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Abstract

Unidad de Genómica Avanzada

Master in Science

Functional characterization of Zea mays Xipotl (phosphoethanolamine
N-methyltransferase, PEAMT) family genes

by Estefany Sofia Sánchez Martínez

Phosphatidylcholine (PtCho) is the most abundant phospholipid in eukaryotic cell mem-
branes. PtCho polar head is synthesized via either the Kennedy Pathway or the triple
methylation of phosphoethanolamine methyl transferase (PEAMT). In Arabidopsis an
insertional mutant in the AT3G18000 gene (PEAMT, xipotl, xpl1) presented a short
root phenotype, this was the first gene reported of the 3 coding loci in Arabidopsis for
PEAMT: AT1G48600 and AT1G73600. The Atxpl2 and xpl3 mutants, doesn’t show
short root phenotype, instead, the xpl2 root seems larger than the wild type and the
triple mutant root, xpl 1,2,3, shorter than the xpl1 mutant. In addition, the xpl mu-
tants exhibit affected embryo development. So far, in Zea mays, 4 genes are predicted
to encode PEAMT enzyme. Nevertheless, only 3 genes conserve the MT1 and MT2
methyltransferase domains. The genes had been named: xplA, xplB and xplC.

http://www.ira.cinvestav.mx
http://langebio.cinvestav.mx


x

Centro de Investigación y de Estudios Avanzados del Instituto Politécnico Nacional

Resumen

Unidad de Genómica Avanzada

Maestría en Ciencias

Caracterización funcional de la familia de genes Xipotl (fosfoetanolamina
N-metiltransferasa, PEAMT) de Zea mays

Por Estefany Sofia Sánchez Martínez

En las células eucariotas, las fosfatidilcolina es el fosfolípido más abundante que compone a
las membranas, puede ser sintetizada por la ruta de Kennedy o por la ruta de la triple

metilación realizada por la enzyma fosfoetnolamina N-metiltransferasa (PEAMT, por sus
siglas en inglés, xipotl, xpl). En la planta modelo Arabidopsis thaliana, la mutación realizada al
gen que codifica a esta enzima (AT3G18000, xpl1) generó un fenotipo de raíz corta debido a
muerte celular en el meristemo. Este fue el primer gen reportado para PEAMT, después se
reportaron 2 genes también codificantes para la enzima: AT1G48600 y AT1G73600. Sim
embargo, las mutantes para los genes xpl2 y xpl3, respectivamente, no mostraron raíces
cortas, y la triple mutante xpl1,2,3, mostró una raíz incluso más corta que la mutante
sencilla,xpl1. Desde entonces, se ha demostrado que PEAMT, se encuentra altamente
relacionada a condiciones de estrés, y su secuencia genetica, proteica y mecanismo de

regulación se encuentran altamente conservados. Por otro lado, en maíz, se han reportado 4
genes codificantes para PEAMT y debido a la importancia de este cultivo y a la conservación
que ha mantenido PEAMT entre las especies, este trabajo se basó en la comparación de las

secuencias genéticas y proteicas de PEAMT, para mantener un indicio en su función.
También se continuo con trabajo previo realizado en el aislamiento de mutantes
loss-of-function para los genes de maíz por medio del sistema de transposones:

Activator/Dissociator (Ac/Ds) y Mutator (Mu).
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Introduction
Phosphatidylcholine is themain structural membrane phospholipid

Eukaryotic cells are constituted by four classes of molecules: carbohydrates, lipids,
proteins and nucleic acids. Each one is an essential source of energy, structure and
function (Cooper 2000). The lipids provide the basis for the cells structure membrane
bilayer due to their amphipathic composition (Schwertner and Biale 1973).

Themembrane lipids are structured by: 1.a polar head group formed by a hydrophilic
region with a residual group esterified to a 3 carbon backbone, and 2.a hydrophobic re-
gion conformed by fatty acyl side chain(s). The membrane lipids classification depends
on the residual group and the fatty acyl chains quantity and length. The sn3 backbone
can be esterified to different residual groups like: galactolipids (galactose), sulfolipids
(sulfoquinovose) and phospholipids (phosphate-containing group). The hydrophobic
region may have one or two fatty acyl chains, in the sn1 and/or sn2 positions and their
length varies between 16:0 or 18:0/18:1 (carbon/insaturations), as shown in figure 1.

Figure 1: The phospholipids are composed by a phosphate group and 2 fatty acyl chains ester-
ified to a glycerol backbone.

Themost abundant phospholipid inmembranes bilayer is phosphatidylcholine (PtCho),
which accounts approximately for 55% of total lipids (Schwertner and Biale 1973). It’s
structured by a phosphocholine (PCho) polar head and two fatty acyl tails esterified
to the sn1 and sn2 glycerol backbone positions and variable insaturations. Like other
phospholipids, the PtCho polar head is mainly synthesized in the Endoplasmic Reticu-
lum, then, exported to plastids outer membranes where is esterified to a diacylglycerol
(Ohlrogge and Browse 1995; Bishop and Bell 1988; Benning 2008). In plants, PtCho
breakdown can lead either to the synthesis of phosphatidic acid (PA), which is em-
ployed as a signaling molecule, to the PCho recovery during phosphorous starvation,
or choline recovery for osmoprotectants synthesis (Mcneil et al. 2001; Tjellström et al.
2008; Munnik and Testerink 2009).
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PEAMTperform the triplemethylations fromPE to PCho in the PtCho
biosynthesis pathway

The PCho biosynthesis follows different routes among eukaryotes. The first pathway
described for phosphocholine biosynthesis was the Kennedy pathway (or CDP-choline
pathway), which resides in the phosphorylation of choline (Cho) by the choline ki-
nase to synthesize PCho (Gibellini and Smith 2010). The second pathway is the triple
methylation pathway which is the major route supply for PCho biosynthesis in plants.
It follows the triple sequential methylation of the PE phosphogroup by the enzyme
phosphoethanolamine N-methyltransferase (PEAMT) with S-adenosylmethionine as
the donor of methyl groups, and monomethyl-phosphoethanolamine (PMME) and dime
thyl-phosphoethanolamine (PDME) as intermediate substrates to finally synthesize PCho,
shown in figure 2 (BeGora et al. 2010; Cruz-Ramírez et al. 2004; Bolognese and Mc-
Graw 2000; Nuccio et al. 2000; Mcneil et al. 2001).

Figure 2: Phosphocholine biosynthesis: the Kennedy pathway (purple), the triple PE methyla-
tion (green), the phosphorylation, diacyl-glycerol transfer, and PMME (blue) or PDME (orange)

methylation.

In both pathways, the phosphorilcholine transferase phosphorilate PCho to form cy-
tidine di-phosphocholine (CDP-choline), with cytidine triphosphate (CTP) as phosphate
donor. Finally, CDP-choline is transferred to the 1,2-diacyl-sn-glycerol backbone and
the acyl chains to synthesize PtCho. Alternative routes in PtCho synthesis consist in the
phosphogroups phosphorylations, then the 1,2-diacyl-sn-glycerol transferences and fi-
nally the methylation of PMME and PDME, shown in figure 2 (Thompson 1980; Datko
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andMudd 1988; Ohlrogge and Browse 1995; Hocquellet et al. 2005; Lee and Jez 2017).

The PEAMT enzyme conserves structural transmembranal domains (EE) and two
methyltransferase functional domains (MT1, MT2) with 4 SAM binding motifs (GxGxG;
I, post I, II and III). The PEAMT function among eukariotes is determined by the MT do-
mains presence, in plants PEAMTs are considered as a type I PEAMT enzyme, where
both domains perform different methylation steps and seem to function independently
(Nuccio et al. 2000; Cruz-Ramírez et al. 2004; BeGora et al. 2010; Lee and Jez 2013;
Lee and Jez 2017). Meanwhile the Plasmodium type II PEAMT has one functional
MT2-like domain able to perform the tree methylations, and nematodes type III PEAMT
has one functional MT domain and a vestigial variant of the other MT domain (Lee and
Jez 2013).

Figure 3: PEAMT MT1 and MT2 domains in Arabidopsis thaliana (AtPMT), Plasmodium falci-
parum (PfPMT) and Haemonchus contortus (HcPMT) (Lee and Jez 2013)

.

The MT domains are independent due to differences in the protein SAM binding
sites in catalytic residues, leading to changes in participation in the methylation steps.
The enzyme with a functional MT1 domain is able to perform the tree sequential methy-
lation steps starting with PE; whereas, the one with the MT2 domain, catalyzes the 2nd
and 3rd methylations with PMMEA and PDMEA to PCho (Nuccio et al. 2000; Charron
et al. 2002; Lee and Jez 2017). The plant PEAMT MT domains structure, function and
conservation is diverse between land plants and algae, however, the MT domains se-
quence are highly conserved (Datko and Mudd 1988; Nuccio et al. 2000; Charron et al.
2002; Wu et al. 2007; BeGora et al. 2010; Lee and Jez 2013; Sato et al. 2016; Lee
and Jez 2017). Instead, the MT2 may had appeared after a gene duplication and then
fusion with the first gene containing the MT1 domain leading to one di-domain PEAMT
protein (Sato et al. 2016; Hirashima et al. 2017; Lee and Jez 2017).

The first gene described in plants related to the triple methylation pathway is the
AT3G18000 (PEAMT, xpl1) (Nuccio et al. 2000; Cruz-Ramírez et al. 2004). The mu-
tants are named xipotl (”to increase in size”, xpl) after the swollen root epidermal cells
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phenotype shown in the mutants initial growth. The mutation is generated by a xpl1
7th exon insertion and causes apoptosis in the root meristematic cells, leading to the
primary root development disruption (Cruz-Ramírez et al. 2004). Two paralogs genes
are reported in Arabidopsis: AT1G48600 and AT1G73600, which enzymes show prefer-
ence for the 2nd and 3rd methylation steps from PMME to PDME in PCho biosynthesis.
This genes mutants don’t present a notably short root phenotype, like xpl1, as shown
in figure 4 (BeGora et al. 2010; Nuccio et al. 2000; Lee and Jez 2017).

Figure 4: The At xpl/atpmt1 mutant shows short root phenotype in comparison with the two
homologous atpmt mutants (Cruz-Ramírez et al. 2004; Lee and Jez 2017).

The major AtPEAMT ORF is highly expressed in roots than in leaves and may lead
to tissue specific expression (Alatorre-Cobos et al. 2012; Craddock et al. 2015). Even
though not all the xpl ORFS expression has been described, xpl2 is more expressed in
rosettes leaves and xpl1 in roots meristem (Cruz-Ramírez et al. 2004; Craddock et al.
2015; Lee and Jez 2017). Data from The Arabidopsis Information Resources (TAIR2,
2017) also shows different pattern expression between xpl genes during ontogeny.

Also in Arabidopsis, the major PEAMTmRNA has an open reading frame (uORF30)
which represses the PEAMT transcription in the presence of exogenous choline (Tabuchi
et al. 2006; Alatorre-Cobos et al. 2012). This post-transcriptional mechanism is not fully
understood, so far, it’s known that the uORf presence mediates the PEAMT repression
by PA and a mutated uORF leads to a wt PEAMT transcript level recovery (Tabuchi
et al. 2006; Eastmond et al. 2010; Alatorre-Cobos et al. 2012; Craddock et al. 2015).

Beside the post-transcriptional uORF regulation, the PtCho synthesis pathway has
different known regulatory mechanisms. The rate-limiting steps are the synthesis of
Cho, PCho, and PMME, which allosterically regulates PEAMT and enzymes involved
in the pathway, change their expression and lead to translational repression (Thomp-
son 1980; Nuccio et al. 2000; Alatorre-Cobos et al. 2012). The immediate PEAMT

2TAIR, https:seqviewer.arabidopsis.org
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metabolites regulate the PEAMT translation in presence of exogenous Cho and PCho
without affecting the PEAMT mRNA transcript levels (Tabuchi et al. 2006; Craddock
et al. 2015). Additionally, Cho and PCho repress the Phosphatydilserine synthase re-
quired in the synthesis of Serine, the precursor of PE (Thompson 1980).

Most of this regulatory mechanisms are highly conserved in bryophytes, dicots and
monocots (Alatorre-Cobos et al. 2012).

Zea mays Xipotl/PEAMT family is constituted by 4 gene members

In maize, 4 genes are predicted to codify a PEAMT enzyme related to the PtCho
biosynthesis pathway, according to the Plant Metabolic Network (PMN3, 2017), bioin-
formatic analyses and experimental evidence: xplA (GRMZM2G060886), xplB (GR-
MZM2G170400), xplC (GRMZM2G122296, PEAMT1) and xplD (GRMZM2G045249),
the last one with less homology than the first three (BeGora et al. 2010; Wu et al. 2007;
Rodriguez-Gomez 2013).

The three Zm PEAMT protein sequences conserve the SAM-binding motifs in the
MT1 and MT2 domains (Alatorre-Cobos et al. 2012; Rodriguez-Gomez 2013). From
the Zm PEAMT sequences, xplA and xplB PEAMT MT1 domains are more similar to
the At MT1 domain SAM binding motifs, which is the one able to perform the triple
methylation steps. In the case of xplC PEAMT, it seems the less similar to the other At
PEAMTs and even to the Zm PEAMTs (Lee and Jez 2017).

There’s only experimental evidence for Zm xplC (PEAMT1) to codify a MT enzyme.
When the xplCCDS is over-expressed in At Columbia ecotype plants, root length, shoot
length and silique number are significantly higher in the over-expressed than the wild
type, under a salt stress treatment (Wu et al. 2007). In addition, the Zm xplC promoter
(PEAMT1) presents cis regulatory elements related to stress (Niu et al. 2018)

Like the Atxpl tissue expression, there’s variation between the Zm Xpl genes ex-
pression within tissues and during ontogeny (Stelpflug et al. 2016). In general, in maize
xplA and xplB are highly expressed in comparison with xplC. Moreover, xplA is more
expressed in roots while xplB is in leafs (Lee and Jez 2017). However, in specific
root tissues xplA, is not always the highest: in the differentiation zone xplB is more
expressed even at different growth stages, meanwhile, in the meristematic zone, the

3PMN, https:www.plantcyc.org
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Figure 5: MT domains alignment between the At and Zm SAM binding motifs.

transcripts are higher for xplA (Data obtained from Maize GDB 4), figure 6(Stelpflug
et al. 2016).

The regulatory mechanisms of ZmXpl genes, like in other plants, is not fully under-
stood. What’s confirmed is the uORF conservation upstream the xplA and xplB, but,
for xplC it’s not quite clear if the peptide sequence may act as a regulatory element
beside the upstream predicted TF binding motifs (Wu et al. 2007; Alatorre-Cobos et al.
2012; Rodriguez-Gomez 2013). And, the (ZmPEAMT1) promoter sequence presents
cis-regulatory elements like transcription factors binding motifs differentially expressed
among tissues during stress (Wu et al. 2007; Niu et al. 2018).

Figure 6: The Zm PEAMT family genes expression varies between root tissues (Data obtained
from Maize GDB) (Stelpflug et al. 2016)

Due to the known PEAMT biochemistry, the different tissue pattern expression and
the number of Zm Xpl homologous genes, the Zm xpl genes seem to codify more than
1 functional PEAMT able to perform the three methylations from PEA to PCho, leaving
two scenarios for the Zm xpl genes: it could’ve been either gene redundancy or a
tissue-specific PEAMT expression.

4MaizeGDB, https:www.maizegdb.orgexpression
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Maize reverse genetics using the transposons system to generate
Xpl mutants

In order to elucidate the PEAMT activity in maize plants, insertional mutants were iso-
lated with the transposons systems Activator/Dissociation (Ac/Ds) and Robertson’sMu-
tator (Mu) previously in the lab. The xplAmutants, were isolated with the Ac/Ds system
and xplB with the Mutator system.

The transposons are DNA fragments that are able to insert itself, copies of it in the
chromosome or in different chromosomes (Griffiths et al. 1989). Transposons were
first described by Barbara McClintock, when she observed a chromosome 9 breakage
in maize. In the experiment, they observed the excision of the chromosome leaded to
losing one of its extremes where 3 marker genes were located. One of those was the
C gene, which participated in the anthocyanin biosynthesis in the aleurone causing the
”lack of” or spotted pigmentation over different kernels in one ear(Mcclintock 1941). The
excision was due to an element she called Disociation (Ds), further research showed
the Ds needed another element to break or ”jump in” the chromosome, called Activa-
tor(Ac). Both elements integrate the Ac/Ds transposons system, figure 7 (McClintock
1950).

The transposons system consist in an autonomous and a nonautonomous element.
Mostly, an autonomous transposon is composed by a transposase coding region, in-
verted repeated sequences (11bp) and regulatory elements at their extremes. The
autonomous elements codifies for a transposase which allows the TE excision and
insertion during cellular division, meanwhile the nonautonomous element lack of trans-
posase activity due to changes or deletions in the derivative sequences, or due to vari-
ations in the regulatory elements and coding sequences, therefore, it requires an active
transposase to move over the DNA (Du et al. 2011).

When the TE system mobilizes, the transposase cohesively cuts 8bp for Ac/Ds and
8bp forMu DNA strands during insertion, leaving the inserted TE element with inverted
repeated sequences at the end of both extremes. When the nonautonomous element
is mobilized, the result is a footprint that causes DNA damage (Zhang et al. 2009). The
footprint may knock-out a gene expression, lead to the translation of a protein variant or
to gene derivatives with a reduced number of transcripts (Alleman and Kermicle 1993).

There are collections for Ac/Ds and Mu tagging, these collections consist in useful
features to identify and mobilize TE in the maize genome, specifically in one or more
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genes of interest and be able to characterize them (Conrad and Brutnell 2005; Mccarty
et al. 2013).

Figure 7: The TE presence/absence lead to spotted, pigmented or colorless kernels. Modified
from (Griffiths et al. 1989)

Ds mobilization in the ZmxplA mutants

A resource for maize mutant generation is the maize Ac/Ds collection, based in maize
lines containingDs stuck insertions in the genome, only activated by an Ac endogenous
transposase, which can be follow by and an stable immobilized Ac(Ac-im) insertion in
the R1 gene responsible of the anthocyanin synthesis in the aleurone. Each line is
homozygous for a single Ds element. The lines are generated in a W22 background
and the Ds insertions locations are predicted by alignment to the B73 reference Maize
Genome (Conrad and Brutnell 2005; Vollbrecht et al. 2010). This collection database
is available on the Ac/Ds Tagging Database5.

According with the Ac/Ds Tagging Database, the closest Ds spanning the xplA gene
is 1.3kb downstream with a 3’-5’ orientation, the Ds barcode is I.S07.2153 and is in-
serted in the chromosome 8 from 152591422..152597794. Taking advantage of this
genetic tools for reverse mutagenesis, the crosses with this line may promote a Ds in-
sertion in the different gene locations and different possible mutated alleles, in order
to understand the role of xplA in the PtCho synthesis pathway and in the Xpl tissue
specific pattern expression.

5Ac/Ds Tagging:Genome-wide mutagenesis of Maize using Ac/Ds transposons database,
http://acdstagging.org/
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ZmxplB and the 5 lines with different Mu insertions

Different to the Ac/Ds system,Mutator has a higher number of copies and transposition
rate resulting in a major advantage for the pursuit of the gen of interest. The Mutator
elements are the autonomous element MuDR and the nonautonomous element Mu.
The insertions are identified also by seed selection and spotting phenotype (Mccarty
et al. 2013).

There’re two collections for Mutator tagging: TUSC and Uniform Mu (McCarty and
Meeley 2009). The UniformMu collection consist in populations of B73 and W22 with
an partially deleted MuDR element, which can be mobilized by an exogenous MuDR
(McCarty et al. 2013).

According with the Maize B73 genome v3, from the Maize Genetics and Genomics
Database6, there’re 5 homozigous lines carrying a Mu insertion in the xplB gene and
their location in the genome, shown in the table 1. The generation of the different
xplB mutants alleles, may give an insight in differences between transcripts, protein
structure and catalytic activity, or gene regulation. Beside, taken together with the XplA
Ds mutant we could have a bigger picture of the ZmXpl family genes.

Table 1: Mu insertions in xplB (GRMZM2G170400)

Mu insertion Position

mu1015640 162503509 - 162503517
mu1039328 162505952 - 162505960
mu1017886 162507456 - 162507464
mu1015641 162507628 - 162507636
mu1081615 162507659 - 162507667

6MaizeGDB, https:https:maizegdb.orggbrowsemaize_v3name�RMZM2G170400_T01





11

Justification
The triple methylation pathway is themain source for phospholipids biosynthesis, where
the PEAMT enzymes perform three methylations from PE, PMME, PDME to PCho. In
plants, these methylations depend on the 2 PEAMT methyltransferase domains struc-
ture, sequence and arrangement. Although, the PEAMT genes sequence and regula-
tion also influences the PCho biosynthesis.

So far, in Arabidopsis thaliana the PEAMT/xpl genes and proteins are well char-
acterized. The identification and gene expression evidence for xpl genes support the
PEAMT methyltransferase known activity and their relationship with salt, drought, ox-
idative and cold stress. Also, the PEAMT didomain enzymes structure is highly con-
served in different plant species from mosses, monocots and dicots.

Based on this evidence, the AtPEAMT sequences characterization will give an in-
sight in the PEAMT activity in other plants, for example: Zea mays. It’s well know the
relevance of this crop added to the importance of the phospholipid biosynthesis. In
maize, there’re 4 genes predicted as xpl genes with methyltransferase domains. How-
ever, the investigations have been directed to 1 xpl gene (PEAMT1) overexpression
and transgenes generations to approach their use. This gene from the At and Zm
PEAMT sequence analysis, is the less like from AtPEAMT1 and show degradation in
the regulatory elements on the promoter.

For these reasons, in this work, I will characterize the ZmXpl genes and protein
sequences in comparison with the Atxpl evidence to approach their activity, regulation
and conservation, altogether with the generation of Zm loss of function mutants and the
At::Zm transgenes generation for future PEAMT characterizations.
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Hipotesis
The AtPEAMT family genes and proteins characterization will give an insight in the Zm-
PEAMT genes regulation, conservation and their phosphoetanolamine n-methyltransferase
enzymes function.

Objectives

Aim

To characterize the Zea mays phosphoetanolamine n-methyltransferase family genes
(Xipotl, PEAMT) and protein sequences in comparison with the Atxpl family genes, in
order to approach the ZmXpl family genes and proteins function, regulation and con-
servation in maize.

Objectives

The objectives will establish an approach in the Zm PEAMT enzymes characterization:

Analyze the ZmXpl and Atxpl family genes and protein sequences.

Construct transgenes with the Atxpl1 promoter and the ZmXpl coding sequences.

Identify ZmXpl family genes mutants with the transposons system.
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Materials and Methods
Identification of Zm PEAMT genes

Based on latest studies and my confirmation, 3 Zmxpl genes: GRMZM2G06886 (xplA),
GRMZM2G170 400 (xplB) and GRMZM2G122296 (xplC) were identified as homolo-
gous of the Atxpl (PEAMT) family genes based in the Plant Metabolic Network (PMN,
2016)7 (Rodriguez-Gomez 2013). Following this selection and to confirm the recent
sequences versions, I verified the sequences and gene annotations from The Maize
Genetics and Genomics Database with the B73_reference genome V3 8 and download
them from Gramene 9.

I confirmed the At xpl1 (PEAMT) gene paralogous sequence based in Cruz-Ramirez
(2004) work, also the xpl1 sequence and gene annotations from The Arabidopsis In-
formation Resources 10 and downloaded the sequences from The National Center for
Biotechnology Information Database 11. I aligned the AtXPL2, AtXPL3, ZmXPLA, ZMX-
PLB and ZmXPLC sequences with the AtXPL1 sequence using the CLC Genomics
Workbench Version 9.0 12 with the default parameters, in order to confirm the MT do-
mains and SAM binding motifs conservation, shown in Results (Lee and Jez 2013).

At xpl mutants complementation

Plant growth and Tissue collection

To obtain the At xpl 1 promoter, sterilized and treated Arabidopsis thaliana Columbia
0 seeds as described below in AppendixB. Then, the seeds were placed in MS media
A on Petry dishes and were maintained in a growth room for 10 days. The leaves and
roots were collected separately in 1.5 ml tubes and frozen with liquid Nitrogen for DNA
extraction.

For the Zm Xpl family genes CDS cloning, Zea mays B73 seeds were hydrated in
50ml Falcon tubes with distilled water for 48 h. After that, the seeds were grown under

7PMN, https:pmn.plantcyc.org
8MaizeGDB, https:www.maizegdb.org
9Gramene, http:ensembl.gramene.orggenome_browserindex.html

10TAIR, https:seqviewer.arabidopsis.org
11NCBI, https:www.ncbi.nlm.nih.gov
12QIAGEN Aarhus A/S www.clcbio.com



16

normal and low P conditions. The seeds were planted in pots filled with sand and ver-
miculite and were grown in a growth chamber (14h light/20 ◦C, 10h dark/10 ◦C, Percival
Scientific) until the tissue collection. The low P condition was carried with deferential
irrigation with Hoagland nutritional solution adjusted with 1mM (normal conditons) or
0mM (lowP). At the V4 stage, the leaf and root tissues were collected in aluminum
folds, frozen with liquid Nitrogen and kept at -68 ◦C for RNA and DNA extraction.

DNA extraction

The DNA was extracted from the collected At Columbia 0 frozen tissue following a
Phenol:Chloro- form:IAA extraction protocol B. To obtain RNA-free DNA, the samples
were treated with 0.5 µl of RNase A (20mg/ml, Invitrogen) and incubated for 30 min at
37 ◦C. DNA concentration was quantified as described below.

RNA extraction and cDNA synthesis

The RNA was extracted from the collected Zm B73 frozen tissue following a TRizol
(Thermo Fisher Scientific) extraction protocol modified from the technical sheet B. To
ensure DNA-free RNA, the samples were treated with the Deoxyribonuclease I (Ampli-
fication Grade, Invitrogen) to remove possible remained DNA fragments. The protocol
was performed as described by the enzyme technical sheet. After that, to analyze the
integrity of the DNA-free RNA, the protocol was followed using formaldehyde to dena-
ture the RNA, ethidium bromide to stain it, and an electrophoresis through agarose gels
to separate the resulting formaldehyde-RNA-ethidium adducts (Sambrook, Fritsch, and
Maniatis 1989) .

DNA and RNA quantification was determined by spectrophotometry by Nanodrop,
with 50 nm for DNA and 40 nm for RNA. The first strand cDNA was synthesized accord-
ing to the SuperScript™ II RT Thermo Fisher protocol, starting with 5 µl of DNA-free
RNA.

At promoter and Zm CDS amplification

For each of the components, At promoter and Zm CDS, the PCR product was ampli-
fied with a High Fidelity Accuprime Taq polymerase (Sigma-Aldrich) as described in the
technical sheet.
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Table 2: Sequences added to the PCR primers with the recognition sites
and overhangs for the restriction enzyme BsaI

Name RECOGNITION / OVERHANG / Sequence Description
B_At318000F GGTCTCCaGTAGgcagcgatccttacgtcgtcgt Prom At xpl 1
B_At318000R GGTCTCaCCATttcggaaatgtcgtttgtcggga Prom At xpl1
B_Zm060886F GGTCTCaATCAcgcaacgacctaccgtgatg CDS Zm xplA
B_Zm060886R GGTCTCgTCCAtcatttggtggcgatgaac CDS Zm xplA
B_Zm170400F GGTCTCtATGGacaccgtcggcgtccccgtggt CDS Zm xplB
B_Zm170400R GGTCTCgTCCAtcacttggtggcaatgaacaaccccc CDS Zm xplB
B_Zm122296F GGTCTCtATGGccgccgccgccgccgctgtgaat CDS Zm xplC
B_Zm122296R GGTCTCgTCCAtcacttggtggcgacgaacagccccca CDS Zm xplC

The At xpl1 promoter was selected 2kb upstream from the initial codon, ATG, con-
sidering the Upstream Open Reading Frame 30 as part of the promoter sequence. For
the CDS, the enzymes recognition sites and the overhangs were taken as part of the
primer sequences together with ATG’s, prior to Golden Gate two-parts cloning as de-
scribed below. The primers sequences signaling the recognition site, overhangs and
specific Zm Xpl CDS sequences are shown in the Table 2.

Ligation and E. coli transformation

The ligation reaction was realized as described on the Promega protocol for the pGEMt-
easy cloning vector, the incubation was overnight at 4 ◦C. The transformation was
through a modified heat-shock protocol and selected by antibiotic resistance (carbeni-
cillin). The ligation product was added to an aliquot with top 10 Escherichia coli com-
petent cells (Storage at -80 ◦C in 1.5 ml tubes), the tubes were incubated 10 min on ice
and heat shocked at 42 ◦C for 45 s. After that, the tubes were incubated for 5 min on
ice and 200 µl of LB medium were added to the tubes. The transformation product was
incubated and shaken on the Thermomixer for 1 hr at 37 ◦C. On a petry dish with LB
medium and carbenicillin 100 µg/ml, 200 µl of the transformation product were plumbed
and the dishes were incubated overnight at 37 ◦C.

Isolation of Plasmid DNA

The grown colonies resistant to carbenicillin were selected for plasmid isolation, follow-
ing the procedure by Non-Ion Detergents miniprep modified from (Lezin et al. 2011).
To analyze the integrity of the plasmid DNA, quantification was determined by spec-
trophotometry at 50 nm with a Nanodrop. For the confirmation of the ligation, A PCR
with specific primers for the pGEMt-easy vector was performed for each of the At and
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Table 3: Golden Gate ligation construct primers

Name Sequence Description
pSE7F GCGCGCAAACTAGGATAAATT pSE7 backbone

forward primer
pSE7R ACCCTAATTTCCCTTATCGGG pSE7 backbone

reverse primer
B_At18000ZmF TGATGCAGCAGAGAGGACG Fusion site Atprom:Zm/AtCDS

forward primer

Zm fragments and a diagnostic agarose gel was run to check successful assembly.
The vectors confirmed to carry a fragment with the Atprom or ZmCDS lenght, were
sequenced by Sanger at LABSERGEN in Langebio.

Golden-Gate ligation

The DNA Assembly Protocol is based on the Golden-gate protocol described in ap-
pendix B (Emami, Yee, and Dinneny 2013). The assembly product was transformed
into 100 µl of competent E. coli. The cells were plumbed on petry dishes with 20 ml
LB media/agar, 100 µl/ml Spectinomycin, 40 µl/ml Xgal and 100µl/ml IPTG, for colony
selection through color screening. Beside, plasmids were isolated as described above
and the constructs ligation was confirmed by PCR. The strategy consisted in verify by
PCR the fusion between the At promoter and the Zm CDs with the At promoter and the
vector specific reverse primer. The primers were designed flanking the BsaI restriction
sites in the pSE7 vector and the fusion site with an specific At xpl1 promoter primer 130
bp up the Zm Xpl ATG 3.

Agrobacterium tumefaciens transformationwith theAt::Zm construc-
tions

The plasmids confirmed with the construct ligation, were transformed in Agrobacterium
tumefaciens and selected by antibiotic resistance (rifampicin, carbenicillin, and specti-
nomycin) and colony PCR, shown in AppendixB. The transformation was performed
through a modified heat-shock protocol B.
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ZmxplA::Ds and ZmxplB::Mu mutants genotyping

The Zm Xpl mutants genotyping consisted in the PCR based identification of the TE
elements: Ds for xplA and Mu for xplB. Lately in the lab the Ds was mobilized in xplA,
and for xplB, the insertions were identified and started with the seed stock generation
and genotyping (Rodriguez-Gomez 2013).

Plant growth and Tissue collection

For XplA::Ds, the kernels were obtained from 2 different stocks, the first with kernels
of the following rows (individuals): RS46.2 (.1, .2, .3, .4, .5, .6, .7, .8, .9, .10); RS46.3
(.1, .2, .3, .4, .5, .6, .7, .8, .9) and RS46.4 (.1, .2, .3, .4); and the second stock with ker-
nels of self-pollinated individuals: RS16 543.4, RS16 543.8, RS16 543.11 and RS16
545.2. For the seed selection, 25 kernels were taken from each individual of each stock
XplA::Ds. For XplB::Mu, the kernels were obtained from the stock with the mu1039328
insertion, with kernels of the following rows: RS15 4259.1 (.1, .2, .3, .4, .5), RS15
4259.2 (.1, .2, .3, .4, .5), RS15 4259.3 (.1, .2, .3, .4, .5), RS15 4259.4 (.1, .2, .3, .4, .5),
4260.1 (.1, .2, .3, .4, .5). This individuals are the parents for the following rows: RS16
641, RS16 642, RS16 643, RS16 644.

The kernels were hydrated for 48h and grown in 2 lt pots soil under greenhouse
conditions (16 h day with 25-29.9 C, 8 h night with 25-23 C, 75-80% humidity). After
10 days of seedling, for each individual, 0.8 cm rounds pools were collected from the
cotyledon and the first leaf, in 2 ml Eppendorf tubes with liquid nitrogen. Then, the
screening protocol was followed as described above with DNA extraction and PCR
genotyping. If one the pools was confirmed for carrying the TE insertion in the cotyledon
and the leaf, then, each of the plants of the individual was analyzed. For a single plant
screening, half of the cotyledon and half of the first leaf were collected and processed
in the same way.

PCR based strategy for TE identification

Following the strategy already established, first, DNA was obtained from the leaf tissue
collected and the extraction was performed as described above (Salazar-Vidal et al.
2016). Then, the TEs were identified by PCR using specific xpl gene primers and spe-
cific primers flanking the TE extremes in each PCR reaction. The spatial positions for
the TE primers designed are shown in the figure 8. For the ZmxplA::Ds mutants geno-
typing two possible orientations, 3’- 5’ and 5’ -3’, were considered for the Ds insertion.
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Table 4: Primers used to flank the TE: Ds or Mu elements and the respec-
tive specific Xpl gene where is the insertion

Name Sequence

Ds JGp3 ACCGATACGATCCGGTCGGGT
JRS03 CGATCGGGATAAAACTAACAAAATC
JRS01 GTTCGAAATCGATCGGGATA

xplA RS443 CGGTTCCAGCCTATAAATGCCACT
RS440 TTCAAGCAACCAGTGGACATAGCA

Mu Tir 6 AGAGAAGCCAACGCCACGCCTCATTTCGTC
xplB ES001 GACCAATAAGCACAAGATCCACGA

ES002 TTGTATGTGAAGGATGGTGTCACG
ES003 GTTGTGGCACTCTTTCTCCTTGTA
ES004 CCTGTCTTTGCTTCCCTCTTACAA

The PCR programs were performed separately for theDs andMu identification (Set-
tles et al. 2007; Salazar-Vidal et al. 2016). For the confirmation of Ds insertion integrity,
the PCR bands were extracted from the agarose gel following the Quick-Start Protocol
with the Gel Extraction Kit (Quiagen), then, sequenced by Sanger at LABSERGEN.
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Figure 8: The TE primers locations and orientations in the genes: A 3’ - 5’ and B 5’- 3’ Ds orientations for xplA (on
the top), and xplB (on the bottom).
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Results
The At and Zm PEAMTs conserve MT domains

Based on latest studies and my confirmation, 3 Zmxpl genes: GRMZM2G06886 (xplA),
GRMZM2G170 400 (xplB) and GRMZM2G122296 (xplC) were identified as homolo-
gous of the Atxpl(PEAMT) family genes, and selected for the work. The xplD sequence
was predicted only as a methyltransferase enzyme without the 2 MT conserved do-
mains so it was not considered (Rodriguez-Gomez 2013).

The maize ZmXpl sequences were found to encode proteins similar to AtPEAMT1,
including the conserved MT domain, trans-membrane domain (EE) and SAM-binding
motifs (GXGXG). The presence of MT domains in the ZmPEAMT sequences suggested
that the maize proteins have the capacity to perform the three methylation steps. I ex-
amined MT1 and MT2 domains in the maize proteins for evidence of potentially func-
tionally important amino-acid changes in the catalytic domains. I aligned At and Zm
PEAMT MT domains, finding ∼70% similarity between the Atxpl and ZmXpl MT1 do-
mains and ∼80% for the Atxpl and ZmXpl MT2 domains. The ZmxplA and ZmxplB
resulted in a good alignment with a 93.5% similitude in comparison with the Atxpl1MT1
domain with just one none conservative mutation H164Y, and 100% with conservative
mutations for the MT2 domain. Similar with the Atxpl1 and Atxpl2 di-domain with a
100% of similitude with conservative mutations between Valine, Leucine or Isoleucine.
Disregarding the fact that xpl3 and XplC aa’s sequences had fewer similitudes and
pointed mutations in both domains, showed in figure 9.

Figure 9: The At and Zm PEAMT family genes conserved domains.

Initially, as described above, xpl D was predicted by the PMN to be another Zmxpl
homologous gene. However, from 23 transcripts that I obtained from MaizeGDB for
xplD coding sequences, none of the translated ORFs resulted on a PEAMT sequence,
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neither to a conserved SAM binding motif. So, after a nucleotide blast, this gene re-
sulted in a probable methyltransferase for maize, rice, and sorghum and it was dis-
carded for the experiments. I uploaded the sequences and alignments to a GitHub
repository 13.

Figure 10: The At and Zm PEAMT phylogeny.

After the confirmation of the PEAMTMT domains conservation in maize, we decided
to investigate the presence of uORFs in maize due to their conservation and possible
divergence in ZmPEAMT regulation. With this in mind, I aligned the uORFs to search
for differences in the sequence of this regulatory element, shown in the figure 11. The
uORFs conserve the the aa’s reported previously for Atxpl1, and the more similar is the
ZmxplA uORF, but for ZmxplB the R6L, S7A, R10C mutations varies from the ZmxplA,
Atxpl1 and Atxpl2; and the ZmxplC uORF appeared not related (Alatorre-Cobos et al.
2012).

Figure 11: The At and Zm PEAMT family genes conserved uORFs peptides.

13Sawers-Rellan Labs, GitHub organization: https://github.com/sawers-rellan-labs/Sofia-Thesis
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The results showed a few synonymmutations in the Zm XPLA and Zm XPLBMT do-
mains, which either those mutations could’ve affected the protein and its regulation, or
could not affect the PEAMT function and resulted in both enzymes capable of perform-
ing the three methylations. This scenario opens the possibility of ZmXpl redundancy or
the tissue-specific expression and modifications in the regulatory mechanism for both
genes. This could be probed with the complementation experiment, if both PEAMTs are
able to perform the three methylations like At xpl1 then, the At xpl1 mutants could re-
cover the wt phenotype, and if the enzymes activities are enough to catalyze the follow
methylations, then the Atxpl1,2,3 triple mutant may recover the phenotype.

At xpl 1,2,3 mutant phenotype in contrast with xpl 1

To understand the role of each gene in the PtCho biosynthesis pathway, the Atxpl genes
were mutated and it resulted in differences between xpl mutants root length, this result
also was shown in the Lee and Jez (2017) work. In order to analyze the At xpl mutants
before the complementation experiment, I grew the other xpl mutants to observe their
phenotype. For the simple mutants besides the characterized xpl1, I observed slight
differences in comparison with the Wt, the xpl2 had a larger root and the xpl3 had a
shorter root than the Wt. Meanwhile, the triple mutant had a smaller root than xpl1,
shown in figure 12. With this characterization, I had a scale for comparison with the
transgenic resulted plants.

Figure 12: WT plants, At xpl1, xpl2, xpl3, and xpl1,2,3 mutants. Scale bar 0.5cm.

The triple mutants also appeared to have a slower growth in comparison with the
simple mutants (data not shown) and they also showed aborted or aberrant embryos,
this phenotype seemed to be more severe in the xpl1 and xpl1,2,3 mutants in com-
parison with the xpl2 and xpl3 mutants. In addition to the aborted xpl1,2,3 embryos,
different abnormalities were observed in the embryos, like a smaller ratio, lack of color
(albinos) and amorphous ones, as shown in the figure 13. Further work, must be done
to have quantitative data for the xpl mutants.
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Figure 13: WT, At xpl1, xpl2, xpl3, and xpl1,2,3 mutants; siliques and embryos.

The generation of At::Zm xipotl A and B constructions to analyze
their PEAMT function

I amplified the xpl 1 promoter from At genomic DNA, I designed the primers to amplify
2,000 bp length upstream the initial codon. And for the CDS, due to the variation in
the length of the coding regions, I selected and amplified the transcripts with ∼ 1,500
bp, based on the At PEAMT CDS length, 1,476bp. Also, I amplified the Zm Xpl genes
coding sequences (CDS) from RNA extracted from B73 leaves and roots tissues, ac-
cording to the gene expression during development data at the Gene Atlas, available
in Maize GDB. For the tissue collection, I grew the plants under low P conditions as
described in Materials and Methods. I amplified the Zm xplB CDS from B73 leaf tissue
RNA and the Zm xplC CDS from root tissue RNA. Even though I found Zm xplA CDS
in both tissues, it was more expressed in root tissue. I verified the RNA and cDNA
integrity by running agarose gels, shown in the figure 14.

Figure 14: Zm B73 RNA and xplA CDS expressed from B73 cDNA in leaf and root tissue from
plants grown in standard and low P conditions (10mM)
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I ligated each of the PCR products and cloned them in E. coli competent cells. I
analyzed the clones obtained for ZmxplB by PCR to confirm the ligation, and send
them to sequencing by Sanger to confirm the CDS integrity; both procedures were
described in MnM. For technical reasons, I named the colonies obtained from ligation
and E. coli transformation after sequencing. From ZmxplB 2 clones (Zmxplb1_F03 and
Zmxplb2_H03) were analyzed by PCR giving a ∼ 1,750bp length fragment and then
sequenced, due to the alignment % similitudes with B73 xplBCDS sequence, I selected
the ZmxplB2_H03 to continue the experiments. The ZmxplB2_H03 plasmid sequence
alignment resulted in 1,488bp matches and 12 mismatches (with 6 deletions and 6
bp changes). In order to verify that the mismatches didn’t change the PEAMT codon
sequence, I translated the CDS ORF and the conserved MT domains didn’t change.

xpl 1 At3G18000

xpl A      GRMZM2G060886

xpl B      GRMZM2G170400

xpl C      GRMZM2G122296 

Zm CDSAt promoter

::

xpl 1 At3G18000

::
At CDS

xpl 1            At3G18000

At promoter

xpl A CDS

pSE07  
Atp::ZmCDS

10,145bp

Figure 15: The constructions were built with 2 blocks with the At prom and the Zm CDS.

To follow the experiment, I assembled constructions with two-blocks containing the
At xpl1 promoter and the CDS of each of the ZmxplA and ZmxplB. The constructions
were assembled with the Golden Gate cloning strategy. For the control, I also assem-
bled constructions with two-blocks containing the At xpl1 promoter and CDS, this to
confirm that the assembly system didn’t affect the constructs or the PEAMT resulting
function. In the figure 15, there’s a representation of the constructions with At and Zm
blocks, and the cloning vector I ligated with the xplA CDS. The vector has a mcherry
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cassette that gives red fluorescence in the transformed seeds (blue), the At xpl1 pro-
moter (green), the xplA CDS (yellow) and the representation of the primers I designed
to verify the ligation sites and the At::Zm fusion sites (Emami, Yee, and Dinneny 2013).

To verify the vector-blocks assembly, I designed vector-specific primers to flank the
At promoter beginning and the end of the Zm CDS, and to verify the correct fusion
between the At promoter and Zm CDS, I designed a specific primer in the At promoter,
including the Atxpl1 uORF, 130bp up the Zm Xpl ATG. The E.coli transformed colonies
were confirmed to carry the At and Zm blocks by PCR. The fragments amplified within
the At promoter and the Zm CDS had a ∼1,700 bp length, and as a negative control,
the specific pSE07 primers amplified a ∼700bp fragment if the fusion didn’t success.
So far, I transformed Agrobacterium competent cells with the following constructions:
Atp::ZmxplA, Atp::ZmplB and Atp::Atxpl1. The Atxpl mutants transformation will remain
as a perspective.

The ZmXplmutants will give an insight in the tissue specific expres-
sion

Beside the Zm PEAMT function, it’s still missing the different pattern expression for
these genes. For this reason, the generation of individual Zm Xpl mutants is so impor-
tant, first, we could’ve different phenotypes and genotypes of each gene and under-
stand their role and the plant. So far in the laboratory, we had the stocks described in
the Introduction and I continued with the ZmxplA and ZmxplB genotyping.

An insertional ZmxplA::Ds mutant

For the genotyping, I grew seedlings from the seed stocks for Zm xplAmutants identifi-
cation by the Ac/Ds transposon system. I confirmed plants from 10 individuals analyzed
from RS16 46.2, 9 from RS46.3 and 4 from RS46.4, to carry have a Ds insertion, all
from Cornell. From each stock I selected the seed from its dosage and discarded the
possible revertants, I hydrated them for 2 days, grew the seedlings for 10 days, and
extracted DNA from the cotyledon (A) and the first leaf (B) to confirm by PCR if the
insertion was in both. Then I performed the identification by PCR flanking the Ds as
described in MnM.

I identified the Ds in each of the Cornell seed stocks, in the 2nd intron (1075bp
length) after the PCR resulted in complementary fragments with the xplA specific primers
and the DS primers: JRS03-RS440, ∼1300bp, and JGP3-RS443, ∼600bp. Due to the
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Figure 16: For the DS identification, we selected leaf (B) and the cotyledon (A) tissue from each
seedling of each stock grown under greenhouse conditions.

amplification with the JRS03 primer, the Ds was confirmed for a 5’ to 3’ direction and it I
track its location in the second intron as shown in figure 17. The map shows a proximal
Ds location in the xplA gene, the 5’ and 3’ UTR are represented with green arrows,
CDS (exons) with a truncated yellow arrow, introns with blue and the primers with red.

Figure 17: Up. The Ds insertion was identified in the 2nd intron. Down.xplA::Ds ear and
sequencing

I corroborated the insertion by sequencing the PCR product with the specific Ds
and xplA primers. First, I blasted the out-come sequences to confirm the amplification
of the xplA gene, and then, to identify the Ds location in the gene, I aligned the Ds
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sequences with the xplA sequencing print out, with both senses. Here I present the
JRS03 sequencing print out and the signpost of the xplA gene. From the ZmxplA::Ds
mutants to carry the insertion, 3 plants were grown in greenhouse conditions till flower-
ing and back-crossed with T43 as male, to continue the allele segregation. The figure
17 shows an ear obtained from that crosses, which still show the spotted purple/yellow
pattern given by transposase doses.

I also genotyped 25 self-pollinated plants obtained from the second stock rows:
RS16 543.4, RS16 543.8, RS16 543.11 and RS16 545.2 and were confirmed to carry
the same Ds insertion. The next image shows the electrophoresis gel with the amplified
fragments proposed to carry the same insertion as the Cornell stock. Further work
would be needed to confirm by sequencing the insertion in the other seeds stocks, their
Ds direction and to analyze if there’d more alleles for this xplA::Dsmutants. Beside the
Ds mobilization in the gene to get an insertion in a codifying region or in the uORF
sequence.

An insertional Zm xplB mutant

Five alleles withMu insertions were recently identified for the Zmxpl::Mumutants, Rodriguez-
Gomez (2013) started with the mu1039328 insertion stock genotyping and I continued
with it (Rodriguez-Gomez 2013). For the genotyping, I selected seeds from the men-
tioned stock and I selected 5 individuals from each row: RS15 4259.1, RS15 4259.2,
RS15 4259.3, RS15 4259.4, 4260.1. I followed the same protocol from ZmxplA::Ds
genotyping for the seed selection, tissue collection, DNA extraction, and PCR based
identification.

I confirmed an insertion in the individuals analyzed from the stock segregating for
the mu1039328 insertion genotyped. I identified the insertion in the 4th exon (138bp).
If the footprint resulted in a stop codon, the protein would’ve 111 aa’s length, with half
of the MT1 domain leaving it with the I and post-I SAM binding motifs.

These individuals are the parents of the following individuals: RS16 640, RS16 641,
RS16 642, RS16 643. As the insertion was confirmed in the stocks, 15 seeds from
these individuals were sown to propagate seeds and were out-crossed with CML312
background (Winter 2016, Puerto Vallarta, Mx).

Further work must be done for the generation of the remaining Mu alleles. Inter-
estingly, the mu1015641 insertion is located in the uORF, there’re seed stocks for this
mu insertion: RS15 990, RS15 991, RS15 992, RS15 993, RS15 994, which weren’t
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Figure 18: The Mu insertion genotyped is located in the 4th exon.

included in this work. However, this mutation could lead to the understanding of the
post-transcriptional regulatory element.
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Discussion
Summarizing, PtCho could be synthesized by the methylation pathway where PE is
triple methylated by PEAMT (XIPOTL, xpl) to PCho and then is transferred to diacyl-
glycerol resulting in PtCho. The PEAMT enzyme is highly conserved in plants and its
biochemistry is well known; with this in mind, this work was focused in the analysis of the
Zm Xpl orthologous genes related to the PtCho biosynthesis, the enzymes sequences
analysis between the ZmMT similitudes with the AtMT domains and their possible role
in the plant. Owing to the fact of the uORF conservancy for 2 Zmxpl genes and the
tissue-specific expression patterns.

In Arabidopsis, there’d 3 PEAMT homologous genes and, for Zm, 4 genes were
predicted by homology for a PEAMT enzyme. From the 4 genes, 3 of them (xplA, xplB,
and xplC) present the 2 MT domains sequences and a complete/partial uORF, so the
4th gene was discarded as a PEAMT enzyme, nevertheless it was cataloged as a pos-
sible methyltransferase and it could have a different role in the PtCho metabolism.
.

To understand the role of each gene in the PtCho biosynthesis pathway, as de-
scribed above, the Atxpl mutations resulted in differences between xpl mutants root
length (Cruz-Ramírez et al. 2004; Alatorre-Cobos et al. 2012). This result also was
shown in the Lee and Jez (2017) work. Even though this differences didn’t appear sig-
nificant, this may help us to determinate the ZmXpl genes complementation effect on
the plants.

Surprisingly, the xpl2mutant showed less abnormal siliques and embryos in contrast
with the xpl1, besides the fact that this gene is highly expressed in the leaves, the
regulation between vegetative and reproductive tissues is different for PEAMTs, and
xpl1 could be more related in development (Lee and Jez 2017). The triple mutants also
appeared to have a slower growth in comparison with the single mutants and they also
shown more aborted or aberrant embryos. Even though the mutants were able to grow
till flowering, they appeared to be more sensitive to stresses, this shows the importance
of PEAMT in the early development and how the lack of the PEAMTs enzymes lead to
alternatives routes that compensate the PtCho synthesis, but still the lack of PtCho
ends up delaying flowering (Gibellini and Smith 2010; Nakamura et al. 2014).
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The ZmandAtMTdomains similitudesmay approach the ZmPEAMT
biochemistry and methylation activity

From the PEAMT sequence analysis, first it was hypothesized that the PEAMT func-
tion resided in the MT domains, however, the similitudes between the xpl1 and xpl2
domains followed to propose that xpl2 could also perform the first methylation step
(Cruz-Ramírez et al. 2004; BeGora et al. 2010; BeGora et al. 2010; Nuccio et al. 2000).
Then, recently in an independent work, the 3 At PEAMTs were functionally character-
ized and it showed that the three At PEAMTs are able to use pEA, pMME, or pDME and
SAM as substrates and there’s no difference in the preference between them; so, the
methylation activity resides in the protein structure. In the AtPEAMT1 the MT domains
are oriented side-by-side, whereas in the AtPEAMT2 they have a crossed orientation
removing a substrate binding site, as an approach in understanding why xpl1 PEAMT1
performs the first step in the methylation, and xpl2 and xpl3 the following (Lee and Jez
2017).

The PEAMT function resides in the Tyr131 and Tyr254 however, the mutagenesis
of this residues didn’t change the AtPEAMT2 preference for PEA (Lee and Jez 2013;
Lee and Jez 2017). In previous work, the xpl2 protein showed a lack of 16 aa’s in the
N-terminal region and it was the reason attributed to the AtPEAMT2 lack of first methy-
lation step, which differs from the sequences selected for this work (BeGora et al. 2010;
Lee and Jez 2017). So far, there’s still research to do in order to address the protein
structure involved in the methylation activity between PEAMTs, starting with a protein
prediction for the Zm PEAMT sequences.

From the At and Zm PEAMT aa’s analysis, the xplA and xplB MT1 domains were
highly similar with AtPEAMT1 MT1 domain, which could lead to both enzymes able to
perform the triple methylations and even though both genes have similar MT domains,
the ZmxplB uORF had punctual mutations compared with the ZmxplA. The out frame
mutation in the xpl B MT1 domain may have caused a variation in the PEAMT function
leaving a partial enzyme activity with a functional MT2 domain, besides it could have
a modification like AtXPL2 (Lee and Jez 2017). This could be partially probed with the
heterologous complementation experiment, where, if the xplA and xplB CDS complete
the phenotype of the xpl1 mutant, then there would be 2 enzymes with functional di-
domains and probably they could have diverged between the regulatory mechanisms,
out-coming in two functional PEAMT spatially differentiated in the plant or leaded to
gene redundancy.
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In order to complete a whole perspective of the ZmXpl role in the plant, the gen-
eration of the homozygous mutants will probably show a similar mutant phenotype to
the Atxpl mutants. In the case of ZmxplA::Ds mutants there’d be expected a short root
phenotype like the At mutant, and for ZmxplB::Mu, the leaves and shoot would be more
affected. If xplA and xplB PEAMTs had tissue-specific expression this will leave xplC as
the only PEAMT able to methylate PMME to PDME in maize. It showed the less similar
MT domains sequences as the other ones, which could lead to a possible scenario like
xpl3 with a possible PEAMT subfunctionalization. Even though xplC showed the lowest
expression at the Maize Atlas, it appears to get overexpressed under NaCl stress (Wu
et al. 2007; Panchy, Lehti-Shiu, and Shiu 2016). The role of this gene would be demon-
strated by the generation of ZmxplA;B double mutants, either in the PtCho biosynthesis
pathway, the uORF regulatory mechanism or in the tissue-specific scenario.

The uORFs could lead the tissue-specific expression

This enzyme its related in the lipids biosynthesis, it has different regulatory levels and
due to it’s relevance and conservation in plants, several investigation explored PEAMT
regulation (Cruz-Ramírez et al. 2004; Nuccio et al. 2000; Charron et al. 2002; Be-
Gora et al. 2010; Tabuchi et al. 2006; Jost et al. 2009; Wu et al. 2007; Lee and Jez
2013). The Atxpl1 uORF30 is highly conserved including the two ZmxplA and ZmxplB
genes (Alatorre-Cobos et al. 2012; Rodriguez-Gomez 2013). It’s in charge of the post-
transcriptional xpl1 mORF repression and its biochemical regulated by Cho, PCho and
the PtCho break-down metabolites, like PA (Thompson 1980; Craddock et al. 2015;
Eastmond et al. 2010).

The uORF sequence alignment showed that the Zm Xpl uORFs share a 50% simil-
itude with the At uORF30. From the Atxpl uORFs, the xpl1 and xpl2 only differ in 2
aa’s, and as mentioned above the PEAMT structure doesn’t seem to fully affect the
MT1 function in the Atxpl1 PEAMT; so, this slight difference could lead to changes in
the PEAMT regulation. Also for the ZmXpl uORFs, as expected, the ZmxplA uORF is
more similar with Atxpl1 than with ZmxplB, discarding xplC uORF due to the minimum
homology percentage. Even if each of the At xpl and Zm Xpl genes can’t be confirmed
as orthologous, this could give an insight into their regulation besides the uORF in the
Zm Xpl genes.

Lately, xpl1 uORF was studied with transient expression and the mutated uORF
resulted with a GUS ∼ fold higher expression than the Wt PEAMT promoter construc-
tion. Also, besides the uORF mutation, the GUS construction was more expressed in
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roots than in leaves (Craddock et al. 2015). This supports the tissue-specific regulation
and expression for the xpl family genes, not only for At but for Zm genes, whereas the
Xpl diverse expression within tissues may rely on the uORF regulation. Also, Cho and
PMME were reported as rate-limiting steps in the PCho synthesis pathway, showing
that the synthesis of this substrates allosterically regulates PEAMT expression causing
the decrease in the mRNA (Nuccio et al. 2000).

It’s not completely understood the xpl uORF regulatory mechanism. However, as
an approach in a heterologous system, the Zm AtHB1 homologous uORF represses
the AtHB1mORF (Ribone et al. 2017). This uORF is conserved and tissue-specific
expressed upstream the AtHB1, which represses the mORF by stalling ribosomes.
Considering this, leading to the possibility of the same scenario for the ZmXpl uORFs
regulatory, there’s a chance to predict a similar mechanism for the Zm xplA uORF post-
transcriptional regulation and evidence to support the At::ZmXpl heterologous system
(Alatorre-Cobos et al. 2012; Ribone et al. 2017).

To give an approach of the uORFs and its specificity between genes, taking advan-
tage of the Ac/Ds and Uniform Mu stocks, the generation of the 2 ZmxplB::Mu mutant
alleles will provide the basis to observe if it affects the same way the phenotype like a
loss-of-function mutant. Also, with the generation of loss-of-function ZmxplA::Ds mu-
tants, the crosses between this lines with a functional ZmxplA uORF and a functional
ZmxplB mORF, would probably show the uORFs specificity for each gene, and if there
are variations in the phenotype due to the probable tissue-specific expression.

TheXpl genes could result fromMT, gene orwhole genome
duplication events

There’re 3 types of PEAMT enzymes and due to its ancestry and function it’s hypoth-
esized plant type I, with 2 functional domains, is the ancestor of the 2 other types; the
type III found in nematodes share 2 domains however one is functional meanwhile it
conserves a vestigial form of the other, and the Plasmodium falsciparium type II with
1 functional domain able to perform the 3 methylation steps (Lee and Jez 2013). The
evolutionary path between the plant type I and the nematodes type II is not fully un-
derstood, however, the comparison between this PEAMTs could give an insight in the
structural and catalytic domains involved in the first methylation step. With this, the aa’s
mutation in the plant PEAMTs would discard the unrelated functional motifs.
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The evolution from the plant PEAMT to the nematodes PEAMT also would give an
insight in the genes divergence, somehow the At xpl genes codify a PEAMT with 2
functional domains (xpl1, MT1 and Mt2,), and 2 with one ”vestigial” domain (xpl2 and
xpl3,a ”vestigial” MT1 and a functional MT2). The amino acid changes in the xpl genes
suggest the loss-of-function for the first methylation step, and this would resulted in
gene redundancy between the xpl genes with a functional MT2 domain, for most plants
(Alatorre-Cobos et al. 2012; Sato et al. 2016; Lee and Jez 2017). The gene redundancy
for xpl2 could’ve resulted after the genome duplication and the xpl3 from a gene dupli-
cation of xpl2 or xpl1 (Nuccio et al. 2000; Ganko, Meyers, and Vision 2007; Panchy,
Lehti-Shiu, and Shiu 2016).

Due to the PEAMT conservancy and probed existence in algae, the comparison
with Clamydomonas asymmetrica could give us an approach to the ancestry between
the At and Zm PEAMTs, where the phylogenetic trees resulted in different events for
the At and the Zm PEAMTs, with 2 separated clusters for both At and Zm (Sato et al.
2016). Even though the distance between them varies, they seemed to share a pattern
besides the differences reside in the divergence events. For At, the ”nearest” gene
to C. asymmetrica is xpl3, meanwhile for Zm is xplB. From the trees, in maize xplB is
the one that diverged equally than xplA and xplC. In terms of structure and sequence,
xplA and xplB are more similar and so far beside regulation, theoretically, the xplA and
xplB PEAMTs may have a similar function as result of a whole genome duplication (Lee
and Jez 2013; Panchy, Lehti-Shiu, and Shiu 2016). Both genes somehow were ho-
mologous, nevertheless, the key to understand both enzymes reside in the regulation.
Compared with xplA and xplB, xplC has a PMEAMT function, its uORF is highly ”de-
graded” and is less expressed in the plant, therefore, xplC could’ve been a duplication
from any of the Xpl genes.

Supposing, the Zm xplA and xplB PEAMTs could achieve the 3 methylations would
result in gene function equivalency then, gene redundancy could be proposed once the
mutation rates are probed to be equivalent for both genes (Vision, Brown, and Tanksley
2000; Panchy, Lehti-Shiu, and Shiu 2016). Nevertheless, the sequence relatedness
may not be sufficient, like the At xpl2 can’t perform the methylation from PEA even
though the Mt1 is highly similar to At xpl1, so as in Zea mays, the PEAMTs could’ve
different regulation within leaves and roots (Lee and Jez 2017). Related to genes prod-
ucts with the same function, some proteins from the phospholipid synthesis pathways
act redundantly like the phosphatidic acid phosphohydrolases: PAH1 and PAH2, which
represses the phospholipid biosynthesis in the ER (Eastmond et al. 2010).
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By predicting the PEAMTs isoforms in maize, we could come close to the proteins
structures where the PEAMT mutations may elucidate the ancestry of the proteins con-
sidering maize had duplication events earlier than At (Panchy, Lehti-Shiu, and Shiu
2016). So, with the protein model we could have an approach of its structural and
(perhaps) the catalytic domains, in comparison with At PEAMTs, followed by the plant
PEAMT species analysis from algae to angiosperms, this could result in different sce-
narios to understand the presence of the 2 MT domains, whether the divergence be-
tween the evolutionary paths was a result of an MT duplication, a gene duplication or
a whole genome duplication event (Vogel, Teichmann, and Pereira-Leal 2005; Nacher,
Hayashida, and Akutsu 2010; Sato et al. 2016; Lee and Jez 2017). Finally, how
the plant PEAMTs diverged in 2 different types with 1 functional domain, product of
2 merged domains, able to perform the 3 methylation steps, and another where an MT
with loss-of-function resulted in a vestigial PEAMT domain.
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Perspectives
The motivation for this work was to analyze the Zea mays Xipotl family genes and have
an approach to their role in the plant.

In order to elucidate the Zm PEAMTs biochemistry, an approach could be done by
analyzing the protein sequence and predicting the isoforms structure and catalytic do-
mains in comparison with the At PEAMT. Additionally, enzymatic assays and go further
with the complementation experiments At::Zm for each of the Xpl genes will give an
insight in their methylation activity.

However, their role in maize would be exclusively determinate by further work with
the generation of the single and double Zm Xpl mutants.The generation of a double
ZmxplA::Ac and ZmxplB::Mu will lead to understand this genes role in the plant, in
the methylation pathway and, to elucidate the ZmxplC gene function and performance.
Along with the identification of uORF XplB and XplA mutants with the transposons sys-
tems, to analyze post-translational regulation. Beside, the generation of loss-of-function
ZmxplA mORF mutants, loss-of-function ZmxplB uORF mutants and the crosses be-
tween them, would probably elucidate the uORFs specificity and regulation, and if
there’s variations in the phenotype due to the probable tissue specific expression.

Additionally, to understand the tissue specific expression, the Xpl genes expression
might be analyzed in the Zmmutants, joined with the analysis of different phospholipids
species and cell imaging to analyze membrane damage; in different developmental and
vegetative stages, in leafs and root tissues. The generation of post-translational mu-
tants would also support tissue specific expression (at least in an heterozygous system
At::Zm) and will approach the PEAMT location in the plant.

Beside the PEAMT biochemistry and regulation analyses, understand the evolu-
tionary path for the MT domains generation and PEAMT divergence, could outcome
with the PEAMT sequences phylogenetic analysis including the groups involved in the
evolution of plants: algae, bryophytes, seedless vascular plants, gymnosperms, an-
giosperms, monocots and dycots.
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A Murashige and Skoog medium
The Ms media was obtained from Sigma Aldrich, the preparation was followed as de-
scribed in the protocol with 4.4 g of powder required to prepare 1 L of medium.

Table A.1: Murashige and Skoog Media

Components mg/L
Ammonium nitrate 1,650.0
Boric acid 6.20
Calcium chloride (anhydrous) 332.20
Cobalt chloride hexahydrate 0.0250
Cupric sulfate pentahydrate 0.0250
Disodium EDTA dihydrate 37.260
Ferrous sulfate heptahydrate 27.80
Glycine 2.0
Magnesium sulfate (anhydrous) 180.70
Manganese sulfate monohydrate 16.90
myo-Inositol 100.0
Nicotinic acid 0.50
Potassium iodide 0.830
Potassium nitrate 1,900.0
Potassium phosphate monobasic 170.0
Pyridoxine hydrochloride 0.50
Sodium molybdate dihydrate 0.250
Thiamine hydrochloride 0.10
Zinc sulfate heptahydrate 8.60
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B Described protocols employed
Arabidopsis seeds esterilization

First, hydrate them for 30 min in 1.5 ml tubes and maintained in absolute EtOH for 1
min. After that, the seeds were washed with a detergent solution (Tween 0.001% and
Sodium hypoclorithe 30%, absolute EtOH) and rinsed 6 times with 1 ml of sterile MQ
water, discarding the residues between each rinse.

To break the dormancy process, the seeds were kept at 4 ◦C for 48 h.

DNA extraction

The collected Zm and At frozen tissue ( 50mg) was ground in 2ml tubes with 5mm
stainless steel balls with the Retsch tissue lyser, for 30 s at 30 rrpm. Forward, 500 µl of
UEB1 buffer (Urea, 5MNaCl, 1M Tris HCL pH 8, 20% sarkosyl, 0.5MEDTA) were added
the the tubes containing the ground frozen tissue, andwere heated at 68 ◦C for 10min on
a Thermomixer. The supernatant was transfered to a 1,5 ml Eppendorf tube and 400 µl
of equilibrated Phenol:Chloroform:IAA (...) were added, the tubes were shaken a for 30
min at 1000rpm at room temperature. After that, the tubes were centrifuged at 13krpm
at room temperature for 10 min. The aqueous upper phase was transfered to a new
tube and the were added 40 µl of 3M NaOAc pH 5.2 and 450 µl of 100% isopropanol.
The samples were mixed gently and stored for 1 h at -20 ◦C, then centrifuged at 13krpm
at room temperature for 10 min. After discarding the supernatant, 250 µl of 70% EtOH
were added and once again centrifuged at 13krpm at room temperature for 5 min. The
EtOH was removed and the samples were left air dry until any dopplet could be seen.
The DNA was resuspended in 45 µl TE (Tris, EDTA).

RNA extraction

For the RNA extraction, 50 mg of frozen leaf/root tissue were ground with sterilized
mortars and collected in 1.5 ml tubes. Then, it was added 1 ml of TRIzol (Thermo
Fisher Scientific) and was incubated at room temperature for 10 min. After that, 200 µl
of chloroform were added to the tubes and mixed by immersion at room temperature
for 3 min. The tubes were taken to centrifuge at 13 krpm for 10 min at 4 ◦C, removing
the aqueous (upper) phase and placing it in a new tube. For the RNA precipitation, 300
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µl of 100% isopropanol were added to the tubes and were placed for 20 min at room
temp. Following, the tubes were taken to centrifuge at 13 krpm for 10 min at 4 ◦C. The
supernatant was discarded and for the wash, 1 ml of 70% EtOH was added and the
tubes were taken to centrifuge at 13krpm at 4 ◦C for 5 min. Finally, after removing the
EtOH and air dry, the RNA was resuspended in 100 µl of sterile MQ water. For RNA
precipitation, the tubes were stored overnight at 4 ◦C. After that, they’re centrifuged at
13krpm at 4 ◦C for 15 min and the RNA was resuspended in 100 µl of sterile MQ water
with 10 µl of 3M sodium acetate pH 5.2 and 250 µl of absolute EtOH. The tubes were
stored for 2 h at -20 ◦C and centrifuged at 13krpm at 4 ◦C for 5 min. For the washes, 1 ml
of 70% EtOH was added and taken to centrifuge at 13 krpm for 5 min. After removing
the EtOH, the RNA was resuspended in 40-50 µl of sterile MQ water.

Super Script II Retrotranscriptase (Thermo Fisher) for
first strand cDNA synthesis protocol

The following components were added to a nuclease-free PCR tube: Oligo(dT) (500
µg/mL), 5 µg of total RNA, 1 µL dNTP Mix (10 mM each) and sterile distilled water to
12 µL. The mixture was heated to 65 ◦C for 5 min and quick chilled on ice. After that,
5X First-Strand Buffer and 4 µL, 0.1 M DTT were added to the tubes and mixed gently.
The tubes were incubated at 42 ◦C for 2 min. Then, 1 µL (200 units) of SuperScript II
RT was added and mixed gently by pipetting. The tubes were incubated at 42 ◦C for
50 min. Finally, the reaction was inactivated by heating at 70 ◦C for 15 min. For better
results, a thermal cycler program was used for the heating, incubation and inactivation
steps.

Isolation of plasmid DNA

A bacterial pre-culture with selected colonies in LB medium with carbenicillin 100 µg/ml
was incubated for 3 hrs at 37 ◦C, then 1.5-2 ml of bacterial cultures were pelleted at
6000-7000 rpm for 1 min. After discarding the supernatant, 150 µl extraction buffer
(5% sucrose, 20–50 mM EDTA, 50 mM Tris pH 8, 0.75 M NH4Cl, 0.5% IGEPAL CA-
630 (or Triton X-100), lysozyme 100 µg/ml, and RNase A 25 µg/ml) were added and
the pellet resuspended. The bacterial suspension was incubated at 65 ◦C for 5 min and
centrifuged at 14 krpm for 10 min, the pellet was removed with a toothpick. To the
tubes with the supernatant, 100-120 µl of isopropanol was added, followed by mixing
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Table B.1: Golden Gate assembly reaction program

Temp ◦C Time
37 ◦C 3:00

25 cycles 16 ◦C 4:00
50 ◦C 5:00

1 cycle 80 ◦C 5:00

and centrifugation of the solution at 7000 rpm for 10 min at RT. After discarding the
supernatant, the DNAwas centrifuged after adding 70%ethanol. Ethanol was removed,
and the DNA pellet was dissolved in 20-50 µl TE buffer.

Golden gate assembly protocol

The following components were added to a nuclease-free PCR tube: 100 ng of the
linearized vector backbone (pSE7 for BsaI, pMO42 for SapI), 1.5 µl 10X NEB T4 Buffer,
0.15 µl 100X BSA, 1 µl BsaI, 1 µl NEB T4 Ligase (2 million cohesive end units / mL) and
sterile distiled H20 to 15 µl. The assembly reaction was performed in a thermocycler
as described in Engler 2009:

Agro transformation

Add 1 µg of plasmid DNA constructions to a 100 µl Agrobacterium aliquot Freeze in
liquid N2 for 5 min Heat-shock at 37 ◦C for 25 min Add the Agros to 1 ml of YEB medium
in a 15ml falcon Incubate at 28 ◦C for 3 h Plumb 100 µl the Agros on petry dishes with LB
medium and rifampicin, carbinicillin and spectinomycin at 100 µg/ml Incubate at 28 ◦C
for 48 h
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C Arabidopsis promoter and Zea mays sequences
Arabidopsis

xpl 1 (At3G18000) promoter sequence
xpl A (GRMZM2G886060) CDS sequence
xpl B (GRMZM2G170400) CDS sequence
xpl C (GRMZM2G122296) CDS sequence
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D Zm Xpl gene expression

Anthers_R1
Base_Stage2_Leaf_V5
Base_Stage2_Leaf_V7

Brace_Roots_Node6_V13
Coleoptile_GH_6DAS

Crown_Roots_Node4_V7
Crown_Roots_Node5_V13

Crown_Roots_Node5_V7
Crown_Roots_Nodes1.3_V7

Eighth_Leaf_V9
Eleventh_Leaf_V9

Embryo_16DAP
Embryo_18DAP
Embryo_20DAP
Embryo_22DAP
Embryo_24DAP

Endosperm_12DAP
Endosperm_14DAP
Endosperm_16DAP
Endosperm_18DAP
Endosperm_20DAP
Endosperm_22DAP
Endosperm_24DAP
First_Internode_V5

Fourth_Internode_V9
Immature_Cob_V18

Immature_Leaves_V9
Immature_Tassel_V13

Internode_0DAP
Internode_12DAP
Internode_18DAP
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Figure D.1: The RNA-seq gene atlas of maize inbred B73 includes 79 distinct replicated sam-
ples. This includes 50 samples from the original array-based gene atlas (Sekhon et al. 2011),
a time-course of 12 stalk and leaf samples post-flowering (Sekhon et al. 2012, Plant Phys.
159:1730-1744), and a novel set of 17 samples from the maize seedling and adult root system.
The entire dataset contains 4.6 billion mapped reads, with an average of 20.5 million mapped
reads per biological replicate, allowing for detection of genes with lower transcript abundance

(Stelpflug et al. 2016).
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E Genotyping gels for ZmxplA::Ds and ZmxplB::Mu insertions

Figure E.1: Up. Cornell stocks Down. self-pollinated stocks. The electrophoresis gels show
the complementary reactions for the XplA::DS in the lane 1 (JRS03-RS440, ∼600bp) and in the

4 (JGP3-RS443, ∼1300bp fragment).

Figure E.2: Complementary reactions with XplB primers and Tir6, for the ZmxplB::Mu insertion.
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