR

amplicon size, banding pattern, and length polymorphism
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were detected and recorded by using gel documentation

system (G Box-Sygene, Germany).

Marker-phenotyping using BSA

The molecular mapping of popping volume was carried out

using the mapped maize SSR markers. The bin map from

MaizeGDB was used for the selection of SSR markers for

the parental survey. A total of 313 SSR markers of maize

were used representing all the 10 maize linkage groups

(Supplementary Table 1). The genetic map of maize has

been divided into 100 segments called bins, of approxi-

mately 20 cM between two fixed core markers (Gardiner

et al. 1993). The SSR markers were selected in such a way

that they could cover all the bins of the 10 maize chro-

mosomes. The sequences of the SSR markers were adapted

from the maize genome database (MizeGDB) (https://

www.maizegdb.org/data_center/ssr). The molecular map-

ping work was carried out at the School of Agricultural

Biotechnology, PAU, Ludhiana. BSA was used in con-

junction with SSR analysis (Michelmore et al. 1991) to find

markers linked to popping volume QTL. High and low

popping volume bulks were prepared from F2 plants based

on the popping volume of F2:3 seeds by pooling aliquots

containing equivalent amounts of total DNA, approxi-

mately 50 ng/ll each from 10 high and 10 low popping

volume F2 plants. The SSR molecular markers were then

screened for polymorphic survey and linkage using the

parents along with the high and low volume bulk DNA

samples. The SSR molecular markers revealing polymor-

phism between parental genotypes as well as the pair of

high and low popping volume bulks. The co-dominant SSR

markers showing association with popping volume bulks

were used for genotyping debulk and all the F2 plants for

the identification of QTL for popping volume.

Single marker analysis for QTL mapping

The analysis of main QTL effects with Single-marker

analysis (SMA) and recombination frequency was per-

formed by using the method of Liu (1998). A significant

association of a potential marker with a QTL for popping

volume was detected by mapdisto v 2.1.1. (Lorieux 2012).

Results

The popping volume of HPV and LPV parental lines were

100 ml and 30 ml, respectively. The F1 seeds showed

negligible popping (42 ml) indicating that the high popping

volume was recessive. Since the HPV was used as the

female parent, the low popping volume of the F1 hybrid

seeds further indicated that the popping volume was not

under the seed maternal genotypic control like many other

quality traits but the endosperm genotype control due to

metaxenia like many endosperm traits in maize.

Screening of F2 population for popping volume

The popping volumes of 15 dried seeds from each HPV

and LPV were 100 ± 1.49 ml and 30 ± 2.00 ml, respec-

tively with a very little season-to-season variation for

popping volume within the parental cobs indicating that

they were genetically uniform. A total of 95 F1 plants were

selfed carefully and harvested cob-wise. A large variation

was observed in F1:2 cobs (Table 1) for popping volume

confirming that the popping volume is under endosperm

genotypic control. The seeds of ten F1:2 cobs were bulked

and space planted to raise about 800 F2 plants for genotypic

and phenotypic characterization. Out of 800 F2 plants, 504

healthy plants could be selfed to develop F2:3 seeds for

phenotyping for popping volume and to develop F3 lines.

The popping volume data of 504 F2:3 seeds showed con-

tinuous normal distribution of popping volume ranging

from 20 to 140 ml indicating it as a quantitative trait

(Table 2, Fig. 1) controlled by multiple genes.

Bulk segregant analysis

Bulk segregation analysis was carried out to identify the

SSR markers linked to the popping volume. Ten high

popping volume F2 plants (Plant number 28, 63, 183, 234,

272, 304, 326, 333, 449, and 661) were selected to make

the high volume bulk (HVB) and similarly, ten low pop-

ping volume plants (Plant number 34, 112, 121 144, 153,

171, 180, 200, 367, and 403) were selected as the low

volume bulk (LVB) (Table 3). The equal amount of

genomic DNA (50 lg) from the high and low popping

volume plants was bulked to make HVB and LVB.

Only 126 out of 313 SSR markers were successfully

amplified using the standard PCR reaction and 66/126 were

found polymorphic. All the polymorphic SSR molecular

markers were amplified among HPV, LPV, HVB, and LVB

(Fig. 2). Out of 66 polymorphic SSR molecular markers,

nine markers viz. umc1160, umc1169, bnlg1331, umc1184,

bnlg1520, bnlg1144, bnlg1836, umc1632, and bnlg1583

Table 1 Popping volume of parents and F1 cobs (F1:2 seeds) during

2016

Sample Popping volume (ml) Mean ± SD

Min Max

HPV 98 102 100 ± 1.49

LPV 27 34 30 ± 2.00

F1:2 10 138 54.12 ± 27.53
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present on chromosome number 1, 2, 3, 5, 7, and 9,

respectively (Supplementary Table 2 and 3) showed asso-

ciation in the bulk segregant analysis.

Debulking of high and low volume bulks

The nine SSR markers showing association in the bulk

segregant analysis were used to confirm their association in

individual plants of high and low volume bulks. Out of

nine, four SSR molecular markers confirmed the associa-

tion with the popping volume data of these high and low

volume F2 plants used in bulk segregant analysis. There

was only one heterozygote for HVB and LVB plants during

de-bulk analysis with SSR marker bnlg1331, none with

bnlg1520, two in HVB with bnlg1836 indicating that these

SSR markers are tightly linked with QTL for popping

volume with 0–20% recombination. There were many

heterozygotes in both debulks with SSR marker bnlg1144

mapped on chromosome 3 suggesting that it may not be

tightly linked with the QTL for popping volume of maize

(Fig. 3). The four SSR molecular markers found associated

with the popping volume were genotyped in 504 F2 plants.

Single marker analysis of F2 plants using SSR
markers

To confirm the marker-trait association, SMA was used to

confirm the extent of association of the SSR markers with

the QTL for popping volume and their contribution to the

phenotypic variance. The popping volume was recorded in

504 F2:3 seeds of F2 cobs (Supplementary Table 2). All the

504 F2 individual plants were genotyped using four SSR

markers which were found associated in BSA (Supple-

mentary Fig. 1–4). These data were subjected to single

marker analysis using the software mapdisto v2.1.1. These

four SSR molecular markers bnlg1331, bnlg1520, bnl-

g1144, and bnlg1836 located on chromosome numbers 1,

2, 3, and 5 were confirmed to be associated with popping

volume. Out of the four, two SSR molecular markers

bnlg1331 (bin 1.09) and bnlg1836 (bin 5.01) were highly

robust each covering 32% phenotypic variation for popping

volume. The SSR molecular marker bnlg1520 (bin 2.09)

showed only 14% phenotypic variation. The SSR marker

bnlg1144 (bin 3.02) covered only 4% phenotypic variation

(Table 4). The QTL mapping indicated that the major QTL

for popping volume are present on chromosomes 1, 2, and

5 linked to the SSR molecular markers bnlg1331 (bin

1.09), bnlg1520 (bin 2.09) and bnlg1836 (bin 5.01),

respectively. These three SSR markers on chromosome1, 2

Table 2 Popping volume of parents and F2:3 cob seeds during 2017

Sample Popping volume (ml) Mean ± SD

Min Max

HPV 97 105 101 ± 2.74

LPV 27 36 31 ± 3.01

F2:3 20 140 63 ± 26.07

Fig. 1 Frequency distribution of popping volume (ml) of F2 cobs

(F2:3 seeds) of 504 F2 plants

Table 3 The popping volume

(F2:3 seeds) and F2 plants used

for developing positive and

negative bulks

Sr. no. Positive bulk Negative bulk

F2 Plant no. Popping volume (ml) F2 Plant no. Popping volume (ml)

1. 28 110 34 10

2. 63 130 112 20

3. 183 100 121 10

4. 234 110 144 20

5. 272 110 153 25

6. 304 110 171 20

7. 326 130 180 15

8. 333 130 200 20

9. 449 120 367 20

10. 661 140 403 10
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and 5 contributing 78% of phenotypic variance (R2) for

popping volume can be used for validation of popping

volume QTL in subsequent generations and other popula-

tions. The QTL for popping volume mapped on chromo-

somes 1, 2, and 5 have been designated as qPVEU-1,

qPVEU-2, and qPVEU-5, respectively.

Discussion

Popcorn is a widely preferred snack of maize worldwide.

Popping characteristics of maize were originally selected

by American Indians in early western civilizations (Carter

et al. 1989; Sweley et al. 2013). However, the popcorn

cultivars have lower yields as compared to the dent and

flint corn hybrids and hence the improvement of popcorn

cultivars has been undertaken by many researchers by

using conventional breeding programs (Jele et al. 2014; Li

et al. 2007a; Lu et al. 2003). High popping rate but the

negligible popping volume of F1 hybrid seeds from a cross

between HPV with high popping volume and popping rate

as the female parent and LPV as the male parent indicated

that the high popping volume is controlled by recessive

endosperm genotype. The popping volume of F1:2 cobs

ranging from 10 to 138 ml with a mean value of 54.12 ml

confirms that the popping volume is under the control of

the endosperm genotype and not the maternal genotype and

the low popping volume is partially dominant. Teosinte,

the wild progenitor of maize also had no popping volume

and popping rate further confirming that the genetic control

of high popping volume is under the spontaneously induced

mutations which are usually recessive. The F1 hybrid seeds

in a cross of popcorn A-1-6 and flint V273 showed partial

dominance of low popping rate of V273 over the high

popping rate of popcorn and no to partial dominance of

high flake volume of popcorn (Babu et al. 2006). Crum-

baker et al. (1949), crossed dent maize 9 popcorn lines

and found that the low popping volume and dent-type

kernels were partially dominant over high popping volume

and flint-type kernels. Their data also suggested that two

backcrosses to the popcorn recurrent parent were sufficient

to recover popping volume equal to the popcorn parent.

Both the additive and dominant genetic effects play a very

important role in the inheritance of popping characteristics

of maize (Dofing et al. 1991; Li et al. 2003).

Frequency distribution of popping volume of 15 seeds of

each of the large number of F2:3 cobs of HPV 9 LPV

population ranging from 20 to 140 ml was nearly normal

indicating that the popping volume is a quantitative trait

controlled by multiple genes with transgressive segregation

further suggesting the presence of QTL for popping volume

in both the parents. In several studies, the popping char-

acteristic of popcorn maize was found quantitatively

inherited and controlled by multiple genes (Babu et al.

2006; Li et al. 2007c, 2009; Lu et al. 2003; Ziegler 2001).

Babu et al. (2006), in a mapping population of 194 F2
plants developed from a cross of popcorn (A-1-6) 9 flint

corn V273 identified four QTL on chromosome 1, 3, 8, and

10 for high flake volume covering 62% of the phenotypic

variance. Li et al. (2007c) in 259 F2 plants from Dan232

(dent corn) 9 N04 (popcorn) cross also identified six QTL

for popping volume, three on chromosome 1 and one each

on chromosome 6, 7, and 8 with 54% of phenotypic

variance.

During BSA for popping volume QTL, ten high popping

volume ([ 100 ml) F2 plants were used as the positive bulk

and ten low popping volume (\ 30 ml) F2 plants as the

negative bulk. Four SSR markers (bnlg1331, bnlg1520,

bnlg1144, and bnlg1836) on chromosome 1, 2, 3, and 5,

respectively were found to be linked to high popping vol-

ume bulk. Screening of debulks using these SSR markers,

bnlg1331, bnlg1520, and bnlg1836 showed only 0–20%

recombination from the QTL for popping volume while

Fig. 2 Bulk segregant analysis with bnlg1331, bnlg1520, bnlg1836

and bnlg1144 SSR markers. M: 100 bp ladder, P1: HPV, P2: LPV,

HVB: high volume bulk LVB: low volume bulk
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contributing 32, 14, and 32% phenotypic variance,

respectively. This is the first report on the use of BSA for

the identification and mapping of markers linked to QTL

for popping volume. The SSR markers linked to the QTL

for popping volume have been validated and used for the

development of popcorn lines with high popping volume

and resistance to southern corn leaf blight and sheath blight

diseases of maize. The BSA is mostly used for preliminary

identification of molecular markers linked to major genes

controlling a trait. During the use of BSA for mapping

molecular markers linked to a quantitative trait, only the

QTL with the additive gene action can be identified more

effectively. As expected all the three QTL for popping

volume had additive gene action with the positive alleles

for popping volume contributed by HPV. Four QTL have

also been identified by Lu et al. (2003) on chromosomes 1,

3, 5S, and 5L for popping expansion volume, which

together explained 45% of the phenotypic variation for

popping expansion volume in a popcorn 9 dent corn cross.

Jain-Poster and Woodford-Thomas (2015) identified QTL

for popping expansion volume in a popcorn 9 dent corn

cross covering 49.8% of the total phenotypic variance on

chromosomes 1 and 3. The region on chromosome 1

appears to have a robust QTL for popping volume which

may be a common QTL identified in various mapping

populations (Da Silva et al. 1993; Hoseney et al. 1983;

Matz 1984) including the one identified here. A QTL

reported on chromosome 3, also identified here linked with

bnlg1144 SSR marker, had only 4% coverage of pheno-

typic variance. There were only two polymorphic markers

for chromosome 3. The use of more polymorphic markers

of the bin may also help to identify the marker closely

linked to the QTL for its use in MAS. The QTL for pop-

ping volume mapped on chromosomes 1, 2, and 5

Fig. 3 Screening of positive and

negative de-bulks with

bnlg1331, bnlg1520, bnlg1836

and bnlg1144 SSR markers. M:

100 bp ladder, P1: HPV, P2:

LPV, HVB: high volume bulk,

LVB: low volume bulk

Table 4 Single marker analysis using SSR molecular markers for popping volume QTL

Markers Bin HmzA ?? (HPV) HmzB –(LPV) Htz ± (H) Total R2 A D D/A

bnlg1331 1.09 133 161 210 504 32.62 19.09 - 4.81 0.25

bnlg1520 2.09 135 106 262 503 14.52 12.96 - 7.42 0.58

bnlg1144 3.02 133 117 254 504 4.01 4.83 - 8.31 1.72

bnlg1836 5.01 127 161 216 504 32.41 18.85 - 5.79 0.31
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identified in this investigation have been designated as

qPVEU-1, qPVEU-2, and qPVEU-5, respectively,

explaining 78% of the total phenotypic variance. The SSR

markers linked to the QTL for popping volume have been

validated and could be used for the development of pop-

corn lines with high popping volume and resistance to

southern corn leaf blight (SCLB) and banded leaf sheath

blight (BLSB) introgressed from teosinte (Zea mexicana

L.).

Conclusion

The frequency distribution of the popping volume of 504

F2:3 cobs ranging from 20 to 140 ml was nearly normal

suggesting that the popping volume is a quantitative trait

controlled by multiple genes with additive effect indicating

the presence of genes for popping volume in both the

parents. Only four SSR markers bnlg1331, bnlg1520, bnl-

g1144, and bnlg1836 on chromosome numbers 1, 2, 3, and

5, respectively were found to be linked to popping volume

or flake volume and popping rate. Screening of de-bulk

using 4 SSR markers, 3 markers showed 0–20% recombi-

nation with the QTL for popping volume contributing 32,

14, and 32% phenotypic variance, respectively. The three

QTL for popping volume mapped on chromosomes 1, 2

and 5 contributing 78% of the total phenotypic variance

have been designated as qPVEU-1, qPVEU-2 and qPVEU-

5, respectively. The three QTL qPVEU-1, qPVEU-2 and

qPVEU-5 could be used in maker assistant selection for

high popping volume breeding in maize. We have also

used and validated these markers to select SCLB and

BLSB resistant lines with high popping volume.
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heterose e divergência genética estimadas por cruzamentos
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