
����������
�������

Citation: Dai, L.; Zhang, Y.; Han, S.;

Hao, D. QTL Mapping of Somatic

Regeneration-Related Traits in Maize.

Agriculture 2022, 12, 393. https://

doi.org/10.3390/agriculture12030393

Academic Editors: Ioannis Tokatlidis

and Panagiotis Madesis

Received: 9 February 2022

Accepted: 7 March 2022

Published: 11 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

QTL Mapping of Somatic Regeneration-Related Traits in Maize
Liqiang Dai * , Yan Zhang, Siping Han and Dongyun Hao

Institute of Agricultural Biotechnology, Jilin Academy of Agricultural Sciences, Changchun 130033, China;
zhangyan4023@cjaas.com (Y.Z.); hansp@cjaas.com (S.H.); dyhao@cjaas.com (D.H.)
* Correspondence: lqdai@cjaas.com

Abstract: The somatic regeneration of maize depends on its genotypes, so improving its variety with
modern biotechnology is severely restricted. Locating the quantitative trait loci (QTLs) associated with
somatic regeneration is important for breeding elite inbred lines that undergo genetic transformations.
Here, by crossing the high-regeneration inbred line H99 and non-regeneration inbred line Fr993, an
F2 population and its F2:3 and F2:4 population families were constructed. Immature embryos from the
family populations were subjected to tissue culture in two independent seasons to determine their
embryogenic callus induction rates (EIRs), green callus rates (GCRs) and plantlet regeneration rates
(PRRs). Genetic linkage maps were constructed for the F2 population to locate somatic regeneration
QTLs. The results showed that variation in the EIR, GCR and PRR ranged from 0.00–99.33%, and
their broad-sense heritabilities were 0.50, 0.52 and 0.53, respectively. The total genetic distance of
the linkage maps constructed by the GenoBaits 10 K chip was 2319.50 cM, and twelve QTLs were
associated with somatic regeneration traits, accounting for 3.90–14.06% of the phenotypic variation.
Expression analysis revealed six candidate genes screened from the QTLs with distinct responses to
induction culture in the parental lines, suggesting that they may impact commitment to somatic cell
fate. These results provide a basis for the molecular breeding of maize varieties with high-frequency
somatic regeneration.

Keywords: cell totipotency; embryogenic callus (EC); regenerative capacity; maize; candidate genes

1. Introduction

The fate of maize somatic cells can be reprogrammed under the action of hormones
and the cells allowed to develop into an independent complete plant through cell division
and differentiation, which is the theoretical basis for establishing an efficient regeneration
system. However, because knowledge of the induction mechanism of cell totipotency is
insufficient, the lack of inbred lines with an excellent ability to regenerate somatic cells
has become a bottleneck in the application of gene editing and other technologies in the
genetic improvement of maize. Since Green and Philips [1] first used immature maize
embryos to induce callus and obtain regenerated plants in 1975, a large number of studies
have found that embryogenic callus (EC) is difficult to induce in most maize genotypes
and almost no elite inbred lines can regenerate as a result [2–4]; thus, inbred lines do
not serve as a direct recipient for foreign genes. Currently, the genetic transformation of
maize can be carried out using only a few lines, and the agronomic traits of these lines
are suboptimal. If these materials are transformed for production, they must go through
multiple generations of backcrossing, which greatly reduces their use value [5,6]. Therefore,
locating the quantitative trait loci (QTLs) that control somatic regeneration and breeding
inbred lines with a strong regeneration capacity and excellent comprehensive traits are
highly significant for accelerating improvements in biotechnology enabling maize variety
breeding. Somatic regeneration in maize is mainly divided into the organogenesis and
somatic embryogenesis pathways. In both pathways, explant differentiation must be
induced to obtain meristematic potential, and then a meristem or embryonic development-
like process occurs to form a complete plant. Regeneration capacity varies greatly among
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different maize varieties, and this difference is mainly controlled by related genes [7–9]. In
addition, the growth state of donor plants and the culture conditions of explants also have
a certain impact on regenerated plant formation [10,11].

Previous studies have reported that somatic regeneration in maize is a quantitative
trait with predominantly additive effects [12,13]. Krakowsky et al. [14] performed tissue
cultures with immature embryos from 127 recombinant inbred lines (RILs) and found
that the broad-sense heritability of the embryogenic callus induction rate (EIR) was 0.52,
indicating that this trait was greatly influenced by genetic factors. Pan et al. [15] analyzed
an F2 population derived from a cross between 18–599 and R15 and found that the broad-
and narrow-sense heritabilities of maize EC induction were 0.64 and 0.63, respectively.
These results revealed that the heritability of this trait was high and that this trait is suitable
for selection in early generations of breeding. Zhang et al. [16] conducted experiments
on inbred lines from North America and China. The results showed that the broad-sense
heritability of the somatic redifferentiation rate reached 0.75, and the number of plantlets
regenerated from EC was as high as 0.74, which confirmed that the somatic regeneration
of maize is mainly controlled by genetic factors and that it is feasible to further locate the
major genes controlling this trait by molecular methods.

As early as 1992, Armstrong et al. [17] first used restriction fragment length poly-
morphism (RFLP) markers to analyze the progenies derived from a cross between A188
and Mo17, and the results showed that five loci were closely related to EC induction in
maize. Lowe et al. [18] utilized a BC1 population generated by crossing Hi-II and FBLL to
identify five chromosomal regions that may control the tissue culture and genetic trans-
formation traits of maize using RFLP and simple sequence repeat (SSR) markers. Ma
et al. [19] used 144 inbred lines as an association population and detected a total of 63 single
nucleotide polymorphisms (SNPs) that were stably associated with EC regeneration using
the maizeSNP50 chip. Forty candidate genes were mined based on these markers, and
some genes were linked to auxin transport, cell fate, seed germination and embryonic
development. Zhang et al. [20] conducted transcriptome analysis on calli at the early stage
of redifferentiation and screened 707 differentially expressed genes that might be involved
in the regeneration pathway of maize somatic cells. Ge et al. [21] compared the genome of
line A188 with those of three references, including B73, and found that a 3053 kb region
on chromosome 3 contains eight large structural variants and two differentially expressed
genes that could be related to EC induction in maize. However, due to the limitations of
the research materials and the low number of markers used, most of the reported QTLs or
candidate genes have only a minor effect on somatic regeneration; it is still not possible to
determine the major factors controlling this trait.

In this study, we chose the high-regeneration line H99 which is widely applied in
maize genetic transformation instead of the ordinary lines used in previous studies. An
F2 population and corresponding F2:3 and F2:4 population families were constructed by
crossing H99 with the non-regeneration line Fr993. Subsequently, genetic linkage maps
of the F2 population were constructed for the first time using a high-density gene chip
containing 67 K SNPs. The linkage analysis results revealed that a total of twelve QTLs were
associated with EIR and plantlet regeneration rate (PRR). Among these loci, six candidate
genes, Zm00001d043076 (WOX13a), Zm00001d047879 (CLE16), Zm00001d002495 (AHL23),
Zm00001d043431 (ARF11), Zm00001d043205 (EREB147) and Zm00001d028930 (MYB75),
were preliminarily verified which may be involved in determining the fate of maize cells.
The findings of this study lay a foundation for molecular marker-assisted selection of
inbred lines that can undergo somatic regeneration with a high frequency and for the
further analysis of totipotency induction mechanisms in plant cells.

2. Materials and Methods
2.1. Plant Materials and Field Design

The inbred line H99 (Illinois Synthetic 60 C) [22], which has a strong somatic regen-
eration capacity and is widely used in the genetic transformation of maize, was used as
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the female parent, and the line Fr993 (Reid germplasm), which could not be regenerated
due to induced nonembryogenic callus (NEC), was used as the male parent. In the summer
of 2019, hybridization was carried out at the experimental field of the Jilin Academy of
Agricultural Sciences (43◦30′ N, 124◦48′ E) in Gongzhuling, China. In December of the
same year, five F1 plants were self-pollinated in the Ledong experimental field (18◦44′ N,
108◦98′ E) in Hainan, China. In February 2020, the F2 population was planted in Ledong,
and 213 plants were randomly selected for self-pollination to generate corresponding F2:3
population families. In May 2020, the parental lines and F2:3 population families were
planted in Gongzhuling. Each line was planted in a single row that was 4 m long, the row
spacing was 0.6 m, and there were 16 plants per line with three replications. When the
maize reached the flowering period, the plants from each family were self-pollinated, and
the harvested seeds were of the F2:4 family. In May 2021, the parents and F2:4 population
families were grown in Gongzhuling, and the field experimental design and management
were identical to those in 2020. For the above populations, the genomic DNA of 213 F2
plants was utilized to construct genetic linkage maps, and the F2:3 and F2:4 population
families were used to quantify somatic regeneration-related traits.

2.2. Trait Evaluation

In 2020 and 2021, self-pollination was performed when the parental lines and segre-
gating populations reached the flowering period. Approximately 9 to 12 d after pollination,
two ears were picked from each plot, and 25 immature embryos with a length of approxi-
mately 1.5 mm were stripped from each ear and transferred to the induction medium. The
embryos were cultured in the dark at 28 ◦C for 4 weeks with the convexity up and the
plane down. During this period, the explants were subcultured once, and the adventitious
shoots and roots were removed in a timely manner. After induction culture, the number
of ECs induced from each ear was counted, and EIRs were calculated according to the
following formula:

EIR (%) = (number of ECs/number of immature embryos) × 100%. (1)

Subsequently, the ECs were transferred to differentiation medium with the unit of
embryos and cultured at 25 ◦C for 16 h under 2000 lx light every day. When the ECs had
differentiated for 2 weeks, the explants were subcultured once, the number of ECs with
green spots on the surface was counted, and green callus rates (GCRs) were calculated
according to the formula:

GCR (%) = (number of ECs with green spots/number of immature embryos) × 100%. (2)

When the cultures had differentiated for 4 weeks, the number of ECs with regenerated
plantlets longer than 1 cm was counted, and PRRs were calculated as follows:

PRR (%) = (number of ECs with regenerated plantlets longer than 1 cm/number of immature embryos) × 100%. (3)

The average values of the EIR, GCR, and PRR among three replications for each family
in 2020 and 2021 and the general average of the two-year data for each F2 plant were used
for further analysis. The phenotypic characteristics of the cultures are shown in Figure 1,
and medium composition details are provided in Tables S1 and S2.
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Figure 1. Features of the cultures during induction and differentiation stages. (a) Non-embryogenic
callus (NEC). (b) Embryogenic callus (EC). (c) EC with green spots. (d) Regenerated plantlets.
Bars = 5 mm.

2.3. Phenotypic Statistical Analysis

Descriptive statistical analysis, correlation analysis, and normality tests were per-
formed on the phenotypic data using SPSS 24.0 (IBM Corp., Armonk, NY, USA). The
p-values for standard deviations (SDs) were calculated by two-tailed Student’s t-test. Data
from three replicates in each year were subjected to variance analysis using the “anova”
command in R 4.0.0 (https://www.r-project.org/, accessed on 5 January 2022) to assess
the significance of genotype, environment and their interactional effects. The broad-sense
heritability of the EIR, GCR and PRR was calculated according to the formula proposed by
Knapp et al. [23] as follows:

H2 = δG2/[δG2 + (δGE2/e) + δr2/re] (4)

where δG2 is the genetic variance, δGE2 is the genotype-by-environment interaction vari-
ance, δr2 is the residual error, e is the number of environments and r is the number
of replications.

2.4. Genotyping, Construction of Linkage Maps and QTL Detection

Leaf genomic DNA was extracted from the parental inbred lines, F1 plants and F2
individuals using a Hi-DNAsecure Plant Kit (Tiangen, Beijing, China). To assess DNA
quality, 1% agarose gel electrophoresis was performed, and a Qubit 2.0 system was utilized
(Invitrogen, Waltham, MA, USA). Qualified samples were genotyped using the GenoBaits
10 K chip [24], which was developed based on the genotyping by target sequencing (GBTS)
platform. According to the genotyping results, polymorphic SNPs between the two parents
were screened, and partially segregating and duplicate markers were removed using
JoinMap 4.0 [25]. Genetic linkage maps of the F2 population were constructed using
MAPMAKER 3.0 [26], and the linkage groups were identified using the “Group” command
with a logarithm of odds (LOD) threshold of 3.0. Finally, the recombination frequencies
were converted to centiMorgan (cM) using the Kosambi mapping function [27].

QTL detection was performed using the composite interval mapping (CIM) method [28]
in WinQTL Cartographer 2.5 [29] combined with the phenotypic data of the somatic re-
generation traits and genetic linkage maps. Significance thresholds for screening putative
QTLs were obtained by performing 1000 permutations at p < 0.05 for each dataset.

2.5. Candidate Gene Predictions and Expression Analysis

Based on the flanking markers of the detected QTLs, the reference genome RefGen_v4
(ftp.gramene.org/pub/gramene/release-63/fasta/zea_mays/dna/, accessed on 20 January
2022) of B73 was used to screen for candidate genes that may control somatic regenera-
tion. Annotated functions and relevant information for the genes were obtained from
the MaizeGDB database (https://www.maizegdb.org/, accessed on 24 January 2022) and
MaizeSequence (http://ensembl.gramene.org/Zea_mays/Info/Index/, accessed on 24
January 2022). Six candidate genes, WOX13a, CLE16, AHL23, ARF11, EREB147 and MYB75,
were randomly selected to examine differences in expression patterns during the callus

https://www.r-project.org/
ftp.gramene.org/pub/gramene/release-63/fasta/zea_mays/dna/
https://www.maizegdb.org/
http://ensembl.gramene.org/Zea_mays/Info/Index/
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induction period of the parental lines H99 and Fr993. First, total RNA was extracted from
the cultures at five callus induction stages (0 d, 4 d, 8 d, 12 d and 16 d) using a Plant Total
RNA Isolation Kit (Sangon, Shanghai, China). Subsequently, RNA was reverse-transcribed
into cDNA using MightyScript Plus First Strand cDNA Synthesis Master Mix (gDNA
digester) (Sangon, Shanghai, China). qPCR detection was performed with a StepOnePlus
Real-Time PCR System (Applied Biosystems, USA) using TB Green Premix Taq (TaKaRa,
Beijing, China). The amplification reaction conditions included predenaturation at 95 ◦C for
30 s and 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. The gene Zm00001d049641 (GADPH)
was used as the internal control, and all reactions were performed three times. Finally,
the fold-changes of the six target genes were calculated using the 2−∆∆CT method [30].
The primers used in qPCR were designed with Primer Premier 5.0 (PREMIER Biosoft
International, Palo Alto, CA, USA), and the detailed sequence information is provided in
Table S3.

3. Results
3.1. Phenotypic Variation

To identify the capacity of the maize F2 population to undergo somatic regeneration,
immature embryos from two parental lines and the F2:3 and F2:4 population families derived
from 213 F2 individuals were used to perform tissue cultures, and their EIRs, GCRs and
PRRs were calculated. In 2020 and 2021, the average EIR, GCR and PRR of the parent
(H99) that possessed a strong regeneration capacity reached 83.29%, 82.64% and 80.25%,
respectively, while the values in the non-regeneration parent Fr993 were all 0. In the
segregating populations, the EIR, GCR and PRR varied from 0.00–99.33%, with averages
of 41.59%, 40.20% and 37.70%, respectively (Tables 1 and S4). The SDs of the three traits
ranged from 17.64% to 23.69% (Table 1), showing high values and revealing that genetic
factors may have had a strong influence on phenotypic variation. In addition, the p-values
for the SDs were all less than 0.01, indicating significant variation in somatic regeneration
capacity in this population (Table 1). Kolmogorov–Smirnov tests showed that the averages
of the two-year phenotypes for 213 F2 plants were all normally distributed (Figure 2), and
their phenotypes in 2020 and 2021 also showed only a slight left skew (Figure S1). Thus,
somatic regeneration in maize is a quantitative trait controlled by multiple genes. Further
Pearson’s correlation analysis was performed on the EIR, GCR and PRR, and the correlation
coefficients between them ranged from 0.978 to 0.992 (Figure 2), indicating that somatic
dedifferentiation induced totipotency, and the response of EC to light culture at the early
stage of differentiation was closely associated with the formation of regenerated plantlets.

Table 1. Phenotypic performance of somatic regeneration traits in the maize segregating populations.

Environment
EIR (%) GCR (%) PRR (%)

Range Mean ± SD 1 Range Mean ± SD Range Mean ± SD

2020 0.00–90.49 33.32 ± 20.93 ** 0.00–83.51 32.18 ± 20.76 ** 0.00–81.36 29.07 ± 19.60 **
2021 4.67–99.33 49.86 ± 22.22 ** 2.00–99.33 48.21 ± 22.92 ** 1.33–99.33 46.33 ± 23.69 **

Average 5.77–87.06 41.59 ± 17.64 ** 3.10–87.06 40.20 ± 17.95 ** 1.58–85.81 37.70 ± 17.89 **
1 SD: standard deviation; **: p ≤ 0.01.
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Figure 2. Distributions and correlations between three somatic regeneration traits with the average
value across two years. The plots on the diagonal line show the phenotypic distributions of the EIR,
GCR and PRR. The values above the diagonal line are Pearson’s correlation coefficients between every
pair of traits. The scatter plots of correlations are shown in the areas below the diagonal, and the red
lines in the plots represent the correlation trends. **: p ≤ 0.01; EIR: embryogenic callus induction rate;
GCR: green callus rate; PRR: plantlet regeneration rate.

3.2. Heritability of Somatic Regeneration Traits

The broad-sense heritabilities of the EIR, GCR and PRR were calculated using the
formula proposed by Knapp et al. [23] based on analysis of variance of the three traits.
The variance analysis revealed significant effects (p < 0.01) of genotype, the environment,
and their interaction on the EIR, GCR and PRR (Table 2), and there was no significant
variation among replicates for any of the traits, indicating that somatic regeneration in
maize is controlled by genotype and its interaction with the environment. The broad-sense
heritability values for the EIR, GCR and PRR were all moderate, equaling 0.50, 0.52 and
0.53, respectively. This confirmed that the phenotypic variation in somatic regeneration in
this population was mainly derived from genetic factors, indicating suitability for further
QTL mapping. Finally, after considering the heritability and correlation analysis results for
the three traits, we removed the GCR, which was highly correlated with the PRR (r = 0.992)
during redifferentiation. Therefore, the following linkage analysis was performed only
with the EIR and PRR at two different culture stages.



Agriculture 2022, 12, 393 7 of 14

Table 2. Analysis of variance for the EIR, GCR and PRR.

Trait Source 1 Df 2 SS 3 MS 4 F-Value Pr (>F) 5 Significance 6

EIR G 212 36.82 0.17 9.53 <2.0 × 10−16 ***
E 1 8.37 8.37 459.13 <2.0 × 10−16 ***
R 2 0.06 0.03 1.58 0.21

G × E 212 18.27 0.09 4.72 <2.0 × 10−16 ***
Residuals 772 14.08 0.02

GCR G 212 38.12 0.18 9.78 <2.0 × 10−16 ***
E 1 7.86 7.86 427.51 <2.0 × 10−16 ***
R 2 0.05 0.03 1.45 0.24

G × E 212 18.47 0.09 4.74 <2.0 × 10−16 ***
Residuals 772 14.19 0.02

PRR G 212 37.72 0.18 10.15 <2.0 × 10−16 ***
E 1 9.15 9.15 521.71 <2.0 × 10−16 ***
R 2 0.05 0.03 1.55 0.21

G × E 212 17.91 0.08 4.82 <2.0 × 10−16 ***
Residuals 772 13.54 0.02

1 G: genotype; E: environment; R: replication; G × E: interaction of genotype and the environment. 2 Df : degrees
of freedom. 3 SS: sum of squares. 4 MS: mean squares. 5 Pr: probability. 6 ***: significance at p < 0.001.

3.3. Genotyping and Linkage Map Construction

To construct the genetic linkage maps of the segregating populations, we used the
GenoBaits 10 K chip to genotype the genomic DNA of the parental inbred lines, F1 plants
and 213 F2 individuals. A total of 67,303 loci were genotyped on the ten chromosomes
of maize. Among them, chromosome 1 has the most loci (9738) and chromosome 10 has
the least (4796). Based on the genotype data from F1 plants, approximately 37.47% of
the SNP loci were heterozygous, and their alleles had very high (99.84%) fidelity to the
two parental lines. This result indicates that hybridization was successful and that the
genotyping quality was good. Subsequently, the loci with polymorphisms between the
parents H99 and Fr993 were screened, and partially segregating and repetitive markers
were further removed. Finally, the remaining 1283 SNPs were used to construct population
genetic linkage maps. A total of 512 SNPs were evenly mapped to ten linkage groups in
maize using MAPMAKER 3.0. The total genetic distance of the maps was 2319.50 cM, and
the average genetic distance between adjacent SNPs was only 4.53 cM (Table S5), which
satisfied the requirements for subsequent QTL detection.

3.4. QTL Mapping

Combined with the genetic linkage maps that were constructed and two years of
phenotypic data, the CIM method was used to locate the QTLs that control the EIR and
PRR. A total of twelve somatic regeneration QTLs were detected on chromosomes 1, 2,
3, 6 and 9, which accounted for 3.90–14.06% of the phenotypic variance (Table 3). Four
of the QTLs that controlled the EIR (qEIR1.1, qEIR2.1, qEIR3.1 and qEIR9.1) were derived
from the regenerative parent H99, and these QTLs accounted for 40.49–44.22% of the total
phenotypic variation (Figure 3 and Table 3). The regeneration alleles qEIR1.1 and qEIR9.1
were detected in two environments and resulted in the highest LOD values of 6.60 and 7.15,
respectively, indicating that these two loci were closely related to EC induction in maize.
In addition, the modes of gene action for qEIR1.1, qEIR2.1 and qEIR3.1 were dominated
by additive effects, while the gene action of qEIR9.1 was both additive and dominant
(Table 3). Eight QTLs (qPRR1.1, qPRR1.2, qPRR2.1, qPRR3.1, qPRR3.2, qPRR6.1, qPRR9.1
and qPRR9.2) were linked to the PRR, and they were derived from the parental line H99,
which explained 69.44–71.36% of the total phenotypic variance (Figure 4 and Table 3). The
allele qPRR2.1 was detected in two environments, and the highest LOD value was 5.82,
indicating that this locus was closely related to somatic regeneration in maize. Finally, the
QTLs qPRR1.2, qPRR2.1, qPRR3.2, qPRR9.1 and qPRR9.2 exhibited predominantly additive
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effects, while the gene action of qPRR1.1, qPRR3.1 and qPRR6.1 was predominantly additive
and dominant (Table 3).

Table 3. Information on the quantitative trait loci (QTLs) identified for the EIR and PRR.

QTL Chr. 1 Environment 2 Flanking Markers Support Interval (cM) LOD SRA 3 R2 (%) 4
Genetic Effect Mode of Gene

Action 5
Additive Dominant Dominance Degree (d/a)

qEIR1.1 1 2021 p1463773–p1123859 85.00–114.60 5.65 H99 13.47 0.12 −0.01 −0.11 A
AVE p1463773–p1123859 85.00–114.60 6.60 H99 11.62 0.09 0.01 0.07 A

qEIR2.1 2 AVE p2652100–p2181844 24.40–53.30 5.18 H99 8.96 0.07 0.00 −0.02 A
qEIR3.1 3 2020 p3187420–p3207764 138.10–165.80 6.02 H99 11.21 0.10 −0.01 −0.05 A
qEIR9.1 9 2020 p9110946–p9150912 105.20–152.20 7.15 H99 8.70 0.08 0.01 0.17 A

AVE p9110946–p9150912 105.20–152.20 6.55 H99 10.58 0.08 −0.02 −0.22 PD
qPRR1.1 1 2021 p1308356–p1463773 61.00–85.00 5.00 H99 4.78 0.07 0.05 0.73 PD
qPRR1.2 1 AVE p1463773–p1123859 85.00–114.60 6.46 H99 10.95 0.09 0.01 0.09 A
qPRR2.1 2 2021 p2652100–p2181844 24.40–53.30 4.11 H99 9.23 0.10 −0.02 −0.18 A

AVE p2652100–p2181844 24.40–53.30 5.82 H99 11.15 0.08 −0.01 −0.17 A
qPRR3.1 3 2020 p3190353–p3207764 140.90–165.80 6.02 H99 14.06 0.11 −0.04 −0.33 PD
qPRR3.2 3 AVE p3177855–p3193521 124.70–151.40 4.08 H99 8.03 0.07 −0.01 −0.18 A
qPRR6.1 6 AVE p6162268–p6165840 136.50–151.70 4.02 H99 3.90 0.05 0.01 0.28 PD
qPRR9.1 9 2020 p9110946–p9150912 105.20–152.20 7.35 H99 9.37 0.08 0.01 0.14 A
qPRR9.2 9 AVE p9207083–p9112764 70.80–94.50 5.98 H99 9.12 0.07 −0.01 −0.19 A

1 Chr.: chromosome. 2 AVE: average of the two-year data for each F2 plant. 3 SRA: source of the regeneration
allele. 4 R2: percentage of the phenotypic variation explained by the QTL. 5 A: additive, an absolute value of the
dominance degree between 0.00 and 0.20; PD: partially dominant, an absolute value of the dominance degree
between 0.20 and 0.80.

By comparing the QTL intervals of the two traits, we found that all four QTLs for the
EIR were located within the loci obtained for the PRR (Figure 5 and Table 3). Among them,
the QTLs qEIR1.1, qEIR2.1 and qEIR9.1 were completely consistent with qPRR1.2, qPRR2.1
and qPRR9.1 in terms of their support intervals, respectively, while the qEIR3.1 support
interval partially overlapped with those of qPRR3.1 and qPRR3.2, respectively. After all
somatic regeneration QTLs were further integrated, a total of five segments were distributed
on chromosomes 1, 2, 3, 6 and 9, and their combined length was approximately 12.74% of
the entire maize genome length (Figure 5). Within the above physical ranges, we screened 5
WUSCHEL (WUS) family genes (WOX2a, WOX5b, WOX6, WOX11 and WOX13a), including
the embryonic transcription factor WOX2a, 4 stem cell characteristic CLAVATA3/ESR (CLE)
family genes (CLE2, CLE6, CLE16 and CLE22), 4 auxin signal transduction pathway genes
(IAA12, IAA30, ARF11 and ARF23), 6 AT-hook motif nuclear-localized protein (AHL) family
genes (AHL1, AHL13, AHL22, AHL23, AHL25 and AHL27) and 30 MYB family transcription
factors. The resulting genes can serve as potential candidate genes for controlling somatic
regeneration in maize.

Figure 3. Detection of quantitative trait loci (QTLs) for the EIR in the segregating population. The log
of odds (LOD) and additive effect, a(H1), plotted against the ten chromosomes were used for linkage
analysis. The horizontal lines represent the threshold values for detecting authentic QTLs.
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Figure 4. Detection of quantitative trait loci (QTLs) for the PRR in the segregating population. The
log of odds (LOD) and additive effect, a(H1), plotted against the ten chromosomes were used for
linkage analysis. The horizontal lines represent the threshold values for detecting authentic QTLs.

Figure 5. Distribution of somatic regeneration quantitative trait loci (QTLs) on maize chromosomes.
The red and green bars represent QTL intervals of the EIR and PRR, respectively. Chr.: chromosome.

3.5. Expression Analysis of the Candidate Genes

To preliminarily verify the function of the candidate genes in somatic regeneration,
we randomly selected six genes and quantified their levels of expression at different stages
(0 d, 4 d, 8 d, 12 d and 16 d) of callus induction in the segregating population parents
H99 (PRR = 80.25%) and Fr993 (PRR = 0). The results indicated that the fold-changes
of the WOX13a gene in H99 gradually increased with prolonged induction time, and its
expression was maximal when the explants were cultured for 8 d, after which it decreased
(Figure 6a). However, the expression of this gene in Fr993 remained almost stable in each
stage of induction culture. The expression of the CLE16 gene in the two inbred lines showed
a trend of first increasing and then decreasing. It peaked when H99 was induced for 8 d and
Fr993 was induced for 4 d (Figure 6b). Meanwhile, the fold-changes of CLE16 in Fr993 were
generally higher than those in H99. The expression of the AHL23 gene gradually increased
with culture time, and its expression in each induction stage was higher in H99 than in
Fr993 (Figure 6c). In addition, the expression of the ARF11 gene in H99 first decreased and
then returned to its initial level (Figure 6d). However, the expression of this gene in Fr993
decreased rapidly from the beginning of induction and finally reached a lower level. Finally,
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the fold-changes of EREB147 and MYB75 in the two parental lines also exhibited distinct
differences, respectively (Figure 6e,f). The above results confirmed that the expression
patterns of the candidate genes differed between maize lines with different regeneration
capacities. The divergent responses of these genes to induction culture may be essential for
somatic cells to successfully acquire totipotency.

Figure 6. Expression profiles of the candidate genes at different induction stages. Here, H99
is a line with a high PRR (80.25%) and Fr993 is unable to regenerate. (a–f) Fold-changes of
Zm00001d043076 (WOX13a), Zm00001d047879 (CLE16), Zm00001d002495 (AHL23), Zm00001d043431
(ARF11), Zm00001d043205 (EREB147) and Zm00001d028930 (MYB75).

4. Discussion

Plant EC induction is often regarded as the initial step of somatic regeneration [31–34].
However, reports in recent years have shown that not all maize varieties have high EC-
based regeneration capacities, and some lines cannot be regenerated at all [35,36], indicating
that the embryogenic acquisition and redifferentiation of somatic cells may be controlled
by different functional genes. Zhang et al. [16] studied the EC redifferentiation traits of
144 inbred lines and found that the average callus differentiation rate among different
materials in three environments was only 15.74–19.52%, while the browning rate was
as high as 34.27–42.14%. This indicated that although maize inbred lines can induce
embryogenic tissue, their differentiation capacity is generally poor, so they cannot be used
as direct recipients of foreign genes. In this study, we crossed the inbred line H99, which
is widely used in maize genetic transformation, and the non-regeneration line Fr993. By
phenotyping two offspring family populations, we revealed that the phenotypic correlation
coefficients between the EIR, GCR and PRR were all above 0.97 (Figure 2), indicating that
as long as these segregating populations can induce ECs, regenerated plantlets can almost
be obtained after differentiation culture. These results are completely different from those
of studies that used inbred line populations as research materials, indicating that there
may be multiple superior alleles that are closely linked or major genes that control both
EC induction and plantlet regeneration in the parent H99, and this is an ideal genotype for
researching the somatic regeneration of maize. The broad-sense heritabilities of the EIR,
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GCR and PRR were further calculated to be 0.50, 0.52 and 0.53, respectively. These values
were in the range of 0.48–0.79 obtained in previous studies [14–16], which is indicative of a
moderate heritability level; therefore, it is feasible to locate the QTLs that control somatic
regeneration in maize.

A total of twelve QTLs closely associated with the EIR and PRR were mapped in this
study (Figure 5 and Table 3). Among them, the support intervals of four EIR QTLs (qEIR1.1,
qEIR2.1, qEIR3.1 and qEIR9.1) were all located within the loci obtained for the PRR (Figure 5
and Table 3), which was related to the high regeneration capacity exhibited by EC from the
segregating population. In addition, three unique QTLs (qPRR1.1, qPRR6.1 and qPRR9.2)
were also detected for the PRR (Figure 5), suggesting the presence of specific genes within
these genomes that control the redifferentiation of EC. By further comparing the above sites
with those reported in previous studies, we found that qPRR3.2 contains a 3053 kb region
that controls the embryogenic tissue culture response and plant regeneration of maize [37].
Eight genes with large structural variants and two differentially expressed genes were
mined in this area, which may be responsible for the induction of EC in maize [21]. Ma
et al. [19] found a significant marker, PZE-103123331, that was stably associated with EC
redifferentiation and is also located in qPRR3.2. The candidate gene WOX2a, which was
screened by this SNP, has been confirmed to promote callus regeneration and improve
the transformation efficiency of recalcitrant inbred lines [38]. These results indicated that
qPRR3.2 is a “hot spot” region in maize somatic regeneration studies. qEIR3.1 and qPRR3.1
are two QTLs with partially overlapping regions on chromosome 3 (Figure 5 and Table 3).
The amount of phenotypic variation explained by qPRR3.1 was the highest among all the
loci detected, reaching 14.06% (Table 3). Wang et al. [39] found that sixteen auxin signal
transduction pathway genes were differentially expressed in the EC formation period
of inbred line 18–599R. The gene IAA12, located in the two abovementioned QTLs, was
upregulated 25.74-, 39.12- and 29.29-fold in the three stages of callus induction compared
with that in the control, indicating that this gene is very sensitive to induction culture.
Finally, some candidate genes for EC formation and plantlet regeneration that were obtained
in previous studies were also found in other QTLs [8,19,40]. These genes are mainly
involved in metabolic pathways, such as signal transduction and redox and stress responses,
and may play a key role in maize somatic regeneration.

Su et al. [41] reported that the activity of the Arabidopsis stem cell characteristic gene
CLV3 was jointly regulated by WUS and STM proteins. Subsequently, CLV3 and CLE40 bind
to receptors, such as CLV1, and complement each other to feedback-regulate the expression
of WUS and eventually control the homeostasis of shoot stem cells [42]. Within the physical
intervals of the QTLs mapped in this study, we screened five WUS family genes (WOX2a,
WOX5b, WOX6, WOX11 and WOX13a) and four CLE family genes (CLE2, CLE6, CLE16 and
CLE22). The function of WOX2a in maize somatic regeneration has been verified in previous
experiments [43,44], but research on the other genes has not yet been reported. According
to the MaizeGDB website, WOX13a and CLE16 are highly expressed in maize shoot apical
meristems and developing zygotic embryos, respectively [45]. The qPCR results showed
that the expression of WOX13a after the initiation of callus induction in H99 was generally
higher than that in Fr993, while its expression in the non-regeneration line Fr993 was
low and remained stable (Figure 6a). In addition, the expression patterns of CLE16 in
the two parental lines were also quite different (Figure 6b), which preliminarily indicated
that WOX13a and CLE16 may be involved in the process of reprogramming the somatic
fate of maize cells. Karami et al. [46] found that AHL15 and its homologs are necessary
transcription factors for zygotic embryogenesis, and overexpressed AHL15 can induce
Arabidopsis seedlings to form somatic embryos under hormone-free conditions. In this
study, six AHL family genes (AHL1, AHL13, AHL22, AHL23, AHL25 and AHL27) were mined
in the QTLs. These genes specifically bind to AT-rich DNA sequences that are related to
nuclear matrix attachment regions (MARs) and may function in developmental regulation
and signal transduction. The expression analysis results revealed that the expression level
of AHL23 was higher in H99 than in Fr993 (Figure 6c), which was consistent with the
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previous finding that AHL family genes positively regulate somatic embryogenesis [46],
suggesting that the AHL23 gene may also function similarly in maize.

Hormone signal transduction has been shown to be an important pathway in determin-
ing plant stem cell fate [47]. Ma et al. [48] found that Arabidopsis stem cells were insensitive
to auxin because WUS significantly downregulated the expression of Monopteros/ARF5,
limiting cell differentiation in the central region by reducing auxin signaling. In addition,
Monopteros/ARF5 can also feedback-regulate the activities of WUS and CLV by repressing
Arabidopsis response regulators (ARRs) and Dornroschen/Enhancer of shoot regeneration
1 (DRN/ESR1), thereby maintaining stem cell homeostasis [49]. Here, four auxin signal
transduction pathway genes (IAA12, IAA30, ARF11 and ARF23) were screened. The ex-
pression of ARF11 in Fr993 approached zero with a prolonged induction culture time,
while its expression in H99 first decreased and then gradually returned to the initial level
(Figure 6d), implying that the stability of the auxin signal maintained by this transcription
factor may be a necessary condition for EC formation in maize. The above results lay a
theoretical foundation for the molecular breeding of maize lines with somatic cells showing
high-frequency regeneration.

Supplementary Materials: The following supporting information can be downloaded at: https:
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and 2021, Table S5: Summary of the genetic linkage maps for the F2 population.
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