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Figure 7. Ufo1-1 GO Term Enrichments Performed Using Parametric
Analysis of Gene Set Enrichment.

The heat map shows z-scores for significantly expressed GO terms for
three Ufo1-1 tissues. Positive z-scores (in yellow) indicate that the genes

the season, indicating that there could be some environmental
influence. Leaves containing lesions when stained with 3,3'-
diaminobenzidine (DAB) showed enhanced reactive oxygen
species levels due to the presence of H,0, (Figure 9). U-S and
wild-type plants did not show these lesions.

We also measured the soluble sugar and starch contents from
Ufo1-1 light-induced lesions and the green tissue around the
lesion during early lesion formation. At this stage, lesions are light
green/yellow and somewhat resemble yellow patches found in tie-
dyed mutants, which are defective in loading sucrose into the
phloem (Braun et al., 2006; Slewinski et al., 2012). We found that
sucrose and starch levels within the lesions were highly elevated
compared with the green tissue around them as well as the B73
control leaves (Figure 9). Sucrose levels also were elevated in the
green U-E tissue compared with the B73 control, while starch
levels were not significantly different from the control. The levels of
soluble sugars and starch within the lesions were comparable to
those of the tie-dyed? and sut1 mutants, which have defects in
sugar transport (Braun et al., 2006; Slewinski et al., 2009).

DISCUSSION

Ufo1 Results from Aberrant and Ectopic Expression
of GRMZM2G053177

The identification of the causal gene of Ufo7-1 has been hindered
by the inability to sufficiently narrow the mapping region to
a reasonable size because of poor penetrance. However, several
lines of evidence show that GRMZM2G053177 is the causal gene
of Ufo1-1. First, the comparative k-mer analysis identified only two
candidates that were unique in the Ufo7-1 transcriptome. Both are
highly overexpressed in Ufo1-1, and GRMZM2G053177 contains
the only polymorphic transcript. This also means that no other
polymorphisms were identified in any other genes. The other
candidate, a IncRNA, has been ruled out, as it has been found
to be unlinked from the Ufo7-1 phenotype in some recombinant
plants of the mapping population (Figure 2). The wild-type
GRMZM2G053177 is expressed only in developing kernels,
mostly the endosperm from 6 DAP through the end of de-
velopment (Stelpflug et al., 2016). The finding that it is expressed
in seedling and leaf tissue in Ufo7-1 is aberrant. Second,
GRMZM2G053177 contains a CACTA transposon inserted in the
first intron of the gene, which is unique to the Ufo7-1 allele
compared with 13 maize inbred lines that share a region of identity
by descent around this gene. Importantly, the overall behavior of
Ufo1-1 can be explained by the notion that the CACTA transposon
acts as an enhancer and that it has been silenced through DNA
methylation. Similar mechanisms have been reported for the
En/Spm transposons, which can influence the expression of nearby
genes depending on the methylation status and the presence of
other transposable elements (Fedoroff, 2013; Ong-Abdullah,

within a GO category are upregulated on average, while negative values
(in blue) indicate downregulation. Significant GO terms can be simplified
into the five broad categories shown on the left.
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Figure 8. Upregulation of Stress-Response Genes in the Ufo7-1 Leaf
Transcriptome.

Histograms of relative expression for different transcription factor, stress-
response, and hormone-signaling genes are shown. For each histogram,
counts of genes are on the y axis binned by their log, fold change on the x
axis, as shown for the DOF panel.

2015). Othercopies similartothe CACTA inserted in Ufo1-1 canbe
found in the reference maize genome. These copies can con-
tribute to homology-dependent gene silencing and copy number
differences between different inbreds and may help to explain
differences in Ufo7-1 penetrance among different genetic back-
grounds. Interestingly, no excision events of the CACTA were
found, and it is unknown whether an autonomous element exists
or even if this CACTA is capable of excision in the genetic
background tested so far.

Overexpression can explain the dominant phenotype of Ufo7-1
for the reporter p1. Similarly, the loss of expression due to DNA
methylation of the CACTA explains the poor penetrance and
expressivity of Ufo71-1. We observed a classical tight correlation
between DNA methylation and sRNA abundance at this CACTA
element. Epialleles that are silent (U-S), as well as those that revert
from U-S to U-E (see DNA methylation; Figure 4), add to the
validation of GRMZM2G053177. Finally, transgenic lines over-
expressing GRMZM2G053177 also had ectopic expression of p1
just like the mutant Ufo7-1 plants.
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The lack of annotated orthologs, lack of conservation, unusual
gene structure, and limited expression make it difficult to de-
termine the function of this ufo7 gene. One explanation could be
that GRMZM2G053177 acts as a transcription factor for p7 or
for a gene closely upstream of p7. Another possibility (based on
the wild-type expression pattern of this gene) is that it plays
a role in seed development, maturation, and preparing the seed
for desiccation. This could explain the increased expression of
antioxidant and osmoprotectant genes in Ufo71-1 plants, which
ectopically and constitutively express this candidate gene at
levels 50- to 200-fold that of the wild type in different tissues.

Ufo1-1 Plants Are Constitutively under Stress in the
Absence of Exogenous Stress

Several stress phenotypes are seen in Ufo1-1-expressing plants,
andinthetranscriptome data we also found enrichment for several
categories of transcription factors associated with stress re-
sponses. Seedlings and leaves, in particular, show phenotypes
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Figure 9. Light-Dependent Lesions in Ufo71-1 Leaves Have Elevated
Sucrose and Starch Levels.

(A) DAB staining for H,0, in lesions that have progressed to necrosis.
(B) Example of an early form of alesion. Light green/yellow lesion tissue and
the greentissue surrounding were collected separately for sugarand starch
quantification in (C).

(C) Soluble sugar and starch content of Ufo7-1 lesions, the green tissue
near the lesion, and B73 controls. Data shown are averages of three plants,
with error bars showing the se. P <0.05 (*), P <0.01 (**),and P < 0.001 (***) by
Student’s t test.
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that can be linked with the clear upregulation of stress-response
genes. The transcriptome indicates that Ufo7-1 plants are under
continuous stress, which may be reflected by the hypersensitivity
of Ufo1-1 plants to heat/water stress as well as lesion formation
(Figure 9). These Ufo1-1 lesions have elevated sugar levels.
Soluble sugars play acentral role in stress responses (Couée et al.,
2006; Van den Ende and Valluru, 2009), and soluble sugar levels
also are elevated in response to many types of stress, including
chilling and drought (Hodges et al., 1997; De Roover et al., 2000;
Shi et al., 2015). Several genes involved in sugar metabolism are
upregulated by Ufo7-1, including a-amylase, B-amylase, and
several invertases (Supplemental Figure 5). However, further
analyses are needed to directly implicate increased sugar levels in
the developmental defects observed in Ufo7-1 plants.

Of particular interest is the effect of sugar on the anthocyanin
and flavonoid pathways. The induction of anthocyanin production
by sucrose has been well studied in Arabidopsis (Arabidopsis
thaliana) and includes the MYB-BHLH-WRKY complexes
(Solfanelli et al., 2006; Van den Ende and El-Esawe, 2014), whose
function is replicated by the C1/R1 B1/PI1, or P1 transcription
factors of maize. There also is evidence that sucrose can activate
anthocyanin production in maize (Kim et al., 2006; Ma et al., 2009).
Unlike anthocyanin production, the expression of p7 has not been
shown to be responsive to sugar in maize, although it has been
shown to be induced by UV-B treatment in high-altitude landraces
(Falcone Ferreyraetal.,2010; Rius et al., 2012). It will be interesting
to find out if UV-B treatment or other stresses involve sugar ac-
cumulation and how they relate to the expression of p7.

How the overexpression of GRMZM2G053177 causes stress is
still unknown; a functional characterization will help decipher this
issue. One hypothesis for its function is based on its expression in
the endosperm conducting zone, which also is enriched for stress-
response genes, cadmium ion binding, and carbohydrate me-
tabolism genes (Zhan et al., 2015). A recent study (Xiong et al.,
2017) using gene regulatory network analysis found that
GRMZM2G053177 is one of the five unidentified genes that play
critical roles in maize kernel development.

Previous studies have linked decreases in DNA methylation and
H3K9me2 of p7 enhancer elements with the Ufo7-7-induced
activation of p7 (Sekhon et al., 2007, 2012; Sekhon and Chopra,
2009); however, further studies will be needed to reveal the
mechanism(s) underlying how these epigenetic changes are di-
rected by Ufo1-1 at p7 and any other maize loci. The over-
expression of ufol in transgenic plants induces enhanced
flavonoid pigmentation phenotypes in different tissues (similar to
Ufo1-1). Further analysis of these transgenes will allow us to
dissect the epigenetic mechanisms involved.

METHODS

Genetic Stocks

Original maize (Zea mays) Ufo1-1 genetic stocks in an unknown back-
ground were obtained from Derek Styles as described previously (Chopra
et al., 2003) and maintained through repeated selfing or introgressed into
other maize inbred lines. Inbred lines B73, W23, and W22 were obtained
from the Maize Genetic Stock Center. Mapping populations were de-
veloped through repeated backcrosses of Ufo7-1 with the inbred parent

B73 or W23 to create near isogenic lines carrying Ufo7-1. The backcross
population BC5 was used for B73 and BC10 was used for W23. F2
populations of Ufo1-1 crossed to B73, W23, and W22 also were used for
linkage studies. The U-S genetic stocks used were isolated from crosses of
U-E and B73, which then were selfed to the F5 generation with selection for
red Ufo1-1 pericarp pigment. The F5 progeny were genotyped for Ufo7-1
plants homozygous for either Ufo7-1 or ufo1 (wild type) and then were
selfed. Thehomozygous Ufo1-1 F6 plants were found to have sibling plants
with and without Ufo7-7-inudced pigment. Related Ufo1-1/Ufo1-1 ex-
pressing, silent, and wild-type plants then were collected for the experi-
ments. All plant materials were grown at the Pennsylvania State University
Agronomy Farm in Rock Springs.

Flavonoid Pigment Analysis

Young husk tissue was collected at the time of silk emergence for each of
the different genotypes. At least four samples from different plants were
used per genotype. Approximately 30 mg of tissues was incubated in HCI:
butanol (3:7) for 1 h at 37°C. The absorption spectra (from 450 to 700 nm) of
each sample were measured in duplicate on a spectrophotometer. The
average of duplicates was used as the value of a sample. The extracts were
boiled and measured again on the spectrophotometer. Boiling shifts the
peak absorption wavelength of flavan-4-ols from ~565 to ~500 nm, but it
has no effect on the peak absorption wavelength of flavan-3,4-diols
(maximum peak at ~530 nm; Boddu et al., 2005). The average and se were
calculated for each genotype, and statistical differences were assessed
using Student’s t test.

To screen seedlings, the coleoptiles of 7-d-old plants were removed
using forceps and assayed using acid butanol as described above. T1
plants (Hill tg+ X P7-wr) all produce anthocyanin in the coleoptile, de-
pending on light exposure. Transgene+ (tg+) plants that produce phlo-
baphene usually contain a mixture of both anthocyanin and phlobaphene,
which produce a spectrum with a very broad peak or a peak around ~530
nm and a shoulder around ~565 nm. Spectra were examined carefully by
eye to discern the presence of flavan-4-ols. Initial determinations were
confirmed after boiling the extracts, as the plants producing a mixture of
both would have their peaks shifted to the left, confirming the presence of
flavan-4-ols, while those containing predominantly anthocyanin would
remain the same or shift slightly to the right (by 5 to 10 nm). Examples are
provided in Figure 5.

Phenotypic Characterization

Plant height and silking dates were measured in BC10 W23 plants seg-
regating 1:1 for Ufo1-1/+:+/+. Height was measured from the ground to the
beginning of the tassel at full maturity. Forty-six Ufo7-1 plants and 53 wild-
type plants were measured for height and silking date. Statistical differ-
ences were measured using Student’s t test.

SNP50 and Development of Cleaved Amplified Polymorphic
Sequence Markers

High-density SNP data were generated from several Ufo7-1 samples in
different backgrounds, including the original Ufo7-1 stock, BC8 (W23),
BC11 (W23), BC5 (B73), Ufo1-1 X p1-ww(4C063), and F6 (Ufo1-1 X B73).
Data were generated using the MaizeSNP50 BeadChip (lllumina, WG-500-
1001). SNPs on chromosome 10 were compared with those available for
a 282-line diversity panel (Cook et al., 2012). Regions of identity were
calculated by counting the number of shared SNP genotypes between
Ufo1-1 andthe diversity lines in 5-MB windows. Regions that shared >95%
SNP genotypes were considered to be identical by descent. Some room for
error was allowed, as some SNP calls can be wrong, and errors in the
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reference genome (RefGenV3) can lead to inaccurate placement of
some SNPs.

Cleaved amplified polymorphic sequence (CAPs) markers were
designed using SNPS2CAPS software (http:/pgrc.ipk-gatersleben.de/
snp2caps/). Briefly, the software takes as input a fasta file of the SNPs with
flanking sequences and a database of restriction enzymes. It then reports
SNPs whose different alleles are differentially cut by the given restriction
enzymes. A list of suitable sites and enzymes was chosen, and primers
were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/). Finally,
markers were tested using PCR and enzyme digestion to ensure that they
are truly polymorphic between Ufo7-1 and control lines.

Mapping

A population of 10,000 backcross plants was grown in the field in 2013.
Plants were phenotyped at around the V6 stage, and plants appearing to be
Ufo1-1 were collected for genotyping. Initially, 94 plants were screened
with the markers umc1367 and umc2016, giving three and one re-
combinants, respectively. An additional 96 plants were screened with
umc2016, giving an additional three recombinants. Finally, all 4032 Ufo7-1
plants were screened with markers (CAP5 and CAP45) inside the estab-
lished boarders. Zero recombinants were found at either marker. Final
phenotyping of pericarp color was performed at the time of harvest to
confirm the phenotype. Plants with a wild-type appearance were discarded
from further analysis.

Additional linkage studies using F2 populations also were performed.
Samples were genotyped with several markers throughout the mapping
region (Supplemental Table 5). Markers for the CACTA transposon were
developed based on sequence polymorphisms found in the PacBio se-
quence of Ufo7-1.

Construct Design and Transformation

To validate GRMZM2G053177 as ufo1, transgenic maize plants were
developed with constitutive overexpression, as is found in Ufo7-1 plants.
The construct was designed using the pMCG1005 vector (McGinnis et al.,
2005) obtained from Kan Wang at the lowa State University Plant Trans-
formation Facility. The full construct contains the coding sequence and 3’
UTR from the Ufo7-1 allele of the gene, which is missing the first exon (four
codons). The coding sequence was fused to the maize ubiquitin promotor
and the rice adh1 first intron to drive strong constitutive expression of the
gene. Coding sequences were synthesized by IDT. The construct also
contains the BAR gene driven by the 35S CaMV promotor to provide
herbicide resistance to bialaphos using Liberty herbicide (Bayer). The plasmid
construct was sequenced from both strands prior to transformation to ensure
accuracy.

Agrobacterium tumefaciens transformation of maize Hi-ll (p7-ww)
embryos was performed by the lowa State University Plant Transformation
Facility as described (Frame et al., 2002, 2006). Transformed plantlets then
were transferred from tissue culture into the greenhouse, where they re-
ceived 14 h of daylight using a 3:1 ratio of 1000-W metal halide and 1000-W
high-pressure sodium lamps, providing photosynthetically active radiation
of ~400 pmol m~2 s~ at a temperature maintained between 70 and 78°F.
TO plants (p7-ww) were crossed to a P71-wr inbred line (B73, W23, or W22).
T1 plants were grown in the greenhouse and screened for the presence of
phlobaphene pigments (see above) to validate the Ufo 7-17-like phenotypes.

Identification of Orthologs and Phylogeny

Nucleotide and protein sequences from GRMZM2G053177 were used for
BLAST searches of plant genomes available in Phytozome (Goodstein
et al., 2012), Gramene (Tello-Ruiz et al., 2018), and the National Center
for Biotechnology Information in order to identify genes with similar
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sequences. Genes identified in sorghum (Sorghum bicolor), Setaria italica,
and rice (Oryza sativa and wild Oryza species) then were also used in BLAST
searches to try to identify more divergent genes, but additional genes could
not be identified. Chromosome-level synteny was checked, and it was
confirmed that the putative orthologs were found among the syntenic
chromosomes of the various species. Local synteny was constructed
manually as follows. Protein sequences of all of the gene models ~200 kb
upstream and downstream of the putative GRMZM2G053177 ortholog
were obtained from either Phytozome or Gramene using their biomaRt
functions. Gene models from different species then were compared by
BLAST against each other using BLASTP on the National Center for
Biotechnology Information website. Genes with at least 70% sequence
identity were considered to be orthologous for our purposes.

Phylogeny

Nucleotide sequences for GRMZM2G053177 and its orthologs were
aligned using Clustal Omega under default settings (Sievers et al., 2011).
Model selection then was performed using the model selection function
of MEGA7 (Kumar et al., 2016). The evolutionary history was inferred using
the Maximum Likelihood method based on the Hasegawa-Kishino-Yano
model (Hasegawa et al., 1985). The tree with the highest log likelihood
(—1037.5538) is shown (Figure 6B). Bootstrapping was performed with
1000 replicates, and the percentage of trees in which the associated taxa
clustered together is shown next to the branches (Felsenstein, 1985). Initial
trees for the heuristic search were obtained automatically by applying
Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the Maximum Composite Likelihood approach and then
selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites
(five categories [+G, parameter = 4.2223)]). The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The
analysis involved 15 nucleotide sequences. Codon positions included
were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing
data were eliminated. There were atotal of 192 positions in the final data set.
Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).

High-Throughput DNA Extraction and Genotyping

Seedlings were sampled and genotyped using linked PCR-based markers.
For DNA extraction, two leaf punches per sample were ground on 96-well
plates containing 400 pL of urea buffer (0.9 M urea, 0.5 M NaCl, and
0.0625 M Tris, pH 8). Following grinding, 100 pL of sarcosine buffer was
added (0.17 M n-lauroyl sarcosine), followed by incubation at 65°C for
15 min. The plates then were spun at a minimum of 3000 rpm (~15009) for
10 min on a Beckman GS-6KR centrifuge. A 200-pL supernatant was
transferred to a new plate. A total of 200 pL of a 4.4 M ammonium acetate
and isopropanol (1:10 ratio) mix was added. The plates were shaken before
centrifugation at 3000 rpm (~1500g) for 10 min. The supernatant was
discarded and the pellet was washed with 70% (v/v) ethanol, followed by
centrifugation at 3000 rpm for 10 min. The ethanol was discarded and the
plates were incubated at room temperature for 10 min to allow excess
ethanol to evaporate before dissolving the pellet in 100 p.L of water. Two
microliters of DNA was used per PCR. The primers used for genotyping are
listed in Supplemental Table 5.

RNA-Seq Design

Stocks used for RNA-seq were as follows. F6 (B73 X Ufo1-1) leaf tissue
was collected from the uppermost leaves of plants at the V10 stage. Two
replicates of both Ufo7-1 and B73 plants were used. One set of pericarp
samples was collected from the same material as the leaves (two repeti-
tions of each genotype). For additional pericarp samples, F5 (B73 X Ufo1-1)
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plants were genotyped, and wild-type and Ufo1-1/Ufo1-1 plants were
selected and carried to the next generation. Pericarps of F6 plants carried
on from the previous selection were collected from wild-type or Ufo1-1/
Ufo1-1 plants. Additionally, for the Ufo1-1/Ufo1-1 plants, two sets of
material were collected: those with a Ufo7-1 phenotype and those without
(termed U-S). Three replicates of each type were collected for the second
set of pericarps, and this material also was used for sRNA sequencing. For
seedlings, BC11 (W23) plants were collected at the V2 stage. Total
aboveground tissue was collected for five replicates each of Ufo 7-1 and the
wild type.

RNA Extraction/Library Preparation/Sequencing

Total RNA was isolated from the tissues described above, followed by
DNase | treatment (Sigma-Aldrich, AMPD1-1KT) and purification with RNA
Clean and Concentrator-5 (Zymo Research, R1015). sRNA and RNA-seq
libraries were constructed using a TruSeq Small RNA Sample Preparation
Kit (Illumina, RS-200-0012) and a TruSeq RNA Library Preparation Kit v2
(llumina, RS-122-2001), respectively, and sequenced on an lllumina HiSeq
2000instrument atthe Delaware Biotechnology Institute at the University of
Delaware. Raw sequencing data were first trimmed of adapter sequences.

RNA-Seq Analysis

RNA-seq analysis was performed following cleaning of the data. HISAT2
(Kim et al., 2015) was used to align the raw reads to the maize reference
genome (RefGenV3; Schnable et al., 2009). The htseq python package was
used to produce raw counts for each gene model (Anders et al., 2015). Raw
counts were analyzed with the edgeR (Robinson et al., 2010; McCarthy
et al., 2012) package using the SARtools pipeline (Varet et al., 2016). GO
enrichment analyses (Singlular Enrichment Analysis and PAGE) were
performed using the agriGO tool (Tian et al., 2017). K-means clustering and
heat maps were created using multi-experiment viewer software (Howe
et al., 2011). Gene names and descriptions were downloaded from mai-
zegdb.org, gramene.org, and phytozome.jgi.doe.gov. Transcription factor
families were downloaded from the plant transcription factor database
(Guo et al., 2008). Sugar pathways were visualized using MapMan software
(Usadel et al., 2009).

sRNA abundance within the CACTA insertion was measured from
pericarp samples of Ufo7-1 and U-S. Averages of three replicates were
measured from alignments of the sRNAs against the CACTA sequence
using Bowtie under default settings with no mismatches allowed
(Langmead et al., 2009).

K-mer Analysis

K-mer analysis was performed essentially as described (Akagi et al., 2014).
First, cleaned unaligned RNA-seq reads are cut into smaller 25-bp
“k-mers” using Jellyfish (Margais and Kingsford, 2011). K-mers are made with
a 1-bp sliding window, meaning that every 25-bp sequence within the read
is extracted and counted. Counts for each k-mer sequence then were
tallied for every RNA-seq library. The presence of Ufo1-specific k-mer
sequences was then assessed by requiring a count of at least three in each
Ufo1-1 library and a count of one or less in each wild-type and U-S library.
The opposite was done to find k-mers absent in Ufo7-1, but no k-mers
meeting the criteria were found. Ufo 7-1-specific k-mers then were mapped
back to their reads and full-length transcripts using BLAST. This method
does not require a reference genome or gene models, meaning that it can
find novel transcripts not found in the reference. Additionally, this method
should find any sequence polymorphisms presentin Ufo1-1 that are absent
from the wild-type and U-S samples. Finally, it should identify the presence/
absence of transcripts between the comparisons.

PacBio Sequencing

Whole-genome sequencing was performed on BC5F3 (B73) Ufo1-1 plants
using single-molecule sequencing technology from Pacific Biosciences.
Additionally, optical mapping was performed on the same material using
the Irys system from BioNano. Sample preparation, sequencing, and de
novo assembly of hybrid scaffolds were performed as described by Jiao
et al. (2017). Sequences of the candidate GRMZM2G053177 then were
extracted by BLAST. Sequence polymorphisms on chromosome 10 were
found using the NUCmer alignment tool from the MUMmer3 software
package (Kurtz et al., 2004) on the B73 RefGenV4 (Jiao et al., 2017). The
parameters used were as follows: nucmer -mum —c 2000 —g 100000. The
output was first converted to a human readable format using the show-
coords tool and then converted to a bed file using a custom script.
Polymorphisms then were visualized using the IGV genome browser
software (Thorvaldsdéttir et al., 2013).

Bisulfite Sequencing

Genomic DNA was extracted from pericarps of two Ufo7-1 and two U-S
plants using the cetyl-trimethyl-ammonium bromide method (Porebski
et al., 1997). Bisulfite treatment was performed using the EZ DNA
Methylation-Gold Kit (Zymo Research, D5005) following the standard
protocol. Bisulfite-treated DNA then was amplified using nested primers
with one end of the PCR product inside the CACTA and one on the flanking
DNA. The PCR product was TA cloned using the pGEM-T Easy Vector
(Promega, A1360). A minimum of 22 clones per sample were sent for
Sanger sequencing. Sequences were manually cleaned and sorted by
strand before being aligned using Clustal Omega (Sievers et al., 2011). The
CyMATE program then was used to analyze the DNA methylation at each
site and by context (Hetzl et al., 2007). Methylation was calculated as the
number of methylated bases divided by the total number of bases at each
cytosine. The methylation was calculated for each context as the average
of two biological replicates.

RNA Preparation and Synthesis of First-Strand cDNA

RNA samples were extracted from mature leaves, 10-DAP developing
seeds, 18-DAP pericarps, 18-DAP endosperm, and 18-DAP embryo tis-
sues. Sets of tissues were collected from three different plants of each
genotype (U-E, U-S, or the wild type). The tissues were ground manually
into a fine powder in liquid nitrogen using a mortar and pestle. Total RNA
then was isolated using RNAzol following the manufacturer’s protocol
(Molecular Research Center). First-strand cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).

gRT-PCR

qRT-PCR was performed using 10 ng of cDNA and the FastStart Universal
SYBR Green RT-PCR Master Mix kit as the detector (Roche Applied
Science). The gRT-PCR reaction mix contained 2 pL of DNA, 3 uL of 333
nM forward and reverse primer mix, and 5 pL of SYBR Green in a total
volume of 10 pL. The default program for the gRT-PCR was as follows:
preincubation at 95°C for 10 min, followed by 40 cycles of 95°C (15 s) and
60°C (1 min). After each cycle, a dissociation curve was run consisting of
95°C (15 s), 60°C (1 min), and 95°C (15 s).

DAB Staining for Reactive Oxygen Species

H,0, staining was performed using DAB. Briefly, leaves were incubated in
1 mg/mL DAB in distilled, deionized water (pH 3.8) overnight. The leaves
then were washed with water twice before bleaching to remove chlorophyill.
For bleaching, leaves were boiled in a solution of ethanol:acetic acid:
glycerol at 3:1:1. Bleaching was sometimes repeated to fully remove



chlorophyll. Finally, the leaves were washed and dried before taking
photographs.

Quantification of Sugar and Starch Contents

For soluble sugar (sucrose, glucose, and fructose) and starch quantifi-
cation, leaves were collected from field-grown plants at the V7 stage in the
afternoon, before the end of the photoperiod. For the Ufo7-1 lesions, leaf
tissue was collected at VT (the time when lesions usually form), and lesion
and green tissue from the same leaf were separated for analysis; green leaf
tissue from B73 control plants was collected at the same time. Four
independent plants were sampled for each genotype, and each sample
was measured twice, with the average of the two measurements being
used as the value for that sample. Sugar and starch were extracted from
the tissue as described by Leach and Braun (2016). Quantifications were
done using commercial assay kits for Saccharose (Sucrose)/D-Glucose/
D-Fructose and Starch (R-Biopharm 10716260035 and 10207748035)
according to the manufacturer’s instructions as described (Leach and
Braun, 2016).

Accession Numbers

Sequence data from this article can be found in the Gramene database or
GenBank/EMBL libraries under the following accession numbers: Ufo7-1
and CACTA transposon, MK288027, ufo1, GRMZM2G053177; ufo1 or-
thologs: LOC_0Os08g08880, ORUFI08G05720, OBART08G05120, ONI-
VA08G05090, BGIOSGA028105, LOC_0Os08g08900, OBART08G05140,
ONIVA08G05110, OGLUM08G05390, BGIOSGA028106, XM_004974324,
Sobic.007G066200, and Sobic.007G066566; p7, GRMZM2G084799;
actin1, GRMZM2G126010; RNA-seq libraries (GEO accession number
GSE117782; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE117782); PacBio whole-genome library (SRA accession number
SRP155527; https://www.ncbi.nim.nih.gov/sra/SRP155527).

Supplemental Data

Supplemental Figure 1. Ufo7-1 Shares a region of identity by descent
with 13 inbred lines that overlaps with the mapping region.

Supplemental Figure 2. Overview of comparative k-mer analysis.

Supplemental Figure 3. Cytosine methylation of the 5’ end of the
CACTA at individual sites.

Supplemental Figure 4. Clustal alignment of GRMZM053177 protein
seguence and its orthologs.

Supplemental Figure 5. Altered sugar metabolism in Ufo1-1.
Supplemental Table 1. Summary of RNA-Seq experiments.
Supplemental Table 2. RNA-Seq libraries.

Supplemental Table 3. Phlobaphene production in the coleoptile Is
associated with Ufo7-17.

Supplemental Table 4. Detection of p7-Regulated Flavan-4-ols in the
coleoptiles of transgenic seedlings overexpressing GRMZM2G053177 .

Supplemental Table 5. Primers used for genotyping.

Supplemental File. Early history of “Ufo” by D. Styles.

ACKNOWLEDGMENTS

Wethank Graziana Taramino, Kevin Simcox, and Robert Meeley of DuPont/
Pioneer Hi-Bred for help with SNP genotyping, the Penn State Agronomy

A CACTA Element Regulates ufo1 Epialleles 3021

farm manager Scott Harkcom and the Plant Science greenhouse manager
Scott Diloretto for assistance in growing field and greenhouse crops,
respectively. We are grateful to Charles Burnham for identifying this in-
teresting mutant, to Derek Styles for the seeds of original Ufo? stock, to
Thomas Peterson for initiating the characterization of Ufo7, to Michael
McMullen for early advice on mapping, and to Rajandeep Sekhon for work
mapping and characterizing the gene. This work was supported by Na-
tional Science Foundation collaborative awards 1051654 to0 S.C., 1051576
to B.C.M., and 1127112 to D.W. Support from U.S. Department of Agri-
culture Hatch awards PEN04452 and PEN04613 to S.C. is acknowledged.
K.W. and J.C. were supported through Graduate Assistantships from the
Penn State Plant Science Department and Plant Biology Program. D.C. is
partially supported by an Indian Council of Agricultural Research assistant-
ship and the Plant Science Department. T.-f.L., W.X., and Y.J. were
supported via the National Science Foundation awards mentioned above.

AUTHOR CONTRIBUTIONS

K.W. designed research, performed research, analyzed data, and wrote/
edited the article. J.C. designed and performed research and analyzed
data. D.C. designed and performed research. T.-f.L. performed research,
analyzed data, and maintained databases. Q.T. performed research and
analyzed data. W.X. performed research and analyzed data. Y.J. performed
research and analyzed data. P.-H.W. designed research, performed re-
search, and analyzed data. I.G. performed research. D.W. designed re-
search, maintained databases, and edited the article. B.C.M. designed
research, maintained databases, obtained funding, and wrote/edited the
article. S.C. designed research, performed research, obtained funding, and
wrote/edited the article.

Received July 19,2018; revised October 29, 2018; accepted December 11,
2018; published December 18, 2018.

REFERENCES

Akagi, T., Henry, I.M., Tao, R., and Comai, L. (2014). Plant genetics:
A Y-chromosome-encoded small RNA acts as a sex determinant in
persimmons. Science 346: 646-650.

Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq: A Python
framework to work with high-throughput sequencing data. Bio-
informatics 31: 166-169.

Anderson, E.G. (1924). Pericarp studies in maize. Il. The allelomor-
phism of a series of factors for pericarp color. Genetics 9: 442-453.

Becraft, P.W. (2001). Cell fate specification in the cereal endosperm.
Semin. Cell Dev. Biol. 12: 387-394.

Boddu, J., Svabek, C., Ibraheem, F., Jones, A.D., and Chopra, S.
(2005). Characterization of a deletion allele of a sorghum Myb gene
yellow seed? showing loss of 3-deoxyflavonoids. Plant Sci. 169:
542-552.

Braun, D.M., Ma, Y., Inada, N., Muszynski, M.G., and Baker, R.F.
(2006). tie-dyed1 regulates carbohydrate accumulation in maize
leaves. Plant Physiol. 142: 1511-1522.

Brink, R., and Styles, E.D. (1966). A collection of pericarp factors.
Maize Genet. Coop. News Lett. 40: 149-160.

Byrne, P.F., McMullen, M.D., Snook, M.E., Musket, T.A., Theuri,
J.M., Widstrom, N.W., Wiseman, B.R., and Coe, E.H. (1996).
Quantitative trait loci and metabolic pathways: Genetic control of
the concentration of maysin, a corn earworm resistance factor, in
maize silks. Proc. Natl. Acad. Sci. USA 93: 8820-8825.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117782
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117782
https://www.ncbi.nlm.nih.gov/sra/SRP155527
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00546/DC1

3022 The Plant Cell

Casas, M.l., Falcone-Ferreyra, M.L., Jiang, N., Mejia-Guerra, M.K.,
Rodriguez, E., Wilson, T., Engelmeier, J., Casati, P., and
Grotewold, E. (2016). Identification and characterization of maize
salmon silks genes involved in insecticidal maysin biosynthesis.
Plant Cell 28: 1297-1309.

Chen, J., Zeng, B., Zhang, M., Xie, S., Wang, G., Hauck, A., and Lai,
J. (2014). Dynamic transcriptome landscape of maize embryo and
endosperm development. Plant Physiol. 166: 252-264.

Chopra, S., Athma, P., and Peterson, T. (1996). Alleles of the maize P
gene with distinct tissue specificities encode Myb-homologous
proteins with C-terminal replacements. Plant Cell 8: 1149-1158.

Chopra, S., Athma, P., Li, X.G., and Peterson, T. (1998). A maize
Myb homolog is encoded by a multicopy gene complex. Mol. Gen.
Genet. 260: 372-380.

Chopra, S., Cocciolone, S.M., Bushman, S., Sangar, V., McMullen,
M.D., and Peterson, T. (2003). The maize unstable factor for orangel is
a dominant epigenetic modifier of a tissue specifically silent allele of
pericarp color1. Genetics 163: 1135-1146.

Cocciolone, S.M., Nettleton, D., Snook, M.E., and Peterson, T.
(2005). Transformation of maize with the p7 transcription factor
directs production of silk maysin, a corn earworm resistance factor,
in concordance with a hierarchy of floral organ pigmentation. Plant
Biotechnol. J. 3: 225-235.

Cook, J.P., McMullen, M.D., Holland, J.B., Tian, F., Bradbury, P.,
Ross-Ibarra, J., Buckler, E.S., and Flint-Garcia, S.A. (2012). Ge-
netic architecture of maize kernel composition in the nested association
mapping and inbred association panels. Plant Physiol. 158: 824-834.

Couée, l., Sulmon, C., Gouesbet, G., and El Amrani, A. (2006). In-
volvement of soluble sugars in reactive oxygen species balance and
responses to oxidative stress in plants. J. Exp. Bot. 57: 449-459.

De Roover, J., Vandenbranden, K., Van Laere, A., and Van den
Ende, W. (2000). Drought induces fructan synthesis and 1-SST
(sucrose:sucrose fructosyltransferase) in roots and leaves of chic-
ory seedlings (Cichorium intybus L.). Planta 210: 808-814.

Dubos, C., Stracke, R., Grotewold, E., Weisshaar, B., Martin, C.,
and Lepiniec, L. (2010). MYB transcription factors in Arabidopsis.
Trends Plant Sci. 15: 573-581.

Emerson, R.A. (1917). Genetical studies of variegated pericarp in
maize. Genetics 2: 1-35.

Falcone Ferreyra, M.L., Rius, S., Emiliani, J., Pourcel, L., Feller, A.,
Morohashi, K., Casati, P., and Grotewold, E. (2010). Cloning and
characterization of a UV-B-inducible maize flavonol synthase. Plant
J. 62: 77-91.

Fedoroff, N.V. (2013). Molecular genetics and epigenetics of CACTA
elements. In Plant Transposable Elements: Methods and Protocols,
T Peterson, ed (Totowa, NJ: Humana Press), pp. 177-192.

Felsenstein, J. (1985). Confidence limits on phylogenies: An ap-
proach using the bootstrap. Evolution 39: 783-791.

Frame, B.R., Shou, H., Chikwamba, R.K., Zhang, Z., Xiang, C.,
Fonger, T.M., Pegg, S.E., Li, B., Nettleton, D.S., Pei, D., and
Wang, K. (2002). Agrobacterium tumefaciens-mediated trans-
formation of maize embryos using a standard binary vector system.
Plant Physiol. 129: 13-22.

Frame, B.R., McMurray, J.M., Fonger, T.M., Main, M.L., Taylor,
K.W., Torney, F.J., Paz, M.M., and Wang, K. (2006). Improved
Agrobacterium-mediated transformation of three maize inbred lines
using MS salts. Plant Cell Rep. 25: 1024-1034.

Goettel, W., and Messing, J. (2013). Epiallele biogenesis in maize.
Gene 516: 8-23.

Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D.,
Fazo, J., Mitros, T., Dirks, W., Hellsten, U., Putnam, N., and
Rokhsar, D.S. (2012). Phytozome: A comparative platform for green
plant genomics. Nucleic Acids Res. 40: D1178-D1186.

Grotewold, E., Athma, P., and Peterson, T. (1991). Alternatively
spliced products of the maize P gene encode proteins with ho-
mology to the DNA-binding domain of myb-like transcription fac-
tors. Proc. Natl. Acad. Sci. USA 88: 4587-4591.

Grotewold, E., Drummond, B.J., Bowen, B., and Peterson, T.
(1994). The myb-homologous P gene controls phlobaphene pig-
mentation in maize floral organs by directly activating a flavonoid
biosynthetic gene subset. Cell 76: 543-553.

Grotewold, E., Chamberlin, M., Snook, M., Siame, B., Butler, L.,
Swenson, J., Maddock, S., St. Clair, G., and Bowen, B. (1998).
Engineering secondary metabolism in maize cells by ectopic ex-
pression of transcription factors. Plant Cell 10: 721-740.

Guo, A.Y., Chen, X., Gao, G., Zhang, H., Zhu, Q.H., Liu, X.C., Zhong,
Y.F., Gu, X., He, K., and Luo, J. (2008). PlantTFDB: A compre-
hensive plant transcription factor database. Nucleic Acids Res. 36:
D966-D969.

Hasegawa, M., Kishino, H., and Yano, T. (1985). Dating of the
human-ape splitting by a molecular clock of mitochondrial DNA.
J. Mol. Evol. 22: 160-174.

Hetzl, J., Foerster, A.M., Raidl, G., and Mittelsten Scheid, O. (2007).
CyMATE: A new tool for methylation analysis of plant genomic DNA
after bisulphite sequencing. Plant J. 51: 526-536.

Hodges, D.M., Andrews, C.J., Johnson, D.A., and Hamilton, R.l.
(1997). Antioxidant enzyme responses to chilling stress in differ-
entially sensitive inbred maize lines. J. Exp. Bot. 48: 1105-1113.

Howe, E.A., Sinha, R., Schlauch, D., and Quackenbush, J. (2011).
RNA-Seq analysis in MeV. Bioinformatics 27: 3209-3210.

Jakoby, M., Weisshaar, B., Droge-Laser, W., Vicente-Carbajosa,
J., Tiedemann, J., Kroj, T., and Parcy, F.; bZIP Research Group.
(2002). bZIP transcription factors in Arabidopsis. Trends Plant Sci.
7:106-111. 11906833

Jiao, Y., et al. (2017). Improved maize reference genome with single-
molecule technologies. Nature 546: 524-527.

Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: A fast spliced
aligner with low memory requirements. Nat. Methods 12: 357-360.

Kim, J.S., Lee, B.H., Kim, S.H., Oh, K.H., and Cho, K.Y. (2006).
Responses to environmental and chemical signals for anthocyanin
biosynthesis in non-chlorophyllous corn (Zea mays L.) leaf. J. Plant
Biol. 49: 16-25.

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular
Evolutionary Genetics Analysis version 7.0 for bigger datasets. Mol.
Biol. Evol. 33: 1870-1874.

Kurtz, S., Phillippy, A., Delcher, A.L., Smoot, M., Shumway, M.,
Antonescu, C., and Salzberg, S.L. (2004). Versatile and open
software for comparing large genomes. Genome Biol. 5: R12.

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009).
Ultrafast and memory-efficient alignment of short DNA sequences
to the human genome. Genome Biol. 10: R25.

Leach, K.A., and Braun, D.M. (2016). Soluble sugar and starch ex-
traction and quantification from maize (Zea mays) leaves. Curr.
Protoc. Plant Biol. 1: 139-161.

Li, G., et al. (2014). Temporal patterns of gene expression in de-
veloping maize endosperm identified through transcriptome se-
quencing. Proc. Natl. Acad. Sci. USA 111: 7582-7587.

Ma, Y., Slewinski, T.L., Baker, R.F., and Braun, D.M. (2009). Tie-dyed1
encodes a novel, phloem-expressed transmembrane protein that func-
tions in carbohydrate partitioning. Plant Physiol. 149: 181-194.

Margais, G., and Kingsford, C. (2011). A fast, lock-free approach for
efficient parallel counting of occurrences of k-mers. Bioinformatics
27: 764-770.

McCarthy, D.J., Chen, Y., and Smyth, G.K. (2012). Differential ex-
pression analysis of multifactor RNA-Seq experiments with respect
to biological variation. Nucleic Acids Res. 40: 4288-4297.



McGinnis, K., Chandler, V., Cone, K., Kaeppler, H., Kaeppler, S.,
Kerschen, A., Pikaard, C., Richards, E., Sidorenko, L., Smith, T.,
Springer, N., and Wulan, T. (2005). Transgene-induced RNA in-
terference as a tool for plant functional genomics. Methods Enzy-
mol. 392: 1-24.

Morohashi, K., et al. (2012). A genome-wide regulatory framework
identifies maize pericarp color1 controlled genes. Plant Cell 24:
2745-2764.

Ong-Abdullah, M., (2015). Loss of Karma transposon methylation
underlies the mantled somaclonal variant of oil palm. Nature 525:
533-537.

Porebski, S., Bailey, L.G., and Baum, B.R. (1997). Modification of
a CTAB DNA extraction protocol for plants containing high poly-
saccharide and polyphenol components. Plant Mol. Biol. Rep. 15:
8-15.

Raina, R., Cook, D., and Fedoroff, N. (1993). Maize Spm transpos-
able element has an enhancer-insensitive promoter. Proc. Natl.
Acad. Sci. USA 90: 6355-6359.

Rhee, Y., Sekhon, R.S., Chopra, S., and Kaeppler, S. (2010). Tissue
culture-induced novel epialleles of a Myb transcription factor en-
coded by pericarp color1 in maize. Genetics 186: 843-855.

Rius, S.P., Grotewold, E., and Casati, P. (2012). Analysis of the P1
promoter in response to UV-B radiation in allelic variants of high-
altitude maize. BMC Plant Biol. 12: 92.

Robbins, M.L., Roy, A., Wang, P.H., Gaffoor, I., Sekhon, R.S.,
de O Buanafina, M.M., Rohila, J.S., and Chopra, S. (2013).
Comparative proteomics analysis by DIGE and iTRAQ provides insight
into the regulation of phenylpropanoids in maize. J. Proteomics
93: 254-275.

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: A
Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26: 139-140.

Schnable, P.S., et al. (2009). The B73 maize genome: Complexity,
diversity, and dynamics. Science 326: 1112-1115.

Sekhon, R.S., and Chopra, S. (2009). Progressive loss of DNA
methylation releases epigenetic gene silencing from a tandemly
repeated maize Myb gene. Genetics 181: 81-91.

Sekhon, R.S., Peterson, T., and Chopra, S. (2007). Epigenetic
modifications of distinct sequences of the p7 regulatory gene
specify tissue-specific expression patterns in maize. Genetics 175:
1059-1070.

Sekhon, R.S., Lin, H., Childs, K.L., Hansey, C.N., Buell, C.R.,
de Leon, N., and Kaeppler, S.M. (2011). Genome-wide atlas of
transcription during maize development. Plant J. 66: 553-563.

Sekhon, R.S., Wang, P.H., Sidorenko, L., Chandler, V.L., and
Chopra, S. (2012). Maize Unstable factor for orangel is required
for maintaining silencing associated with paramutation at the peri-
carp color1 and booster1 loci. PLoS Genet. 8: €1002980.

Shi, H., Qian, Y., Tan, D.X., Reiter, R.J., and He, C. (2015). Melatonin
induces the transcripts of CBF/DREB1s and their involvement in
both abiotic and biotic stresses in Arabidopsis. J. Pineal Res. 59:
334-342.

Sidorenko, L.V., Li, X., Cocciolone, S.M., Chopra, S., Tagliani, L.,
Bowen, B., Daniels, M., and Peterson, T. (2000). Complex struc-
ture of a maize Myb gene promoter: Functional analysis in trans-
genic plants. Plant J. 22: 471-482.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W.,
Lopez, R., McWilliam, H., Remmert, M., Séding, J., Thompson,
J.D., and Higgins, D.G. (2011). Fast, scalable generation of high-
quality protein multiple sequence alignments using Clustal Omega.
Mol. Syst. Biol. 7: 539.

A CACTA Element Regulates ufo1 Epialleles 3023

Slewinski, T.L., Meeley, R., and Braun, D.M. (2009). Sucrose
transporter1 functions in phloem loading in maize leaves. J. Exp.
Bot. 60: 881-892.

Slewinski, T.L., Baker, R.F., Stubert, A., and Braun, D.M. (2012).
Tie-dyed2 encodes a callose synthase that functions in vein de-
velopment and affects symplastic trafficking within the phloem of
maize leaves. Plant Physiol. 160: 1540-1550.

Solfanelli, C., Poggi, A., Loreti, E., Alpi, A., and Perata, P. (2006).
Sucrose-specific induction of the anthocyanin biosynthetic pathway
in Arabidopsis. Plant Physiol. 140: 637-646.

Stelpflug, S.C., Sekhon, R.S., Vaillancourt, B., Hirsch, C.N., Buell,
C.R,, de Leon, N., and Kaeppler, S.M. (2016). An expanded maize
gene expression atlas based on RNA sequencing and its use to
explore root development. Plant Genome 9: 1-16.

Styles, E.D. (1982). Unstable pigmenting factors. Maize Genet. Coop.
News Lett. 56: 160-161.

Styles, E.D., Erfanifar, B., and Ceska, O. (1987). An unstable factor
for orange pigment. Maize Genet. Coop. News Lett. 61: 100.

Tello-Ruiz, et al. (2018). Gramene 2018: Unifying comparative ge-
nomics and pathway resources for plant research. Nucleic Acids
Res. 46: D1181-D1189.

Thorvaldsdéttir, H., Robinson, J.T., and Mesirov, J.P. (2013). In-
tegrative Genomics Viewer (IGV): High-performance genomics data
visualization and exploration. Brief. Bioinform. 14: 178-192.

Tian, T., Liu, Y., Yan, H., You, Q., Yi, X, Du, Z., Xu, W., and Su, Z.
(2017). agriGO v2.0: A GO analysis toolkit for the agricultural
community, 2017 update. Nucleic Acids Res. 45: W122-W129.

Usadel, B., Poree, F., Nagel, A., Lohse, M., Czedik-Eysenberg, A.,
and Stitt, M. (2009). A guide to using MapMan to visualize and
compare omics data in plants: A case study in the crop species,
maize. Plant Cell Environ. 32: 1211-1229.

Van den Ende, W., and El-Esawe, S.K. (2014). Sucrose signaling
pathways leading to fructan and anthocyanin accumulation: A dual
function in abiotic and biotic stress responses? Environ. Exp. Bot.
108: 4-13.

Van den Ende, W., and Valluru, R. (2009). Sucrose, sucrosyl oligo-
saccharides, and oxidative stress: Scavenging and salvaging?
J. Exp. Bot. 60: 9-18.

Varet, H., Brillet-Guéguen, L., Coppée, J.Y., and Dillies, M.A.
(2016). SARTools: A DESeg2- and edgeR-based R pipeline for
comprehensive differential analysis of RNA-Seq data. PLoS One 11:
e0157022. 27280887

Wang, P., Su, L., Gao, H., Jiang, X., Wu, X, Li, Y., Zhang, Q., Wang,
Y., and Ren, F. (2018). Genome-wide characterization of bHLH
genes in grape and analysis of their potential relevance to abiotic
stress tolerance and secondary metabolite biosynthesis. Front.
Plant Sci. 9: 1-15.29449854

Wu, K.L., Guo, Z.J., Wang, H.H., and Li, J. (2005). The WRKY family
of transcription factors in rice and Arabidopsis and their origins.
DNA Res. 12: 9-26. 16106749

Xiong, W., Wang, C., Zhang, X., Yang, Q., Shao, R., Lai, J., and Du,
C. (2017). Highly interwoven communities of a gene regulatory
network unveil topologically important genes for maize seed de-
velopment. Plant J. 92: 1143-1156.

Xu, Z.-S., Chen, M., Li, L.-C., and Ma, Y.-Z. (2008). Functions of the
ERF transcription factor family in plants. Botany 86: 969-977.

Zhan, J., Thakare, D., Ma, C., Lloyd, A., Nixon, N.M., Arakaki, A.M.,
Burnett, W.J., Logan, K.O., Wang, D., Wang, X., Drews, G.N., and
Yadegari, R. (2015). RNA sequencing of laser-capture microdissected
compartments of the maize kernel identifies regulatory modules asso-
ciated with endosperm cell differentiation. Plant Cell 27: 513-531.



The Dominant and Poorly Penetrant Phenotypes of M aize Unstable factor for orangel Are Caused
by DNA Methylation Changesat a Linked Transposon
Kameron Wittmeyer, Jin Cui, Debamalya Chatterjee, Tzuu-fen Lee, Qixian Tan, Welya Xue, Yinping
Jiao, Po-Hao Wang, Iffa Gaffoor, Doreen Ware, Blake C. Meyers and Surinder Chopra
Plant Cell 2018;30;3006-3023; originally published online December 18, 2018;
DOI 10.1105/tpc.18.00546

Thisinformation is current as of February 13, 2019

Supplemental Data /content/suppl/2018/12/11/tpc.18.00546.DC1.html

References This article cites 80 articles, 25 of which can be accessed free at:
/content/30/12/3006.full.html#ref-list-1

Permissions https://www.copyright.com/ccc/openurl .do?sid=pd_hw1532298X & issn=1532298X & WT.mc_id=pd_hw1532298X

eTOCs Sign up for eTOCs at:

http://www.plantcell.org/cgi/alerts/ctmain

CiteTrack Alerts Sign up for CiteTrack Alerts at:
http://www.plantcell.org/cgi/aerts/ctmain

Subscription Information Subscription Information for The Plant Cell and Plant Physiology is available at:
http://www.aspb.org/publications/subscriptions.cfm

© American Society of Plant Biologists

ADVANCING THE SCIENCE OF PLANT BIOLOGY



https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw1532298X
http://www.plantcell.org/cgi/alerts/ctmain
http://www.plantcell.org/cgi/alerts/ctmain
http://www.aspb.org/publications/subscriptions.cfm

