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ABSTRACT

The current assembled maize genomes cannot represent the broad genetic diversity of maize germ-
plasms. Acquiring more genome sequences is critical for constructing a pan-genome and elucidating
the linkage between genotype and phenotype in maize. Here we describe the genome sequence and
annotation of A188, a maize inbred line with high phenotypic variation relative to other lines, acquired
by single-molecule sequencing and optical genome mapping. We assembled a 2210-Mb genome with a
scaffold N50 size of 11.61 million bases (Mb), compared to 9.73 Mb for B73 and 10.2 Mb for Mo17. Based
on the B73_RefGen_V4 genome, 295 scaffolds (2084.35 Mb, 94.30% of the final genome assembly) were
anchored and oriented on ten chromosomes. Comparative analysis revealed that ~30% of the predicted
A188 genes showed large structural divergence from B73, Mo17, and W22 genomes, which causes high
protein divergence and may lead to phenotypic variation among the four inbred lines. As a line with high
embryonic callus (EC) induction capacity, A188 provides a convenient tool for elucidating the molecular
mechanism underlying the formation of EC in maize. Combining our new A188 genome with previously
reported QTL and RNA sequencing data revealed eight genes with large structural variation and two dif-
ferentially expressed genes playing potential roles in maize EC induction.

© 2021 Crop Science Society of China and Institute of Crop Science, CAAS. Publishing services by Elsevier

B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Maize (Zea mays L.) is used for animal feed and human con-
sumption worldwide. Maize shows great phenotypic polymor-
phism and genetic diversity [1-5]. More than 80% of the maize
genome consists of repetitive element sequences [6-9]. However,
next-generation sequencing reads are too short to cover repetitive
sequences, resulting in many gaps in assembled maize genomes
[6]. Only a few quantitative trait loci (QTL) for agronomic traits
have been cloned, owing to a lack of high-quality reference maize
genomes. This problem can be overcome by the recently estab-
lished single-molecule sequencing platform [6], which is able to
generate long sequencing reads. By use of this platform, the new
B73 genome has been improved with a 52-fold increase in contig
length [9].
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The temperate line A188 [10] shows great phenotypic differ-
ence from other inbred lines, such as in plant height [11], tassel
branch number, ear number, days to tassel [11], days to pollina-
tion, days to silk [11], oil concentration [12], protein concentration
[12], starch concentration [12], and embryonic callus (EC) induc-
tion capability. This variation facilitates cloning genes controlling
these traits.

Genetic transformation has been an effective approach for elu-
cidating gene function in plants. However, maize genetic transfor-
mation is highly reliant on the use of EC induced from immature
embryos. Only a few lines possess the ability to efficiently form
embryonic callus, including inbred lines such as A188, B104, H99,
C01 and the combination Hi-II (A x B) [13-16]. Since plant regen-
eration from maize tissue culture was first reported in 1975 [17],
little is known about how maize EC is induced from the immature
embryos despite the efforts of generations of researchers [13-
15,18]. A few QTL have been identified as controlling callus induc-
tion or plant regeneration [19,20]. AB73 near-isogenic line, WCIC2
(with donor parent A188) with a high frequency of EC initiation
was used to genetically fine-map QTL for EC response, and a QTL
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located in a 3.06-Mb region on chromosome 3 was identified as
controlling EC formation and regeneration [13]. Owing to the dif-
ference between the A188 genome and the B73 reference genome,
QTL for embryo culture response have not been cloned to date, lim-
iting their application to improving EC formation capability.

Assembly of a high-quality A188 reference genome would be
helpful for identifying the molecular mechanisms underlying EC
induction and other agronomic traits. We combined single-
molecule sequencing and BioNano optical-mapping technologies
to produce a de novo assembly of the A188 genome.

2. Materials and methods
2.1. Phenotypic evaluation of maize inbred lines

The maize inbred lines A188, B73, Mo17, and W22, provided by
the Maize Research Institute of Sichuan Agricultural University,
were grown in Chengdu (Sichuan province, China, N30°67,
E104°06’) in 2018. They were planted in a randomized complete
block design with three replicates and two rows per line. Each 3-
m row contained 14 plants, with a row spacing of 0.75 m. At
10 days after pollination (DAP), plant height and tassel branch
numbers (TBN) were measured as described previously [21]. The
duration from seeding to half of the plants tasseling, pollinated,
and silking was recorded as days to tassel, days to pollination
and days to silk, respectively. Ear number was recorded at 30
DAP. Three mature seeds of each line were crushed and subjected
to measurement of protein concentration using the RAPID N
exceed (Elementar, Langenselbold, Germany).

To evaluate the EC induction ratio, A188, B73, Mo17 and W22
were planted in a greenhouse (14 h/10 h light/dark, at 28 °C and
70% relative humidity). At 12 DAP, 108 immature embryos (1.2-
1.5 mm in length) from each line were collected and evenly dis-
tributed among three Petri dishes containing modified N6 medium
[22] to induce EC with three repetitions. After aseptic incubation
for 21 days in darkness at 28 °C, the EC induction ratio was
recorded as (number of immature embryos successfully inducing
EC/number of inoculated immature embryos) x 100%.

2.2. Genome assembly and annotation

Libraries for genome sequencing were constructed as previ-
ously described [23]. High-quality genomic DNA was sheared to
~20 kb with Agilent 2100 (Agilent Technologies Inc., CA, USA).
The resulting PCR-free SMRTbell libraries were sequenced on the
PacBio Sequel platform (Pacific Biosciences, Menlo Park CA, USA).
A total of 63 SMT cells were run on the PacBio Sequel instrument,
generating 27.25 million reads with a total length of 224.03 Gb.
Reads longer than 10 kb were used for contig assembly with
Falcon [23] and polished with the Arrow program (https://
www.pach.com/support/software-downloads/).

2.3. Optical library construction and sequencing

Nicking, labeling, repair, and staining were performed as stan-
dard BioNano protocols (BioNano Genomics, San Diego, CA, USA).
The High Molecular Weight genome was specifically recognized
by the BspQ I enzyme to identify the site to be labeled. Optical
maps were assembled with the BioNano Irys system (BioNano
Genomics, San Diego, CA, USA). Raw BNX files were filtered and
assembled into genome maps using the BioNano Solve pipeline
(https://bionanogenomics.com/support-page/bionano-solve/).
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2.4. Hybrid assembly of PacBio contigs and BioNano optical maps

The PacBio-assembled contigs and BioNano-assembled genome
maps were subjected to hybrid assembly using the HybridScaffold
module of IrysSolve as described previously [8]. Briefly, the PacBio
genome maps were aligned to an in silico BspQI-digested cmap. The
BioNano genome maps were then aligned to the PacBio genome
maps with RefAligner, followed by identifying and resolving the
conflict points. The BioNano and PacBio genome maps were then
merged to generate a hybrid scaffold. The PacBio genome maps
were mapped to hybrid scaffolds again to identify overlaps. If the
overlap between PacBio contigs and hybrid scaffold was longer
than 1 kb and identity was >95%, the two sequences were merged.
Based on the alignment information, super-scaffolds were built.

2.5. Construction of pseudomolecules

The reference genome of B73_RefGen_v4 [9] was used to anchor
A188 scaffolds to chromosomes. Contigs were ordered using Bwa
(version bwa-0.7.15, http://bio-bwa.sourceforge.net/bwa.shtml)
and placed on chromosomes based on synteny between A188
and B73.

2.6. Assembly evaluation

BUSCO (Benchmarking Universal Single-Copy Orthologs: http://
busco.ezlab.org/) combined with tblastn, augustus (http://bioinf.
uni-greifswald.de/augustus/), and hmmer (http://hmmer.org/)
software was used to evaluate genome-assembly completeness.
‘Embryophyta_odb9’ containing 1440 single-copy orthologous
genes, was used as a search dataset to assess the completeness of
the A188 genome assembly.

2.7. Repetitive element prediction

Transposable elements were identified by a combination of
homolog-based and de novo approaches. TRF v4.07b (http://tan-
dem.bu.edu/trf/trf407b.linux64.download.html) was used to pre-
dict tandem repeats. LTR Finder [24], RepeatScout (v1.0.5, http://
www.repeatmasker.org), and PILER (v1.0, http://www.drive5.-
com/piler) were used to predict LTR elements, LINEs, SINEs, and
transposable DNA, respectively.

2.8. Isoform-sequencing

Total RNA was extracted from five tissues (12-d seedlings, tas-
sels, silks, pericarp, and 20-DAP seeds) with TRIzol reagent (Invit-
rogen, Carlsbad, CA) according to the manufacturer’s instructions.
For each sample, three independent biological replicates were gen-
erated. Equal amounts of RNA (1 pg) for each replicate of each tis-
sue were pooled. One microgram of enriched poly-A RNA was
reverse-transcribed into cDNA using the Clontech SMARTER cDNA
synthesis kit (Clontech Laboratories, Inc. A Takara Bio Company,
Mountain View, CA, USA), and the cDNA was subjected to size
selection using the BluePippin system. Size fractions eluted from
the run were re-amplified to generate two libraries (0-1 and 1-
10 kb). Then 2 pg cDNA of each library was subjected to Iso-Seq
SMRTBell library construction as described (https://pacbio.se-
cure.force.com/SamplePrep). The SMRTBell libraries were then
subjected to single-molecule sequencing on the PacBio Sequel
platform.

2.9. Gene annotation

MAKER2  (http://www.yandell-lab.org/software/maker.html)
[25] was used to annotate genes in the A188 genome by the strat-
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egy described previously [8]. First, for protein-homology-based
prediction, the proteins of the B73, Mo17, and W22 reference gen-
omes were retrieved from Gramene (http://gramene.org/) [26] as
input to MAKER2. The A188 transcripts assembled from five differ-
ent tissues based on single-molecule long-read sequencing, B73
full-length transcripts from Iso-seq [27], and Mo17 transcripts
[8] were used for gene transcript prediction. Second, the generated
gene models were submitted to Augustus [28], SNAP (http://snap.
stanford.edu/snap/download.html), GeneMark-ESSuite (version
4.32 http://topaz.gatech.edu/GeneMark/license_download.cgi),
and Glimmerhmm (http://ccb.jhu.edu/software/glimmerhmm/)
ab initio prediction software to further de novo predict gene mod-
els. The preliminary prediction gene set was then filtered according
to the AED scores generated in MAKER software and high-
confidence gene models were generated.

2.10. Identification of PAV sequences

To identify presence/absence-variation (PAV, length >500 bp)
sequences, a sliding-window method was used as reported previ-
ously [8]. To identify A188-specific PAV sequences by comparison
with B73, the A188 genome was divided into 500-bp windows
with a step size of 100 bp. Then all of the 500-bp windows were
aligned to the B73 genome with BWA mem [29] (http://bio- bwa.-
sourceforge.net/) with options “-w 500 -M". A188-specific PAV
sequences were sequences that could not be aligned to the B73
genome or whose primary alignment coverage was <25% [8]. Over-
lapping PAV windows were merged. The same method was used to
identify A188-specific PAV sequences relative to Mo17 and to W22,
B73-specific PAV sequences relative to A188, Mo17-specific PAV
sequences relative to A188, and W22-specific PAV sequences rela-
tive to A188. PAV sequences within 100 kb of the physical coordi-
nates were further merged. A merged region with more than 10%
PAV sequences was defined as a PAV cluster. Finally, all of the PAVs
were anchored back to the corresponding genome. The same
method [8] was used to identify A188-specific genes relative to
B73, Mo17, and W22. Genes more than 75% of whose coding
sequence (CDS) fell in PAV sequences were defined as PAV genes.

2.11. Comparative genomic analysis among A188, B73, Mo17 and W22

Mummer software [30] was used to perform comparative geno-
mic analysis of the A188 and B73 genomes. Each A188 pseudochro-
mosome sequence was mapped to the corresponding B73
chromosome using mummer with the parameters “nucmer -g
1000 -c 90 -1 40”. The mapping results were submitted to delta-
filter to perform noise filtration with parameters “-r -q”. Show-
coords was used for conversion of aligned physical coordinates
with parameters “-rcloTH”. SNPs and small (<100 bp) InDels were
identified using show-snps with “-CIrTH”. Show-diff was employed
with default parameters to obtain inversions. Finally, alignments
with aligned physical positions in one genome that were located
more than 10 Mb away in another genome were removed. Compar-
ative genomic analyses of A188 with the Mo17, A188, and W22
genomes were performed by the same method.

2.12. Quantitative real-time PCR

Immature maize embryos of the inbred lines A188, C01, Mo17,
and B73 were cultured to induce callus as described in section 2.2.
After culture for 0 h and 72 h, the embryos or calli were collected
for isolating total RNA using Trizol Reagent (Life Technologies,
Carlsbad, CA, USA), with three biological repetitions. Reverse tran-
scription was performed following the protocol of PrimeScript RT
Reagent Kit with gDNA Eraser (Takara Biotechnology Co., Ltd.,
Dalian, China). Quantitative real-time PCR was performed on an
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ABI 7500 real-time PCR System (Applied Biosystems, CA, USA),
with Actin 1 used as the reference gene. The primers used for quan-
titative real-time PCR are described in Table S12. The 2724¢T
method was used to calculate the relative expression levels of can-
didate genes in all lines.

3. Results

3.1. Phenotypic differences between A188 and the other assembled
lines

As a public inbred line, A188 shows an excellent response to tis-
sue culture, with approximately 100% efficiency in forming EC
from immature embryos [31,32]. However, in previous studies,
B73 and Mo17 both showed a very low frequency of inducing EC
under standard conditions [13,33]. Comparison of EC formation
ratio among A188, B73, Mo17, and W22 confirmed the high ratio
of A188 and the low ratios of the other three lines (Table 1). Other
agronomic traits also showed marked differences between A188
and the other lines (Table 1; Fig. 1). Our findings were in agree-
ment with previous studies [11,12] of the phenotypic performance
of A188, indicating that A188/B73, A188/Mo17, and A188/W22 are
ideal pairs of maize lines for genetic and molecular studies of these
traits.

3.2. Genome sequencing and de novo assembly provided a high-quality
reference genome of A188

In combination with optical genome mapping with the BioNano
Genomics Irys System, PacBio Sequel platform was used to
sequence and de novo assemble the A188 genome. A >104-fold cov-
erage of sequence (224.03 Gb in total) generated from PacBio
Sequel was used for an initial 2127.72 Mb assembly with a contig
N50 size of 1.06 Mb and longest contig of 4.97 Mb (Tables 2, S1,
and S2). A 631.48-Gb BioNano molecule (287-fold-coverage Bio-
Nano optical map) used to scaffold the assembled contigs gener-
ated a final assembly of 4469 scaffolds with a scaffold N50 size
of 11.61 Mb and longest scaffold of 47.84 Mb (Tables 2, S1, and
S2). The total size of the final assembly was 2207.74 Mb, similar
to those of the B73 (2106 Mb) [9], Mo17 (2183 Mb) [8] and SK
(2094 Mb) [7] genomes (Tables 2, S2). Finally, 295 scaffolds were
anchored and oriented onto ten chromosomes (2084.35 Mb,
94.30% of the final genome assembly) and 3704 scaffolds failed
to be mapped to chromosomes (5.70% of the final genome assem-
bly) (Table S13). The final A188 assembly had 2480 gaps (89.56 Mb
in length), compared with 2522 gaps in the B73 and 238 gaps in
the SK genome [7]. Finally, 95.3% of complete single-copy BUSCOs
[34] could be aligned to the A188 final assembly, similar to those
for the B73 [9], Mo17 [8], W22 [35] and SK [7] genomes, indicating
the near completeness of our assembly (Table S4).

3.3. Genome annotation showed a complex genome composition of
A188

A total of 80.70% of the A188 genome sequence was identified
as transposable-element sequences, including retrotransposons
(71.93%), DNA transposons (5.91%), and unclassified elements
(2.49%) (Table S5), which was lower than those in B73 [9], Mo17
[8], W22 [35], SK [7] and KO0326Y [6] genomes. For retrotrans-
posons, the families of Copia and Gypsy represented respectively
24.01% and 46.92% of the A188 genome (Table S5). For DNA trans-
posons, the representation of the hAT family was much lower than
those in the B73 [9] and Mo17 [8] genomes.

In total, 44,653 high-confidence protein-coding gene models
with 66,359 transcripts were predicted (Table S6). Among them,
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Table 1

Agronomic trait phenotypes in four inbred lines.
Line ECIR* (%) Plant height* TBN* Ear number* pc* DtT DtP DtS
A188 91.53 £555a 126.00 £ 16.83 d 1236 +2.71a 1.38£0.62 a 11.98 £ 0.04 b 51 59 61
W22 1.67 £1.85c¢c 159.50 £ 17.03 ¢ 1148 +2.48 a 1.29 £ 0.60 ab 10.48 £ 0.07 ¢ 67 70 70
Mo17 6.94+£139b 184.29 +17.99 b 6.21+1.05b 1.07 + 0.68 bc 1259 +0.11 a 70 71 72
B73 0+0c 203.36 £ 13.92 a 6.64+1.23Db 092 +0.51 ¢ 9.34£0.05d 71 72 73

Values are means + SD (*, n = 42; #, n = 3); Letters a, b, ¢, d indicate significant differences among lines at P < 0.05. ECIR, embryonic callus induction ratio; TBN, tassel branch
numbers; PC, protein concentration; DtT, days to tassel; DtP, days to pollination; DtS, days to silk.
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Fig. 1. Trait differences among A188, B73, Mo17, and W22 inbred lines, including plant height (A), ear size (B), kernel size (C) and embryonic callus (D).

Table 2
Global statistics for the A188 genome assembly.

PacBio PacBio + BioNano Pseudomolecule
assembly  hybrid assembly
Total length of 2127.72 221033 2084.35
assembly (Mb)
N50 size (Mb) 1.06 11.61 -
Greatest length 4.97 47.84 -
(Mb)
Number of 6385 4469 10
sequences

10,965 (24.56%) and 16,243 (36.38%) genes were supported by ISO-
seq with CDS coverage >90% and >50%, respectively (Table S6). In
total, 41,715 (93.42%) of the predicted A188 genes were mapped
to 10 pseudochromosomes (Table S3). Of these genes, 62,058
(93.52%) were functionally annotated and deposited in public data-
bases (Fig. S1).

3.4. Genomic polymorphisms among A188, B73, Mo17, and W22

To identify genome differences, we individually aligned the
pseudochromosomes of B73, Mo17, and W22 to those of A188.
Respectively 62.50% (1316.38 Mb), 63.10% (1327.82 Mb), and
62.59% (1327.48 Mb) of the B73, Mol7 and W22 genome
sequences matched in one-to-one syntenic blocks with 63.16%
(1316.45 Mb), 63.71% (1328.03 Mb), and 63.69% (1327.43 Mb) of
the A188 genome sequence (Figs. 2, S2; Table S7).

Similar numbers of SNPs, insertions, and deletions were identi-
fied between A188 and other 3 inbred lines, except more insertions
were found between A188 and Mo17 (Figs. 2, S3; Table S7). <2.5%
of these variations in A188 were found in CDS regions, with the
remainder annotated as intergenic variations (Tables 3, S8). InDels
of 3 N £ 1 bp in the CDS region were more abundant than those of
3 N bp in gene coding regions (Table 3), between A188 and any of
B73, Mo17 and W22. Comparison of the A188 and B73 genomes
revealed 27,240 A188-specific genomic segments (16.92 Mb) and
28,558 B73-specific genomic segments (17.76 Mb). Most of these
PAV segments were shorter than 3 kb, with only 1 and 2 longer
PAV segments in A188 and B73, respectively (Fig. S4). Similarly,
comparison of the A188 and Mo17 genomes revealed 26,983

A188-specific genomic segments (16.76 Mb), and 28,030 Mo17-
specific genomic segments (17.44 Mb). Most of the PAV segments
were shorter than 3 kb, with only 1 and 3 longer PAV segments in
A188 and Mo17, respectively (Fig. S4). Comparison of the A188 and
W22 genomes revealed 31,536 A188-specific genomic segments
(19.42 Mb) and 29,192 W22-specific genomic segments
(17.98 Mb), with 1 and 4 PAV segments longer than 3 kb in A188
and W22, respectively (Fig. S4). According to the criterion that a
gene with > 75% of coding sequences covered by a PAV sequence
can be assigned as a PAV gene [8], we identified 100 A188-
specific and 104 B73-specific PAV genes by comparison of the
A188 and B73 genomes. Similarly, 116 A188-specific and 146
Mo17-specific PAV genes were found by comparison of A188 and
Mo17, and 112 A188-specific and 116 W22-specific PAV genes
were identified between A188 and W22 (Tables 3, S9). Thus, the
A188 genome showed large variation with respect to the B73,
Mo17, and W22 genomes. However, only 9 A188-specific PAV
genes were simultaneously identified in comparison with the other
three inbred lines, showing that most of the A188-specific PAV
genes were already present in other lines (Table S9).

3.5. Gene structural variation among A188, B73, Mo17, and W22

Totals of 20,557, 21,007 and 20,713 genes displayed no varia-
tion in the CDS regions between B73 and A188, Mo17 and A188,
and W22 and A188, respectively (Table 3). Respectively 17,168,
17,634 and 17,382 A188 genes showed no variations in CDS and
intron regions as compared with B73, Mo17 and W22 (Table 3).
In particular, as compared with B73, Mo17 and W22, respectively
8647, 9054 and 8854 genes were highly conserved without any
genetic variation (including 2 kb upstream and downstream)
(Table 3). Respectively 23,989, 24,424 and 20,860 A188 genes
showed synonymous variations in CDS compared to B73, Mo17,
and W22 (Table 3). Compared with B73, 22,958, 21,975 and 7210
genes in A188 resulted in amino acid changes, missense mutation
and non-frameshift InDels, respectively (Table 3). Mapped to
Mo17, 23,313, 21,601 and 7257 genes in A188 contained amino
acid changes, missense mutations in CDS, or non-frameshift InDels,
respectively (Table 3). Aligned to W22, 23,070, 21,869, and 7295
A188 genes showed amino acid changes, missense mutations in
CDS, or non-frameshift InDels, respectively (Table 3). All of these
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Fig. 2. Features of the A188 genome. (a) Transposable-element density; (b) Gene density; (c, d and e) numbers of PAVs (c), SNPs (d) and InDels (e) compared with B73

genome. The sliding window is 1 Mb for all tracks.

genes were classified as structurally conserved between A188 and
the other lines and accounted for >68.61% of the annotated A188
genes.

Comparison of the B73 and A188 genomes revealed 737, 506,
841, 1671, 10,834, and 2362 genes in A188 that generated start-
codon mutations, stop-codon mutations, splice-donor mutations,
splice-acceptor mutations, frameshift InDels in CDS, and prema-
ture termination codon mutations, respectively (Table 3). Respec-
tively 747, 504, 801, 1559, 10,982, and 2355 genes in A188 led to
start-codon mutations, stop-codon mutations, splice-donor muta-
tions, splice-acceptor mutations, frameshift InDels in CDS, and pre-
mature termination codon mutations, as compared with Mo17
(Table 3). Respectively 742, 506, 811, 1486, 10,889, and 2389 genes
in A188 showed start-codon mutations, stop-codon mutations,
splice-donor mutations, splice-acceptor mutations, frameshift
InDels in CDS, and premature termination codon mutations, as
compared with W22 (Table 3). Respectively 204, 262 and 228
PAV genes were identified between A188 and the B73, Mo17, and

W22 genomes, (Table 3). Respectively 13,224 (29.62%), 13,306
(29.80%) and 13,167 (29.49%) A188 genes had large structural vari-
ations (start- or stop-codon mutations, splice-donor or splice-
acceptor mutations, frameshift mutations, premature termination
codon mutations, or PAV variations) in comparison with the B73,
Mo17, and W22 genomes.

3.6. A188 genome-based genetic dissection revealed candidate genes
for tissue culture response

Recently [13], using an Fs.4 population derived from B73 and
WCIC2 (a near-isogenic line of B73 containing several A188 seg-
ments), a locus associated with embryogenic and regenerative
capabilities of immature embryo was fine-mapped to within a
3.06 M region (chr3:178772856-181826658) based on the B73 ref-
erence genome, suggesting that the genes harbored by the A188
segment caused the high callus formation ratio. To identify candi-
date genes for EC induction, we aligned the 3.06 M B73 segment to
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Table 3
Variation within genes among the A188, B73, Mo17, and W22 genomes.
Variation type A188 to A188 to A188 to
B73 Mo17 w22
Structurally conserved genes 30,635 31,095 30,764
No DNA variation in CDS 20,557 21,007 20,713
No DNA variation in CDS and intron 17,168 17,634 17,382
No DNA variation in genic region* 8647 9054 8854
Without amino acid substitutions 23,989 24,424 20,860
With amino acid changes 22,958 23,313 23,070
With missense mutation in CDS 21,975 21,601 21,869
With 3 N InDel in CDS 7210 7257 7295
Genes with large structural 13,020 13,044 12,939
mutations
Start codon mutation 737 747 742
Stop codon mutation 506 504 506
Splice donor mutation 841 801 811
Splice acceptor mutation 1671 1559 1486
With 3 N £ 1 InDel in CDS 10,834 10,982 10,889
Premature termination codon 2362 2355 2389
PAV genes 204 262 228
A188-present PAV genes 100 116 112
A188-absent PAV genes 104 146 116
Total of genes with large structural 13,224 13,306 13,167

variations

*Genic regions include the 2 kb upstream and downstream of the gene body.

the A188 genome and identified a 3.89 M syntenic segment (Fig. 3)
in A188. Within the 3.89 M segment, respectively 51, 57, and 57
A188 genes were identified syntenic to B73, Mo17, and W22 syn-
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tenic segments (Table S10). Among them, respectively 6, 14, and
6 genes showed large structural variation (LSV: premature termi-
nation codon, stop-codon loss, frameshift deletion, or frameshift
insertion) relative to B73, Mo17, and W22 (Table S11), and 4 LSV
genes were simultaneously identified in A188 by comparison with
the other three lines (Table 4).

Respectively 48, 42, and 42 A188 genes in the QTL interval were
nonsyntenic in comparison with the B73, Mo17 and W22 genomes
(Table S10). To determine whether the nonsyntenic genes have
homologs in other sites of the 3 inbred lines, we mapped these
nonsyntenic genes to the B73, Mo17, and W22 genomes. Respec-
tively 28, 11, and 24 A188 nonsyntenic genes showed LSV relative
to their homologs in B73, Mo17, and W22 (Table S11), and 4 LSV
genes in A188 were simultaneously identified in comparison with
the other three inbred lines (Table 4).

Changes in gene expression can be induced during somatic
embryogenesis to respond to tissue culture [13,36-38]. Based on
the reported transcriptome data of A188 [36], 4 of the 99 A188
genes within the mapped QTL region were up- or down-regulated
by more than 8 folds in different stages of immature embryo cul-
ture, relative to a control. We performed qRT-PCR of the four genes
in two lines with high EC induction capacity (A188 and C01), and
two lines with low EC induction capacity (Mo17 and B73). During
callus induction, the expression of ZmY09GFa039032 was up-
regulated in A188 and CO1, but down-regulated in Mo17 and B73
(Fig. S5A). The expression levels of ZmY09GFa039032 were higher
in A188 and CO1 at 72 h of incubation than in Mo17 and B73. The
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Fig. 3. Tissue culture response candidate loci. The 3.89 M A188 segment (QTL for maize tissue culture response) aligned to syntenic segments in B73, Mo17, and W22
genomes. Red, green and blue lines connect aligned A188 genes in the 3.89 M segment to those in B73, Mo17, and W22, respectively.
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Table 4
Tissue culture response candidate genes.
A188 Gene ID B73 homologous Mutation Mo17 Mutation W22 homologous  Mutation Homologous  Annotation
type to B73 homologous type to Mo17 type to type
W22
ZmY09GFa037173 GRMZM2G123977 Stop gain Zm00014a019537  Stop gain Zm00004b018533  Stop gain Syntenic Ankyrin repeat-
gene containing
protein; signal
transduction
ZmY09GFa037487 GRMZM2G359234 Frameshift Zm00014a019543 Stoploss and ~ Zm00004b018529 Frameshift  Syntenic UDP-glucuronic
deletion frameshift deletion gene acid
deletion decarboxylase
ZmY09GFa038636 GRMZM2G337905 Stop gain Zm00014a019529 Stop gain Zm00004b018516  Stop gain Syntenic Helicase-like
gene protein; DNA
repair
ZmY09GFa039738 GRMZM5G856598  Stop gain Zm00014a039033  Stop gain Zm00004b018443  Stop gain Syntenic Probable anion
gene transporter
ZmY09GFa035987 GRMZM2G341918 Frameshift Zm00014a013928 Stop gain Zm00004b000208 Frameshift, Nonsyntenic  Zinc finger MYM-
insertion and insertion homologous  type protein 1-
stop gain and stop like
gain
ZmY09GFa037580 GRMZM2G156296 Frameshift Zm00014a010023  Frameshift Zm00004b030624 Frameshift, ~Nonsyntenic  Uncharacterized
insertion and insertion insertion homologous  protein
stop gain and stop 1oc103635851
gain
ZmY09GFa038110 GRMZM2G084717 Frameshift Zm00014a020349 Frameshift Zm00004b017917 Frameshift, Nonsyntenic = Hypothetical
deletion deletion deletion homologous  protein
ZmY09GFa038645 GRMZM2G078468 Stop gain Zm00014a004443  Stop gain Zm00004b021555 Frameshift, Nonsyntenic = Hypothetical
deletion homologous  protein
and stop
gain
ZmY09GFa038775 GRMZM2G084779 Synonymous Zm00014a020354 Synonymous Zm00004b017916 - DE gene, Potasium ion
SNV SNV nonsyntenic  uptake permease
homologous
ZmY09GFa039032 GRMZM2G065557 - Zm00014a036794 - Zm00004b018459 - DE gene, Hypothetical
syntenic protein
gene

DE gene, differentially expressed genes during tissue culture response.

expression of ZmY09GFa038775 was increased by 247-911 folds
among the four lines at 72 h relative to 0 h (Fig. S5C). The transcript
abundance of ZmY09GFa038775 was much higher in the two high
EC induction rate lines than in the remaining lines at 72 h
(Fig. S5C). However, for ZmY09GFa036902 and ZmY09GFa036216,
no difference of expression level was observed between the two
groups with contrasting EC induction frequencies (Fig. S5B and
D). Collectively, the four syntenic genes with LSV, the four nonsyn-
tenic genes with LSV, and the differentially expressed genes
ZmY09GFa039032 and ZmY09GFa038775, were assigned as candi-
date genes responsible for tissue culture capability of A188 imma-
ture embryo (Table 4).

4. Discussion

Although A188’s application in breeding programs is limited by
its poor agronomic traits, A188 shows high phenotypic variation
relative to B73, Mo17, and W22, in particular in EC induction ratio.
Phenotypic performance is determined by the combination of
genotype and environment. To investigate the mechanisms under-
lying the phenotypic difference between A188, B73, Mo17, and
W22, we sequenced and de novo assembled the A188 genome into
2207.74 Mb with a scaffold N50 size of 11.61 Mb. As expected,
A188 showed large genomic variations as compared with B73,
Mo17 and W22. Our new A188 genome provides a resource for
mapping causal genes controlling these various traits. We also
identified A188 genes presenting structure variation relative to
other three inbred lines, such as genes with start- or stop-codon
mutations, splice-donor or -acceptor mutations, and frameshift
InDels, providing a novel resource for gene function and evolution-
ary analysis.

We demonstrated the utility of this new genome by using it to
dissect the genetic control of EC induction. EC induction from
maize immature embryo is highly dependent on genotype, so that
only a few functional genes have been identified. Combining our
new A188 genome, previously reported QTL, and RNA sequencing
data, we identified 10 candidate genes responsible for maize tissue
culture response (Table 4). These candidate genes suggest the
molecular mechanisms of maize tissue culture response and repre-
sent new gene resources for improving maize EC induction and
maize genetic transformation. In particular, ZmY09GFa037173
showed a premature termination mutation in A188, which was
annotated as an Ankyrin repeat-containing protein and involved
in signal transduction. The finding [39] that the Arabidopsis homo-
log Itn1 regulated ROS accumulation under salt stress via regula-
tion of ABA signaling pathways suggests that ZmY09GFa037173
has potential to induce maize callus formation by regulating ROS
levels.
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