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ABSTRACT

Protein translation is tightly and precisely controlled
by multiple mechanisms including upstream open
reading frames (UORFs), but the origins of uORFs
and their role in maize are largely unexplored. In
this study, an active transposition event was iden-
tified during the propagation of maize inbred line
B73. The transposon, which was nhamed BTA for ‘B73
active transposable element hAT’, creates a novel
dosage-dependent hypomorphic allele of the hex-
ose transporter gene ZmSWEET4c through insertion
within the coding sequence in the first exon, and re-
sults in reduced kernel size. The BTA insertion does
not affect transcript abundance but reduces protein
abundance of ZmSWEET4c, probably through the
introduction of a uORF. Furthermore, the introduc-
tion of BTA sequence in the exon of other genes
can regulate translation efficiency without affecting
their mRNA levels. A transposon capture assay re-
vealed 79 novel insertions for BTA and BTA-like el-
ements. These insertion sites have typical euchro-
matin features, including low levels of DNA methy-
lation and high levels of H3K27ac. A putative au-
tonomous element that mobilizes BTA and BTA-like
elements was identified. Together, our results sug-
gest a transposon-based origin of uORFs and docu-
ment a new role for transposable elements to influ-
ence protein abundance and phenotypic diversity by
affecting the translation rate.

INTRODUCTION

Allelic variation is a major driver of heritable phenotypic
variation. There are many types of allelic variation includ-
ing, but not limited to, coding variation, regulatory varia-
tion and copy number variation. These types of variation
contribute differently to phenotypic diversity. For example,
a compilation of the functional allelic variations that result
in crop quantitative trait loci suggested that regulatory vari-
ation and coding variation are the two major types of vari-
ants (1). Though many functional variants have been iden-
tified, there are relatively few cases of allelic variation that
affect phenotypes through protein translation.

Protein translation can be tightly controlled by many
mechanisms including microRNA, circular RNA (2), epi-
genetic modifications on mRNAs such as m°A (3), mRNA
secondary structure (4) and upstream open reading frames
(uORFs). uORFs occur in 5'-untranslated regions (UTRs)
of ~40% of human mRNA and can affect the transla-
tion of the downstream main ORF (mORF) (5). Generally,
uORFs regulate gene expression by reducing the translation
of the mORF (6,7). Some studies have suggested that loss
of uORF function is associated with human disease (8,9).
Studies in plants have found that the uORFSs are associated
with disease resistance, nutrient absorption and other traits
(7,10,11). Due to the importance and widespread occur-
rence of uUORFs, many studies have investigated the utiliza-
tion of uORFs to manipulate translation and phenotypes
(12-14).

A recent study in maize suggested that allelic variation
in uORFs among inbred genotypes can lead to different
rates of protein translation and thus variable protein abun-
dance, hinting at an important role for utORFs in creating
maize phenotypic diversity (15). However, the mechanisms
that create uORFs are not well characterized. A study in
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humans suggested that ~10% of the ATGs of uORFs have
a possible transposon origin (16). Transposons comprise
~85% of the maize genome (17). There are many examples
in maize of transposon insertions that regulate the expres-
sion of nearby genes to contribute to phenotypic variations
in a range of traits, such as flowering time (18,19), tiller-
ing (20,21), disease resistance (22,23) and drought toler-
ance (24,25). Transposons can generate variability at all lev-
els of gene expression. Transposon insertions within genes
can disrupt the ORFs and result in altered expression levels,
which were possibly caused by DNA methylation on trans-
posable elements (TEs) or other mechanisms (26). Trans-
poson insertions within promoters or 5-UTRs of genes
can provide novel regulatory sequences such as enhancers
or promoters, which have been widely reported in human,
flies and plants (26-28). In addition, transposons can re-
press translation through the production of small interfer-
ing RNA (siRNA) (29). Nevertheless, it is unclear whether
transposons can affect the phenotype through the creation
of uORFs to influence protein abundance.

The Ac/Ds transposon was first identified in maize by
McClintock (30), and was a founding member of the hAT
transposon family. The Ac element is an autonomous trans-
poson that encodes a transposase containing four domains:
the BED domain, DNA-binding domain, catalytic domain
and an additional domain inserted into the catalytic do-
main (31). The Ds element, representing an internal dele-
tion of Ac, is a non-autonomous transposon that requires
the transposase encoded by Ac for transposition (32). Sev-
eral active Ac-like elements have been identified in multiple
species (31,33).

Previous research has shown that ZmSWEET4c, which
encodes a hexose transporter, plays a key role in seed fill-
ing (34). This gene has been subject to convergent selec-
tion in both maize and rice (35). Loss of function of this
gene leads to arrested kernel development in both maize
and rice. In this study, we identified a novel hypomorphic
allele (named ‘smk’) of this gene with reduced protein trans-
lation efficiency and protein levels caused by a transposon
(BTA) insertion. This allele has a dosage-dependent effect
on kernel size. Our results provide evidence that transpo-
son insertions within an exon can create uORFs, adding a
new layer of regulation by transposons as ‘controlling ele-
ments’. In addition, we found that BTA and its closely re-
lated transposons (BTA-like) are active and preferentially
insert into regions with euchromatin features, and identi-
fied a novel Ac-like autonomous element. Our results iden-
tified a novel active transposon in maize and provided new
insights into the potential regulatory role of transposons in
protein translation.

MATERIALS AND METHODS
Plant materials

The smk allele was identified in B73, which is the inbred
line used to generate the initial maize reference genome
(17). Our B73 stock was originally obtained from Dr Pe-
ter Balint-Kurti (North Carolina State University) and had
been self-pollinated for 3—4 generations prior to the iden-
tification of the smk mutant. It is known that identically

named inbred lines might contain large amounts of unchar-
acterized genetic variations (36). To assess how this B73
stock is different from the B73 stock (Iowa State Univer-
sity) that was used for making the reference genome, we
called single nucleotide polymorphism (SNPs) using RNA-
seq data that were generated on kernels at 14 and 20 days
after pollination (DAP) of the smk plant (see below). The
HaplotypeCaller of the Genome Analysis Toolkit was used
to call SNPs (37), and VariantFiltration was used to fil-
ter out low-quality SNPs which were defined as ‘Qual-
ByDepth <2, FisherStrand >60.0, RMSMappingQuality
<40.0, MappingQualityRankSumTest < —12.5 or Read-
PosRankSumTest < —8.0’. We further require coverage of
at least 10 reads for each SNP. Homozygous SNPs were
defined as those for which >99% of the reads were from
the non-reference allele. Heterozygous SNPs were defined
as those for which >20% of the reads were from the minor
allele. In total, 1060 SNPs were identified, comprising 276
heterozygous SNPs, 684 homozygous SNPs and 100 unas-
signed SNPs. About 48.7% (516/1060) of the SNPs were lo-
cated within two small blocks on chromosome 1: 295 314
030-297 603 421 and chromosome 5: 212 831 212-217 338
586. This suggests that our B73 is indeed a B73 stock but
with non-B73 haplotypes in some regions, which probably
represent introgression of non-B73 haplotypes and residual
heterozygosity.

Fine-mapping and gene cloning

For bulked segregant RNA sequencing (BSR-seq) to map
the regions underlying smk, the homozygous smk mutant
was crossed with Mol7 to generate an F; hybrid, which
was then self-pollinated to produce a segregating F, pop-
ulation. Two pools of samples were collected from this F;
population: one pool has kernels with mutant phenotype
and the other pool has kernels with wild-type (WT) pheno-
type. Each pool contains at least 30 kernels with pericarp
removed. Samples were frozen immediately using liquid ni-
trogen and were stored at —80°C until used. To fine-map
the gene for smk, nine molecular markers were developed
within the primary mapping region to survey a population
of 971 mutant kernels for recombinants (Supplementary
Table S1). These markers were designed by comparing the
genomic sequence of B73 and Mol7 from the MaizeGDB
(www.maizegdb.org).

Phenotypic characterization

For measuring kernel size and weight, kernels from the mid-
dle of at least 10 ears were collected for the homozygous
smk mutant and the WT, respectively. Kernel size, including
length, width and thickness, was measured using a Vernier
caliper. Kernel length was defined as the distance from the
tip of the kernel to the top. Kernel width and thickness
are measured on the widest part of the kernel (38). For
measuring agronomic traits, including plant height and ear
height, at least 30 plants of the homozygous mutant and
WT were used. At least 10 ears were used to measure ear-
related traits, including ear diameter, ear length and cob di-
ameter using a Vernier caliper. Ear row number was counted
based on the kernel rows in the middle part of the ear.
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To characterize kernel size across developmental stages,
whole kernels, embryo and endosperm of the homozygous
mutant and the WT were harvested every 2 days either from
1 to 24 DAP (for whole kernel) or from 12 to 24 DAP
(for embryo and endosperm). The samples were fixed in 4%
paraformaldehyde (Sigma, USA) overnight, and were pho-
tographed through a Leica MZFLIII microscope.

Cytological sections

For analysis of cytological sections, kernels at 10, 14 and
18 DAP were sampled for paraffin section preparation. The
sections were fixed in 4% paraformaldehyde (Sigma, USA)
overnight and were dehydrated in a graded ethanol series
(30%, 50%, 70% ethanol). The sections were then embedded
in Paraplast Plus, and 12 wm slices were cut using a Leica
RM2265 microtome, followed by de-paraffinization as de-
scribed previously (39). The sections were stained with 1%
toluidine blue O.

Plasmid construction and plant transformation

To produce CRISPR /Cas9 [clustered regularly interspaced
palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9) knockout lines, two single guide RNAs (sgRNAs)
located at the third exon of ZmSWEET4c¢ were designed us-
ing CRISPR-P (http://crispr.hzau.edu.cn/CRISPR2/). The
fragment containing promoter-driven sgRNA (maizeU®6.1-
sgRNAT and maizeU6.2-sgRNA2, Supplementary Table
S1) was generated by polymerase chain reaction (PCR)
and was inserted into the CRISPR /Cas9 vector. The con-
struct was transformed into the maize inbred line B104
through Agrobacterium-mediated maize transformation at
BoMeiXingAo (Beijing, China).

RNA isolation and qRT-PCR

Quantitative real-time PCR (qRT-PCR) was performed for
the following purposes: (i) comparing the mRNA levels be-
tween the smk mutant and WT in 14 DAP kernels; (i1) Ribo-
gRCR to compare mRNA levels bounded by different num-
bers of ribosomes; and (iii) determination of mRNA lev-
els of genes that are transiently expressed in the protoplast
for luciferase (LUC)-based experiments. For all these ex-
periments, RNAs were isolated using TRIzol reagent (In-
vitrogen), and reverse transcribed with a cDNA Synthesis
Mix (TransGen Biotech). qRT-PCR assays were performed
with Hieff gPCR SYBR Green Master Mix (YEASEN)
on a Bio-Rad CFX96 Touch Real-time PCR detection sys-
tem. The maize actin gene was used as the internal con-
trol. Primers are listed in Supplementary Table S1. Rel-
ative expression was presented with the 2-22Ct method.
For each qRT-PCR sample, three biological replicates with
three technical replicates for each biological replicate were
analyzed.

For Ribo-qPCR analysis, ribosome complexes were ex-
tracted from ~500 mg of powder of kernels using Polysome
Extraction Buffer (20 mM HEPES-KOH, pH 7.5, 100
mM KCI, 10 mM magnesium acetate, pH 7.0, 15 mM B-
mercaptoethanol, 100 pg of cycloheximide/ml). The sam-
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ples were loaded onto a sucrose density gradient (10-
50%) and subjected to ultracentrifugation at 38 000 rpm
(Beckman, SW40 rotor) for 3 h at 4°C. A gradient
profiler (BioComp, http://www.biocompinstruments.com/
index.php) with an EM-1 UV data acquisition system (Bio-
Rad, http://www.bio-rad.com/) was employed for compo-
nent analysis according to the manufacturer’s instructions.
RNA was extracted from each fraction embedded with ei-
ther monosomes or polysomes using TRIzol reagent (In-
vitrogen). Reverse transcription and qRT-PCR assays were
performed as described above.

Subcellular localization

The full-length coding sequences (CDSs) of the WT and
smk allele were cloned into the RL2-GFP (green fluorescent
protein) vector. Recombinant plasmid was extracted, and a
total of ~10 pg of plasmid was introduced into the maize
protoplasts. The transfected protoplasts were cultured at
room temperature for 16-18 h in the dark and the GFP
signals were detected by an Olympus FluoView™ FV1200
confocal microscope (Olympus, Tokyo, Japan). Marker Red
was used as reference maker for the plasma membrane.

RNA-seq and Ribo-seq

For RNA-seq and Ribo-seq, kernels at 14 and 20 DAP were
collected from both the smk mutant and WT plants. To-
tal RNA was isolated using TRIzol reagent (Invitrogen)
and RNA purity was checked using the NanoPhotome-
ter®) spectrophotometer (IMPLEN, CA, USA). RNA in-
tegrity was assessed using the RNA Nano 6000 Assay Kit
on the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). A total of 1 pg of RNA per sample was used for
RNA-seq library preparation using the NEBNext(®) Ultra™
RNA Library Prep Kit for Illumina@®) (NEB, USA) fol-
lowing the manufacturer’s recommendations. Indexes were
added to differentiate samples. Raw data of fastq format
were first subject to quality control using FastQC (v.0.11.9).
Reads with high quality were then mapped to the maize
genome (B73 RefGen_v4, AGPv4) using HISAT2 (v.2.1.0)
(40) with default parameters. Meanwhile, clean data of WT
and smk were mapped to a database containing the cDNA
sequences of the original WT allele and the smk allele us-
ing HISAT2 (v.2.1.0). Fragments per kilobase per million
mapped reads (FPKM) were calculated using (number of
fragments mapped to the WT or smk) x 10°/(number of
fragments mapped to the B73 genome x length of cDNA).

For Ribo-seq analysis, ribosome complexes were ex-
tracted using extraction buffer (50 mM Tris—HCI, pH 7.5,
200 mM KCl, 15 mM MgCl,, 50 mg/ml cycloheximide, 15
mM B-mercaptoethanol, 1% Triton X-100, 10 U/ml DNase
I). The Ribo-seq library preparation and sequencing was
performed at Novogene (Beijing). The raw data were ana-
lyzed using the RiboToolkit (41) to check sequencing qual-
ity. The majority of the reads have a length between 25
and 29 nt, and the expected 3 nt periodicity for Ribo-seq
data is good. Next, reads were mapped to both the B73
reference genome (version 4) and the respective cDNA se-
quences of either the WT or the smk allele. Reads per kilo-
base of transcript per million reads mapped (RPKM) was
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calculated as (number of reads mapped to the WT or smk) x
10° /(number of reads mapped to the B73 genome x length
of cDNA).

To identify the putative ORF of each read, all the reads
were first mapped to the CDS of the WT and the smk allele.
Reads with a length of 25-32 nt were used for translation
start codon analysis. The A-site of each aligned read was
assigned based on the length of each read. The offset from
the 5’ end of the alignment was 12 bp for reads with 25 nt,
13 bp for reads with 26 nt, 14 bp for reads with 27 nt, 15 bp
for reads with 28 or 29 nt and 16 bp for reads with 30-32
nt. If the position of the A base in ATGI of the WT allele is
regarded as 1, the position of the A base in ATG2 would be
144 in the smk allele. Therefore, if the re-calibrated position
of the reads is 1 + 3n, the reads were assigned to initiate
translation from ATGI; if the re-calibrated position of the
mapped reads is 144 + 3n, the reads were assigned to initiate
translation from ATG?2.

Luciferase assay

To produce the constructs used in the dual-luciferase as-
say, the various fragments, as described in Figures 4 and 5,
were each cloned upstream of the LUC driven by a min-
imal sequence from the 35S promoter. The same vector
also contains a strong 35S promoter driven Renilla LUC
(RLUC) as an internal control. A total of 5 pg of recom-
binant plasmid was transformed into maize protoplasts us-
ing polyethylene glycol-mediated transformation. Measure-
ment of LUC/RLUC activity was performed as described
previously (42).

Western blot

A peptide containing 15 amino acids (NTKQIMEAR-
RRKADQ) was synthesized to immunize white rabbits to
produce antibody (QiWeiYiCheng Tech Co. Ltd, Beijing).
In the western blot assay, the antibody was diluted using a
ratio of 1:500. Total proteins were prepared either from 14
DAP kernels of the WT and smk mutant, from the leaves
of B73 or from a transient assay in maize protoplast that
express a fused protein between Flag and the WT or smk
allele. In all cases, total proteins were extracted with extrac-
tion buffer [50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 2 mM dithiothreitol (DTT), 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 10% glycerol and 1 x protease in-
hibitor cocktail]. The extracted protein samples were mixed
with 1x sodium dodecylsulfate (SDS) loading buffer and
were separated by SDS—polyacrylamide gel elecrophoresis
(PAGE). Separated protein samples were then transferred
to a polyvinyldifluoridene (PVDF) membrane (0.2 wm; Bio-
Rad). The membrane with the protein sample attached was
incubated with primary and secondary antibodies. The sig-
nal was visualized using the clarity western ECL substrate
kit (Bio-Rad) on GENEGNOME according to the man-
ufacturer’s instructions. The target protein was prepared
using either the gene-specific antibody or anti-Flag (AB-
clonal, Cat. No. AE005, 1:3000). Actin used as a control
was detected with anti-Actin antibody (ABclonal, Cat. No.
AE009, 1:3000).

Identification and characterization of BTA-like elements

Sequences similar to BTA were identified using the Blast
tool in MaizeGDB. The 156 bp BTA sequences containing
both terminal inverted repeats (TIRs) were used as input to
search the reference genome B73. The sequences that are
similar to BTA at an E-value of 1077 (bit score >60) were
identified. We also required the target sequences to cover
at least 90% of the query sequence. The aligned sequences
along with flanking sequences on both sides were down-
loaded to identify putative target site duplications (TSDs)
and TIRs. A similar method was used to annotate BTA-
like transposons in Mol7 (43) and W22 genomes (44). To
establish the orthologous relationship of the BTA-like ele-
ments in the three genomes (B73, Mo17 and W22), the 1 kb
flanking sequences on each side were obtained for all the el-
ements in each genome and were blasted against each other.
The best target match that is on the same chromosome as
the query and that is within 10 Mb of query was considered
as the orthologous BTA-like element.

Transposon capture assay

The capture probes were designed at both ends of BTA-like
elements. The length of the probes is 100 bp. Genomic DNA
was extracted with CTAB (cetyltrimethylammonium bro-
mide) and was used to prepare next-generation sequencing
libraries using the Enzyme Plus Library Prep Kit. The li-
braries were captured using the designed probes with the
TargetSeq One®) Kit (Ada-block, for BGI) and were se-
quenced on the Illumina platform (Illumina, San Diego,
CA, USA) with 150 bp paired-end reads mode. The probe
synthesis, library preparation and sequencing were per-
formed by iGenetech (Beijing, China).

To identify novel insertion sites of BTA-like trans-
posons, raw reads were subject to quality control using
FastQC (v.0.11.9). High-quality data were obtained after
removing low-quality bases (Q <20) and adapters using
TrimGalore/0.6.6  (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/). The remaining reads were
then used for identification of new insertion sites using
a previous method with slight modification (45). Briefly,
the reads were first aligned to the BTA-like transposons
using Bowtie2/2.4.1 (parameters: -local -very sensitive -K
4) allowing at most four positions (46). The sequences
mapped to BTA-like elements were then clipped and the
remaining sequences were mapped to the B73 reference
genome using Bowtie2/2.4.1 (parameters: -local -very
sensitive). New insertion sites with at least three reads were
identified and an 8 bp TSD was identified manually in
IGV_2.8.13.

To verify the new insertion sites, primers were designed
on the flanking sequence of insertion sites. Alternatively,
one primer was designed on the transposon, and the other
was designed on the flanking sequence of insertion sites
(Supplementary Table S1). The PCR template was either
B73 or the samples used for sequence capture.

To analyze which transposon was inserted in the novel
insertion sites, reads mapped to the same position were
extracted and were assembled using soapdenovo?2 (version
2-r241) (47). For the insertion sites which soapdenovo2
could not assemble successfully, MEGA11 was used to align
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the reads together with a reference with 300 bp upstream
and downstream sequences of the insertion site (48). Next,
the flanking sequences were deleted and the remaining se-
quences were regarded as transposon sequences, which were
then aligned to the BTA-like transposons (detected in the
B73 reference genome) using BLAST+ 2.9.0 (BLASTN -
outfmt 6 -evaluate le-5). The transposon with the highest
score is identified as the transposon on the insertion site.

For TSD bias analysis, the numbers of A, T, C and G
at each position of the TSD were counted using run.sh
(github.com/biozhp/motifStack _input) to derive a count
matrix, which was then used to draw the figures using the
motifstack package in R.

For epigenetic feature analysis, the chromatin immuno-
precipitation (ChIP)-seq data from a previous study (49)
were downloaded from the NCBI. The high-quality data
were obtained after removing low-quality bases and
adapters using TrimGalore/0.6.6 with default parameters.
Next, they were mapped to the B73_v4 genome using
Bowtie2/2.4.1 (parameters: -no mixed, -no discordant) (46).
Only reads that are uniquely mapped were retained. Du-
plicate reads were removed using Picard-tools 1.119. The
metaplots of reads around the insertion sites were made us-
ing Deeptools/3.5.0 (50).

Identification of an autonomous element for BTA transposi-
tion

To identify the possible autonomous element, the B73
genome was de novo annotated for transposons using the
EDTA package (51), and the TIRs of the EDTA-annotated
DTA (hAT) transposons were retrieved and compared with
the TIR of BTA (which is 15 bp in length). A criterion of <3
bp mismatches was applied to find transposons that have
TIRs highly similar to that of BTA. Next, we filtered out
the DTAs that have a length of >3000 bp and have >10
RNA-seq reads in the RNA-seq libraries that are prepared
from 14 DAP and 20 DAP WT and smk kernels. This leads
to the identification of eight DTA elements. The entire se-
quences of these eight DTA elements were then compared
with the entire sequences of BTA to identify putative au-
tonomous elements that have similar internal sequences to
BTA. To confirm that the putative autonomous element can
be expressed, we fused the CDS in-frame with the gene en-
coding GFP, which was then transiently expressed in maize
protoplasts. We also tagged the CDS with hemagglutinin
(HA) and expressed it in Escherichia coli. Total protein was
extracted and the target protein was detected using western
blot.

RESULTS AND DISCUSSION
smk is a novel allele of ZmSWEET4c

A small kernel mutant (smk) was identified during the prop-
agation of the inbred line B73 (Figure 1A). Compared with
WT kernels, the mutant kernels show reduced kernel size
and hundred kernel weight (Figure 1B; Supplementary Fig-
ure S1A), but can germinate normally (Supplementary Fig-
ure S1B). A significant difference was also observed for ear-
related phenotypes (Supplementary Figure S1C). The plant
architecture is largely similar between the WT and mutant
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except that the mutant plant is slightly taller than the WT
(Supplementary Figure S1D, E). Paraffin section analysis
revealed that the kernels of the mutant, including embryo
and endosperm were normal but smaller than those of the
WT across all developmental stages (Supplementary Fig-
ure S2).

The self-pollinated ear of the heterozygous plant showed
a segregation of WT and mutant kernels at a ratio of 3:1
(Figure 1A, 308:81, x> = 3.13, P >0.05), suggesting that
the small kernel phenotype was caused by a single reces-
sive mutation. To identify the gene underlying the smk
mutant, the homozygous mutant was crossed with Mo17
to develop a large F, population. BSR-seq of WT and
mutant kernels from a single ear was performed to map
the underlying gene (52). This analysis mapped the mu-
tation to a single chromosomal region on chromosome
5: base pairs 51 590 060-168 226 276. Using 971 mu-
tant F; kernels, the gene was fine-mapped to a 14 Mb re-
gion between 118 Mb and 132 Mb (Figure 1C). Based
on the B73 reference genome (version 4), there are 102
genes in this region. Most of these genes are either not
expressed or constitutively expressed across different tis-
sues, and three genes (Zm00001d015860, Zm00001d015868
and Zm00001d015912) are specifically expressed in kernels
where the most obvious phenotypic change was observed
(Supplementary Figure S3A). Sequence analysis suggested
no difference in Zm00001d015860 and Zm00001d015868,
but a 156 bp insertion was found in the first exon of
Zm00001d015912 in the smk mutant (Figure 1C). The
156 bp insertion is highly similar to a hAT transposon
based on comparisons with transposons in Repbase (53).
It has a perfect 8 bp TSD and an imperfect 15 bp TIR
(Figure 1D). The TIR sequence does not share similar-
ity with any reported transposons, and therefore we des-
ignated this novel transposon as BTA for ‘B73 active TE
hAT’. BTA insertion results in a premature stop codon of
the Zm00001d015912 gene (Figure 1D). Zm00001d015912
encodes ZmSWEET4c, a glucose and fructose transporter
that was previously shown to affect kernel development in
maize and rice (34). Therefore, Zm00001d015912 was con-
sidered as the candidate gene for smk.

One interesting observation is that, while the reference
mutant allele (zmsweet4c-umul) identified in a previous
study showed a dramatic loss of endosperm and non-viable
kernels (34), the smk allele identified in this study produces
smaller but functional kernels. One possible explanation for
this phenotypic discrepancy is the presence of genetic mod-
ifiers in the background since these alleles were generated
in different backgrounds, with smk and zmsweet4c-umul
in B73 and W22 genetic backgrounds, respectively. To test
for such a possibility, the homozygous smk mutants were
crossed with the inbred line W22. This would allow us to
test the effect of the smk allele in a W22-like genetic back-
ground. The resulting F kernels are indistinguishable from
WT W22 (Supplementary Figure S3B), suggesting that the
W22 allele is dominant to the smk allele. These kernels were
then planted and the plants were self-pollinated to gener-
ate F, kernels. The F; segregates large and small kernels at
the expected 3:1 ratio (663:205, x> = 0.88, P >0.05), fitting
a single gene model, and no empty pericarp kernels were
identified (Supplementary Figure S3B). Therefore, the phe-
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with the mutant allele corresponding to that in (E).

notypic differences among different alleles are not likely to
be related to differences in genetic background.

The smk allele is hypomorphic and dosage dependent

To test the possibility that the smk allele is hypomor-
phic, two approaches were taken. In the first approach,
we created loss-of-function alleles of ZmSWEET4c using
CRISPR/Cas9 in the B104 background and introgressed
the smk allele into this background. The CRISPR/Cas9
mutants were generated using two guide RNAs targeting
the third exon of ZmSWEET4c (Figure 1C). A total of six
independent events with deletions or insertions around the
target sites were obtained, including two heterozygous lines
(Figure 1E, F) and four homozygous lines (Supplementary
Figure S3C, D). The self-pollinated ear of the two heterozy-
gous plants was segregating for WT and empty pericarp
kernels at a ratio of 3:1 (Figure 1E, F, 184:70, x> = 0.89,
P >0.05; 141:57, x> = 1.52, P >0.05). The four homozy-

gous mutant plants produced ears with empty pericarp ker-
nels (Supplementary Figure S3C, D).

Homozygous smk (smk/smk) plants were crossed with
a heterozygous CRISPR/Cas9 mutant that contained a
168 bp deletion (DI168/+; Figures 1E, F and 2A). Two
types of kernels (large and small) corresponding to smk/+
and smk/D168 were observed in the resulting F; segre-
gating at a ratio of 1:1 (85:88, x> = 0.82, P >0.05, Fig-
ure 2B). Furthermore, both types of kernels were planted
and the plants were self-pollinated (Figure 2C, D). The
self-pollinated ears of the smk/+ plants were segregating
for large and small kernels at a ratio fitting 3:1 (523:158,
x2 = 1.18, P >0.05). Genotyping reveals that large kernels
are of genotypes of smk/+ or +/+, and small kernels are
of genotypes of smk/smk (Supplementary Figure S4A). In
contrast, three types of kernels were segregating at a ratio
of 1:2:1 in the self-pollinated ear of the smk/DI168 plant
(58:100:59, x2 = 1.34, P >0.05, Figure 2D, E). Genotyp-
ing reveals that the small and empty kernels were of geno-
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types smk/smk and D168/D168, respectively, while the ker-
nels showing intermediate phenotypes were genotyped as
smk/DI168. This suggests that the smk allele is allelic to the
D168 mutation and is a hypomorphic allele rather than a
null allele. Besides, it suggests that two copies of smk alle-
les can produce larger kernels than one copy, and a possi-
ble dosage effect of the smk allele. A similar analysis was
performed between smk and another CRISPR /Cas9 allele
(D171, 171 bp deletion) and the results are similar (Supple-
mentary Figure S4B-D).

In the second approach, we screened for BTA excision
from the smk allele. A segregating ear with small and empty
kernels was identified during the propagation of the smk
plants (Figure 2F). Genotyping of the empty kernels sug-
gests that BTA is excised from the smk allele, leaving a 7 bp

footprint that would lead to a frameshift of the original pro-
tein (Supplementary Figure S4E, named as the ‘zsd” allele
for ‘target site duplication’). This further supports that the
smk allele is functional. Interestingly, an intermediate type
of kernels was also observed, similar to smk/D168 selfing
(Figure 2E, G). The small, intermediate and empty kernels
were segregating at a ratio of 1:2:1 (76:131:63, x> = 1.49,
P >0.05). Genotyping reveals that their genotypes were
smk/smk, smk/tsd and tsd/tsd, respectively (Figure 2G).
This suggests a dosage effect of the smk allele. Moreover,
two types of kernels were observed for kernels with either
the smk/tsd or smk/D168 genotype (Figure 2D, F), reflect-
ing a possible difference in the smk dosage of the triploid
endosperm (two smk alleles versus one) and further sup-
porting a dosage effect of this allele.
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The smk allele can be translated into a protein similar to the
WT allele

To provide insight into why the smk allele is hypomorphic,
we analyzed the BTA insertion allele in more detail. While
the protein originating at the original ATG of the gene
(ATG1) terminates within BTA, a new ATG (ATG2) was
found within BTA (Figure 1D). The putative protein start-
ing from ATG?2 is different from the WT protein only in the
first 13 amino acids (Supplementary Figure S5A). To test
whether such a putative protein exists, Ribo-seq which can
detect translating mRNAs, was performed in kernels at 14
and 20 DAP (Supplementary Figure SSB). Reads covering
the smk allele, including BTA itself, were detected at both
14 and 20 DAP, suggesting that smk can be translated.

Since the smk allele has two ATGs (ATG1 and ATG2
in Figure 1D) that are located within two different reading
frames, we determined which ATG the Ribo-seq reads were
derived from. We assign each read to the A-site (see the Ma-
terials and Methods; 54) which would be 3#n (n is any inte-
ger) distance away from the start codon ATG. This analysis
suggested that the Ribo-seq reads in smk were mainly from
ATG?2 (within BTA) translation both at 14 DAP (152/209)
and at 20 DAP (163/202). In contrast, in the WT sample,
the majority of reads were derived from ATGI translation
(1482/1816 reads at 14 DAP, and 246/299 reads at 20 DAP,
Supplementary Figure S5C). These results provide further
evidence that the smk allele can be translated. Moreover,
subcellular localization analysis suggested that the protein
encoded by smk is located in the plasma membrane which
is similar to the protein encoded by the WT allele (Supple-
mentary Figure S5D) and is consistent with the prediction
that the products of smk and WT alleles have similar trans-
membrane protein structures (Supplementary Figure S6A).
Together, these results support that the smk allele is trans-
lated and functional.

The smk allele has reduced translation efficiency

To provide insight into why the smk plants have kernels
smaller than the WT plants, we investigated the mRNA ex-
pression level and splicing. Both RNA-seq and qRT-PCR
suggest that the smk plant has RNA expression levels that
are not significantly different from the WT allele (Supple-
mentary Figure S6B, C). Moreover, no splicing differences
in RNA were observed between the WT and smk (Supple-
mentary Figure S6D). This suggests that the small kernel
phenotype is not caused by reduced mRNA levels or aber-
rant mRNA splicing. Another possibility is that protein lev-
els were reduced in the smk plant. To investigate this possi-
bility, two vectors with the UBI promoter driving the ex-
pression of a fusion protein of either the WT or the smk al-
lele (including the 5-UTR and full CDS but not including
the TGA stop codon) and the 3xFlag tag were generated
and transiently expressed in maize protoplasts (Figure 3A).
As expected, the smk allele produces less protein than the
WT allele (the protein mol. wt is 31.64 kDa and 32.41 kDa
for the WT-3x Flag and SMK-3xFlag respectively; Figure
3A). To investigate whether the smk allele has reduced pro-
tein abundance compared with the WT in vivo, an antibody
that can detect both the WT and SMK protein was gener-
ated (Supplementary Figures SSA and S6E). This antibody

can detect the endogenous WT and SMK protein (the pro-
tein mol. wt is 28.28 kDa and 29.05 kDa, respectively) in
14 DAP maize kernels, while no protein was detected in the
leaves where the mRNA is not expressed. Compared with
the WT, the SMK protein level is significantly reduced (Fig-
ure 3B). Taken together, these results indicated that the smk
allele produces less protein compared with the WT allele.

To study the reason for reduced protein in smk plants,
Ribo-seq and polysome profiling coupled with qRT-PCR
were used to investigate translation efficiency. Ribo-seq sug-
gested that there were fewer Ribo-seq reads in smk com-
pared with the WT (Supplementary Figure S5B), raising the
possibility of reduced translation. Therefore, translation ef-
ficiency was quantified by dividing the number of Ribo-seq
reads by the number of RNA-seq reads. Indeed, translation
efficiency was reduced in smk, especially at 14 DAP (Fig-
ure 3C). To further support this possibility, polysome pro-
filing qRT-PCR was performed. Ribosomes were separated
in sucrose gradients by continuous measurement of RNA
absorbance (4260 nm) and were isolated at different elution
times (fractions 4-11 in Figure 3D). The mRNAs from each
fraction were isolated to perform qRT-PCR with a primer
that can amplify both the WT and smk allele. There is sig-
nificantly more mRNA that is bound by multiple ribosomes
in the WT than in smk (fractions 10-11 in Figure 3E). To-
gether, the Ribo-seq and polysome profiling qRT-PCR re-
sults suggested that the translational efficiency of the smk
allele was reduced.

The reduced translation efficiency of the smk allele was
caused by BTA insertion

To explore why translation efficiency of the smk allele was
reduced, a dual-luciferase reporter system was exploited.
Different alleles of the target gene were fused in-frame to the
luciferase gene and cloned downstream of the 35S minipro-
moter (Figure 4A). The Renilla protein (RLUC) that was on
the same plasmid with the LUC protein was used as an in-
ternal control for transformation efficiency, and the plasmid
was transformed into maize protoplasts. In an initial exper-
iment, the WT and the smk alleles were cloned into this vec-
tor, and were used to confirm the different translation effi-
ciency of these two alleles. Compared with the WT allele,
the LUC/RLUC level of the smk allele decreases ~24.5-
fold (Figure 4B). This decrease is not due to differences
in sequence length between the two alleles or differences
in mRNA levels (Supplementary Figure S7). Next, various
mutations and deletions were generated on the BTA inser-
tions of the smk allele to assess how these mutations affect
translation efficiency. As shown in Figure 1D, the two start
codons ATG1 and ATG2 were in different reading frames,
and ATGI would initiate a uORF (named uORF1). Care-
ful examination of the BTA insertion found another small
uORF with only three codons (WORF2) before ATG2 (Fig-
ure 1D). To test whether these two uORFs affect transla-
tion, the start codon of each uORF was mutated to TTG.
While mutation of uUORF1 leads to a slight increase in trans-
lation efficiency, no change in translation efficiency was
found for the mutation of uORF2 (Figure 4C). Simulta-
neous mutation of both start codons had a similar effect
to that of UORF1 (Figure 4C). These findings suggest that
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uORF1 can affect translation of the downstream main read-
ing frame.

Though the translation efficiency was increased by mu-
tating uORF1, it is still significantly lower than that of the
WT allele, suggesting that there are other factors affecting
translation efficiency. To further explore the mechanism of
BTA inhibition on translation efficiency, we analyzed the
secondary structure of BTA and its flanking sequences (Fig-
ure 4D); a complex hairpin—loop structure was predicted.
Therefore, we tested whether deletion of partial sequences
would affect translation (Figure 4E). Three constructs with
varying sizes of the 5’ end sequences removed were gener-
ated. JD1-39 has a deletion of the first 39 bp starting from
ATGI1, JD1-120 has a deletion of the first 120 bp and JD1-
129 has a deletion of the first 129 bp. Compared with the
smk allele, all three newly created alleles had higher transla-
tion efficiency, with the alleles with longer sequences deleted
having higher translation efficiency. In addition, protein lev-
els were also significantly reduced when BTA was inserted
before the annotated ATG of the original ZmSWEET4c
gene, or when BTA was replaced with an unrelated sequence
(Supplementary Figure S7). These results suggest that sec-
ondary structure introduced by BTA may also influence the
translation efficiency. Furthermore, we mutated ATG2 on
the basis of JD1-39 and JD1-120 to test whether ATG2
is the start codon that is employed for translation (Figure
4F). Compared with the corresponding allele with no mu-
tation, the mutated allele showed reduced translation effi-
ciency, providing further evidence that ATG2 could initi-
ate the translation of a protein. These results suggested that
the precise insertion of BTA within the ZmSWEET4c gene
not only results in a similar protein to the WT allele, but

also creates a UORF and possible secondary structures that
can regulate the protein translation rate without affecting
mRNA levels to affect phenotypic diversity (Supplemen-
tary Figures S7 and S8). In addition, it is interesting to note
that the different mutations/deletions could lead to a series
of (from 0.1 to 0.7) translation efficiencies relative to the
original WT allele. This provides the possibility to change
the translation efficiency by manipulating BTA, and also
provides an alternative route to create quantitative varia-
tions, except the widespread use of promoter editing (55).

BTA can modulate translation efficiency of other genes

To explore whether BTA can affect translation efficiency of
other genes, four maize genes were chosen because of their
well-known function, namely tb1, fea2, ZmCCT10 and Zm-
DREBID. The thl gene is a domestication gene regulating
tiller branching (21). The fea2 gene encodes a protein whose
activity is negatively correlated with maize kernel row num-
ber (56). The ZmCCT1I10 gene regulates flowering time and
resistance to Gibberella stalk rot (23,57). The ZmDREBID
(Zm00001d002618) gene encodes a protein homologous to
CBF3 in Arabidopsis that is involved in chilling tolerance
(58). The coding region of these four genes without BTA
(-BTA) as well as that with BTA insertion (+BTA) was
cloned into the same dual-reporter vector as that in Figure 4
(Figure 5A). The two constructs for each gene were trans-
formed into maize mesophyll protoplasts. Interestingly, all
four genes with a BTA insertion showed reduced LUC lev-
els compared with the WT allele (Figure 5B). Quantifica-
tion of the mRNA levels suggests that the reduced LUC
levels were due to reduced translation but not mRNA levels
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(Figure 5C). These data indicate that BTA can be used to
manipulate translation of other genes. With the develop-
ment of CRISPR /Cas9 technology, it is possible to create in
vivo precise insertion of BTA within genes to control their
translation rate to produce the desired phenotypes.

Genomic and epigenomic features associated with BTA and
BTA-like transposition

To further characterize the BTA transposon family, we first
determined the copy number of BTA in the B73 reference
genome. A total of 123 BTA-like elements were identified
using either B73 version4 or version5 references, which uti-
lized different B73 individuals for sequencing (Supplemen-
tary Table S2). A similar search in the Mol7 and W22
genome identifies 112 and 130 BTA-like elements, respec-
tively (Supplementary Table S2). These include 74 elements
that can be identified in all three genomes (Supplementary
Table S2).

We hypothesized that BTA has been active in our B73
stocks. Therefore, a transposon capture assay was devel-
oped to identify novel insertions using seven B73 samples
that are related to the smk mutant (Supplementary Fig-
ure S9). To maximize the identification of novel insertion
sites, DNA from multiple individuals for each sample were
mixed. This method is quite sensitive as 121 of the 123
BTA-like elements in their original positions can be iden-
tified in at least one of the seven samples. Moreover, the de-
tection sensitivity is at least 10% as the BTA insertion in
the smk allele can be identified in a sample which has 10%

of individuals that contain the smk insertion (Supplemen-
tary Table S3), suggesting that the capture assay is highly
efficient.

Using the transposon capture assay, a total of 79 non-
redundant novel insertion sites distributed over the 10 maize
chromosomes were identified from the seven samples, with
each sample having 1-21 novel insertions (Figure 6A; Sup-
plementary Table S3). A total of 49 insertion sites were ran-
domly chosen for PCR-based validation, and the validation
rate is ~69% (34/49) (Supplementary Figure S9D). Inter-
estingly, these novel insertion sites were due to transposi-
tion of six distinct BTA-like elements, including BTA itself
which contributes 36 insertions (TE38 in Figure 6B).

The genomic distribution pattern of the 79 novel inser-
tion sites is quite similar to the full set of 123 previously
existing insertions. Interestingly, there is a high enrichment
within and around gene bodies for novel insertions (Figure
6C). It is likely that these types of insertions may be reduced
in the previously existing insertion due to possible deleteri-
ous effects on gene expression. Examination of the TSDs
suggests a sequence bias at the eighth position for C and G,
which is similar to that of the historical transposition events
(Figure 6D). Interestingly, the insertion sites display unique
epigenomic features (Figure 6E). Specifically, the levels of
H3K27ac are higher at the insertion sites than at the flank-
ing regions. In contrast, DNA methylation levels in all three
contexts (CG/CHG/CHH) are lower at the insertion sites
(Figure 6E). These results suggest that the BTA-like trans-
posons are preferentially inserted into euchromatic regions
with specific chromatin features.
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are not verified by PCR were not included. (B) Summary of novel insertions detected for BTA (TE38) and five other BTA-like elements. (C) Enrichment
of novel insertions as well as historical insertions over different features. (D) Sequence features of TSD for novel insertions and historical insertions. (E)
Epigenetic features of the novel insertion sites in the B73 genome. Gray lines represent control genomic regions that are randomly selected.

Identification of a putative autonomous element for BTA

One possible autonomous element for BTA transposition
was identified in the B73 genome (see the Materials and
Methods). This element is located on chromosome 6: 106
095 770-106 098 809 (version4, named hAT2908, 3040
bp), and causes an 8 bp duplication at the target site (5'-
AATAGGAT-3). hAT2908 ends in 15 bp imperfect TIRs

which show 86.67% and 73.33% similarity to those of BTA
for the 5 and 3’ TIRs, respectively (Figure 7A). The inter-
nal sequences of hAT2908, especially at the 5’ end, are also
highly similar to that of BTA, suggesting that BTA is a pos-
sible deletion derivative of hAT2908 (Figure 7A). Besides
TSD and TIRs, hAT2908 contains two types of repetitive
sequences (5'-GACCCC-3" and 5'-TATTT-3’) or the reverse
complement within the subterminal 300 bp at either end
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Figure 7. Characterization of the putative autonomous element. (A) Sequence comparison between BTA and hAT2908. The TIRs are labeled. The numbers
represent the number of nucleotides that cannot be aligned. (B) A diagram to show subterminal direct repeats in hAT2908. The two types of repeat are
shown by two different colors. The repeats on the top or bottom strand of hAT2908 are depicted by circles above or below the transposon, respectively.
(C) An IGV view to show that hAT2908 can be transcribed and translated. (D) Transient expression of the hAT2908 CDS fused in-frame with GFP in
maize protoplast. (E) Western blot of hAT2908 that was tagged with HA. Control is an unrelated protein tagged with HA. (F) Comparison of the putative
domains of hAT2908 with three known autonomous hAT transposases. The amino acids that are conserved based on previous studies are labeled in red
and/or marked by asterisks and stars.



608 Nucleic Acids Research, 2023, Vol. 51, No. 2

(Figure 7B). hAT2908 can be transcribed with clear exon—
intron structure in our RNA-seq data, and has Ribo-seq
reads on the exons (Figure 7C), suggesting that the RNAs
can be translated. Furthermore, the CDS of hAT2908 can
be expressed in maize protoplast (Figure 7D). The expected
protein can also be detected using western blot when ex-
pressed in E. coli (Figure 7E). The hAT2908 transcript has
four exons and encodes a putative protein with 602 amino
acids. Sequence alignment between the protein encoded by
hAT2908 and the three founding autonomous members
of the hAT superfamily (Hobo from Drosophila, Ac from
maize and Tam3 from snapdragon) showed that the known
domains of the hAT transposase are highly conserved (Fig-
ure 7F). This includes a BED domain, a DNA-binding do-
main, a catalytic domain and an additional domain inserted
into the catalytic domain (31). Notably, the five key amino
acids essential for the activity of hAT transposases (59;
marked by asterisks in Figure 7F) were all found unchanged
in hAT2908 protein. In addition, another five highly con-
served amino residues based on alignment of 44 putative
‘active’ transposases in plants (60; marked by stars in Fig-
ure 7F) were also unchanged. Together, these results suggest
that hAT2908 is a potential autonomous element that can
mobilize BTA and BTA-like elements.
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