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Abstract

The NLG (Novel Leaf Gene) is a recently discovered gene from aspen (Populus tremula
x alba). Previous research indicates that NLG impacts leaf shape. Our preliminary analyses

indicate that NLG may function as a membrane bound protein with possible localization in
plasma membrane and/or nucleus. Sequence and phylogenetic analyses in Arabidopsis thaliana
and Populus trichocarpa identified four homologous genes in Arabidopsis and five in Populus.
Gene expression analysis was done using online tools and indicated that NLG is expressed in
multiple tissue types but predominately in stem and flowers. The protein coding region of the
NLG orthologs genes from aspen and Arabidopsis was cloned, and four gene constructs used in
both organisms. Constructs consist of an overexpression of NLG from poplar, overexpression of
the Arabidopsis ortholog, two constructs consisting of gene fusion with GFP tags, one at the 5'
and one at the 3' end of the poplar gene. An RNAi gene downregulation construct was also used
for transformation of Arabidopsis. Escherichia coli was used for cloning and replication of the
plasmids and Agrobacterium tumefaciens was used to transform Arabidopsis thaliana and
Nicotiana tabacum (tobacco). Arabidopsis is transformed using floral dip and tobacco is

transformed by leaf disc transformation. Multiple transgenic lines from both species were
produced. Trans gene presence was verified by PCR in most of the lines and the successful
inheritance was recorded for the next generations. Tobacco was used to study the impacts of the
gene on the plant phenotype. Gene overexpression of the orthologous genes from Populus and
Arabidopsis shows clear impact on leaf and stem growth in tobacco. Leaf area is decreased while

stem length is increased. Preliminary observations also indicate impact on stem and leaf anatomy
influencing xylem and mesophyll development and growth.
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OVERVIEW

Development is a complex, interwoven process. There are many factors that contribute
to cell fate, but one of the most important is cell signaling. (Freeman and Gurdon,
2002)(Meyerowitz, 2002). Cell to cell communication regulates many basic cellular activities and
coordinates action throughout the organism (Valdivia et al., 2012).
The first plant polypeptide hormone characterized was tomato system (McGurl et al.,
1992)(Pearce et al., 1991). Its discovery led to increased research in the subject and many more
families have since been discovered (Butenko et al., 2003; Farrokhi et al., 2008; Kachroo et al.,
2002; Lindsey, 2001; Ryan et al., 2002) One of these families is the Devil/ Rotundifolia
(DYL/ROT) family, consisting of small proteins involved in cellular communication (Wen et al.,
2004). This family is thought to be similar due to its size, transmembrane location, and
overexpression morphology. Individual DYL gene function has been difficult to interpret since
overexpression phenotypes are all similar, likely due to overlapping function.(Valdivia et al.,
2012)
Leaves are the primary photosynthetic organs of plants and as such their shape and size is
critical to the success of the plant (Tsukaya, 2005). Leaf variation has been shown to be adaptive
for growth and competition in a variety of plants (Givnish, 1979; Gurevitch et al., 1992; Raschke,
1960). There are multiple factors contributing to leaf development and some of the proteins
responsible for specific functions, such as leaf symmetry, have been documented (Byrne et al.,
2002; Sun et al., 2002). However, the control ofleaf shape is still not completely understood. One
of the difficulties in characterizing leaf shape is the inherent plasticity of leaves (Tsukaya, 2005).
Plant cells are surrounded by a cell wall that is cemented to walls of neighboring cells. These
banding's make it nearly impossible for cells to migrate (Narita et al., 2004). Because cells are
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unable to move, the underlying mechanism of control of leaf shape remains controlled by polar
cell expansion and polar cell proliferation (Narita et al., 2004). Overexpression constructs have
been documented to impact many genes involved in signaling pathways, especially those
involved in hormonal responses (Valdivia et al., 2013). The DYL family, and specifically DVL4,
has been shown to be involved in polar cell proliferation.
Pta-NLG was discovered in an attempt to use activation tagging as a method of forward
gene discovery in Populus. (Busov et al., 2011 ). Populus trichocarpa was used as a substitute for
Populus tremula x Populus alba in situations where there is insufficient data for the latter. The
Arabidopsis ortholog (ATG098 l 2) was discovered via Blast of Pta-NLG.
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AIM AND OBJECTIVES

The main aim of this work is to functional characterization the NLG (Novel Leaf
Gene) in Arabidopsis thaliana and Nicotiana tabacum.

Objectives:

1.

Molecular Characterization of NLG using phylogenetic inferences, subcellular
localization, and expression analysis.

2. Cloning of Pta-NLG using RT-PCR into binary Gateway vectors.
3.

Transformation of Nicotiana and Arabidopsis for overexpression.

4.

Morphological and anatomical analysis of transgenic Nicotiana and Arahidopsis
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CHAPTERl

CLONING AND MOLECULAR CHARACTERIZATION OF NLG

INTRODUCTION

Functional characterization of genes requires successful cloning of the gene, often the
ORF, in constructs for overexpression and downregulation. Molecular characterization includes
many approaches such as phylogenetic analysis, sub cellular localization, and tissue and organ
expression characterization.
Gene cloning is the process of creating an exact copy of a particular gene or DNA
sequence. It is used to create many copies of a sequence, and often to study the impacts. Gateway
cloning is an efficient and universal cloning method based on the lambda bacteriophage. It is
widely used to insert DNA sequences into vector systems for functional analyses and protein
expression (Hartley et al., 2000). The technology takes advantage of the bacteriophage sitespecific recombination system which facilitates the integration of lambda into the host
chromosome (Ptashne, 2004). The Gateway system has modified the intrinsic abilities of the
lambda phage and made them more efficient and specific.
Four separate constructs were designed simultaneously, with a fifth being designed later.
The original four consist of pMDC32, pMDCAt, pMDC44, and pMDC83. (Curtis and
Grossniklaus, 2003) Plasmid pMDC32 contains Pta-NLG from Populus tremula x P. alba.
Plasmid pMDCAt contains of the Pta-NLG ortholog from Arabidopsis thaliana. Plasmid
pMDC44 contains Pta-NLG from Populus tremula x P. alba with a GFP fusion tag at the 5' end.
Plasmid pMDC83 contains Pta-NLG from Populus tremula x P. alba with a GFP fusion tag at the
3' end. All four plasmids were designed simultaneously under identical conditions. All plasmids
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use 35S promoter. The 35S promoter is a variant of the cauliflower mosaic virus which increases
transcriptional activity by nearly 10 times (Kay et al., 1987). The fifth plasmid to be developed
was pMDC32i, an RNAi knockdown of Pta-NLG from Populus tremula x P. alba which
followed the same procedures. Green Fluorescent Protein (GFP) is a commonly used marker
protein for localization within a cell (Seibel et al., 2007).
Plant transformation is an important process used for gene characterization. It was
initiated by report of Agrobacterium tumefi1ciens-mediated gene delivery for creation of
transgenic plants (De Block et al., 1984; Horsch et al., 1984). Agrobacterium tumefi1ciens
operates based on a binary plasmid system (Larebeke et al., 1974). Both of the plasmids in the
binary system have an explicit purpose. The Ti plasmid carries the virulence genes which enables
Agrobacterium oncogenicity (Hoekema et al., 1983). The T-DNA , DNA that is to be transferred,

is located on a separate plasmid.
Agrobacterium tumefaciens strain AGLl was used to infect both varieties of plant. It is

one of the most commonly used high throughput strains due to its hyper virility (Lazo et al.,
1991 ). AGLl has also been shown to increase efficiency and stability in Arabidopsis thaliana
(Lazo et al., 1991).
Determining the phylogenetic relationship of proteins is an important field. Using
molecular characteristics to classify organisms inserted major upheaval to the world of taxonomy
and continues to do so today. There are increasingly often breakthroughs due to increased DNA
knowledge. The wealth of studies completed is the driving force for the progress we still see
today. Increasing our combined genetic library is of the utmost importance to the continuation of
the field, be it from studies sequencing entire genomes or even just a single protein. We cannot be
content with only sequences though, for this knowledge is much less useful to us without
functional annotations.
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MATERIALS AND METHODS

Gene Cloning
RNA was extracted from leaves of Populus tremula x P. alba using the Spectrum Plant
Total RNA kit (Sigma-Aldrich St. Louis, MO). Single strand copy DNA (ss-cDNA) was
produced from RNA using the RevertAid First Strand cDNA Synthesis (Thenno Scientific
Waltham, MA). Thermal cycling conditions for the PCR were as follows: [Initial temperature:
(94° C for 3 minutes) 1X0 , (Denaturation: 94° C for 30 seconds, Annealing: 58° C for 30s,
Extension 72° C for 45 seconds) x 30X 0 ] , Final extension: 72° C for 5 minutes 1X 0 and 4° C for
w.(X 0 denotes the number of cycles).
Primers were designed based on the instructions provided by Gateway
Technology (Thermo Fischer Scientific) (Table 1) to flank Pta-NLG with attB sites. The PCR
reaction was performed following the manufacturer's instructions for lnvitrogen Platinum
SuperFi Green PCR Master Mix (Thermo Fisher Scientific) (Table 2). Thennal cycling
conditions for the PCR were as follows [Initial temperature: (98° C for 30 seconds) 1X 0 ,
(Denaturation: 98° C for 10 seconds, Annealing: 62° C for 1Oseconds, Extension 72° C for 45
seconds) x 30X 0 ], Final extension: 72° C for 5 minutes 1X0 and 4° C for w. Completed PCR
products were then run on a 1% agarose gel at 150V for 1 hour (Figure 1.1).
ApE (A plasmid Editor) was used to visualize and edit all genetic codes. ApE
was used to determine restriction sites and all constructs produced.

AttB flanked Pta-NLG was purified from the gel by GeneJET Gel Extraction and DNA
Cleanup Micro Kit (Thermo Fisher Scientific) following manufacturer's instructions. The
concentration of product with attB-flanked PCR product of Pta-NLG was measured using
NanoDrop Lite Spectrophotomer (Thermo Fisher Scientific). Donor vector pDONR/Zeo,
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provided by Gateway Technology, contains Ml3 forward and reverse priming sites which were
used for sequencing.
The BP reaction was performed according to Gateway Technology protocol. A 0.2 ml
centrifuge tube was obtained, and the following ingredients were added: attB-PCR Pta-NLG (2µ1,
~ 100

ng), pDONR/Zeo vector (1 µl, 150 ug), BP Clonase II enzyme mix (2 µl), and TE buffer pH

8.0 (6 µl). This reaction was incubated at 25°C. After 1 hour, 1 ~ti Proteinase K solution was
added and the solution was incubated at 37°C for 10 minutes to terminate the reaction. The
product of the BP reaction ( pENTR-NLG) was then transformed into SIG 10-5 alpha chemically
competent E. coli cells and verified by restriction digest with Apal and EcoRV(Table 1.3)
One plasmid entry clone with the correct insert for each construct was then used in an LR
reaction. The LR reaction utilizes the pENTR plasmid to insert the desired gene into the
destination vector. The following components were added to a 0.2 ml microcentrifuge tube:
pENTR ( 0.5

µI,~ I OOng),

and TE Buffer pH 8.0 (2

destination vector (0.5 µI, 75ng), LR Clonase II enzyme mix (1 µl),

~ti).

Reactions were incubated at 25°C. Atter 1 hour, 0.5

~ti

Proteinase K

solution was added and incubated for 10 minutes at 37°C. The resulting LR reaction plasmid was
then transformed in SIG 10-5 alpha (Ochman and Selander, 1984) chemically competent E. coli
cells (Sigma Aldrich). The pDONR plasmid for the ortholog of RLG in Arahidopsis was ordered
from T AIR (Stock# DQ446239).

E. coli Transformation

First, 4 . ·l of plasmid (pMDC32) was added to 40 1 of competent cells and mixed gently.
After incubation on ice for 30 minutes, cells were heat shocked at 42°C for exactly 35 seconds in
a Bio-Rad digital dry bath. They were then kept on ice for 2 minutes. Then recovery media was
added. Bacteria were cultured at 250 rpm and 37°C for 1 hour. Cells were then plated on
kanamycin and hygromycin (50 ,.g/ml) containing LB (Luria-Bertani) plates and grown at 37°C
for 16 hours. Independent E. coli colonies were extracted from plates and placed in LB broth
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containing kanamycin and hygromycin (1

~1g/ml)

and incubated overnight at 37°C with 250 rpm

shaking. Plasmid was then isolated and cleaned using GeneJET Plasmid Miniprep Kit (Thermo
Fischer Scientific) using manufacturer's instructions. Purified plasmids were quantified with the
NanoDrop Lite Spectrophotomer (Thermo-Fisher Scientific) following the manufacturer's
guideline. The plasmid was then verified using PCR and restriction digestion using EcoRl and
BamHl.

Agrobacterium Transformation

Plasmids with desired insert were then transformed into electrocompetent Agrobacterium

tumefaciens strain AGLI (Lazo et al., 1991) using the Bio-Rad Gene Pulser electroporation unit
(Bio-Rad Laboratories, USA) by the manufacturers protocol. Competent cells were removed from
-80°C and placed on ice along with electroporation cuvette. Plasmid DNA (2 l) was added to 40
1•

i'l of competent cells and mixed gently. The cuvette was then placed in the Bio-Rad Gene Pulser
and given one pulse. After pulse, 1 ml of media was immediately added to the cuvette. These
bacteria were then plated on LB media containing carbenicillin (50 :1g/ml), rifampicin, and
kanamycin (25 pg/ml). After overnight growth at 28°C, individual colonies were selected and
transferred to LB broth containing carbenicillin, rifampicillin, and kanamycin (1 •.·g/ml.)
Following growth overnight at 28°C plasmid was isolated and cleaned using GeneJET plasmid
Miniprep kit. Purified plasmids were quantified with the NanoDrop Lite Spectrophotomer
following the manufacturer's guideline. The insert was again verified by double restriction with
the previously listed enzymes.

Phylogeny and Protein Predictions

T AIR Protein Blast search was used to identify closely related proteins in Arabidopsis

thaliana ( https://www.arabidopsis.org/Blast/). Phytozome
(httr-::: '.pl1ytcizomc.j~L,dc1.c,gg~i1Jll'. punal.hunl) Protein Blast was used to identify related genes in
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Populus trichocarpa. Sequences were aligned using muscle algorithm, and a phylogenetic tree

was created using MEG AX. The evolutionary history was inferred using the Neighbor-Joining
method (Zuckerkandl and Pauling, 1965). The bootstrap consensus tree inferred from 1000
replicates (Kumar et al., 2016) is taken to represent the evolutionary history of the protein
analyzed (Kumar et al., 2016). Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches (Kumar et
al., 2016). The evolutionary distances were computed using the Poisson correction method
(F elsenstein, 1985) and are in the units of the number of amino acid substitutions per site. The
analysis involved nine amino acid sequences. All ambiguous positions were removed for each
sequence pair. There was a total of 200 positions in the final dataset. Evolutionary analyses were
conducted in MEGA X. The analysis involved 30 amino acid sequences. There was a total of 183
positions in the final dataset.
Subcellular Localization Database for Arabidopsis Proteins (SUBA) (http://suba.live/)
was used for protein predictions using the Arabidopsis ortholog. SUBA uses multiple prediction
software's to most accurately predict the subcellular localization of a protein using only its
sequence. TMHMM is a prediction software used to locate transmembrane helices using only
sequence information. It can predict 97-98% of transmembrane helices with specificity and
sensitivity higher than 99%. (Krogh et al., 2001)

Protein Localization
Transgenic To Tobacco plants were used for localization using the GFP tags. Photos of
fluorescence of GFP-NLG-Pta and NLG-Pta-GFP were used for localization. Plants were
removed from their sterile jars and roots were cleaned and viewed using an Olympus BX50
microscope. Transformation of A!/ium with GFP-NLG-Pta and NLG-Pta-GFP was also
completed using an established method of transformation (Eady et al., 2000). Nine sections of
9

Allium skin were transformed for each construct. From tobacco, five GFP-Pta-NLG and three Pta-

NLG-GFP independent transgenic lines were investigated. Pictures were taken using a Pixera
Penguin 150CL camera.

Expression Analysis
Expression analysis was completed using POPGenie (popgenie.org), Phyotzome, and
TAIR. POPGenie was used to identify expression of Pta-NLG in Populus and for expression map.
Data for expression by life stage was collected from Phytozome. T AIR was used to identify
expression of At-NLG in Arabidopsis.
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RESULTS

Gene Cloning
RNA was successfully isolated from leaves of the Populus tree and converted into sscDNA. After insertion of attB sites by PCR, the sequence was verified by restriction (Figure
1.1). The BP reaction was performed to insert Pta-NLG into pDONR/Zeo. The reaction was then
transformed into E. coli.
The LR reaction was then completed to transform Pta-NLG and the Arabidopsis ortholog
into separate pMDC32 plasmids; Pta-NLG with 5' GFP fusion into pMDC44; and Pta-NLG with
3' fusion into pMDC83. E. coli containing each plasmid was plated on LB media with
kanamycin. Four distinct colonies were selected for each construct and grown in LB broth with
kanamycin. The plasmid was then purified and verified with double restriction by Apal and
Eco321 (Figure 1.2).
Verification of correct insertion was completed by restriction digest with EcoR 1 and
BamHl. (Figure 1.3, Figure 1.4). Following plasmid purification of A. tumej(1ciens AGLl, a
double restriction digestion was run for all constructs using the same enzyme and reactions as
confinnation in E. coli. (Figure 1.5)

Phylogeny and Protein Predictions
Phylogenetic tree created by evolutionary analyses in MEG AX is shown in Figure 1.6.
Protein blast for Popu!us revealed 7 related proteins. Multiple of these showed to potential for
alternative splicing. One representative gene was selected from each with more than one possible
sequence. Only the 4 most closely related Popu!us proteins were included in the resulting tree.
There were 7 sequences in Arahidopsis that produced significant alignment. Of these, 4 were
alternatively spliced genes represented more than once. The remaining 3 sequences were used,
with At-NLG, to produce the tree presented here.
11

SUBA prediction software was not able to 100% determine the location of Arabidopsis
ortholog. The most common prediction was nucleus which was given by 4 of the 14 predictors
used, including Subloc and Plant-mPloc. (Figure 1. 7). TMHMM predictors identified a range of
12 amino acids in the middle of the peptide sequence as a transmembrane helix (Figure 1.8).

Protein Localization

GFP tags in some lines of GFP-Pta-NLG and Pta-NLG-GFP were confirmed to be
present and active. From GFP-Pta-NLG only two lines showed clearly identifiable fluorescence.
From Pta-NLG-GFP all three lines showed clear fluorescence. This was a secondary confirmation
of transgenesis used in tobacco. GFP-Pta-NLG showed weaker fluorescence than Pta-NLG-GFP
in both tobacco roots and Allium peels. Nuclei in Pta-NLG-GFP were clearly visible with some
cells showing entire fluorescence. There was also significant expression seen in the plasma
membrane (Figure 1.9).
Allium peel showed similar results and served as a confirmation of procedure. Of all

GFP-Pta-NLG lines transformed with agrobacterium, only one showed any fluorescence. This
observed fluorescence was weaker than that of Pta-NLG-GFP. Only one A Ilium Pta-NLG-GFP
transformant was successful. Because there were no issues observed during transformation of
Allium, this is likely due to interference ofNLG function caused by addition of GFP. lt is also

possible this problem was exacerbated by use of subpar photographic equipment.

Expression

Expression analysis was completed using POPGenie, and phyotzome. This analysis
reveals that Pta-NLG is not expressed equally throughout the plant. There is an increase of
expression early in the life cycle, particularly in the buds. These areas see reduced expression as
the life cycle continues. Figure 1.10 shows Pta-NLG expression by tissue type represented in a
graph . Figure 1.11 shows Pta-NLG expression by tissue type in an image. The stem shows the
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highest expression of Pta-NLG, with intemode expression being slightly higher than node
(Figure 1.10, Figure 1.11). Arabidopsis analysis reveals highest expression in the first intemode,
which is the only part of the stem with expression data, and in the mature flower. A
representation of expression levels of At-NLG by tissue type in Arabidopsis is shown in Figure
1.12.
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DISCUSSION

Main data were collected from leaves (Figure 2.4, Figure 2.5) as NLG was originally
reported to be related with leaf morphology (Busov et al 2011 ). The data collected for stem
anatomy are preliminary as we used less biological repetitions than in stems. Pta-NLG is
expressed mostly in the early buds and flowers. It is also highly downregulated during times of
stress. This makes it likely that Pta-NLG is important in development and possibly reproduction.
During this study there were some complications with Arabidopsis viability. Heightened
expression in females compared to males also lends credence to the theory that the Arabidopsis
ortholog interrupted viability. Expression analyses revealed that At-NLG is expressed heavily in
mature flowers. Due to differences in flower morphology it is feasible to advocate fertility breach.
Localization revealed mostly in nucleus but does have some cytoplasmic activity. The
signal was also received in the plasma membrane between cells. It is possible the polypeptide is
contained within the nucleus before being sent to the plasma membrane for integration. In order
to further enhance the localization of Pta-NLG a smaller tag, such as the his tag, should be used.
Pta-NLG is a member of a 5 gene family and using only one of these genes to build a tree
gives results that are not as specific as possible (Gontcharov et al., 2004). Using the other genes
present in the family will assumedly give much clearer results.
The phylogenetic tree presented in this research depicts only related proteins from
Populous trichocarpa and Arabidopsis thaliana. The most closely related proteins from all
species are transmembrane proteins, several with similarities above 90%. This makes it very
feasible Pta-NLG is also a transmembrane protein. TMHMM analysis shows a larger portion of
the peptide chain being contained on the outside of the cell, increasing the likelihood of Pta-NLG
being a component of cell-cell interaction. This coupled with the analysis from SUBA provides
certainty that Pta-NLG is membrane bound.
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CONCLUSION

Pta-NLG was successfully cloned for overexpression and downregulation into
Agro bacterium tumefaciens-AGL 1 for transfection of model organisms using the gateway

procedure. Phylogeny and molecular prediction provide strong evidence Pta-NLG is a membrane
bound protein.
The high expression of Pta-NLG in female flowers and early buds strengthens the
prospect of developmental influence caused by overexpression causing At-NLG viability
complications. In addition, the increased levels of expression in the stem highlight an area for
further study.
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Table 1.1: Primers for Cloning of Pta-NLG

Primers

Sequence

Name:
Forward:

GGGGACAAGTTTGTACAAAAAAGCAGGCTATAGGCACC

Pta-NLG Bl

AGTAGACCACAC

Reverse:

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAATTG

Pta-NLG B2 with stop

CCCCCTCAAAGTAG

Pta-NLG Without Stop

GGGGACCACTTTGTACAAGAAAGCTGGGTCCATAATTG

B2

CCCCCTCAAAGTAG

Bold Letter Denote gene specific sequence

16

Table 1.2: Ingredients PCR for attB Addition
Ingredient
2x Green SupFi
Primers (Forward and Reverse) 0.5 µM
cDNA
dH20
Total

Volume ul
25 ltl
2.5 ttl each
2 ul
18 )il
50 ul
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Ta bl e 13
.. In2re d"1ents i or R est rIC. f IOil ff1gest
Ingredient
1Ox Fast Digest Green
Restriction Enzyme 1
Restriction Enzyme 2
Plasmid DNA
dH20
Total

Volume ul
2 rtl
1 ~ll
1 pl
7 al
9 pl
20 Lil
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Figure 1.1: RT-PCR Amplification of Pta-NLG. Gel electrophoresis showing successful
cloning of Pta-NLG. 1=Ladder. 2,3

=

Pta-NLG. 4,5

19

=

Pta-NLG-stop. 6 = ubiquitin.

Figure 1.2 Cloning of Pta-NLG in pDONR/Zeo. Gel electrophoresis showing correct insert of
Pta-NLG to pDONR/Zeo. (1 Ladder, 2-5 Pta-NLG, 6-9 Pta-NLG-stop)
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Figure 1.3 Verification of Pta-NLG-oe and At-NLG-oe in E. Coli. Gel Electrophoresis
showing confirmation of transformation of Pta-NLG-oe and At-NLG-oe in E.coli. (1-4 Pta-NLG,
4-7 At-NLG-oe, 8 pMDC32, 9 Ladder)
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Figure 1.4 Verification of GFP-Pta-NLG Insert in E. Coli. with Bamhl and EcoRl. (GFP-PtaNLG, Ladder)
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Fig 1.5 Verification of At-NLG-oe Transformation in Agrobacterium. (l Ladder ,2-5 AGLl
Pta-NLG 6-8 pMDC-AT, 9 E. Coli pMDCAt)
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Figure 1.6: Phylogenetic Tree of Pta-NLG. Related protiens of Populus trichocarpa and

Arabidopsis tha/iana are displayed.
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Figure 1.7: Transmembrane Localization of Pta-NLG and At-NLG. Output from the analysis
of Pta-NLG and At-NLG protein sequence using TMHMM (Krogh et al., 2001). Vertical bars
represent probability of a single residue to be in a membrane spanning region; red line represents
predicted membrane domain; blue line represents probability to be inside the cytoplasm; pink line
represents probability to be outside the membrane.
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Subcellular Consensus
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Figure 1.8: SUBA Predictions for Subcellular Localization. SUBAcon predicts an 88%

likelihood Pta-NLG is located in the plasma membrane. Several of the predictors used also
predict nuclear localization.
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Figure 1.9: Localization of Pta-NLG-GFP in Tobacco and Onion. Arrows highlight
fluorescence in the nuclei. (A) Root of Pta-NLG-GFP. (B) Allium peel transformed by Pta-NLGGFP.
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Figure 1.10: Expression Analysis of Pta-NLG. Depicts expression of Pta-NLG in various
tissues and stages of poplar development. Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) represents the relative expression of a transcript. Data retrieved from
phytozome.
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Figure 1.11: Expression of Pta-NLG in Populus tricocharpa Represented by Tissue Type.

Relative expression indicated by color, with upregulated expression appearing red and
downregulated expression appearing blue. Data retrieved from popgenie.

29

Bro'"

se:~

at t-cr,utorcntc.cc
Young leaf

(pet1ole/lam1naJ
Root

Hypocotyl
SAM

Days (dry)
aftersoak1n9

Cotyledons

l ·day-o!d seedling
Seeds during 9ermmatton

6-8

Axes

l

9·11

12·14 15·18

intermediate lear I

ln!ermed1ate fear 2

(petiole/lamina}

(pet1oleive1n/lamrna)

19+
Parts
of leaf

i

st

·\

AXISOf

1nternode . in fl ores.cence

~

j.

Pedicel

l

-

_,,-

--' :-''

Matore leaf
(petwle/l/em/lammaJwho!c ~

.

,--

Mature flower

Young f'lower Carpel of 6th/ 7th flower
{sep/stam/carp}
(st1/ovu/carp}

Senescent leaf
(pet1oleJveon)

\sep/pet/stam[fll/anth{ closed/open }l/WP)

At tst flower

Parts of flower

abscission

Seeds of 1st s1houe

Seeds
At 8th flower

abscission

Pod of l st s1hQue

SihQue 2
{pod + seeds)

Senescent
organs

illlsolut•

r
6.05
S.38
4.71
4.03
3.36
2.69
2.01
1.34
0.67

Ist internodc

Without
seeds

5,1;que
With

sceos

00
Ma!ke<!

Sihque

Figure 1.12: Expression of At-NLG Represented by Tissue Type. Relative expression
indicated by color, with highest expression being red and masked expression being grey. Data
retrieved from T AIR

30

CHAPTER2

MORPHOLOGICAL AND ANATOMICAL CHARACTERIZATION
OF NLG IN TOBACCO

INTRODUCTION

Several studies have demonstrated that leaf variation is of adaptive significance for
growth and competitive survival in a wide range of plants (Givnish, 1979; Gurevitch et al., 1992;
Parkhurst and Loucks, 1972; Raschke, 1960). As the main photosynthetic organ, leaves are
instrumental in determining the success of the plant. To absorb enough energy leaves must have
as much area facing the sun as possible. To facilitate enough gas exchange leaves should be large
and thin as possible. They must also resist desiccation. The interaction of these traits and the
environment gives rise to the final shape of the leaf (Tsukaya, 2005). Moreover, leaves can be
easily characterized using their two-dimensional shape representing plasticity of this important
plant organ (Maloof et al., 2013).

Nicotiana tahaccum was chosen as an established model organism and its ease of
transformation (Goodin et al., 2008; Kriigel et al., 2002; Nekrasov et al., 2013). Arahidopsis is the
most widely used model plant which plays an essential role to understand many fundamental
mechanisms of plant growth, development, and adaptation (Meinke et al., 1998; Van Norman and
Benfey, 2009). These two species can be used together in the same genetic study (Li et al., 2013).
Using the same constructs in different species allows us to more thoroughly characterize the
action of a particular gene.
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The signaling molecules found in plants are relatively novel and still many being
discovered (Lindsey, 2001). The gene that we investigate here, Pta-NLG, bears resemblance to
many of these proteins, including the DYL family. There has been some research into the impact
of transcription factors on proteins of this nature (Larue et al., 2009). These genetic factors are·
highly linked, even including some epigenetic reactions (Larue et al., 2009). Control of total cell
morphology is held by a multitude of factors which makes untangling the precise impacts of
individual genes difficult.
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METHODS

Plant Material
Arabidopsis thaliana line Columbia (COL-0) seeds were ordered from The Arabidopsis

Biological Resource Center (ABRC). Seeds were planted indoors in 4-inch pots and kept under a
l 6h photoperiod.
Tobacco (Nicotiana tabacum: Petite Havana: SRI) was used. Seeds were planted in
sterile environment and kept until ready for transformation. Plants were cultured in sterile baby
food jars for 3 Weeks and then transferred to soil indoors. Three technical repetitions were used
for each independent line. After one-week plants were moved to greenhouse. Plants were
fertilized every 2 weeks while growing in greenhouse. While in the greenhouse there was
significant Tria!eurodes vaporariorum (white fly) infestation. To leaves and stems were
characterized at the cellular level using safranin and fast green staining.
After harvest, seeds were sterilized. Seeds were sterilized using one of two methods. To
and T 1 seeds of Arabidopsis were sterilized using the following method. About 100 UL of clean
seeds were transferred to a 1.5 ml Eppendorf tube. First, 1 mL of ethanol was added for 30
seconds. Ethanol was removed via pipettor and seeds were rinsed in 1 mL 20% bleach. This rinse
was repeated 4 times. Seeds were then suspended in a 1% agarose solution. These seeds were
then placed on plates containing antibiotics (hygromycin 50 ug/mL) for selection.
Seeds from To Tobacco and T2 Arabidopsis were sterilized using gas sterilization. Seeds
were placed in 1.5 mL Eppendorf tubes no more than 0.75 mL full. These tubes were placed in a
desiccator. Bleach (100 mL) and hydrochloric acid (3 mL) were mixed in a beaker in the
desiccator. This was left to sterilize for 4 hours. Seeds were then rinsed with water and plated for
selection.
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Nicotiana Transformation
For transformation of Tobacco, healthy leaves of SRI plants grown in sterile culture were
removed. Leaf discs were cut measuring 1cm diameter. Explants were placed in 50 ml coming
tubes and 0.5 ml of bacterial suspension of AGLl containing NLG gene was added. This tube
was incubated for 30 minutes at 28°C and 100 rpm shaking. After incubation the suspension was
poured off and the explants were transferred to plates containing regeneration media (RM) and
co-cultivated in the dark for 48 hours. Regeneration media contains 4.44 g MS salts with
Gamborgs Vitamins (Murashige & Skoog), 30 g sucrose, 2.0 mg/L BAP, 0.2 mg/L NAA, to
exactly 1L. After all ingredients are added pH was adjusted to 5.8. After autoclave 500 pg/L
cefotaxime and 25

~tg/L

hygromycin were added. After 2 days co-cultivation explants were

washed twice with RM without antibiotics 3min/wash. They were then washed with RM+
cefotaxime 500mg/L for 5 minutes. Explants were then blotted dry and transferred abaxial side
down to selection media. Selection media contains 4.44g/L MS salts, hygromycin and kanamycin
(25 ;.. g/ml). Explants were cultured in the dark for 2 weeks, followed by a culture at 16-h
photoperiod. Regenerated shoots, 14 from Pta-NLG-oe, 12 from At-NLG-oe, 10 from GFP-PtaNLG, and 9 from Pta-NLG-GFP, were transferred to MS media containing cefotaxime (200
1

cg/ml) in sterile baby food jars. Healthy transgenics from each line were washed and potted in 4-

inch pots and zipped in bags to retain humidity. After 3 days bags were opened to allow
acclimation and then removed. Plants were grown on selective media containing antibiotics with
resistance genes being present in the plasmids for selection. Transgenics were grown in the
greenhouse until seeds were collected from each plant individually. Seeds were sterilized by gas
sterilization and grown on selection media for presence of trans gene.
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Arabidopsis Transformation
Arabidopsis transformation was carried out using established floral dip transformation

(Narusaka et al 2010). The first bolts were clipped to encourage secondary bolts. Agrobacterium
was cultured carrying the correct plasmid. Once all plasmids were prepared, 0.2 ml of
Agrobacterium was spun down and resuspended in 1.2 ml transformation buffer. Sil wet L- 77 and

BAP were added to the transformation media just before inoculation. Each plant was inoculated
using 30-50 µl of inoculum. Freshly transformed plants were kept covered for 24 hours and
grown with a 16-hour photoperiod. From each line, 25 plants were inoculated and grown to seed.
Seeds were collected from each, sterilized, and characterized. After generation on selective
media, T2 seeds were counted and x2 was calculated for overexpression constructs. All lines
showing a 3: 1 distribution were moved to soil.
The same transformation procedure was repeated for RNAi construct. Again, 25 plants
were inoculated and grown to seed. Seeds were collected, sterilized, and selected. After
generation on selective media, T1 seeds were counted and

x was calculated. Transgenics from 10
2

independent lines were planted and grown to seed.

Data Collection and Analysis

Two leaves were collected from the 12 and l 31h nodes from 3-5 plants (biological
repetitions) for each independent line. Photos were taken of tobacco leaves and characterized
using ImageJ (https://imagej .nih.gov/ij/). Leaf area and leaf perimeter were calculated using the
entire leaf. After pictures were taken, fresh leaf weight was recorded. Small (1 cm3) leaf discs
from one leaf per plant were fixed in FAA (70% ethanol, 10% acetic acid, 5% formaldehyde) for
at least 48h before further processing
. Leaves were mounted in paraffin wax using a graded dehydration series consisting of
ethanol and t-butanol (Ruzin and Ruzin, 1999). They were then sectioned using a rotary
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microtome. After sectioning slides were stained with safranin and fast green using established
protocol (Ruzin and Ruzin, 1999). Epidermal cell length and area, spongy mesophyll cell length,
and palisade mesophyll cell length were calculated from I 0 technical repetitions of one (Pta-3),
two (all other transgenic lines), and 3 (WT-SRI) biological repetitions per construct using stained
sections and ImageJ.
Stem length and intemode distance were calculated using 3-5 plants per line. Stems were
harvested at the 7111 intemode from one plant and fixed in FAA. They were sectioned using a
sliding microtome. All sections were stained with Safranin and Fast Green. Stem diameter and
xylem width was calculated from 2-3 sections from each line and WT-SRI.
For statistical tests using SPSS, independent t-tests were performed against WT-SRI as a
control. Significance value wasp< 0.05. Microsoft Excel 2016 was used to create graphs.
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RESULTS

Nicotiana Transformation
Of the regenerated shoots that were transferred, only about one-third were successful.
Pta-NLG-oe had 5 successful regenerates, At-NLG-oe had 3 successful regenerates, GFP-PtaNLG had 5 successful regenerates, and Pta-NLG-GFP had 3. Test of successful transgenics for
presence of Hygromycin resistance gene present in all pMDC plasmids used showed all were true
regenerates. (Figure 2.1). After seeds were harvested from F1 Tobacco, they were grown on
selective media and chi square was calculated (Table 2.1). All regenerates showing a 3:1 ratio of
successful transgenics were planted in soil.

Arabidopsis Transformation
Test of successful transformation and presence of Hygromycin resistance gene present in
all pMDC plasmids used showed several non-transgenic plants that were then discarded. (Figure

2.2). After seeds were harvested from F2 generation Chi square (Table 2.2) was calculated and all
regenerates showing 3: 1 ratio of successful transgenics were planted in soil. RNAi transgenics
also had X2 calculated which is shown in Table 2.3.

Data Collection and Analysis
Statistical results are displayed in three major figures. Figure 2.3 shows stem
characterizations, including stem length and diameter, intemode distance, and xylem cell width.

Figure 2.4 shows leaf characteristics including leaf area and perimeter and fresh and dry leaf
weights. Figure 2.5 shows biological leaf characterizations including palisade and spongy
mesophyll cell widths, epidermal cell area, and epidermal cell width. Figure 2.6 is a visual
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representation of differences in leaf anatomy. A visual representation of stem anatomy is shown
in Figure 2.7.
At-NLG-oe was the most significantly impacted of all constructs. It showed a
significantly longer stem length (p==0.007), wider stem diameter (p=0.002), and increased
intemode distance (p==0.001 ). It also showed a significantly decreased leaf area (p=0.024) and
perimeter (p=0.013). On the cellular level, only the spongy mesophyll (p=0.046) showed a
significant difference for At-NLG-oe.
Pta-NLG-oe also showed some significantly different characteristics. Stem diameter was
significantly larger (p==0.020). Leaf area was significantly lower (p=0.031) and was the lowest
seen among all constructs. There was also a large difference in the epidermal cell width
(p=0.007).
GFP-Pta-NLG and Pta-NLG-GFP did not show much significance and were similar in
their results. GFP-Pta-NLG did show significance in 2 categories, leaf area (p=O.O 13) and
epidermal width (p==0.006). Pta-NLG-GFP also exhibited significance in leaf area (p=0.001),
with its only other additional change being seen in the xylem width (p=0.061 ).
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DISCUSSION

Using successfully transfonned plants we were able to successfully characterize Pta-NLG
and At-NLG. There were many trends visible in the recorded data. One of the most interesting is
the link between Pta-NLG-oe and At-NLG-oe, the overexpression constructs, and the link
between GFP-Pta-NLG and Pta-NLG-GFP, the GFP constructs. In several instances Pta-NLG-oe
and At-NLG-oe showed the opposite impact of the GFP constructs (Figures 2.4, 2.5) Leaf
perimeter was decreased in both overexpression constructs but increased in the GFP constructs
(Figure 2.4). There were also opposite impacts noted in the mesophyll, both spongy and palisade
(Figure 2.5). The most likely reason for this is the addition of GFP to the protein sequence.

Because of these implications, much of this discussion will focus on the trends seen in Pta-NLGoe and At-NLG-oe.
The overall leaf area of all four constructs showed a decrease from the WT-SRI line
(Figure 2.4). In a previous study it was shown that Pta-NLG and its related family impact the

shape of leaves (Busov et al., 2011 ). The GFP constructs used both showed an increase in leaf
perimeter, while Pta-NLG and the Arabidopsis ortholog showed significantly decreased perimeter
(Figure 2.4)

The spongy mesophyll layer width decreased in both overexpression constructs (Figure
2.5). It has been shown that cell size and organ size are linked in plants (Ferjani et al., 2007). The

decrease in spongy mesophyll was mirrored by an increase in palisade mesophyll. These changes
are definitively linked, however, the increase in palisade layer is not necessarily directly
correlated with the increase in spongy. Increased cell size is often coupled with decreased cell
number (Ferjani et al., 2007).
The combined impacts of decreased overall size and mesophyll changes lend evidence
that Pta-NLG increases polar cell proliferation as opposed to polar cell elongation. This
phenomenon has been seen before in plants with a high ploidy number and is known as high-
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ploidy syndrome. Tobacco is allotetraploid (4N), which means it is possible that high-ploidy
syndrome impacts development (Sierro et al., 2014). This is unlikely however, as this is usually
only seen in organisms above 6N (Tsukaya, 2008). It has also been demonstrated that with an
increased number of cells the overall size of the cells will decrease, even in plants at normal
ploidy levels, which can have an impact on organ size (Horiguchi et al., 2006).
Genes of this nature have been discovered in Poplar before. Big Leaf (BL) is a
gene with a similar size and function (Yordanov et al., 201 7). BL was seen to have a broad role
encompassing many parts of development. It is presumed Pta-NLG is of a similar role in plant
development.
There was not much significant change in the stem anatomy of transgenic plants. While
not all constructs met the requirements for significance there were still broad trends visible. Stem
length, diameter, and intemode distance were all increased in the transgenic plants, albeit slightly.
Increase is xylem width was correlated with increase in stem diameter in all plants. This is
conceivably due to the same mechanism as seen in the leaf. An increased rate of xylem
proliferation is a likely reason for increased stem diameter.
In comparison to the RNAi organisms, it is obvious there is a difference in shape. RNAi
show leaves with serrated edges, much less circular than overexpression constructs. This change
is leaf shape is correlated with changes at the cellular level.
All lines except one were not viable in the T2 generation. With any genomic editing there
is a chance for unintended consequences such as unviable seeds.
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CONCLUSION

With the abundance of polypeptides being discovered that influence leaf morphology,
there is likely a complex system of checks and balances akin to the cell cycle that regulate leaf
morphogenesis. Pta-NLG and its family are likely one of the mechanisms used to regulate cell
proliferation.
The incongruity described between GFP constructs and overexpression constructs is
likely due to interreference with NLG's ability to anchor in the membrane. Due to the conserved
nature of the Pta-NLG gene family there is likely reduced impact on overall leaf morphology.
Evidence of Pta-NLG's function in developing portions of the plant further enforces the
likelihood of function in polar cell development. Its similarity to proteins such as the DVL family
indicate that it is likely involved in cell-cell signaling that determines polar cell elongation and
polar cell proliferation.
Further tests including the entire family should be used to identify the precise mechanism
of impact on leaf morphogenesis. lfwe were investigating the undiscovered human hand and only
profiled the thumb we would not have a clear picture of the function of the group as a whole. I
fear our analysis here suffers from the same issue in continuity and more research will be required
for a definitive answer.
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Table 2.1: Chi-Square Calculations for T 1 Tobacco.
Tobacco Line
Pta-NLG-oe-1
Pta-NLG-oe-2
Pta-NLG-oe-3
Pta-NLG-oe-4
Pta-NLG-oe-5
At-NLG-oe-1
At-NLG-oe-2
At-NLG-oe-3
Pta-NLG-GFP1
Pta-NLG-GFP2
Pta-NLG-GFP3
GFP-Pta-NLG1
GFP-Pta-NLG2
GFP-Pta-NLG3
GFP-Pta-NLG4
GFP-Pta-NLG5

Observed
Observed
Live
Dead
123
13
97
22
130
39
113
31
148
28
16
68
195
12
213
33
123
13

3:1
Probability
3.2018£-05
0.10086095
0.56370286
0.33592381
0.00534877
0.20771209
1. 7657£-10
2. 7119£-05
3.2018£-05

15:1
Probability
0.11091212
3.49£-08
1.6109£-19
3.6237£-14
1.1981£-07
1.2626£-06
0.78778274
3.445£-06
0.11091212

246

24

9. 7325£-10

0.0732392

0

0

0

0

186

30

0.00016244

3.5178£-06

156

20

2.9426£-05

0.00506931

125

34

0.29229624

3.1845£-15

153

35

0.04326273

2.4669£-12

167

57

0.87737056

1.7124£-32
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Table 2.2: Chi-Square Calculations for T1 Arabidopsis

Arabidopsis line
Pta-NLG-oe-2
Pta-NLG-oe-3
Pta-NLG-oe-4
Pta-NLG-oe-11
Pta-NLG-oe-13
At-NLG-oe-1
At-NLG-oe-3
At-NLG-oe-4
At-NLG-oe-8
At-NLG-oe-9
Pta-NLG-GFP-1
Pta-NLG-GFP-2
Pta-NLG-GFP-5
Pta-NLG-GFP-6
Pta-NLG-GFP-9
GFP-Pta-NLG-2
GFP-Pta-NLG-3

Observed
Observed
Live
Dead
26
90
100
29
30
20
108
20
88
28
0
0
26
84
0
0
0
0
0
0
0
0
146
17
147
31
0
0
169
29
0
0
198
12
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3: 1 Probability

0.520050527
0.508723177
0.014305878
0.014305878
0.830217592

15: 1
Probability
6.38726E-13
2.62462E-14
6.26667E-23
1.1 7713E-05
1.73308E-15

0.741181506

4.9512E-14

l.7387E-05
0.019449142

0.027497416
7 .54582E- l 0

0.000766823

l .05582E-06

l .08767E-l 0

0.748427523

.
i or T I RNA.I A rabz"dopszs
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Figure 2.1: Test of Tobacco for presence of trans gene. Gel electrophoresis showing presence

of Hygromycin resistance gene in transgenic tobacco.(1 Ladder, 2-4 At-NLG-oe, 5-7 Pta-NLGGFP, 8-12 Pta-NLG-oe, 12-17 GFP-Pta-NLG, 18 Control, 19 C, 20 H20, 21 pMDC32)
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Figure 2.2: Test of Arabidopsis for presence of transgene. Gel electrophoresis indicating
presence of hygromycin resistance in sampled Arabidopsis tissue. (1-3 At-NLG-oe, 4 Ladder, 5-7
Pta-NLG-GFP,8 WT-SRI, 9 L, 10-16 Pta-NLG-oe)
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Figure 2.3: Statistical Analysis of Stem Characteristics of Tobacco. A represents stem
length measured in cm. B represents stem diameter measured in cm. C represents Xylem width
measured in um. D represents internode distance measured in cm. Graphs represented as mean ±
SE (A,D n=3-5 ,B n=2-3 ,C n=l-3). *denotes P<0.05, **denotes significance level of P<0.01.
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Figure 2.5: Statistical Analysis of Leaf Morphological Characteristics of Tobacco. A
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cell layer width measured in um. Graphs represented as mean± SE (n=l-3). *denotes P<0.05, *
* denotes significance level of P<0.01.
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Figure 2.6: Tobacco Leaf Anatomy. Representative cross sections of Nicotiana leaves

taken from

7th

internode of greenhouse-grown plants depicting differences in leaf anatomy.

(A)WT-SRl, (B) GFP-Pta-NLG, (C) Pta-NLG-oe, (D) At-NLG-oe represented.

50

Figure 2.7: Tobacco Stem Anatomy. Cross Sections of Nicotiana stem collected between

7th

and 81h node from greenhouse-grown plants depicting differences in cortex anatomy. (A)WTSRI, (B) Pta-NLG-GFP, (C) Pta-NLG-oeP, (D) At-NLG-oe represented.
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