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Abstract The brace-root is a crucial part of the

whole root system in maize and plays an important

role in the maintenance of lodging resistance. In this

study, a BC2F1 population with three replicates,

derived from the cross between Yi17 (well-developed

brace-root) and Yi16 (poorly developed brace-root)

was used for quantitative trait locus (QTL) detection.

The total lengths of the genetic linkage map for the

three replicates were 659.6, 662.9 and 936.8 cM,

respectively, and the average distances between

adjacent markers were 3.43, 3.68 and 4.61 cM,

respectively. In total, 21 QTLs were detected in the

BC2F1 population. The detected QTLs were mainly

located at bin 3.05 (four QTLs) and 8.04–8.05 (three

QTLs). Bin 3.05 was first detected to be rich in QTLs

for brace-root traits in all three replicates, and QTLs

detected in bin 8.04–8.05 were consistent with our

previous results in the F2:3 population. The QTLs

qW3a and qVA3 were coincident QTLs; of these,

qW3a was a major effect QTL. These results may

provide important information for maize breeders to

pyramid favorable chromosome fragments or QTL in

breeding programmes targeted at well-developed

brace-root materials.
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Add Additive effect

BRAD Brace-root average diameter

BRDW Brace-root dry weight

BRSA Brace-root surface area

BRTL Brace-root total length

BRTN Brace-root tier number

BRV Brace-root volume

cM CentiMorgan

IF2 Immortalized F2

LOD Logarithm of odds

RIL Recombinant inbred line

QTL Quantitative trait locus

R2 Phenotypic variance explained
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Nana Sun and Chaoxian Liu contributed equally to this work.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10681-020-2561-8) con-
tains supplementary material, which is available to authorized
users.

N. Sun � C. Liu � X. Mei � D. Jiang � X. Wang �
E. Dong � J. Zhang � Y. Cai (&)

Maize Research Institute, Key Laboratory of

Biotechnology and Crop Quality Improvement, Ministry

of Agriculture, Southwest University, Chongqing 400716,

China

e-mail: caiyilin1789@163.com

123

Euphytica (2020) 216:32

https://doi.org/10.1007/s10681-020-2561-8(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s10681-020-2561-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s10681-020-2561-8&amp;domain=pdf
https://doi.org/10.1007/s10681-020-2561-8


Introduction

An important food and feed crop, corn is the world’s

highest yielding crop (Khush 2005; Craufurd and

Wheeler 2009). Maize (Zea mays L.) has a complex

root system, including underground roots and brace-

roots (Hochholdinger et al. 2004). Brace-roots emerge

from the stem nodes of successive basal phytomers

and have a crucial role in plant development. More-

over, the brace-roots not only have the ability to

improve lodging resistance but also exert a substantial

influence on grain yield through the absorption of

nutrients and water under soil water-limited condi-

tions (Lynch 1995; Aiken and Smucker 1996; De

Dorlodot et al. 2007; Li et al. 2015).

Maize researchers have devoted many efforts to

study brace-root traits and to develop maize inbred

lines and hybrids with well-developed brace-roots (Ku

et al. 2012). Previous studies have shown that the

maize brace-root number was positively correlated

with maize yield (Stupar et al. 2008), and that brace-

root number, root weight, and total root length were

highly heritable (Trachsel et al. 2010). Moreover, a

negative correlation between diameter and length of

the main axis of the crown roots was observed in IBM

(Intermated B73 9 Mo 17 population) and OhW

[Oh43 (Ames 19288) and W64A (PI 587152)] popu-

lations (Burton et al. 2014). However, only a few

quantitative trait loci (QTLs) for brace-root traits have

been reported in maize. Four seminal root number

QTLs and seven root pulling force QTLs have been

identified (Lebreton et al. 1995). Later, the QTLs for

root angle and diameter in the seventh layer root were

detected (Guingo et al. 1998). In addition, several

QTLs for maize brace-root tier number (BRTN) were

identified by two research groups using different

populations (Ku et al. 2012; Jiao et al. 2014). Owing to

the limitations of the experimental conditions and

measurement tools, previous studies mainly focused

on the early stage of root development or easily

measured root traits, such as seminal root number,

BRTN, and brace-root number. More important brace-

root traits, such as brace-root surface area (BRSA),

brace-root average diameter (BRAD), brace-root vol-

ume (BRV), and brace-root length were not studied in

detail.

For the detection of QTLs related to maize brace-

root traits, a BC2F1 population was constructed. For

phenotype evaluation, we used a root scanner

(WinRHIZO root system, http://www.

regentinstruments.com/assets/winrhizo_about.html)

to determine maize brace-root traits. We analyzed

QTLs for seven important brace-root traits, including

root dry weight (RDW), brace root dry weight

(BRDW), BRTN, brace-root surface area (BRSA),

brace-root average diameter (BRAD), brace-root

volume (BRV) and brace root total length (BRTL).

The purpose of this study was to provide references for

the identification of brace-root related genes and for

pyramiding favorable brace-root alleles in maize.

Materials and methods

Population development

The parental lines Yi17, with a well-developed root

system, and Yi16, with a poorly-developed root

system, were derived from landrace ‘Baimaya’ and

tropical germplasm ‘PWP’, respectively (Fig. 1). Both

lines were developed by China’s Southwest University

and used in maize breeding in the southwest area of

China. The cross Yi17 9 Yi16 (F1) was made in

spring 2012 at Xiema, Chongqing, China. The F1

plants were backcrossed to Yi16 to produce the BC1F1

population in spring 2013. After phenotype screening,

the individuals with well-developed brace-roots were

Fig. 1 Inbred lines Yi17 and Yi16 in maize
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continuously backcrossed to Yi16 to produce BC2F1 in

spring 2015 (Fig. S1).

Field experiments and trait evaluation

In the BC2F1 population, three replicates, Q511 (198

plants from one ear), Q535 (252 plants from one ear),

and DQT (586 plants from four ears), and both

parental lines were planted at Xiema in spring 2016.

The row spacing and plant spacing were 70 cm and

50 cm, respectively. All the plants were used for

evaluation of the brace-root traits. At the R6 stage

(physiological maturity), the whole root system of

each plant was carefully pulled and washed out. After

the soil was washed away and the moisture on the

surface of roots was absorbed by tissue paper, the roots

were manually dissected to determine the BRTN. The

BRSA, BRAD, BRV, and BRTL were scanned and

analyzed by using a root scanner (WinRHIZO root

system). The fresh roots were dried at 80 �C in an oven

until they reached a constant weight, and subse-

quently, BRDW, and RDW were determined.

Statistical analysis

The significance of traits between parents was deter-

mined by using a t test. Variation analysis of traits,

skewness and kurtosis tests of traits distribution, and

correlation analysis between brace-root traits for three

replicates were computed using IBM SPSS Statistics

19.0 (IBM, USA).

DNA extraction and linkage map construction

DNA was extracted from the leaves of the BC2F1

plants and parent plants by using the CTAB method

(Chen and Ronald 1999). Of 1020 SSR markers

covering the entire maize genome (http://www.

maizegdb.org), 224 polymorphic markers were used

to construct genetic linkage maps by using JoinMap

v.4.0 (Stam 1993). The recombination frequency

between linked loci was transformed into genetic

distance by using Kosambi’s function (Kosambi

1943). The total length was 659.6 cM for the Q511

replicate, 662.9 cM for Q535, and 936.8 cM for DQT,

and the average distances were 3.43 cM, 3.68 cM, and

4.61 cM, respectively.

QTL analysis

QTL mapping was performed using the integrated

software MAPQTL 6.0 (https://www.kyazma.nl/)

based on interval mapping. The parameters for for-

ward regression analysis were set with a window size

of 10 cM and a walk speed of 1 cM. The significance

threshold for declaring a QTL was determined by 1000

random permutations of the phenotypic data at the 5%

significance level according to Stuber et al. (1987) and

Tuberosa et al. (1998a, b). The averages of all the

brace-root traits were used for QTL analysis. The

logarithm of odds (LOD) threshold used in the study

was averaged from the threshold value calculated for

each trait. The closest QTL peak to the marker locus

position, the additive effect, and the proportion of

phenotypic variance explained by the QTL (R2) were

obtained by using MAPQTL 6.0. Map Chart Vision

2.2 was used to mark the QTL location on the map.

The QTL was named in the following way, by taking

qW3a as an example; ‘q’ is the abbreviation of QTL;

‘W’ is an abbreviation for trait, namely root weight;

the number ‘3’ is the serial number of the chromo-

some; and ‘a’ is the symbol used for differentiating the

QTLs that controlled the same traits but were located

at different chromosome fragments in the same link-

age group.

Results

Phenotypic variation

The phenotypic analyses of the parents and BC2F1

plants are shown in Table 1. All the trait values of

Yi17 were significantly higher than those of Yi16

(P\ 0.01), which indicated that genetic differences

existed between the two parents for all the traits. The

mean of each trait in BC2F1 was between the two

parents’ phenotypic values, and transgressive segre-

gation was also observed for each trait. The skewness

and kurtosis showed that all the traits were normally or

nearly normally distributed. Therefore, these traits

were controlled by polygenes and suitable for QTL

analysis.
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Correlation between different traits

To further elucidate the relationships between QTLs

and traits, it was necessary to perform a correlation

analysis. As shown in Table 2, the correlations varied

with different traits. Generally, RDW, BRDW, BRSA,

BRV, and BRTL were all highly correlated with each

other (r = 0.720–0.984). RDW, BRDW, BRSA, BRV

and BRTL were all moderately correlated with BRTN

(r = 0.381–0.610). BRAD was moderately correlated

with BRV (r = 0.411–0.634). In comparison with

other traits, BRAD showed the weakest correlation

with BRTN and BRTL (r = - 0.076–0.196). Overall,

BRTL was the most important trait in all three simple

traits, including BRTN, BRAD and BRTL.

QTL mapping using the Q511 replicate

In the Q511 replicate, eight QTLs for all traits were

detected in total (Table 3; Fig. 2). qW3a, located in

the mark interval mmc0022–umc1973 on chromo-

some 3, was relevant to root weight traits, and

explained 11.4–12.6% of phenotypic variation.

qWAVL5, explaining 8.3–15.7% of phenotypic varia-

tion, was relevant to BRDW, BRV, and BRSA traits.

qT7, qAL8, qD8, and qV8, explaining 7.1–12.9% of

phenotypic variation, were located in the mark inter-

vals umc1713–zct657 on chromosome 7, and

umc1460–umc1858, umc2367–umc1562 and bnl-

g2046–umc2367 on chromosome 8, respectively.

QTL mapping using the Q535 replicate

In the Q535 replicate, 11 QTLs were identified in total

(Table 3; Fig. 2). These QTLs were distributed on

chromosomes 1 (3 QTLs), 3 (3 QTLs), 4 (1 QTL), 6 (1

QTLs), 8 (1 QTL), 9 (1 QTL), and 10 (1 QTL). Among

the 11 QTLs, only two were major effect QTLs. In bin

3.04–3.05, three QTLs explaining 7.4–13.8% of

phenotypic variation were identified; of these, qW3a

Table 2 Correlation among brace-root related traits for three replicates in maize

Replicates RDW BRDW BRTN BRSA BRAD BRV BRTL

RDW Q511 1 0.953** 0.381** 0.868** 0.434** 0.850** 0.756**

Q535 1 0.960** 0.510** 0.891** 0.311** 0.889** 0.757**

DQT 1 0.984** 0.395** 0.912** 0.256** 0.890** 0.819**

BRDW Q511 1 0.519** 0.940** 0.417** 0.902** 0.850**

Q535 1 0.610** 0.933** 0.210* 0.897** 0.835**

DQT 1 0.467** 0.940** 0.229** 0.911** 0.857**

BRTN Q511 1 0.512** 0.196 0.472** 0.521**

Q535 1 0.596** 0.182 0.566** 0.556**

DQT 1 0.513** 0.084 0.437** 0.559**

BRSA Q511 1 0.431** 0.953** 0.911**

Q535 1 0.154 0.935** 0.918**

DQT 1 0.213** 0.954** 0.924**

BRAD Q511 1 0.634** 0.082

Q535 1 0.456** - 0.193

DQT 1 0.411** - 0.076

BRV Q511 1 0.749**

Q535 1 0.720**

DQT 1 0.777**

BRTL Q511 1

Q535 1

DQT 1

RDW root dry weight (g), BRDW brace-root dry weight (g), BRTN brace-root tier number, BRSA brace-root surface area (cm2), BRAD

brace-root average diameter (mm), BRV brace-root volume (cm3), BRTL brace-root total length (cm)

*Means P\ 0.05; **means P\ 0.01

123

Euphytica (2020) 216:32 Page 5 of 9 32



Table 3 QTL analysis of all traits for three replicates in maize

Replicate QTL Trait Interval markers Bins Position LOD R2 (%) Add

Q511 qW3a RDW mmc0022–umc1973 3.05 25.9 3.64 11.4 - 1.65

BRDW 3.79 12.6 - 1.48

qT3 BRTN umc2155–mmc0022 3.05 25.6 3.29 9.7 - 0.28

qL5 BRTL umc2035–umc1468 5.03 34 3.3 8.1 - 251.02

qWAVL5 RDW umc1192–umc1092 5.04 19.6 3.43 9.2 - 1.51

BRDW 4.62 15.7 - 1.48

BRSA 4.51 14.1 - 86.56

BRV 4.23 12.5 - 2.36

BRTL 3.38 8.3 - 254.57

qT7 BRTN umc1713–zct657 7.02–7.03 28.6 3.48 10.6 0.31

qAL8 BRSA umc1460–umc1858 8.04 29 3.73 11.2 - 81.87

BRTL 29.1 2.8 7.1 - 234.99

qV8 BRV bnlg2046–umc2367 8.04–8.05 31.6 4 11.3 - 2.33

qD8 BRAD umc2367–umc1562 8.05 31.6 4.36 12.9 - 0.1

Q535 qW1 RDW umc1073–umc2226 1.03 56.3 3.21 7.9 - 1.16

qA1 BRSA bnlg1458a–umc1073 1.03 54.3 3.08 6.4 - 57.37

qL1 BRTL umc1676–umc2390 1.04 40.5 3.43 6.9 - 223.9

qW3b RDW umc2002–bnlg1035 3.04–3.05 31 5.35 13.8 - 1.39

BRDW 31 5.51 11.7 - 1.15

qW3a RDW mmc0022–umc1973 3.05 33.2 4.97 12.9 - 1.48

BRDW 33.2 5.21 10.8 - 1.26

qVA3 BRV bnlg1035–umc2155 3.05 31.5 3.88 7.4 - 1.69

BRSA 31.5 3.72 8.1 - 59.52

qA4 BRSA umc1869–umc2027 4.06 12.1 3.84 8.5 123.59

qWT6 RDW umc1818–umc1887 6.01–6.03 30.7 3.84 9 - 1.31

BRTL 27.8 3.48 7.4 - 240.32

BRDW 30.7 3.54 7.4 - 1.09

qT8 BRTN mmc0181–bnlg1031 8.06 43.8 2.85 6.6 - 0.21

qT9 BRTN umc1675–umc1714 9.07 35.6 2.94 6.9 0.21

qD10 BRAD umc2350–phi062 10.04 11.1 3.27 6.4 - 0.09

DQT qVA3 RDW umc2155–bnlg1035 3.05 27.1 3.67 8.1 - 1.23

BRDW 27.1 3.82 7.1 - 1.06

BRV 27.1 3.62 6.7 - 1.73

BRSA 27.1 3.39 7.6 - 62.77

qD6 BRAD umc2165–umc2059 6.07 14.2 3.12 5.9 0.1

qD7 BRAD bnlg339–umc1718 7.03 43.9 5.55 10.9 0.12

qL8 BRTL umc1904–bnlg1863 8.03 35.7 3.48 6.8 - 274

RDW root dry weight (g), BRDW brace-root dry weight (g), BRTN brace-root tier number, BRSA brace-root surface area (cm2), BRAD

brace-root average diameter (mm), BRV brace-root volume (cm3), BRTL brace-root total length (cm), LOD logarithm of odds; R2,

phenotypic variance explained, Add, additive effect, negative values indicate that the alleles for increasing trait values are contributed

by Yi17 and positive values indicate that the alleles for increasing trait values are contributed by Yi16
a presents the order in which the QTL was detected at different chromosome fragments for the first time; b presents the order in which

the QTL was detected at different chromosome fragments for the second time
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and qW3b for root weight traits, explained 10.8–13.8%

of phenotypic variation and were located in the mark

intervals mmc0022–umc1973, and umc2002–bnl-

g1035, respectively; qVA3, located in the mark

interval bnlg1035–umc2155 within a distance of

0.9 cM, was relevant to BRSA and BRV.

QTL mapping using the DQT replicate

In the DQT replicate, four QTLs were identified

(Table 3; Fig. 2). qVA3, located in the interval

umc2155–bnlg1035 at bin 3.05, was relevant to

BRDW, BRV, and BRSA traits. In the interval of

bnlg339–umc1718 on chromosome 7, one major

effect QTL, qD7, was detected with an LOD of 5.55.

Discussion

BRDW and BRSA are both complex traits, composed

of BRTN, BRTL and BRAD. They are closely related

to the ability to uptake water and nutrients from soil,

and lodging resistance. Among the three simple traits,

BRTL was the most correlated with BRDW and

BRSA as shown by correlation analysis. Therefore,

efforts should be made to increase the BRTL in the

maize breeding program.

In this study, in total, 21 QTLs, with only two

coincident QTLs, were detected in all three replicates.

This suggested that the genes controlling the brace-

root traits largely varied with the different environ-

ments. Coincident and major effect QTLs were the

most important for plant breeding. qW3a, related to

BRDW traits, and qVA3, related to BRDW and BRAD

Fig. 2 Distribution of QTLs for all traits on a linkage map in

three replicates. (1) RDW root dry weight; BRDW brace-root dry

weight; BRTN brace-root tier number; BRSA brace-root surface

area; BRAD brace-root average diameter; BRV brace-root

volume; BRTL brace-root total length. (2) Red represents QTLs

together detected in Q511 and Q535 replicates.Green represents

QTLs together detected in DQT and Q535 replicates. (3) a Q511

replicate; b Q535 replicate; c DQT replicate. (Color

figure online)
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traits, were coincident QTLs in this study. In partic-

ular, qW3a explained 10.8% to 12.9% of the pheno-

typic variance. Furthermore, two regions (bin 3.05 and

bin 8.04–8.05) were detected to be rich in QTLs for

brace-root traits. QTLs in bin 1.06 and 7.04 were

reported to influence the maize root system architec-

ture, such as primary root length, primary root

diameter, primary root weight, and root volume.

(Hund et al. 2011; Tuberosa et al. 2002; Liu et al.

2017). A QTL region in bin 6.02 within the interval

umc1006-umc1257 was found to control vertical root

pulling resistance in the BC4F3 and RIL populations

(Liu et al. 2010). Based on the different stages of root

development, most QTLs for root traits were located

in bin 6.02–6.04 on chromosome 6 in stage I, and the

QTL for axial root number was located in bin 10.04 on

chromosome 10 at all three developmental stages (Cai

et al. 2012). Gu et al. (2017) detected two coincident

QTLs for BRTN and BRAD in bin 8.05 in the F2 and

F2:3 populations in multiple environments. This

showed that the region bin 8.05 harbored QTLs for

brace-root traits in previous studies, as well as in our

study. The region bin 3.05 was newly detected to

harbor QTLs for brace-root traits. This new coincident

region bin 3.05 was associated with many brace-root

traits, such as BRDW, BRSA, BRTN, BRV, and root

dry weight. This revealed that these traits were

probably controlled by a single pleotropic effect

QTL. Therefore, the regions bin 3.05 and bin 8.05,

and the coincident and major effect QTL qW3a are of

great importance in exploring brace-root-related genes

and for breeding inbred maize lines and hybrids with

well-developed brace-roots.
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