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ABSTRACT

Zea mays is one of the most highly produced crops in the world. It plays a big role
in food security, fuel production, and economic stability. A factor that contributes to the
production cost and yield of Zea mays is its nitrogen-use efficiency. At least twenty genes
in Zea mays are related to nitrogen-use efficiency. The purpose of this study was to
improve the accuracy of existing models of nine genes relating to nitrogen-use efficiency
in Zea mays by using data present in the Apollo gene annotation platform to inform
changes required for updated gene models. These changes were made and used to
produce a supertranscript for each gene. Alignment of proteins encoded by all possible
transcripts was performed to identify differences in protein structure and domain
presence where applicable. These models can be used to provide insight into the gene

regulation and protein isoform functio
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Introduction

Grains such as corn, rice, and wheat play important roles in food security, fuel
production, and economic stability. Corn is the world’s largest grain crop with world
production of maize in 2013-14 at 967 million metric tons (Shah et al. 2016). It is
considered a staple food in numerous parts of the world and is the third leading crop in
the world after rice and wheat (Shah et al. 2016). Approximately 25% of U.S. corn
croplands are used for ethanol production (Mumm et al. 2014). Corn distillers’ oil is a
by-product of starch and ethanol production in corn and this oil can be used to synthesize
biodiesel (Veljkovi¢ et al. 2018). In relation to the economy, the B73 maize reference
sequence promises to advance basic research and to facilitate efforts in an era of global
climate change (Schnable et. al. 2009).

One nutrient that is critical for development and growth of many agriculturally
important plants, including Zea mays, is nitrogen (Sharma and Bali 2018). Corn’s ability
to deplete the soil of nitrogen requires addition of fertilizer to the soil, as well as crop
rotation to maintain agriculture sustainability. Both of these solutions have accompanying
problems. Crop rotation reduces annual yield and addition of fertilizers has been shown
to have negative environmental impacts, such as ecosystem disruption and soil
acidification (Singh 2018). A new approach to improve corn growth and yield without the
disadvantages is to utilize new genome-level data to investigate the metabolic and
physiological aspects of corn’s nitrogen use with the aim of engineering new corn
varieties to use less nitrogen (Simons et al. 2014).

To understand how corn uses nitrogen, metabolic and physiological pathways,

including the genes that encode the enzymes within these pathways, must be accurately



understood at the genetic, transcript, protein, and regulatory levels. In 2009, the corn
genome was sequenced, which contains over 32,000 predicted genes, and resulted in the
B73 reference genome version 1 (B73 reference genome version 5 was used as reference
data in this study) (Schnable ez. al. 2009). 32,540 protein-encoding genes were predicted
from assembled or improved bacterial artificial chromosome (BAC) contigs by a
combination of evidence based and ab initio approaches (Schnable ez. al. 2009). Maize
was also found to exhibit extremely high levels of both phenotypic and genetic diversity
(Schnable et. al. 2009). Extensive structural variation, including hundreds of copy
number variants (CNVs) and thousands of present-absent variants (PAVs) were revealed
by resequencing and array-based comparative genomic hybridization between the B73
and Mo17 inbred lines (Schnable ez. al. 2009).

While the corn genome has been sequenced, and the genes computationally
predicted and revised, transcript evidence showing how and when gene products are
produced in different corn tissues is just now becoming available (Ware, personal
communication) (Xu et al. 2009). Recent advances in RNA analyses called RNA
sequencing have enable scientists to assay the entire pool of RNAs produced within a
particular tissue or under a distinct condition, the transcriptome. By comparing the RNAs
produced across tissues, developmental stages, and conditions, a full picture of how each
gene’s structure could differ at the RNA level though alternative promoter use,
alternative splicing, alternative transcription termination, and alternative polyadenylation
can be identified. Additionally, this information would then form the basis for regulatory
studies to determine how these transcripts are generated, the protein isoforms encoded,

and the functional role each plays in corn life. This, in turn, could then be used to



identify points in metabolic pathways that could be better engineered for more efficient
or different use of the plant’s resources.

The goal of this study was to use existing genome, gene, and tissue-specific RNA
evidence to develop supertranscript gene models for nine genes that are known to be
involved in nitrogen use efficiency, nitrogen assimilation, amino acid metabolism, and
auxin signaling which would then be tested experimentally and corrected within the
community-based Apollo genome annotation platform (Tello-Ruiz et al. 2017). This
study contributes to research to determine the genomic structure, expression, and
regulation of all corn genes, but especially the nitrogen-use efficiency (NUE) genes
which may then be targeted for genetic based improvements to corn agriculture

sustainability.



Materials and Methods
NUE Genes

The names and genome coordinates of a selection of 20 genes relating to nitrogen
use efficiency, nitrogen assimilation, amino acid metabolism, and auxin signaling in Zea
mays genome version 5 (Table 1) were provided by Dr. Doreen Ware of Cold Spring

Harbor Laboratories (personal communication).

Data Viewer

The Zea mays version 5 (v5) gene models (Figure 1), as well as multiple short and
long-read RNA evidence tracks including: RNA sequencing data for six tissues, each
with six replicates, IsoSeq RNA sequencing, and full-length RNA sequencing were
visualized within the Apollo genome viewer and annotation platform. Access was
provided by Cold Spring Harbor Laboratory (CSHL) (Ware, personal communication).
Briefly, different gene features are represented visually in this user space (Figure 1A).
Within the gene models, exons are denoted by rectangles, while introns and intergenic
spaces are denoted by horizontal lines. The direction of transcription is noted with an
arrowhead at the 3’ end of the terminal exon. Within transcriptome data, a single read
aligned to its corresponding genome sequence is positioned below the gene model in
exactly the position identified by genome sequence. Multiple reads aligning to the same
region are stacked vertically to show “depth of coverage” for a particular genomic region.
Because alternative splicing joins non-contiguous sequences, for an individual read, the
sequence that is actually present in the read is noted as a rectangle, and the implied

sequence is noted as a horizontal line.



Table 1. Summary of twenty genes involved in nitrogen-use efficiency in Zea mays.
Gene coordinates and functions are from Gramene (Tello-Ruiz ef al. 2018).

Gene ID# Gene Coordinates Function/Description

1 Zm00001d031769 | chr1:203089608..203094203 | Nitrate reductase [NADH] 2

2 Zm00001d049995 | chr4:58905791..58910442 Nitrate reductase

3 Zm00001d018206 | chr5:219126820..219129945 | Nitrate reductase [NADH] 2

4 Zm00001d048050 | chr9:152280180..152287969 | Glutamine synthetase 3
isoform 1%3B Glutamine
synthetase 3 isoform 2

5 Zm00001d028260 | chrl:27922075..27924590 Glutamine synthetase 6

6 Zm00001d017958 | chr5:213469469..213473069 | Glutamine synthetase root
isozyme 3

7 | Zm00001d022388 | chr7:180078625..180096312 | Ferredoxin-dependent
glutamate synthase%2C
chloroplastic

8 Zm00001d011610 | chr8:155140627..155152027 | Glutamate synthase 1
[NADH] chloroplastic

9 | Zm00001d043845 | chr3:213907196..213918549 | Glutamate synthase 1
[NADH] chloroplastic

10 | Zm00001d038948 | chr6:174758495..174770022 | Glutamate synthase 1
[NADH] chloroplastic

11 | Zm00001d038948 | chr4:183572732..183576346 | Nitrite reductase 2

12 | Zm00001d018161 | chr5:218273575..218276598 | Ferredoxin--nitrite reductase
chloroplastic

13 | Zm00001d034420 | chrl:294101398..294107663 | Glutamate dehydrogenase

14 | Zm00001d025984 | chr10:136652035..136656257 | Glutamic dehydrogenase 2

15 | Zm00001d002052 | chr2:5280850..5283996 Probable isoaspartyl
peptidase/L-asparaginase 2

16 | Zm00001d028750 | chr1:44908940..44912682 Asparagine synthetase 3

17 | Zm00001d045675 | chr9:34625498..34634881 Asparagine synthetase 1

18 | Zm00001d022152 | chr7:174854238..174860476 | Alanine aminotransferase 9

19 | Zm00001d014258 | chr5:38654080..38663968 Alanine aminotransferase 5

20 | Zm00001d007357 | chr2:229098421..229111535 | Protein Auxin Signaling F-
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Figure 1. Example of gene structure models and RNA sequence data in the Apollo
genome annotation platform. Panel A shows an example of gene structure models and
RNA sequence data. Introns are denoted in both the gene models and in the RNA
sequence data by black lines (Blue bracket). Exons are denoted by colored boxes (Red
bracket). Gene models are at the top (Orange bracket) and have been produced previously
using RNA evidence data (Green bracket). Boxes filled with white denote untranslated
regions (UTR, purple bracket). Arrows show the direction of transcription for the model
(Red circle) which means the arrow is at the end of the transcript and is at the 3’ end of
the model. In panel B, the model shows presence of an intron between two exons (blue
arrow). However, some RNA evidence suggests the presence an exon (green arrow) and
some evidence suggests the presence of an intron (purple arrow).



Data Analysis and Consolidation

A collapsed gene model (or SuperTranscript) (Davidson et al. 2017) was created
for each gene (Figure 2). First, the PASA-informed v5 gene model was compared to the
RNA evidence in the consolidated Mikado RNA evidence, which represents RNA
evidence from six replicates of six different corn tissues (Figure 2A). First, existing
genome data in the Apollo genome annotation platform was compared to models to first
determine the model accuracy and then to look at evidence that changes were necessary.
Next, aligned RNA sequencing reads were visualized one set at a time to determine
gather evidence for the gene features represented in the v5 model and any features not
represented in the v5 model (Figure 2B). Evidence was in the form of aligned transcript
reads from RNA sequencing experiments and included large reads (IsoSeq) and short
reads from six tissues, as well as full-length RNAs. Possible changes include: retained
intron, alternative 5’ splice site, alternative 3’ splice site, alternative exon, and alternative
intron. Next, the gene features with adequate evidence in any of the RNA data was
collapsed visually to form the SuperTranscript with exonic features noted as rectangles,
alternative exonic regions noted as hatched rectangle areas, introns noted as horizontal
lines, and exons numbered beginning with 1 at the first transcribed nucleotide (Figure
2C). This SuperTranscript was a diagrammatic representation of all transcript evidence
combined with the new PASA-informed v5 gene model. It essentially allowed for
visualization of all genomic regions that were retained in the mature mRNA for all
transcripts in all tissues where data were available. All possible transcripts were then
constructed with the Apollo user space to be available to the research community (Figure

2D).



MTSU_vdgene_mapped_to_v5 i ——————— } Gene

.
mikado_models ‘mikado.chr5G14661.1

Models

D —— - ——)
‘Mikado.chr5G14661..

merged_B73_RNA-seq

L RNA
Evidence
B
0[%206
R\-2020040%
(e IS ety L___KS L_;__ffl@ o

. T»":,:‘ _ leyd ezt ¥

Zm00001d018206-00001

Zm00001d018206-00002

{
i

Zm00001d018206-00003

‘

Zm00001d018206-00004

{
!

Zm00001d018206-00005

Zm00001d018206-00006

Zm00001d018206-00007

Zm00001d018206-00008

5

Zm00001d018206-00009

-« — —1
Zm00001d018206-00010

|

«
Zm00001d018206-00011

Zm00001d018206-00012

Figure 2 — Example of workflow used to create improved gene models for gene
Zm000018206 — Panels A shows some of, but not all of the data used as evidence for
reannotation of gene models. Previously compiled gene models are shown (orange
bracket) with RNA sequencing data underneath (green bracket). Panel B shows an
example of a hand-drawn collapsed gene model, or SuperTranscript, A SuperTranscript is
a visual representation of the similarities and differences between all possible transcripts.
Hashed boxes denote features that differ between possible transcripts. Panel C shows an
example of transcripts constructed in the Apollo user-created annotations panel. This
shows all the ways RNA could be constructed by the cell and was constructed to produce
the amino acid sequence of each transcript to generate protein alignments.



Results

The first gene that was evaluated was Zm00001d031769, which encodes nitrate
reductase [NADH] 2 (Tello-Ruiz et. al. 2017). The original gene structure was compared
with the data in the Apollo annotation platform and a model was produced as noted in the
methods (Figure 3). Comparison of the v5 and Mikado RNA models showed the
extension of the gene with addition of an intron and exon, as well as an alternative 5’
splice site (Figure 3A). RNA sequencing evidence (Figure 3B) supported both the
presence and absence of an intron at that location, so it was labeled as a retained intron in
the revised model (*, Figure 3C, Table 2). Additionally, the data supported the presence
of the additional 3’ terminal exon (Figure 3A, 3B), so this was labeled as an alternative
exon in the revised model (**, Figure 3C; Table 2). Finally, a new 5’ splice site was
identified in the Mikado RNA model (Figure 3A) and supported in the RNA sequencing

evidence, (Figure 3B) and incorporated into the SuperTranscript (***, Figure 3C).
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Figure 3. Evidence for reannotation for gene Zm00001d031769. Panel A shows the
original structure of gene Zm00001d031769. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the data that was
used to determine changes to be made to produce the final model. Panel C shows the final
revised model. Note that the final model shows the RNA strand 5’ to 3’, which is the
reverse of how the original model is displayed. The numbered black boxes indicate exons
and their sequence from left to right. The lines between exons indicate introns.
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Table 2. Changed features of genes.

Gene name Features changed

Zm00001d031769 Retained intron between exons 4 and 5. Alternate 5’ splice site
after exon 5. Alternative exon at 3° end.

Zm00001d049995 Retained introns between exons 1 and 2, 3 and 4, and 5 and 6.

Zm00001d018206 Alternate 5’ splice site after exon 1. Alternate 3’ splice site before
exon 2. Retained intron between exons 4 and 5.

Zm00001d017958 Alternate 3’ splice sites before exons 2, 3, 4, 6, and 10. Two
alternate 3’ splice sites before exon 9. Alternate 5’ splice sites after
exons 5, 8, and 9.

Zm00001d022388 Alternative (or cassette) exons between exons 9 and 12.
Alternative intron inside exon 28. Alternative 5 splice site after
exon 30.

Zm00001d052165 Alternate start of transcription site. Retained intron between exons
1 and 2, and 2 and 3. Alternate end of transcription site after exon
5.

Zm00001d018161 Alternate 3’ splice site before exon 3.

Zm00001d025984 Alternate 3’ splice sites before exons 2 and 8.

Zm00001d028750 Retained introns between exons 1 and 2, 6 and 7, and 10 and 11.

Two alternate end of transcription sites with possible retained
intron.

11




Using the SuperTranscript as a guide, three RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The three transcripts produce proteins that
differ in the central region (Figure 4). Transcript 3 encodes a protein missing 216 amino
acids compared to transcript 1. Transcript 2 encodes a protein missing 218 amino acids
compared to transcript 1. Lastly, the sequence of amino acids encoded by each transcript
was analyzed for the presence of known protein domains using the SMART domain
sequence analysis program (Letunic and Bork 2017). The cytochrome b5-like
Heme/Steroid binding domain was present in transcript 1, but not transcript 2 or 3,

suggesting transcript 1, but not transcript 2 or 3, encodes a functional protein.
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Figure 4.

of gene Zm00001d031769 showing three different versions of the protein that could be
produced by the DNA sequence based on the revised model. The absence sequence is
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Alignment of proteins encoded by Zm00001d031769. Amino acid sequence

shaded boxes. Note also that the boxes may be shaded even if the sequence is “skipped”
in the comparison protein.
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The next gene that was evaluated was Zm00001d049995, which encodes nitrate
reductase (Tello-Ruiz et. al. 2017). The original gene structure was compared with the
data in the Apollo annotation platform and a model was produced as noted in the methods
(Figure 5). Comparison of the v5 and Mikado RNA models showed the shortening of the
gene with addition of introns (Figure 5A). Mikado models supported both the presence
and absence of an intron (*, Figure 5A), and was supported by RNA sequencing data
showing the absence of an intron (*, Figure 5B), so it was labeled as a retained intron in
the revised model (*, Figure 5C, Table 2). Additionally, v5 evidence supported the
presence of an intron (***, Figure 5A), while RNA sequencing evidence (***, Figure 5B)
supported the absence of an intron at that location, so it was labeled as a retained intron in
the revised model (***, Figure 5C; Table 2). Finally, RNA sequencing data suggesting
both the presence and absence of an intron was found (**, Figure 5B), and was then
incorporated into the SuperTranscript and labeled as a retained intron in the revised

model (**, Figure 5C, Table 2).
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Figure 5. Evidence for reannotation for gene Zm00001d049995. Panel A shows the
original structure of gene Zm00001d049995. Notice that the arrow on the original
structure in panel A indicates the 3° end is on the right side of the gene (red circle) so the
direction of the gene will be the same in the final model. The green, red, and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5’ to 3, which is the same as
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, eight RNAs were constructed in the Apollo

space. The encoded amino acid sequences for each transcript were then downloaded from

the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded

using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The eight transcripts produce proteins that

differ in various regions (Figure 6). Transcripts 3 and 7 both encode the same protein

which is 400 amino acids shorter than transcript 5. Transcript 6 encodes a protein which

is 235 amino acids shorter compared to transcript 5. Transcript 2 encodes a protein
missing 322 amino acids compared transcript 5. Transcript 1 encodes a protein missing
303 amino acids compared to transcript 5. Transcript 4 encodes a protein missing 608
amino acids compared to transcript 5. Lastly, the sequence of amino acids encoded by
each transcript was analyzed for the presence of known protein domains using the
SMART domain sequence analysis program (Letunic and Bork 2017). The cytochrome

b5-like heme/steroid binding domain was found present in the transcripts.

16



49995 2 ALSSIPAFPGQLQLLAHHQKPERTPATHLPEMAAVEPRQFGRLEPGSSPVRVATNGAKA

49995 1 ALSSIPAFPGQLOLLAHHQKPERTPATHLPEMAAVEPROFGRLEPGSSPVRVATNGAKA
49995 4 ALSSIPAFPGQLQLLAHHQKPERTPATHLPEMAAVEPRQFGRLEPGSSPVRVATNGAKA
49995_8 ALSSIPAFPGQLQLLAHHQKPERTPATHLPEMAAVEPRQFGRLEPGSSPVRVATNGAKA
49995 3

49995 7

49995 5 SR A LS STPAFPGQLOLLAHHQKPERT PATHLPEMAAVE PROFGRLEPGSS PVRVATNGAKA|
49995 6 iR A 1S STPAFPGQLQLLAHHQKPERT PATHLPEMAAVE PROFGRLEPGSS PVRVATNGAKA|
49995 2 PPPASHLPRRADS PVRGCSFPPLVSPPRRLDDASDDEDEEQEDWRELYGSHLQLEVEPA
49995 1 PPPASHLPRRADS PVRGCSFPPLVSPPRRLDDASDDEDEEQEDWRELYGSHLQLEVEPA
49995 4 PPPASHLPRRADS PVRGCSFPPLVSPPRRLDDASDDEDEEQEDWRELYGSHLOLEVEPA
49995 8 PPPASHLPRRADS PVRGCSFPPLVSPPRRLDDASDDEDEEQEDWRELYGSHLQLEVEPA
49995 3

49995 7

49995 5 PPPASHLPRRADS PVRGCSFPPLVSPPRRLDDASDDEDEEQEDWRELYGSHLQLEVEPA
LIRSS M © PP A SHL PRRADS PVRGCSFPPLVS PPRRLDDAS DDEDEEQEDWRELY GSHLQLEVEPA
49995 2 QDARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGF I TPAPLHYVRNHGAVPR
49995 1 QDARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGFITPAPLHYVRNHGAVPR
49995 4 QDARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGF I TPAPLHYVRNHGAVPR
49995 8 QDARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGFITPAPLHYVRNHGAVPR

49995 3
49995 7

ECECERC I VAR O DARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGF ITPAPLHYVRNHGAVPR|
IR N VAR O DARDEGTADAWIERNPCLVRLTGKHPLNCEPPLARLMHHGFITPAPLHYVRNHGAVPR|

49995 2 181 STSTIAIAZISAZY RE;QVRHQRHAHVGP
i

49995 1 181 e NNIERAAMYESAATANAR
49995 4 181 eVLNRIERYASNEIRYNIR
49995_8 181 UNRIERUASLEIRYNIP

IQVRHQRHARVGIg

49995 3 L e e
49995 7 I T T T
49995 5 181 ONUNTIMIAPIERGNL R LTMEELA - QDFFN-~——— -~ e 1 evT LICIENERKEQNMY
49995 6 181 ENUNNIINAGISRUNILI R TMEELA - D Figil-— - -~~~ VET VT LIXCINENEIRK EONMY

PHEOYAQAHHRHP

49995 2 239 HHPRLH i
PH Q‘AQAHHPHP
!

49995 1 239 HHPRLH

PFQGQPRPAVARRRRARQRRS QAEg---—
PFQGQPRPAVARRRRARQRRS QAEg---—

= s

49995_4 239 HHPRLHRQUPHEOMAQAHHEHP PFOGQPRPAVARRRRARQRRS|AYVOA &~~~
49995_8 232 QQTVGENGALGYSTSVWIGA-IHIDMRR -~ =~ ==~ == ————mm- CGLAYPRKEGALN

49995 3 et e e
49995_7 L i e
49995 5 232 QQTVGFEN GAHGESTSVWHGA— ADTMRR -~~~ === === == ===~ CGPRKEGALN

49995_6 232 QQTVGEN, GAEGMSTSVW;GA— RINVLEEEEEEEEEEEEEEEEE CGLAYPRKEGALN

49995_2 295 HHQ KLEDNDABAERDPARQOHIHT AR HER T RREEEEAGGGDAGRRRDMAG
49995 1 295 HHQ KLEDNDAGARDPAHQOHHTARIMHHERIT RRWE(E)AGGGDAGRRRDMAG
49995_4 295 HHQ KLEDNDAGAIRDPAHQQHMHT ARMHHEIT RIMMR - —— ——— - == == -
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Figure 6. Alignment of proteins encoded by Zm00001d049995 — Part 1. Amino acid
sequence of gene Zm00001d049995 showing eight different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the
next letter after the dashes. Identities between different versions of protein are denoted by
the shaded boxes. Note also that the boxes may be shaded even if the sequence is
“skipped” in the comparison protein.
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Figure 6. Alignment of proteins encoded by Zm00001d049995 — Part 2. Amino acid

sequence of gene Zm00001d049995 showing eight different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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Figure 6. Alignment of proteins encoded by Zm00001d049995 — Part 3. Amino acid

sequence of gene Zm00001d049995 showing eight different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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The next gene that was evaluated was Zm00001d018206, which encodes nitrate
reductase [NADH] 2 (Tello-Ruiz et. al. 2017). The original gene structure was compared
with the data in the Apollo annotation platform and a model was produced as noted in the
methods (Figure 7). Comparison of the v5 and Mikado RNA models showed the
shortening of the gene with addition of an intron, and alternate 5° and 3’ splice sites
(Figure 7A). The v5 model supported evidence of an intron while Mikado models
supported the absence of an intron at that same location (***, Figure 7A). RNA
sequencing evidence also supported the absence of an intron at that location (***, Figure
7B), so it was labeled as a retained intron in the revised model (***, Figure 7C, Table 2).
Additionally, a new 5’ splice site was identified in the Mikado RNA model (*, Figure
7A), supported in the RNA sequencing evidence, (*, Figure 7B) and incorporated into the
SuperTranscript (*, Figure 7C; Table 2). Finally, a new 3’ splice site was identified in the
Mikado RNA model (**, Figure 7A) and supported in the RNA sequencing evidence,

(**, Figure 7B) and incorporated into the SuperTranscript (**, Figure 7C, Table 2).
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Figure 7. Evidence for reannotation for gene Zm00001d018206. Panel A shows the
original structure of gene Zm00001d018206. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The purple and red boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5’ to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, seven RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The seven transcripts produce proteins that
differ in various regions (Figure 8). Transcript 1 encodes a protein missing 44 amino
acids compared to transcript 4. Transcript 7 encodes a protein missing 274 amino acids
compared to transcript 4. Transcript 3 encodes a protein missing 333 amino acids
compared to transcript 4. Transcript 5 encodes a protein missing 563 amino acids
compared to transcript 4. Transcript 6 encodes a protein missing 255 amino acids
compared to transcript 4. Transcript 2 encodes a protein missing 277 amino acids
compared to transcript 4. Lastly, the sequence of amino acids encoded by each transcript
was analyzed for the presence of known protein domains using the SMART domain
sequence analysis program (Letunic and Bork 2017). The cytochrome b5-like

heme/steroid binding domain was found present in the gene.
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Figure 8. Alinment of proteins encoded by Zm00001d018206 — Part 1. Amino acid
sequence of gene Zm00001d018206 showing seven different versions of the protein that

could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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[LVCGPPAMIECTVRPGLEKMGYDLDKACLV!
[LVCGPPAMIECTVRPGLEKMGYDLDKACLV!

Figure 8. Alignment of proteins encoded by Zm00001d018206 — Part 2. Amino acid
sequence of gene Zm00001d018206 showing seven different versions of the protein that

could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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The next gene that was evaluated was Zm00001d017958, which encodes
glutamine synthetase root isozyme 3 (Tello-Ruiz et. al. 2017). The original gene structure
was compared with the data in the Apollo annotation platform and a model was produced
as noted in the methods (Figure 9). Comparison of the v5, Mikado, IsoSeq, and full-
length cDNA (flc) RNA models showed alternative 5’ splice sites and alternative 3’
splice sites (Figure 9A). Data from the IsoSeq model supported the presence of an
alternative 3’ splice site (*, Figure 9A), and its presence was supported in the RNA
sequencing evidence (*, Figure 9B) so it was incorporated into the SuperTranscript (*,
Figure 9C, Table 2). Data from an evidence model supported the presence of an
alternative 3’ splice site (**, Figure 9A), and its presence was supported in the RNA
sequencing evidence (**, Figure 9B) so it was incorporated into the SuperTranscript (**,
Figure 9C, Table 2). Data from the Mikado, IsoSeq, flc, and evidence models supported
the presence of an alternative 3’ splice site (*, Figure 9A), and its presence was supported
in the RNA sequencing evidence (*, Figure 9B), so it was incorporated into the
SuperTranscript (*, Figure 9C, Table 2). Data from an RNAseq Mikado model supported
the presence of an alternative 5’ splice site (***, Figure 9A), and its presence was
supported in the RNA sequencing evidence (***, Figure 9B) so it was incorporated into
the SuperTranscript (***, Figure 9C, Table 2). Data from an RNAseq Mikado model
supported the presence of an alternative 3’ splice site (**, Figure 9A), and its presence
was supported in the RNA sequencing evidence (**, Figure 9B) so it was incorporated
into the SuperTranscript (**, Figure 9C, Table 2). Data from the IsoSeq model supported
the presence of an alternative 5’ splice site (*, Figure 9A), and its presence was supported

in the RNA sequencing evidence (*, Figure 9B) so it was incorporated into the
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SuperTranscript (*, Figure 9C, Table 2). Data from the RNA sequencing evidence
supported the presence of alternative 3’ splice sites (***, Figure 9B), so they were
incorporated into the SuperTranscript (***, Figure 9C, Table 2). Data from RNA
sequencing data supported the presence of an alternative 5’ splice site (**, Figure 9B), so
it was incorporated into the SuperTranscript (**, Figure 9C, Table 2). Finally, a new 3’
splice site was identified in the RNA sequencing data (***, Figure 9B) and incorporated

into the SuperTranscript (***, Figure 9C).
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Figure 9. Evidence for reannotation for gene Zm00001d017958. Panel A shows the
original structure of gene Zm00001d017958. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5’ to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, four RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The four transcripts produce proteins that
differ in a couple of regions (Figure 10). Transcripts 2 and 4 encode the same protein.
Transcripts 1 and 3 also encode the same protein which is missing 17 amino acids
compared to transcripts 2 and 4. Lastly, the sequence of amino acids encoded by each
transcript was analyzed for the presence of known protein domains using the SMART
domain sequence analysis program (Letunic and Bork 2017). The glutamine synthetase,

catalytic domain was found present in the gene.
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PIPSSSISIPHHHHHLLRSPTPVAPQPPAMACLTDLVNLNLSDNTEKIIAEYIWIGGSG]

DLRSKARTLSGPVTDPSKLPKWNYDGSSTGQAPGEDSEGMWERSLSLGHVAPSSIPOATFK]
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DLRSKARTLSGPVTDPSKLPKWNYDGSSTGQA PGE DS E |\ Rttt INPOATFK
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DPFRRGNNILVMCDCYTPAGEPIPTNKRYNAAKIFSSPEVAAEEPWYGIEQEYTLLQKD!
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DPFRRGNNILVMCDCYTPAGEPIPTNKRYNAAKIFSSPEVAAEEPWYGIEQEYTLLQKD!
DPFRRGNNILVMCDCYTPAGEPIPTNKRYNAAKIFSSPEVAAEEPWYGIEQEYTLLQKD!

NWPLGWPIGGFPGPQGPYYCGIGAEKSFGRDIVDAHYKACLYAGINISGINGEVMPGQW!
INWPLGWPIGGFPGPQGPYYCGIGAEKSFGRDIVDAHYKACLYAGINISGINGEVMPGQW:
NWPLGWPIGGFPGPQGPYYCGIGAEKSFGRDIVDAHYKACLYAGINISGINGEVMPGQW!
NWPLGWPIGGFPGPQGPYYCGIGAEKSFGRDIVDAHYKACLYAGINISGINGEVMPGQW!

FQVGPSVGISSGDQVWVARYILERITEIAGVVVTFDPKPIPGDWNGAGAHTNYSTESMRK
FQVGPSVGISSGDQVWVARYILERITEIAGVVVTFDPKPIPGDWNGAGAHTNYSTESMRK]
FQVGPSVGISSGDQVWVARYILERITEIAGVVVTFDPKPIPGDWNGAGAHTNYSTESMRK]
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EGGYEVIKAAIEKLKLRHREHIAAYGEGNERRLTGRHETADINTFSWGVANRGASVRVGR
EGGYEVIKAAIEKLKLRHREHIAAYGEGNERRLTGRHETADINTFSWGVANRGASVRVGR
[EGGYEVIKAAIEKLKLRHREHIAAYGEGNERRLTGRHETADINTFSWGVANRGASVRVGR
[EGGYEVIKAATEKLKLRHREHIAAYGEGNERRLTGRHETADINTFSWGVANRGASVRVGR

[ETEQNGKGYFEDRRPASNMDPYVVTSMIAETTIIWKP
[ETEQNGKGYFEDRRPASNMDPYVVTSMIAETTIIWKP
[ETEQNGKGYFEDRRPASNMDPYVVTSMIAETTIIWKP
[ETEQNGKGYFEDRRPASNMDPYVVTSMIAETTIIWKP

Figure 10. Alignment of proteins encoded by Zm00001d017958. Amino acid sequence

of gene Zm00001d017958 showing four different versions of the protein that could be
produced by the DNA sequence based on the revised model. The absence is denoted by
dashes, meaning the next amino acid in the chain would be the next letter after the

dashes. Identities between different versions of protein are denoted by the shaded boxes.

Note also that the boxes may be shaded even if the sequence is “skipped” in the

comparison protein.
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The next gene that was evaluated was Zm00001d022388, which encodes
ferredoxin-dependent glutamate synthase 2C chloroplastic (Tello-Ruiz et. al. 2017). The
original gene structure was compared with the data in the Apollo annotation platform and
a model was produced as noted in the methods (Figure 11). Comparison of the v5 and
Mikado RNA models showed the presence of cassette exons, as well as an alternative 5’
splice site (Figure 11A). The v5 model and Mikado model supported the presence of an
exon, but in different locations (* and *, Figure 11A), and was supported in RNA
sequencing data (* and *, Figure 11B), so they were incorporated as cassette exons in the
SuperTranscript (* and *, Figure 11C, Table 2), meaning they could be present in that
location or not depending on what transcript is produced. Additionally, RNA sequencing
evidence supported both the presence and absence of an intron (**, Figure 11B), so it was
labeled as an alternative intron in the final model (**, Figure 11C, Table 2). Finally, a
new 5’ splice site was identified in the Mikado RNA model (**, Figure 11A) and
supported in the RNA sequencing evidence, (**, Figure 11B) and incorporated into the

SuperTranscript (**, Figure 11C, Table 2).
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Figure 11. Evidence for reannotation for gene Zm00001d022388. Panel A shows the original structure of gene Zm00001d022388.
Notice that the arrow on the original structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the direction
of the gene will be the reversed in the final model. The green and purple boxes show differentiation between the gene’s reading
frames. Panel B shows the final revised model. Note that the final model shows the RNA strand 5’ to 3°, which is the reverse of how

the original model is displayed. The numbered black boxes indicate exons and their sequence from left to right. The lines between
exons indicate introns.
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Using the SuperTranscript as a guide, four RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The four transcripts produce proteins that
differ in a few regions (Figure 12). Transcript 4 encodes a protein missing 28 amino acids
compared to transcript 2. Transcript 3 encodes a protein missing 47 amino acids
compared to transcript 2. Transcript 1 encodes a protein missing 75 amino acids
compared to transcript 2. Lastly, the sequence of amino acids encoded by each transcript
was analyzed for the presence of known protein domains using the SMART domain
sequence analysis program (Letunic and Bork 2017). No identifiable domains were found

present in the transcripts.
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Figure 12. Alignment of proteins encoded by Zm00001d022388 — Part 1. Amino acid

sequence of gene Zm00001d022388 showing four different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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Alignment of proteins encoded by Zm00001d022388 — Part 2. Amino acid

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in an alternate RNA strand.
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Kl A YVDKTGSEKGIAILREWEAY LPLFWQLVPPSEEDSPEACAEFERVLAKQATTQLSA

Figure 12. Alignment of proteins encoded by Zm00001d022388 — Part 3. Amino acid

sequence of gene Zm00001d022388 showing four different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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The next gene that was evaluated was Zm00001d052165, which encodes nitrate
reductase 2 (Tello-Ruiz et. al. 2017). The original gene structure was compared with the
data in the Apollo annotation platform and a model was produced as noted in the methods
(Figure 13). Comparison of the v5, IsoSeq, full-length cDNA (flc), and Mikado RNA
models showed the presence of retained introns, as well as alternative start and end of
transcription sites (Figure 13A). The IsoSeq and flc models supported both the presence
of an alternate start of transcription (*, Figure 13A), and was supported in RNA
sequencing data (*, Figure 13B), so it was incorporated into the SuperTranscript (*,
Figure 13C, Table 2). IsoSeq and flc models supported the presence and absence of an
intron in one location (**, Figure 13A), and RNA sequencing data supported the absence
of an exon in that location (**, Figure 13B), so it was labeled as retained intron in the
final model (**, Figure 13C, Table 2). RNA sequencing data also supported the presence
and absence of an intron (***, Figure 13B, so it was incorporated into the
SuperTranscript (***, Figure 13C, Table 2). of the additional 3’ terminal exon (Figure
13A, 13B), so this was labeled as an alternative exon in the revised model (**, Figure
13C; Table 2). Finally, a new end of transcription site was identified in the IsoSeq model
(**** Figure 13A), and supported in the RNA sequencing evidence, (****, Figure 13B)

and incorporated into the SuperTranscript (****, Figure 13C, Table 2).
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Figure 13. Evidence for reannotation for gene Zm00001d052165. Panel A shows the

original structure of gene Zm00001d052165. Notice that the arrow on the original

C
7

5

structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes

show differentiation between the gene’s reading frames. Panel B shows the final revised

model. Note that the final model shows the RNA strand 5° to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their

sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, five RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The five transcripts produce proteins that
differ in various regions (Figure 14). Transcripts 1 and 3 encode the same protein.
Transcript 5 encodes a protein missing 92 amino acids compared to transcripts 1 and 3.
Transcript 4 encodes a protein missing 49 amino acids compared to transcripts 1 and 3.
Transcript 2 encodes a protein missing 56 amino acids compared to transcripts 1 and 3.
Lastly, the sequence of amino acids encoded by each transcript was analyzed for the
presence of known protein domains using the SMART domain sequence analysis
program (Letunic and Bork 2017). No identifiable domains were found present in the

transcripts.
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Figure 14. Alignment of proteins encoded by Zm00001d052165. Amino acid sequence

of gene Zm00001d052165 showing five different versions of the protein that could be
produced by the DNA sequence based on the revised model. The absence sequence is
denoted by dashes, meaning the next amino acid in the chain would be the next letter

after the dashes. Identities between different versions of protein are denoted by the

shaded boxes. Note also that the boxes may be shaded even if the sequence is “skipped”
in the comparison protein.
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The next gene that was evaluated was Zm00001d018161, which encodes
ferredoxin-nitrite reductase chloroplastic (Tello-Ruiz et. al. 2017). The original gene
structure was compared with the data in the Apollo annotation platform and a model was
produced as noted in the methods (Figure 15). Comparison of the v5 and Mikado RNA
models showed an alternative 3’ splice site (*, Figure 15A), and RNA sequencing
evidence supported presence of an alternative 3’ splice site at that location (*, Figure

15B), so it was incorporated into the SuperTranscript (*, Figure 15C, Table 2).
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Figure 15. Evidence for reannotation for gene Zm00001d018161. Panel A shows the
original structure of gene Zm00001d018161. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5° to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, four RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The four transcripts produce proteins that
differ in the beginning and central regions (Figure 16). Transcript 2 encodes a protein
missing 12 amino acids compared to transcript 1. Transcript 3 encodes a protein missing
13 amino acids compared to transcript 1. Transcript 4 encodes a protein missing 25
amino acids compared to transcript 1. Lastly, the sequence of amino acids encoded by
each transcript was analyzed for the presence of known protein domains using the
SMART domain sequence analysis program (Letunic and Bork 2017). No identifiable

domains were found present in the transcripts.
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Figure 16. Alignment of proteins encoded by Zm00001d018161. Amino acid sequence

of gene Zm00001d018161 showing four different versions of the protein that could be
produced by the DNA sequence based on the revised model. The absence sequence is
denoted by dashes, meaning the next amino acid in the chain would be the next letter
after the dashes. Identities between different versions of protein are denoted by the

shaded boxes. Note also that the boxes may be shaded even if the sequence is “skipped”
in the comparison protein.
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The next gene that was evaluated was Zm00001d025984, which encodes glutamic
dehydrogenase 2 (Tello-Ruiz et. al. 2017). The original gene structure was compared
with the data in the Apollo annotation platform and a model was produced as noted in the
methods (Figure 17). Comparison of the v5 and Mikado RNA models showed the
presence of an alternative 3’ splice site (*, Figure 17A) and was supported by RNA
sequencing evidence (*, Figure 17B), so it was incorporated into the SuperTranscript (*
Figure 17C, Table 2) Additionally, RNA sequencing data supported the presence of
another 3’ alternative splice site (**, Figure 17B), so this was incorporated into the

SuperTranscript (**, Figure 17C; Table 2).
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Figure 17. Evidence for reannotation for gene Zm00001d025984. Panel A shows the
original structure of gene Zm00001d025984. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5’ to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, four RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The four transcripts produce proteins that
differ in a couple of regions (Figure 18). Transcript 2 encodes a protein missing 2 amino
acids compared to transcript 1. Transcript 3 encodes a protein missing 62 amino acids
compared to transcript 1. Transcript 4 encodes a protein missing 64 amino acids
compared to transcript 1. Lastly, the sequence of amino acids encoded by each transcript
was analyzed for the presence of known protein domains using the SMART domain
sequence analysis program (Letunic and Bork 2017). The
glutamate/leucine/phenylalanine/valine dehydrogenase domain was found present in the

gene.
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IRNTAGIDIPALVKHRNEGHAMKDFDGAEVLDSTELLVHDCDVLVPCALGGVLNKDNAP
IRNTAGIDIPALVKHRNEGHAMKDFDGAEVLDSTELLVHDCDVLVPCALGGVLNKDNAP

IDVKAKFVIEAANHPTDPEADEILAKKGVVVLPDIYANSGGVVVSYFEWVAYONIQGFMWD
IDVKAKFVIEAANHPTDPEADEILAKKGVVVLPDIYANSGGVVVSYFEWREESgNTOGFMWD
IDVKAKFVIEAANHPTDPEADEILAKKGVVVLPDIYANSGGVVVSYFEWVEEONIQGFMWD
IDVKAKFVIEAANHPTDPEADEILAKKGVVVLPDIYANSGGVVVSYFEWVEEONIQGFMWD

EKVNDELEKYMSSAFQHMKAMCKSLDCDLRMGAFTLGVNRVARATLLRGWEA
EKVNDELEKYMSSAFQHMKAMCKSLDCDLRMGAFTLGVNRVARATLLRGWEA

EKVNDELEKYMSSAFQHMKAMCKSLDCDLRMGAFTLGVNRVARATLLRGWEA
EKVNDELEKYMSSAFQHMKAMCKSLDCDLRMGAFTLGVNRVARATLLRGWEA|

Figure 18. Alignment of proteins encoded by Zm00001d025984. Amino acid sequence

of gene Zm00001d025984 showing four different versions of the protein that could be
produced by the DNA sequence based on the revised model. The absence sequence is
denoted by dashes, meaning the next amino acid in the chain would be the next letter
after the dashes. Identities between different versions of protein are denoted by the

shaded boxes. Note also that the boxes may be shaded even if the sequence is “skipped”
in the comparison protein.
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The next gene that was evaluated was Zm00001d028750, which encodes
asparagine synthetase 3 (Tello-Ruiz et. al. 2017). The original gene structure was
compared with the data in the Apollo annotation platform and a model was produced as
noted in the methods (Figure 19). RNAseq Mikado models supported both the presence
and absence of an intron at one location (*, Figure 19A), and RNA sequencing data
supported the absence of an intron in that location (*, Figure 19B), so it was labeled as a
retained intron in the revised model (*, Figure 19C, Table 2). Comparison of v5 and
IsoSeq models showed the presence and absence of an intron at one location (**, Figure
19A), and RNA sequencing data supported the absence of an intron in that location (**,
Figure 19B), so it was labeled as a retained intron in the revised model (**, Figure 19C,
Table 2). Comparison between v5 and an flc model shows both the absence and presence
of an intron in the same location (***, Figure 19A), and RNA sequencing data shows the
absence of that intron (***, Figure 19B), so it was incorporated into the SuperTranscript
(***, Figure 19C, Table 2). Finally, two end of transcription sites were identified in the
Mikado RNA models (****, Figure 19A), and supported in the RNA sequencing
evidence, (****, Figure 19B) and incorporated into the SuperTranscript (****, Figure

19C).
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Figure 19. Evidence for reannotation for gene Zm00001d028750. Panel A shows the
original structure of gene Zm00001d028750. Notice that the arrow on the original
structure in panel A indicates the 3’ end is on the left side of the gene (red circle) so the
direction of the gene will be the reversed in the final model. The green and purple boxes
show differentiation between the gene’s reading frames. Panel B shows the final revised
model. Note that the final model shows the RNA strand 5° to 3°, which is the reverse of
how the original model is displayed. The numbered black boxes indicate exons and their
sequence from left to right. The lines between exons indicate introns.
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Using the SuperTranscript as a guide, eight RNAs were constructed in the Apollo
space. The encoded amino acid sequences for each transcript were then downloaded from
the Apollo workspace and aligned using Clustal Omega (Sievers et. al. 2011) and shaded
using BOXSHADE to allow visualization of similarities and differences between the
proteins encoded by the different transcripts. The eight transcripts produce proteins that
differ in various regions (Figure 20). Transcript 1 encodes a protein that is 12 amino acids
shorter compared to transcript 2. Transcript 3 encodes a protein missing 19 amino acids
compared to transcript 2. Transcript 6 encodes a protein missing 24 amino acids
compared to transcript 2. Transcript 5 encodes a protein missing 36 amino acids
compared to transcript 2. Transcript 4 encodes a protein missing 38 amino acids
compared to transcript 2. Transcript 7 encodes a protein missing 43 amino acids
compared to transcript 2. Transcript 8 encodes a protein missing 62 amino acids
compared to transcript 2. Lastly, the sequence of amino acids encoded by each transcript
was analyzed for the presence of known protein domains using the SMART domain
sequence analysis program (Letunic and Bork 2017). No identifiable domains were

found present in the transcripts.
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28750 3

28750_1 1
28750_2 1
28750_4 1
28750_7 1
28750 5 1
28750_6 1
28750_8 1
28750_3 42
28750_1 49
28750_2 61
28750_4 23
28750_7 42
28750_5 49
28750_6 61
28750 8 23
28750 3 102
28750 1 109
28750 2 121
28750 4 83
28750 _7 102
28750 5 109
28750 6 121
28750 8 83
28750 3

28750 1

28750 2

28750 4

28750 7

28750 5

28750_6

28750_8

28750 _3

28750 1

28750 2

28750 4

28750 7

28750 5

28750 6

28750 8

28750_3 282
28750 1 289
28750 2 301
28750 4 263
28750 7 258
28750 5 265
28750 _6 277
28750_8 239
28750 3 342
28750 1 349
28750 2 361
28750 4 323
28750 _7 318
28750 5 325
28750_6 337
28750_8 299
Figure 20.

sequence of gene Zm00001d028750 showing eight different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
[ACSRRLKHRGPDWSGLYQHEGNFLAQQRLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]
IACSRRLKHRGPDWSGLYQHEGNFLAQQORLAVVSPLSGDQPLFNEDRTVVVVANGE I YNHK]

NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
INVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
INVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG
NVRKQFTGTHNFSTGSDCEVIIPLYEKYGENFVDMLDGVFAFVLYDTRDRTYVAARDAIG

[VNPLYIGWGSDGSVWIASEMKALNEDCVRFEIFPPGHLYSSINGGGFRRWYTPHWEFQEQVP
[VNPLYIGWGSDGSVWIASEMKALNEDCVRFEIFPPGHLYSSIMGGGFRRWYTPHWEFQEQVP
[VNPLYIGWGSDGSVWIASEMKALNEDCVRFEIFPPGHLYSSINGGGFRRWYTPHWEFQEQVP

[VNPLYIGWGSDGSVWIAZ
[VNPLYIGWGSDGSVWIA|

RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT
RMPYQPLVLREAFEKAVIKRLMTDVPFGVLLSGGLDSSLVASVTKRHLVETEAAEKFGT

LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)
LHSFVVGLEGSPDLKAAREVADYLGTIHHEFHFTVQODGIDAIEEVIYHDETYDVTTIRAS)

TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC

TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC
TPMFLMARKIKSLGVKMVLSGEGSDELLGGYLYFHFAPNKEEFHRETCRKVKALHQYDC

Alignment of proteins encoded by Zm00001d028750 — Part 1. Amino acid

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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28750 3
28750 1
28750 2
28750 4
28750 7
28750 5
28750 6
28750 8

28750 3
28750 1
28750 2
28750 4
28750_7
28750 5
28750_6
28750 8

28750_3
28750_1
28750 2
28750_4
287507
28750_5
28750_6
28750_8

28750 3
28750 _1
28750 2
28750_4
28750 7
28750_5
28750 6
28750_8

402
409
421
383
378
385
397
359

462
469
481
443
438
445
457
419

522
529
541
503
498
505
517
479

582
589
601
563
558
565
577
539

RANKATSAWGLEVRVPFLDKEFINVAMGMDPEWKMY DKNLGRIEKWVMRKAFDDDEHPY.

RANKATSAWGLEVRVPFLDKEFINVAMGMDPEWKMY DKNLGRIEKWVMRKAFDDDEHPY
RANKATSAWGLEVRVPFLDKEFINVAMGMDPEWKMY DKNLGRIEKWVMRKAFDDDEHPY
RANKATSAWGLEVRVPFLDKEFINVAMGMDPEWKMY DKNLGRIEKWVMRKAFDDDEHPY.

PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMEPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMFPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMEPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMFPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMEPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMFPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMEPYNTPVNKEAYYYRMI
PKHILYRQKEQFSDGVGYNWIDGLKSFTEQQVTDEMMNNAAQMFPYNTPVNKEAYYYRMI]

FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP
FERLFPQDSARETVPWGPSIACSTPAAIEWVEQWKASNDPSGRFISSHDSAATDHTGGKP

AVANGGGHGAANGTVNGKDVAVAIA

AVANGGGHGAANGTVNGKDVAVAIA

Figure 20. Alignment of proteins encoded by Zm00001d028750 — Part 2. Amino acid

sequence of gene Zm00001d028750 showing eight different versions of the protein that
could be produced by the DNA sequence based on the revised model. The absence
sequence is denoted by dashes, meaning the next amino acid in the chain would be the

next letter after the dashes. Identities between different versions of protein are denoted by

the shaded boxes. Note also that the boxes may be shaded even if the sequence is

“skipped” in the comparison protein.
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Conclusions

Nitrogen-use efficiency plays an important role in Zea mays’ growth and
development. Nitrogen depletion by Zea mays, therefore, requires additional fertilizer and
crop rotation in order to maintain both croppable soil and plant health. Understanding the
biochemistry and genetics of nitrogen-use efficiency may allow for development of corn
varieties less dependent on financially costly fertilizer addition and time costly crop
rotation.

As a first step in understanding the genetic and biochemical aspects of genes
involved in corn nitrogen use, a systematic categorization of all transcripts and encoded
proteins for nine NUE genes was undertaken using newly available whole transcriptome
data from multiple corn tissues. Using Apollo genome annotation collaboration software,
(Ware) existing v5 corn gene models and transcriptome data were used to generate a
SuperTranscript for each gene. Exon skipping, intron retention, alternate start and end of
transcription, and alternate 5° and 3’ splice sites were observed (Table 1). Thirty-five
differences were found across the nine genes including: ten intron retentions, six alternate
5’ splice sites, eleven alternate 3 splice sites, three alternative exons, three alternate end
of transcription sites, one alternate start of transcription site, and one alternative intron
(Table 2). Using these alternative features, old transcripts were re-annotated or
constructed to accurately reflect the breadth of transcript versions (isoforms) produced by
each gene. Furthermore, the encoded proteins for each gene were compared by multiple
alignment and computational domain analysis. While most transcripts encoded slightly
different proteins, only one protein’s domain analysis showed a known protein domain.

Therefore, until additional domain information becomes available, or these proteins are
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studied biochemically, it is unclear how the proteins encoded by the different transcripts
might function differently.

In addition to the nine genes of focus in this study, there are other genes
pertaining to nitrogen use efficiency, including Zm00001d048050, Zm00001d028260,
Zm00001d011610, Zm00001d043845, Zm00001d038948, Zm00001d034420,
Zm00001d002052, Zm00001d045675, Zm00001d022152, Zm00001d014258, and
Zm00001d007357 (Table 1). Once all NUE genes have been systematically studied for
transcript isoforms, researchers will have a more complete view of all proteins involved
in the process and can use this knowledge to investigate mechanisms to alter regulation of

these proteins to generate corn varieties with specific characteristics.
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