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Development of visual selection markers for plant transformation

Abstract: The generation of transgenic Arabidopsis thaliana plants relies heavily on the
choice of selection markers. We investigated three potential visual seed-selection markers:
the RUBY reporter, the amilCP chromoprotein, and the endogenous TTG1 gene. The RUBY
reporter, which produces dark-red betalain pigment, successfully led to distinguishable seed
color changes in Arabidopsis Col-0 and ttgl mutant backgrounds. However, the use of the
amilCP chromoprotein was limited by its low transformation efficiency and germination
rate, likely due to its toxicity in plants. Attempts to use the TTG1 gene as an endogenous
selection marker did not produce observable seed color changes in the first transgenic gen-
eration, possibly due to insufficient TTG1 protein expression. Overall, this study demon-
strates the potential of the RUBY reporter as an effective visual marker for seed selection
and highlights the need to explore endogenous markers to improve the efficiency and con-

venience of generating transgenic Arabidopsis plants.

Keywords: Seed-selection marker; Arabidopsis thaliana; TTG1; RUBY; amilCP.
CERCS: B310 Physiology of vascular plants, B225 Plant Genetics.

Visuaalsete markerite arendamine taimede transformatsiooniks

Liihikokkuvdte: Transgeensete hariliku miitirlooga (Arabidopsis thaliana) taimede loom-
isel on oluline selektsioonimarkeri valik. Uurisime kolme selektsioonimarkerit eesméargiga
leida sellised, mis voimaldavad transgeenseid seemneid visuaalselt varvi jargi eristada. T60s
uuritud markerid olid RUBY reporter, amilCP kromovalk ja endogeenne TTG1 geen. RUBY
reportervalk toodab betalaiini — tumepunast pigmenti, mis tdi kaasa niahtavad muutused
transgeensete seemnete varvuses nii metsiktiitipi Col-0 taimedes kui ka ttgl mutandiliinis.
Kromovalgu amilCP edukat kasutamist markerina takistasid madal transformatsiooni efek-
titvsus ja seemnete idanevus, mida vdis pohjustada amilCP toksiline moju taimedele. En-
dogeense TTG1 geeni kasutamine seemne selektsioonimarkerina ei olnud edukas: esimeses
transgeenses polvkonnas seemnevérvi muutusi ei tdheldatud. Voimalik, et seda pohjustas
TTG1 valgu madal ekspressioonitase. Uurimus nditab, et RUBY reporterit saab tohusalt ka-
sutada seemnevirvuse visuaalsel selektsioonil pdhineva transgeensete taimede markerina
ning et endogeensete geenide markerina kasutamine tohusaks ja mugavaks transgeensete

seemnete selekteerimiseks vaarib tdiendavat uurimist.
Votmesonad: seemne selektsioonimarker; Arabidopsis thaliana; TTG1; RUBY; amilCP.

CERCS: B310 Soontaimede fiisioloogia, B225 Taimegeneetika
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TERMS, ABBREVIATIONS AND NOTATIONS

FAST — Fluorescent Accumulating Seed Technology

TTG1 - TRANSPARENT TESTA GLABRA 1 transcription regulator
ttgl — Arabidopsis loss-of-function TTG1 mutant

T-DNA — Transfer DNA

GFP — green fluorescent protein

RFP — red fluorescent protein

R2R3-MYB — R2R3 MYELOBLASTOSIS transcription factor
bHLH — basic HELIX-LOOP-HELIX transcription factor

RB — right border, 25-nucleotide repeat sequence

LB — left border, 25-nucleotide repeat sequence

PCR — polymerase chain reaction

Col-0 — Arabidopsis thaliana Columbia-0 ecotype

CRISPR — clustered regularly interspaced short palindromic repeats
Cas9 — CRISPR-associated protein 9

T1 generation — first generation of transgenic/transformed plants
p35S — CaMV35S or Cauliflower Mosaic Virus 35S promoter
pOLE1 — OLEOSIN1 promoter

pTTG1 - TTG1 promoter

TTG1t— TTG1 terminator

MS medium — Murashige and Skoog medium



INTRODUCTION

The increasing importance of convenient and reliable selection markers in generating

transgenic plants

The generation of transgenic plants has become a vital approach in plant biology, agricul-
ture, and biotechnology, as it enables targeted gene manipulation that drives plant physiol-
ogy research and also improves valuable traits such as yield, disease resistance, and abiotic
stress tolerance. With the increasing demand for sustainable agricultural practices and the
need to address global food security challenges, fast generation of various transgenic plants
to understand plant biological processes is crucial.

An essential aspect of plant transformation is the identification and selection of transformed
individuals from a pool of plants. This process would greatly benefit from using convenient

and reliable selection markers to ensure the successful recovery of transgenic plants.

Selection markers are genes that are introduced into plants alongside the gene of interest and
provide a distinguishable phenotype that can be easily identified and selected. An ideal se-
lection marker should be highly specific, non-destructive, easy to use, have minimal ecolog-

ical and health risks, and be compatible with various plant species and techniques.

In recent years, researchers have been exploring alternative selection markers to address the
limitations and concerns associated with some of the traditional markers, such as antibiotic
resistance genes. These alternatives include fluorescent proteins and pigmentation markers
among others. The development of new selection markers and the improvement of existing
ones are essential for advancing the field of plant transformation and ensuring the successful
generation of transgenic plants with desired characteristics.

In this work, we generated various transgenic plants to test the following potential selection
markers: the RUBY reporter, amilCP chromoprotein and the TTG1 gene as an endogenous

selection marker, highlighting their positive and negative aspects.



1 LITERATURE REVIEW

1.1 Antibiotic selection markers

A variety of selection markers are used in plant transformation studies, with antibiotic re-
sistance markers being among the most popular and widely used. Antibiotic selection mark-
ers have contributed to numerous successful plant transformations and the development of
various genetically modified crops. These markers involve the incorporation of antibiotic
resistance genes into the plant genome alongside the gene of interest. The transformed plants
can then be selected based on their ability to survive and grow in the presence of the corre-

sponding antibiotic, while non-transformed plants are eliminated.

One of the most commonly used antibiotic selection markers is the neomycin phosphotrans-
ferase Il (NPTII) gene, which confers resistance to kanamycin, neomycin, and G418 (geneti-
cin) (Bevan etal., 1983; Fraley et al., 1983). These antibiotics belong to the aminoglycoside
group and bind to the 16S or 18S rRNA of small ribosomal subunits in bacteria and plants,
respectively (Eustice and Wilhelm, 1984; Moazed and Noller, 1987). This interaction dis-
rupts the process of protein synthesis, causing misreading of the genetic code and the pro-
duction of nonfunctional proteins, which leads to cell death (Eustice and Wilhelm, 1984;
Moazed and Noller, 1987). Discovered in transposon Tn5 in E. Coli (Beck et al., 1982),
NPTII, when introduced into plant cells, transfers a phosphate group from ATP to the hy-
droxyl group of the antibiotic molecule (Berg et al., 1975). Phosphorylation of aminoglyco-
side antibiotics renders them incapable of binding to the 18S rRNA in the 40S ribosomal
subunit. As a result, the antibiotic cannot interfere with protein synthesis, allowing trans-
formed plant seedlings to survive on antibiotic-selective medium (Bevan et al., 1983; Fraley
etal., 1983).

Other examples of antibiotic selection markers include the hygromycin B resistance gene
(hph), which confers resistance to hygromycin B (Gritz and Davies, 1983), and the bialaphos
resistance gene (bar), which provides resistance to the herbicide phosphinothricin (De Block
etal., 1987).

Antibiotic selection markers offer several advantages for plant transformation studies. They
are easy to use, well-characterized, and compatible with a wide range of host organisms
(Rosellini, 2012). Their straightforward application in selecting transformed cells has made
them the popular choice in plant transformation research. Moreover, the use of antibiotic

resistance markers has contributed to the development of efficient transformation protocols
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in numerous plant species, enabling the generation of transgenic plants for both research and

commercial purposes (Potrykus, 1991; Rosellini, 2012)

However, these markers are not the most labor- and time-efficient. To obtain homozygous
plants with single T-DNA (Transfer DNA) insert (single-insert homozygous transgenic
lines) that are important for further research, transgenic plants must be propagated for at
least three generations using antibiotic medium plates for selection of transformed seedlings
(Figure 1) (Kammar et al., 2023). Handling many lines is necessary to isolate single-insert
lines with 3:1 phenotypic segregation (75% of antibiotic resistant and 25% of non-resistant
seedlings) in second generation (T2) and homozygous seeds in T3 generation (Figure 1).
The selection process requires sterile conditions, meaning that all seeds must be sterilized.
Moreover, after transformation, the antibiotic selection marker remains permanently in the
plant genome alongside the genes of interest, which may not be the best option for some

experiments or the development of commercial products (Rosellini, 2012).

1.2 Fluorescent seed-selection markers

Fluorescent seed-selection markers provide a valuable alternative to traditional antibiotic
resistance markers for generating transgenic plants. These markers involve the expression of
fluorescent proteins, such as a green fluorescent protein (GFP) or a red fluorescent protein
(RFP), under the control of seed-specific promoters (Figure 1). This approach enables early
and rapid selection based on the presence of a fluorescent signal in transformed seeds (Figure
1). These markers have been implemented in various plant species, including Arabidopsis,
oat, maize, rice, and cotton (Kaeppler et al., 2000; Kaeppler et al., 2001; Wenck et al., 2003;
Shaked et al., 2005; Stewart, 2005; Nishizawa et al., 2006; Shimada et al., 2010; Wang et
al., 2018; Xu et al., 2021).

RFPs are especially useful because they are excited by green-to-red wavelengths, and plants
do not exhibit significant background fluorescence in the red spectrum when excited at these
wavelengths. Additionally, some variants such as AsRed, DsRed, DsRed2 and TagRFP pro-
duce red coloration under visible light, allowing selection without a fluorescence device
(Figure 2) (Wenck et al., 2003; Nishizawa et al., 2006; Xu et al., 2021).

TagRFP (Merzlyak et al., 2007) is characterized by its high brightness and extended fluo-
rescence lifetime. This protein exhibits distinct chromoprotein properties, causing seeds
transformed with it to display a prominent red color under visible light (Figure 2). Unlike

other red fluorescent proteins that form tetramers or dimers, TagRFP is monomeric, making

8



it an ideal candidate for use as a fusion protein. These advantages facilitated the development
of an efficient seed-selection system called Fluorescence-Accumulating Seed Technology
(FAST) (Shimada et al., 2010). FAST is based on a fusion of the Arabidopsis OLEOSIN1
with a fluorescent protein driven by the OLEOSIN1 promoter. This promoter enables seed-
specific expression of the fusion protein, and the OLEOSIN1 protein directs TagRFP (for
FAST-R), or GFP (for FAST-G), to the oil body membrane in seeds. The accumulation of
TagRFP or GFP allows easy identification of transformed seeds immediately after harvest-
ing, either under visible light (Figure 2) or using a fluorescent stereomicroscope (Figures 1
and 2). Figure 1 shows an example of FAST-G utilization. In this thesis, FAST-R is em-
ployed as an alternative marker to conventional antibiotic-based selection methods for gen-

erating transgenic plants.
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Figure 1. Comparison of the single-insert homozygous line identification process using FAST and
conventional antibiotic selection methods. The FAST-G marker is a fluorescent seed-selection marker
that uses the seed-specific OLEOSIN1 promoter to drive the expression of the OLEOSIN1-GFP fusion
(Shimada et al., 2010). Transformed T1 seeds can be easily distinguished under a fluorescent
stereomicroscope and planted directly into soil. A single-insert line (3:1 ratio for fluorescent seeds versus
non-fluorescent seeds) is determined during the T2 generation segregation assessment under a
stereomicroscope and homozygous seeds, possessing the strongest fluorescence intensity from popula-
tion, are easily selected. In contrast, the conventional antibiotic selection method requires T1 seed
sterilization and plating on selective medium, followed by the selection of transformed seedlings
(Kammar et al., 2023). T2 seeds are harvested from multiple lines, also sterilized, and plated to observe
line segregation and line with 3:1 ratio for resistant to non-resistant seedlings is selected. Single-insert
resistant plants are transferred to soil, and T3 seeds are harvested. Seeds from several lines must be
sterilized and plated onto medium once more to identify homozygous lines where all seeds germinate on
the medium. The FAST-G marker significantly reduces the time required for the selection from the

conventional 7.5 months to approximately 4 months. Source: Shimada et al. (2010).

The intensity of fluorescence of FAST-R or FAST-G is strongly correlated with zygosity or
insert copy number. T2 seeds derived from T1 plants with a single insertion would display
a 3:1 ratio for fluorescent seeds versus non-fluorescent seeds. Among fluorescent seeds, T2
heterozygous seeds exhibit weaker fluorescence than homozygous seeds (Shimada et al.,
2010). This feature eliminates the need for time-consuming sterilization and plating on anti-
biotic selection medium. Rapidly selected T1 seeds can be planted directly into soil, and in
the T2 generation, homozygous seeds are selected from lines that display single insert seg-
regation (Figure 1). This method significantly reduces the time required for isolating a sin-
gle-insert homozygous line, from around 7.5 months with conventional antibiotic selection,

to just 4 months (Figure 1).
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FAST-R WT

Figure 2. Coloration and fluorescence of seeds
harboring the FAST-R seed-selection marker.
Seeds of the homozygous transgenic line (T3) are on
the left, displaying a clear red coloration in compari-
son to the wild type on the right. The fluorescence of
the transgenic seeds under a stereomicroscope is
shown below, non-flourescent wild-type seeds are on
the right (not visible). WT — non-transformed Ara-
bidopsis wild-type Col-0.

1.3 Chromoprotein amilCP

Similar to fluorescent proteins, chromoproteins isolated from marine organisms were shown
to be suitable selection markers in bacteria (Liljeruhm et al., 2018; Tafoya-Ramirez et al.,
2018). They strongly absorb visible light, resulting in a distinct and easily detectable color
(Alieva et al., 2008). For example, amilCP is a purple-blue chromoprotein isolated from
Acropora millepora (Alieva et al., 2008). It is non-toxic to E. coli and has been used in
different bacterial species for monitoring transgenic events (Tafoya-Ramirez et al., 2018).
Such proteins could be used for rapid visual selection of transgenic seeds. There is limited
literature on the application of chromoproteins in plants, and we decided to test amilCP in
Arabidopsis for this purpose.

1.4 Pigment based visual seed-selection markers

Naturally occurring plant pigments, such as flavonoids, have garnered significant interest as
reporter genes and selection markers in various plant species since the 1990s (Ludwig et al.,
1990; Chawla et al., 1999). Flavonoids are a diverse group of secondary metabolites found
in plants and include anthocyanins and proanthocyanidins, which are present in the vegeta-
tive tissues and seeds of Arabidopsis, respectively (Debeaujon et al., 2003; Xu et al., 2015).

Flavonoids play a significant role in attracting pollinators and seed dispersers by providing
11



distinct red, purple, violet, and blue coloration to plant parts (Grotewold, 2006). These me-
tabolites exhibit antioxidant properties and contribute to protection against drought condi-
tions, UV radiation, low temperatures, pathogens, and herbivores (Sarma and Sharma, 1999;
Lorenc-Kukuta et al., 2005; Gould and Lister, 2006).

Late biosynthetic genes (LBGs) encode a set of enzymes involved in the biosynthesis of
anthocyanins and proanthocyanidins, and their activation leads to the accumulation of these
metabolites. Proanthocyanidins provide the Arabidopsis seeds with distinct dark-brown
color. In most species, the expression of LBGs is controlled by the MBW complex, which
consists of two transcription factors: R2R3-MYB (R2R3-MYELOBLASTOSIS homolog)
and bHLH (basic HELIX-LOOP-HELIX), and the WD40 transcription regulator TTG1
(TRANSPARENT TESTA GLABRA 1) (Allan et al., 2008; Gonzalez et al., 2008; Petroni
and Tonelli, 2011; Xu et al., 2015; Chaves-Silva et al., 2018). Overexpression of MYB or
bHLH transcription factors involved in anthocyanin synthesis allowed the selection of trans-
genic events in maize (Shen and Petolino, 2006), N. benthamiana (Kim et al., 2010), apple,
strawberry, and potato (Kortstee et al., 2011). In these studies, the tissues of interest became
dark-colored due to increased pigment accumulation. However, this approach has proven
not to be universal, meaning that a marker suitable for one species was not fully functional
in others (Doshi et al., 2007). Additionally, such overexpression markers did not allow for
early selection in the callus stage of strawberry and potato and required the plants to be more
mature in order to identify the phenotype (Kortstee et al., 2011).

Some studies have also down-regulated the anthocyanin biosynthesis pathway, leading to
the disappearance of anthocyanin pigmentation in tomato (Orzaez et al., 2009) and petunia
(Chen et al., 2004). Such a drastic loss of pigmentation can also be seen in mutants of the
MBW complex specific for the flavonoid synthesis pathway (Figure 3). Mutations in the
Arabidopsis TTG1 gene lead to a significant reduction in anthocyanin biosynthesis in vege-
tative tissues and loss of proanthocyanidins synthesis resulting in yellow coloration of seeds
(Walker et al., 1999). The light-yellow color of seeds in the ttgl mutant is noticeably differ-
ent from the dark-brown wild-type seeds, and such feature could help to conveniently dis-
tinguish between transformed and non-transformed seeds. However, since TTGL1 is also in-
volved in many other regulatory pathways (Figure 3), including trichome initiation
(Schiefelbein, 2003), root hair formation (Schiefelbein et al., 2014), and seed coat mucilage
production (Xu et al., 2015) among others, disabling the TTG1 gene during transformation

for seed selection might not be the suitable approach. Therefore, in this study, we aim to
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transform ttgl mutants with a functional TTG1 gene, to restore seed color as an indication

of a successful transformation event.

WD40 bHLH R2R3-MYB

2 4,

SEED COAT (MUCILAGE)

PROANTHOCYANIDIN
BIOSYNTHESIS

ANTHOCYANIDIN

TTG1 BIOSYNTHESIS

TRICHOME PATTERING

ROOT HAIR PATTERNING

Figure 3. Functions of the MBW complex in Arabidopsis. The WD40 transcription regulator TTG1,
various bHLH and R2R3-MYB transcription factors form a tertiary complex and activate a set of genes
involved in seed coat mucilage production, proanthocyanidin and anthocyanin synthesis, as well as tri-

chome and root hair development. Modified from Zhang and Schrader (2017).

Recently, a promising plant pigment-based reporter, RUBY, was developed (He et al.,
2020). The RUBY marker is based on the production of betalain pigment in transgenic
plants. Betalains are natural pigments found in certain plants, such as beetroot and dragon-
fruit, and are responsible for their red, violet, or yellow colors. These pigments are derived
from the amino acid tyrosine through a multi-step enzymatic process, which is depicted in
Figure 4a (Strack et al., 2003; Polturak and Aharoni, 2019; Xu et al., 2020). First, tyrosine
is hydroxylated into L-3,4-dihydroxyphenylalanine (L-DOPA) by the enzyme P450 oxygen-
ase CYP76AD1. This enzyme also oxidizes L-DOPA to cyclo-DOPA. Next, L-DOPA is
converted into betalamic acid by L-DOPA 4,5-dioxygenase (DODA). In a non-enzymatic
reaction, cyclo-DOPA and betalamic acid condense to form betanidin. Lastly, glucosyltrans-
ferase (GT) adds a sugar moiety to betanidin, generating the colorful betalain. The RUBY
open reading frame contains all three enzymes required for this biochemical pathway (Figure
4b). They are linked together with 2A peptide sequences (Liu et al., 2017; Wang and Chen,
2020), and the stop codons of CYP76AD1 and DODA are removed to ensure the translation
of all three coding sequences together (Figure 4b). After translation, the 2A peptides undergo
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self-cleavage, releasing the three proteins for correct folding (Figure 4b). This technique
enables the use of only one promoter to express all required enzymes. By combining RUBY
with the appropriate promoter, seed-specific betalain accumulation can be achieved, facili-

tating transgene event selection in Arabidopsis seeds.

(o) OH 0. OH
cyclo-DOPA
N W ‘16h >/\ |
e 3 G‘{? Non -_—
CYP76AD1 / enzymatic T Gflucosyl( -
ransferase
OH % |
H H
Tyrosi d HOOC
o R H Betanidin

Betalamic acid Betalain

RUBY

I
Promoter CYP76AD1 2A DODA 2A Glucosyl —
transferase

1 Transcription

lTransIation and 2A peptide-mediated self-cleavage

@ DODA %Glucosyl transferase

Figure 4. Betalain biosynthetic pathway and the RUBY reporter. a) Biochemical pathway for the

conversion of tyrosine to betalain. Tyrosine is hydroxylated to L-3,4-dihydroxyphenylalanine (L-DOPA)
and then converted to cyclo-DOPA by the enzyme P450 oxygenase CYP76AD1. L-DOPA is also con-
verted into betalamic acid by L-DOPA 4,5-dioxygenase (DODA). In a non-enzymatic reaction, cyclo-
DOPA and betalamic acid react to form betanidin, and a sugar moiety is added by a glucosyltransferase
(GT) to form the colorful betalain. b) RUBY open reading frame with three enzymes (CYP76AD1,
DODA, GT) needed for betalain biosynthesis. Protein coding sequences are separated by 2A peptides,
which undergo self-cleavage after translation, releasing individual proteins for further folding. This tech-
nique allows for the utilization of only one promoter and terminator for several distinct coding sequences.
Source: He et al. (2020).

A significant advantage of using the RUBY selection marker is that betalain has a very dis-
tinct color compared to the wild-type coloration of Arabidopsis seeds, which could make
identification quick and straightforward. Furthermore, since the precursor of betalain is the
amino acid tyrosine, which is present in every cell, pigment production is ensured in all
tissues of interest (He et al., 2020). To assess how distinctive the seed coloration is compared
to the dessicated wild-type brown seeds, we transformed Arabidopsis with RUBY driven by
CaMV35S and OLEOSIN1 promoters for ubiquitous and seed-specific expression, respec-
tively. Two genotypes — Col-0 and the ttgl mutant — were used for transformation.
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2 THE AIMS OF THE THESIS

The primary objective of this thesis was to develop versatile markers that significantly de-

crease the amount of time and effort required for transgenic seed selection in Arabidopsis.

First, we identified the RUBY reporter as a promising candidate for seed selection due to the
distinct betalain coloration produced in fresh seeds of transformed Arabidopsis, which can
be visually detected without specialized equipment. Our main aim was to investigate whether
the resulting betalain pigmentation could be clearly visible in desiccated seeds, as their dark-
brown color might potentially mask the RUBY phenotype. We used wild-type Arabidopsis
Col-0 and plants with a loss-of-function mutation in the gene of the transcription regulator
TTG1. The ttgl mutant lacks proanthocyanidin production, which is the primary seed pig-
ment, resulting in a yellow seed color instead of dark-brown. The yellow ttgl seeds can
potentially serve as a better background for detection of transgene-acquired coloration. We
transformed RUBY under the control of a constitutive/ubiquitous CaMV35S and a seed-
specifc OLEOSIN1 promoters into Col-0 and ttgl mutant plants to examine its performance

in the first two generations of transgenic plants.

Second, we investigated the use of chromoproteins, small proteins isolated from marine spe-
cies and commonly employed as reporters in various bacterial species, as seed-selection
markers in plants. Specifically, we employed the purple-blue chromoprotein amilCP driven
by the Arabidopsis ubiquitin 10 and OLEOSIN1 promoters in Col-0 and the ttgl mutant,

analyzing two generations of transgenic plants.

Lastly, we attempted to create an endogenous selection marker based on the TTG1 gene.
Ideally, including the TTG1 gene in the T-DNA for transformation into ttgl mutants would
restore seed color, indicating a successful transformation event and making this system a
convenient visual selection marker. Therefore, we transformed ttgl mutants with constructs

containing functional TTG1 and assessed the seeds for brown coloration.
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3 EXPERIMENTAL PART

3.1 MATERIALS AND METHODS

3.1.1 Plant material

Arabidopsis thaliana Columbia-0 (Col-0) and the ttgl mutant (see below) were used to gen-
erate various transgenic plants through Agrobacterium tumefaciens-mediated plant transfor-
mation (Clough and Bent, 1998).

The ttgl mutant was created using a CRISPR/Cas9 technology to target the TTG1 coding
sequence. Col-0 plant was transformed with the corresponding construct and the first gener-
ation (T1) seeds were selected based on FAST-R fluorescence (Shimada et al., 2010). T2
seeds without red fluorescence (indicating the loss of transgene) but with a clear yellow color
phenotype were selected, sown, and sequenced. Homozygous plant line with one-nucleotide
deletion in the 5' end of the TTG1 coding sequence was selected and its T3 generation was
used for further transformation with the T-DNA (Gelvin, 2017) of interest.

3.1.2 Plant growth conditions

Plants were grown in plastic pots filled with a mixture of peat and perlite (at a 2:1 ratio)
inside growth cabinets. The plants were initially kept in a short-day growth cabinet with a
daily photoperiod of 10 hours, a day temperature of 23°C, a night temperature of 21°C, and
a relative air humidity of 55%. The short-day growth cabinet had a photosynthetic photon
flux density of 250 pmol m~ s71, Once the plants reached a suitable size, they were trans-
ferred to a long-day growth room with a photoperiod of 14 hours and the same temperature,

humidity, and photon flux conditions.

To ensure successful germination, valuable seeds were sown on 0.5x Murashige and Skoog
(MS) 0.6% phytoagar medium (Phygenera) containing cefotaxim (100 mg/L), and only after
germination, were they transplanted into peat/perlite-filled pots. For imaging purposes, seeds
were sown on 10 mM KNOs 0.7% agar plates with cefotaxim (100 mg/L). Both MS and
KNOs plates were kept in a SANYO MLR-351 Versatile Environmental Test Chamber
(SANYO Electric Co., Ltd.) with a daily photoperiod of 10 hours, a day temperature of 24°C,
a night temperature of 19°C and a photosynthetic photon flux density of 125 umol m2s™2,
The humidity was not regulated in this incubator, therefore, the plates were sealed with med-

ical tape.
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Seeds were sterilized before being sown on KNOgz agar or MS agar medium plates. The
sterilization process included holding the seeds in 95% ethanol for 2-3 minutes, washing
them with sterilized deionized water, and then treating them with 2% sodium hypochloride
for approximately 3 minutes. After the sodium hypochloride treatment, the seeds were
washed three times with sterilized deionized water and kept at 4°C for 1-3 days to undergo

stratification before being sown on the plate.

3.1.3 Molecular cloning

The p35S:RUBY/pHDE plasmid (He et al., 2020) was kindly provided by Mikael Brosché
(University of Helsinki) (Figure 5a). The plasmids pOLE1:gOLE1-amilCP-
V5_OLE1t/HygR_P19 pYSWb1 and pUBQ10:amilCP-V5_NOSt/P19_pTC217* (Figure 5b-

c) were cloned beforehand and used for plant transformation without any modifications.

LB RB

amilCP-V5

RB

LIR - amilCP-V5 SIR = Rep/RepA = LIR +

LB RB

Figure 5. Schematic representation of T-DNA regions of the used constructs. a) RUBY selection
marker assembled with the CaMV35S promoter and terminator in pHDE vector
(p35S:RUBY_35St/pHDE). b) Blue chromoprotein amilCP fused with OLEOSIN1 genomic sequence at
the N-terminus and a Simian Virus 5 (V5) tag at the C-terminus, and driven by OLEOSIN1 promoter in
pYSWhb1 binary plasmid (pOLE1:gOLE1-amilCP-V5_ OLE1t/HygR P19 pYSWhb1). c) Blue chromopro-
tein amilCP with a V5 tag driven by the Arabidopsis ubiquitin 10 promoter in pTC217* binary plasmid
(pUBQ10:amilCP-V5_NOSt/P19 pTC217*). LB — Left Border of the T-DNA, RB — Right Border of the
T-DNA, HygR — Hygromycin B resistance selection marker, P19 — the tombusviral RNA silencing sup-
pressor, p35S — CaMV35S promoter, 35St — CaMV35S terminator, pPOLE1 — OLEOSIN1 promoter, gOLE1
—genomic OLEOSIN1 coding sequence, OLE1t — OLEOSIN1 terminator, amilCP-V5 — blue non-fluores-
cent chromoprotein with V5-tag (McLean et al., 2001), pUBQ10 — plant ubiquitin 10 promoter, NOSt —
A. tumefaciens nopaline synthase terminator, LIR — long intergenic region of the bean yellow dwarf virus
(BeYDV), SIR — short intergenic region of (BeYDV), Rep/RepA — virus replication initiator protein of
(BeYDV).
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3.1.3.1 Polymerase chain reaction (PCR) settings

All PCR reaction mixtures consisted of a variable amount of DNA template and water
(volume details are listed in Table 1). The mixture also contained 0.5 pL of each primer (10
uM, Integrated DNA Technologies), 0.4 uL of 10 mM dNTPs (Thermo Fisher Scientific),
0.2 uL of Phusion PFU DNA Polymerase (Thermo Fisher Scientific), and 4 uL of 5x HF
Phusion Buffer (Thermo Fisher Scientific). The PCR program was as follows: an
initialization step at 98°C for 30 seconds, followed by 3 cycles of denaturation at 98°C for
10 seconds, primer annealing at 53°C for 15 seconds and extension at 72°C for 30 seconds.
For the next 27 cycles the temperature for primer annealing was raised to 58°C while the
other steps remained the same. The final extension was carried out at 72°C for 1 minute. The
PCR products were either PCR purified or gel purified using the FavorPrep PCR Purification
Mini Kit (FAVORGEN Biotech Corporation), following the manufacturer’s manual.

3.1.3.2 The Golden Gate cloning

The Golden Gate cloning method (Engler et al., 2008; Engler et al., 2014) was utilized to
assemble transcriptional units from DNA parts using Type IIS restriction enzymes. These
enzymes create specific, non-palindromic overhangs outside their recognition sequence
(Figure 6a). The Bsal recognition sites (GGTCTCN) and specific four-nucleotide linking
sequences were introduced to the inserts of interest by PCR (Figure 6b). The linking se-
quences varied depending on the fragment type: promoter (5' end: GGAG, 3' end: AATG),
coding sequence (5' end: AATG, 3' end: GCTT), and terminator (5' end: GCTT, 3' end:
CGCT). The vector also contained Bsal recognition sites and four-nucleotide linker se-
quences (5' end: GGAG, 3' end: CGCT; Figure 6b). After digestion with FastDigest (FD)
Bsal restriction enzyme (Thermo Fisher Scientific), 5'-overhangs were formed from the link-
ers (Figure 6¢). The desired inserts were incorporated into the vector through overhang com-
plementarity by T4 DNA ligase (Thermo Fisher Scientific), resulting in a final product with-
out Bsal recognition sites (Figure 6d). Multiple cycles of digestion and ligation in a thermo-
cycler machine, at optimal temperatures of 37°C and 16°C respectively, significantly in-
creased the proportion of correct products. However, some primary plasmids remained in

each reaction due to undigested plasmids or self-ligated plasmid fragments.
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The reaction mixture for all samples included 1 puL of 10x Ligase buffer (from Thermo
Fisher Scientific), 0.2 uL of T4 DNA ligase, and 0.2 pL of FD Bsal. Water and DNA frag-
ment amounts varied (Table 4). The thermocycler program was 10 cycles of 37°C for 5

minutes and 16°C for 5 minutes, followed by storage at 37°C until transformation to E. coli.

3.1.3.3 The Plant MoClo parts

The majority of the fragments utilized in the Golden Gate assembly were previously incor-
porated into specific Level 0 vectors to create Plant MoClo parts (Engler et al., 2014). The
necessary sequences were first PCR amplified, and the Bsal recognition sites and linker se-
quences were added by primers (Table 1). The amplified products were then purified, di-
gested with FD Bsal restriction enzyme (Table 2) and purified again. After that, the frag-

ments were ligated (Table 3) into pre-digested Level 0 vectors. All Level 0 vectors contained
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a spectinomycin resistance selection marker, a pMB1 origin of replication for plasmid prop-
agation in E. coli, and a fragment with flanking Bsal recognition sites and linkers that are
complementary to the overhandgs on the digested PCR products.

3.1.3.4 Ligation

In the ligation mixture, the amount of DNA fragments and water varied (Table 3). However,
all samples contained 1 uL of 10x Ligase buffer and 0.5 uL. of T4 DNA ligase. The reactions

were then transformed to E. coli after being incubated for 1-2 hours at room temperature.

3.1.3.5 E. coli transformation

Either Golden Gate or ligation products were transformed into E. coli for plasmid amplifi-
cation. First, 4 uL of the Golden Gate mixture or 10 uL of ligation sample was added to 50-
100 uL of thawed competent E. coli cells. The cells were incubated on ice for 15 minutes
and subjected to heat-shock treatment in a 42°C water bath for 90 seconds. The samples
were then cooled down on ice for 2 minutes and placed in a 37°C incubator for 40 minutes
after adding 300 pL of liquid LB medium. The cell suspensions were plated on solid LB
medium with an appropriate antibiotic based on the selection marker in the vector and incu-
bated at 37°C overnight. A positive colony verified by colony PCR or blue/white selection
(for those with an amilCP dropout system) for each construct was selected and cultured in 4
mL of liquid LB medium with the appropriate antibiotic in a shaking incubator at 37°C and
220 rpm overnight. The plasmids were extracted using the FavorPrep Plasmid Extraction
Mini Kit (FAVORGEN Biotech Corporation) according to the manufacturer’s manual, quan-
tified with a NanoDrop spectrophotometer (Thermo Fisher Scientific) and sent for verifica-

tion by Sanger sequencing.

3.1.3.6 Agrobacterium tumefaciens-mediated plant transformation

The Agrobacterium tumefaciens strain GVV3101 (Holsters et al., 1980; Koncz and Schell,
1986) was transformed with the desired binary plasmids. Approximately 500 ng of plasmid
was added to 20 puL of competent cells, which were then subjected to a heat-shock treatment
by incubating them in a water bath at 37°C for 10 minutes. Next, 300 pL of liquid LB me-
dium was added, and the samples were incubated for 1 hour at 28°C. The samples were then
plated on solid LB media containing kanamycin (50 mg/L) and gentamicin (50 mg/L) and
incubated at 28°C. The addition of gentamicin is necessary for selecting Agrobacterium col-
onies that have the vir helper plasmid (Hoekema et al., 1983). After three days, colonies

were cultured in 2 mL of LB liquid medium with kanamycin and gentamicin in a shaking
20



incubator at 28°C and 220 rpm overnight. The culture was then centrifuged, and the pellet
was resuspended in 1 mL of a floral dip solution (Clough and Bent, 1998) consisting of 5%
sucrose and 0.05% Silwet-L77. This mixture was applied to the flowers using a pipette,
followed by two more applications every other day. The mixture was stored at 4°C during

the application period. The plants were kept under long-day conditions until seed harvesting.

3.1.3.7 TTG1 coding sequence with native regulatory components

The two variants of TTG1 gene (Figure 7), with a short and long promoter parts (short
pTTGL1:TTG1_TTG1t, long pTTGL:TTGL1 TTGL1t), were amplified by PCR (Table 1), and
then purified. The use of cDNA was not necessary because the protein coding sequence is
located in one exon. The purified PCR products were incorporated into the binary vector
amilCP/HygR_P19 pYSWhb1 using the Golden Gate cloning method (Figure 7 and Table 4).
The subsequent E. coli and plant transformation procedures were carried out following the

same steps as previously outlined.

TTG1

TTG1

GGAG

long pTTG1
(1823 bp)

LB RB

Figure 7. T-DNA regions of constructs with TTG1 gene. TTG1 coding sequence with either short (a)
or long (b) promoter fragment was assembled in pYSWb1l binary vector (short/long
pTTGL:TTG1 TTG1t/HygR P19 pYSWb1). LB — Left Border of the T-DNA, RB — Right Border of the
T-DNA, HygR — Hygromycin B resistance selection marker, P19 — the tombuviral RNA silencing sup-
pressor, pTTG1 — TTG1 promoter, TTG1 — TTG1 coding sequence, TTG1t—TTG1 terminator. The four-

nucleotide linkers that were used for Golden Gate assembly are depicted above each construct.

The binary vector amilCP/HygR_P19 pYSWb1 (designed by Yuh-Shuh Wang) was chosen

as the destination vector. It is called binary because it contains only T-DNA and no virulence

region. The T-DNA depends on the virulence helper plasmid in the Agrobacterium strain

used for transformation (Hoekema et al., 1983). The virulence proteins are expressed from

the helper plasmid and recognize two 25-base-pair repeats called Left and Right Border (LB
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and RB), which flank the T-DNA region in the binary vector (Yadav et al., 1982). The
virulence proteins are required to excise the T-DNA region and mediate its transfer into the
plant cell and integration into the host genome (Herreraestrella et al., 1988; Ward and
Barnes, 1988; De VVos and Zambryski, 1989; Herreraestrella et al., 1990). The binary vector
used was modified from pHEE2E-TRI (Wang et al.,, 2015). The T-DNA of
amilCP/HygR_P19 pYSWb1 contains the tombuviral RNA silencing suppressor P19
(Garabagi et al., 2012), the blue non-fluorescent chromoprotein from Acropora millepora
(@amilCP) (Alieva et al., 2008) and a hygromycin resistance selection marker. The backbone
of the vector (outside the T-DNA part) consists of two origins of replication for propagation
in both E. coli and Agrobacterium, two genes for the Agrobacterium system, which encode
the replication protein for multiplication of the binary plasmid (pVVS1-RepA) and the protein
for stable cell segregation (pVS1-staA) (Heeb et al., 2000), and a kanamycin resistance se-
lection marker for selection of transformed bacterial colonies. The amilCP part of the vector
has flanking regions with a Bsal recognition site and a four-nucleotide linker sequence
(GGAG at 5'and CGCT at 3' end). Therefore, the amilCP can be substituted by the desired
insert via a Golden Gate reaction. Although some undigested plasmids may still be present
in the reaction product, the correct plasmid can be easily distinguished after transformation

into E. coli by selecting white colonies rather than blue ones.

3.1.3.8 TTG1 coding sequence driven by CaMV35S promoter

The CaMV35S promoter and terminator had previously been cloned into Level 0 vector. The
TTG1 coding sequence was amplified using a two-step overlap PCR method to generate
synonymous base substitutions that disrupt the protospacer adjacent motif (PAM) of single-
guide RNA. This mutation was needed for the TTG1* knock-in CRISPR/Cas9 experiment,
which was not included in this thesis. The 5" and 3' parts of the TTG1* (asterisk indicates
that the fragment was modified) with the overlap region containing the mutations were am-
plified separately (Table 1). The products were then gel-purified. A second PCR reaction
was performed with flanking primers and purified fragments as templates (Table 1). The
final product was purified, digested with FD Bsal (Table 2), PCR-purified, and ligated with
the Level O vector (Table 3). The TTG1* coding sequence, the CaMV35S promoter and
terminator (p35S:TTG1*_35St) were integrated into the binary vector by Golden Gate
assembly (Figure 8 and Table 4).
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LB RB

Figure 8. Schematic map of T-DNA with modified TTG1 coding sequence controlled by CaMV35S
promoter. TTG1* with CaMV35S promoter was integrated into the pYSWb1 binary plasmid with FAST-
R seed-selection marker (p35S:TTG1*_35St/FAST-R_HygR_P19 pYSWb1). LB — Left Border of the T-
DNA, RB - Right Border of the T-DNA, HygR — Hygromycin B resistance selection marker, P19 — the
tombuviral RNA silencing suppressor, p35S — CaMV35S promoter, TTG1* — modified TTG1 coding se-
guence, 35St-— CaMV35S terminator. The four-nucleotide linkers that were used for Golden Gate assem-

bly are depicted over construct.

The amilCP_FAST-R/HygR_P19 pYSWbl was chosen as the binary vector for this
construct. The FAST-R seed-selection marker (Shimada et al., 2010) is integrated into the
T-DNA region; otherwise, this vector is identical to the amilCP/HygR_ P19 pYSWbl
described in the previous chapter.

3.1.3.9 Targeting expression of RUBY in seeds by OLEOSIN1 promoter

The OLEOSIN1 (OLE1) promoter and terminator were chosen for seed-specific expression
of the RUBY as research showed that its promoter is most active during seed maturation
(Kim et al., 2002).

LB RB

Figure 9. Schematic representation of the T-DNA region with RUBY assembled with OLEOSIN1
regulatory elements. The RUBY coding sequence, driven by the OLEOSIN1 promoter and terminator, was
cloned in the pYSWhb1 binary vector () OLE1:RUBY_OLE1t/P19 HygR_pYSWhb1). LB — Left Border of the T-
DNA, RB — Right Border of the T-DNA, HygR — Hygromycin B resistance selection marker, P19 — the
tombuviral RNA silencing suppressor, pPOLE1 — OLEOSIN1 promoter, OLE1t — OLEOSIN1 terminator. The

four-nucleotide linkers that were used for Golden Gate assembly are depicted over construct.

The promoter (pOLE1) was cloned into Level 0 plasmid (Tables 1, 2, and 3) and terminator
(OLELt) was already available in Level 0 vector. These components were utilized in a
Golden Gate assembly to create the pOLEL1:RUBY_OLE1t/HygR P19 pYSWb1 construct
(Figure 9 and Table 4).
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Table 1. PCR reaction details.

Sequence

Primer name

\ Primer sequence

\ PCR conditions

short/long pTTG1:TTG1_TTG1t/HygR P19 pYWShl

short pTTGL:TTG1_TTGL1t

XV-53 forward

GTGGTCTCAGGAGCATCCTTATGTTTAGCGCATAG

XV-50 reverse

ATGGTCTCCAGCGCTAATAAGAGCCAATATATATGAC
T

Arabidopsis thaliana genomic DNA
(9DNA) 1 pL, H20 13.4 pLL

long pTTGL:TTG1_TTG1t

XV-43 forward

GTGGTCTCTGGAGTAAACGTGGGTTTGG

XV-50 reverse

ATGGTCTCCAGCGCTAATAAGAGCCAATATATATGAC
T

gDNA 1 uL, Ho0 13.4 uL

p35S:TTG1*:35St/pFAST-R_HygR_P19 pYWSh1

5 TTG1* fragment

XV-45 forward

ACGGTCTCAAATGGATAATTCAGCTCCAGATT

XV-59 reverse

GATCTCCGGAACTTGGACGACGTAG

gDNA 1 uL, H20 13.4 L

TTG1* 3' fragment

XV-58 forward

CTACGTCGTCCAAGTTCCGGAGATC

XV-46 reverse

GTGGTCTCAAAGCTCAAACTCTAAGGAGCTGCAT

gDNA 1 uL, Ho0 13.4 uL

TTG1* 5'+3' overlap

XV-45 forward

ACGGTCTCAAATGGATAATTCAGCTCCAGATT

S'TTG1*0.1uL, TTG1*3'0.1 uL,

XV-46 reverse

GTGGTCTCAAAGCTCAAACTCTAAGGAGCTGCAT

H20 14.2 uL

pOLE1:RUBY OLE1t/HygR P19 pYWSbl

XV1-68 forward

GTGGTCTCAAATGGATCATGCGACCCTCG

p35S:RUBY/pHDE 0.1 pL, H20 14.3

RUBY XVI-69 reverse GTGGTCTCAAAGCTCACTATCACTGGAGGCTTG uL
V1-02 forward GTGTCGACTCTGTGGTCTCA pPFAST-R/pGEM-T easy 0.1 uL, H.O
pOLEl XVII-01 reverse GTGGTCTCACATTTTTTTGTTCTTGTTTACTAGAGAG 14.3 uL

The recognition sequence of Bsal is highlighted in red, while linker sequences or overhangs (after digestion) are highlighted in green.

Table 2. Restriction digestion summary table.

Digested product

| DNA sample, H,0 | Reagents

p35S:TTG1*:355UpFAST-R_HygR P19 pYWSb1

TTG1*/Bsal purified TTG1* XV-45&XV-46 35.5 uL FD Bsal 0.5 pL, 10> FD buffer 4 L
pOLE1:RUBY OLE1t/P19 HygR pYSWh1

pOLE1/Bsal purified pOLEL_VI-02&XV11-01 35.5 uL FD Bsal 0.5 pL, 10x FD green buffer 4

RUBY/Bsall purified RUBY XVI-68&XVI-69 35.5 uL uL




Table 3. Ligation reaction components and products specification table.

Construct name

DNA fragments, H,O

Common reagents

TTG1*/MoClo_AATG-GCTT

TTG1*/Bsal 1 pL, MoClo_AATG-GCTT/Bsal 0.5 pL
and HO 7 uL

RUBY/MoClo_AATG-GCTT

RUBY/Bsal 1.5 uL, MoClo_AATG-GCTT/Bsal 0.5 pL,
H>0 6.5 uL

POLE1/MoClo_GGAG-AATG

pOLE1/Bsal 1 uL, MoClo_GGAG-AATG/Bsal 0.5 pL,
H.O 7 uL

T4 DNA ligase 0.5 uL, 10x ligase buffer 1 uL.

Table 4. Constructs assembled with Golden Gate cloning.

Construct name

DNA fragments, H.O

Common
reagents

short pTTGL:TTGL_TTG1UHygR_P19_pYSWhb1

amilCP/HygR_P19 pYSWb1 (169 ng/uL) 0.5 uL, short pTTGL:TTG1_TTG1t 2 uL, H.0 6.1

pL

long pTTG1:TTG1_TTG1t/HygR_P19 pYSWbl

amilCP/HygR_P19 pYSWb1 (169 ng/uL) 0.5 uL, long pTTG1:TTG1 TTG1t 2 uL, H.0 6.1 uL

p35S:TTG1*:35SUFAST-R_HygR_P19_pYSWb1

amilCP_FAST-R/HygR_P19_pYSWb1 (99 ng/uL) 0.5 uL, p355/MoClo_GGAG-AATG (166

ng/uL) 0.7 uL, TTG1*/MoClo_AATG-GCTT (374 ng/uL) 0.3 puL, 35St/MoClo_GCTT-CGCT T4 DNA ligase

(251 ng/uL) 0.5 uL and H.0 6.6 pL

0.2 uL, FD Bsal

pOLEL:RUBY_OLE1t/P19_HygR_pYSWb1

amilCP/HygR_P19_pYSWb1 (169 ng/uL) 0.5 pL, pOLE1/MoClo_GGAG-AATG (78 ng/uL) 1 | 0.2 uL, 1 uL of
uL, RUBY/MoClo_AATG-GCTT (498 ng/uL) 0.25 uL, OLE1t/MoClo_GCTT-CGCT (200 10x ligase buffer

ng/uL) 0.5 uL and H,0 6.35 uL
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3.2 RESULTS

3.2.1 Arabidopsis Col-0 and ttg1 mutant phenotypes

During the development of the CRISPR/Cas9 technology for plant genome editing in our
lab, we have chosen the TRANSPARENT TESTA GLABRA 1 (TTG1) as the target gene to
create knockouts. The TTG1 transcription regulator plays a crucial role in numerous molec-
ular pathways and its knockouts have distinct phenotypic characteristics (see the Literature
Review and Figure 3), which can be easily visually identified. The pathways regulated by
TTGL1 involve trichome development and the production of anthocyanins and proanthocya-
nidins. In the wild-type Arabidopsis, trichomes can be found on the leaves (Figure 10a). The
vegetative tissues contain anthocyanin pigments (Figure 10a, c-€), which give the plant its
characteristic green and purple coloration in the later stages of the plant's life cycle or when
the plant is in stress (Figure 10c). The seeds of Arabidopsis primarily contain proanthocya-

nidins, which impart a distinct dark-brown color in the seeds (Figure 10a).

As a result, the ttgl loss-of-function mutants, including the ttgl generated by the
CRISPR/Cas9 technology used in this study, exhibit deficiencies in all of the aforementioned
traits, such as glabrous leaves that are devoid of trichomes (Figure 10b), and lack of antho-
cyanin and proanthocyanidin pigments. Consequently, the leaf and stem remain light green
and later turn light-yellow (Figure 10b, f-h). In the absence of proanthocyanidin accumula-
tion, the seeds appear light-yellow (Figure 10b), as opposed to the dark-brown color in the

wild-type seeds (Figure 10a).



Figure 10. Comparison of Arabidopsis Col-0 and ttgl mutant plants. a) A 5-week-old Col-0 plant with
visible trichomes on leaves and its brown seeds. b) A 5-week-old ttgl mutant without trichomes and its
light-yellow seeds. c to e) Phenotypes of an 8-week-old mature Col-0 plant. f to g) Phenotypes of an 8-

week-old ttgl mutant.
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3.2.2 Assessment of the RUBY seed-selection marker

He et al. (2020) developed the RUBY reporter composed of three enzymes required for
betalain synthesis. Tissues expressing this reporter accumulate betalain pigment, resulting
in a dark-red color. When a seed-specific promoter, At2S3, was used, the red seeds could be
easily distinguished from untransformed green seeds in the developing siliques. However,
the dessicated wild-type Arabidopsis seeds have a dark-brown color, which could mask the

red betalain pigmentation and renders the RUBY reporter less useful in the dry mature seeds.

In order to further assess the potential of the RUBY reporter as a dry seed-selection marker,
wild-type Col-0 (dark-brown seeds) and the ttgl mutant (bright yellow seeds) were trans-
formed with either the p35S:RUBY (Figure 5a) (He et al., 2020) or the pOLE1:RUBY (Figure
9) construct. The bright yellow color of the dessicated ttgl seeds would be ideal to show any
pigmentation changes resulted from the RUBY reporter. The CaMV35S promoter (p35S)
was meant for a strong constitutive and ubiquitous expression, whereas the OLEOSIN1 pro-
moter (pOLE1) was chosen to drive seed-specific expression of the selection marker gene.
To reduce transgene silencing, a P19 gene silencing suppressor was also included in the
pOLE1:RUBY construct (Figure 9).

3.2.2.1 Seed pigmentation of primary transformants

All four transformants (p35S:RUBY/Col-0, p35S:RUBY/ttgl, pOLE1:RUBY/Col-0, and
pOLE1:RUBY/ttgl) produced seeds with a distinct dark-red color (Figure 11a). However,
the color intensity varied noticeably within the same genotype (Figure 11a), which is normal
in the first generation (Gelvin, 2003). To observe the mature plant phenotype, first genera-
tion of transgenic (T1) seeds were planted. One-week-old seedlings of p35S:RUBY in both
Col-0 and ttgl backgrounds continued to express the marker gene, while seedlings of

pOLEL:RUBY lost a significant amount of betalain pigmentation (Figure 11b).
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Figure 11. Images of T1 seeds and seedlings transformed with the RUBY selection marker. a) Seeds
of Col-0 and ttg1 plants transformed with p35S:RUBY and pOLE1:RUBY for ubiquitous and seed-specific
expression of RUBY, respectively. b) One-week-old seedlings from seeds presented in panel a. The

middle columns in panels a and b correspond to untransformed Col-0 and ttgl plants.

3.2.2.2 Ubiquitous expression of RUBY in mature plants

Two Col-0 and two ttgl plants with p35S:RUBY were grown to maturity. Both transformed
Col-0 plants exhibited complete dark-red coloration, as expected due to the ubiquitous nature
of the CaMV35S promoter (Figure 12a-c). Surprisingly, transformed ttgl plants displayed
no betalain pigmentation, despite being originated from dark-red seeds. Upon examining
seven additional p35S:RUBY/ttg1 plants, only two transformants exhibited complete red pig-
mentation in mature plants (Figure 12d-f). Another two p35S:RUBY/ttgl transformants
displayed pigmentation only in specific plant parts: one plant exhibited dark coloration
exclusively in leaves (Figure 13a-c), while the second plant had pigmentation in petals and
pistils (Figure 13d-f). The remaining three plants did not have any visually detectable

betalain coloration.

Figure 12. Mature transgenic plants with the p35S:RUBY construct. Arabidopsis Col-0 (a-c) and ttgl
mutant (d-f) were transformed with RUBY selection marker under CaMV35S promoter, resulting in the

production of betalain in all tissues.
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Figure 13. Different expression patterns of T1 p35S:RUBY/ttgl plants. The images illustrate two ttgl

mutants transformed with the RUBY selection marker under the control of the CaMV35S promoter. One
plant (a-c) exhibits distinct pigmentation in leaves (a) and another plant (d-f) displays betalain coloration
in petals and pistils (e).

T2 seeds from eight p35S:RUBY/ttg1l plants out of the nine examined were mostly dark-red,
as expected for this generation. Only one p35S:RUBY/ttgl plant, which lacked betalain pig-
mentation in vegetative tissues, produced T2 seeds that were predominantly yellow, with a

small fraction of dark-red seeds.

3.2.2.3 Mature plants with RUBY driven by OLEOSIN1 promoter

All T1 plants with the pOLEL1:RUBY construct in the Col-0 background exhibited slight
betalain pigmentation in their flowers (Figure 14a-c) compared to wild-type Col-0 plants
(Figure 104, c-e) and those expressing p35S:RUBY (Figure 12a-c). The purple color in some
of the rosette leaves is commonly observed in the wild-type plants in the late reproductive
stage or under stress conditions (Figure 10c) and is not related to the pOLE1:RUBY expres-
sion. On the other hand, no color change was observed in the ttgl background transformed
with the pOLE1:RUBY (Figure 14d-f).
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Figure 14. Images of plants with pOLE:RUBY insert. Seed-specific expression of RUBY was largely
achieved in Col-0 (a-c) and the ttgl mutant (d-f) using the OLEOSIN1 promoter since no substantial
RUBY expression was observed in the mature plant tissues other than seeds, and there was only weak
expression in the flowers of the transformed Col-0 (b). The arrow in b indicates flowers of
pOLE1:RUBY/Col-0 and the plant on the left is wild type. Five transformants were planted and analyzed

for each background.

To test whether the RUBY marker provides distinguishable features for different zygosity
in T2 seeds, we examined seeds from plants with the OLEOSIN1 promoter (three lines of
pOLE1:RUBY/Col-0 and three lines of pOLE1l:RUBY/ttgl). Most T2 seeds of the
pOLEL1:RUBY construct in both Col-0 and the ttg1 background displayed a distinct dark-red
coloration (Figure 15). Among the dark-red seeds, only one ttgl line exhibited differences
in seed coloration (Figure 15c), while transgenic seeds in other lines of both backgrounds

appeared almost homogeneous in color (Figure 15a-b).

Lk

00(’

Figure 15. Second generation of seeds transformed with RUBY under seed-specific promoter. a &
b) Transgenic pOLE1:RUBY lines in Col-0 (a) and ttgl (b) backgrounds with homogeneous seed
coloration. c) A T2 pOLE1:RUBY/ttgl line with noticeable differences in seed coloration.
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3.2.3 Chromoprotein amilCP as a possible seed-selection marker

Various chromoproteins have been employed as efficient reporter genes for bacterial trans-
formation (Liljeruhm et al., 2018). One such example is amilCP, a chromoprotein isolated
from Acropora millepora (Alieva et al., 2008), which exhibits a distinct purple-blue color.
This coloration enables easy selection of amilCP-expressing bacterial colonies (Tafoya-
Ramirez et al., 2018). In this study, we aimed to introduce amilCP into Arabidopsis to de-
termine whether it could produce a noticeable change in seed color, thereby serving as a

convenient seed-selection marker.

Constructs for ubiquitous (pUBQ10:amilCP) and seed-specific (pOLE1:gOLE1-amilCP)
expression of the amilCP were transformed into Col-0 and ttg1 plants. The amilCP was fused
to OLEOSIN1 for specific accumulation in oil body membranes, similar to the FAST seed-
selection marker (Shimada et al., 2010). When T1 seeds were examined, no altered seed
color was observed in the case of pUBQ10:amilCP in both backgrounds. However, a few
purple seeds were found in the pOLE1:gOLE1-amilCP lines — four in Col-0 and twelve in
the ttg1 backgrounds (Figure 16).

Col-0 pOLE1:gOLE1-amilCP/Col-0 pOLE1:gOLE1-amilCP/ttg1 ttgl

Figure 16. Phenotype of T1 amilCP expressing seeds in Col-0 and ttgl backgrounds. Seeds were
collected from Col-0 and ttgl plants transformed with pOLE1:gOLE1-amilCP for seed-specific expres-

sion of amilCP.
These purple seeds were stratified and sown on defined (Murashige & Skoog; MS) medium

plates to promote better germination and growth. Only three seeds in the ttgl background

germinated, while all four transformed Col-0 seeds failed to germinate.

The three pOLE1:gOLE1-amilCP/ttgl seedlings were transplanted to soil. Mature plants ex-
hibited the same phenotype as the ttgl mutant (Figure 17a), and no unusual pigmentation
was observed. T2 seeds were collected and examined. All three plants produced seeds with

distinct purple color (Figure 17b).
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Figure 17. T1 ttgl plant with seed-specific expression of amilCP and its T2 seeds. a) Phenotype of
mature ttgl mutant transformed with pOLE1:gOLE1-amilCP. b) Different seed colorations observed in
the T2 generation collected from the plant shown in panel a.

3.2.4 Complementation of the ttg1 mutant

The purpose of the following experiments was to investigate whether introduction of the
TTG1 gene could restore the natural brown seed color in the ttgl mutant. If successful, this
technique could facilitate development of transgenic plants without requiring an exogeneous
selection marker. This would involve transforming the TTG1 gene alongside the gene of
interest into the ttgl mutant and selecting the brown seeds. In this manner, transformed plants
would exhibit a phenotype identical to wild type except for phenotypes caused by the gene

of interest.

3.2.4.1 Transformation of TTG1 gene with native regulatory components

First, we aimed to complement the ttgl mutant with the TTG1 coding sequence controlled
by native regulatory sequences. Constructs with either shorter (1337 bp) or longer (1823 bp)
TTG1 promoter and the TTG1 coding sequence (short pTTG1:TTG1, long pTTG1:TTG1)

were transformed into ttg1 plants.

After obtaining and examining the T1 seeds, only a few small brown seeds were found (Fig-
ure 18a-b). The brown seeds were grown into mature plants, but they had glabrous leaves
(Figure 18a-b) and lacked pigmentation during later stages of plant growth, similar to the
ttgl plants (Figure 10f-h). Additionally, small light-brown seeds were discovered in unre-
lated T1 generation of pUBQ10:amilCP/ttgl (Figure 18c). Mature plants from these seeds
also displayed ttg1 phenotypes (Figure 18c). T2 seeds from plants derived from these brown
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T1 seeds (Figure 18a-c) were gathered and all of them turned out to be yellow (not shown)
as the ttgl seeds (Figure 10b).

Figure 18. T1 seeds with altered coloration discovered in the pool of short pTTG1:TTG/ttgl (a), long
pTTGL:TTG1/ttgl (b), pUBQ10:amilCP/ttgl (c) lines, and their respective mature plants.

3.2.4.2 Overexpression of TTG1 with CaMV35S promoter

Since transformation of the gene with two native promoter variants showed negative results,
we reasoned that these promoters might not be fully functional and/or expression levels were
not sufficient for phenotype complementation. We decided to overexpress TTG1 using the
CaMV35S promoter (p35S:TTG1*). In addition, the FAST-R fluorescent marker was in-

cluded for visual differentiation of transgenic seeds.

The ttgl plants were transformed with the constructs and seeds were collected and examined
for their phenotype. Seeds showing red fluorescence did not exhibit any brown coloration
and appeared red due to FAST-R expression (Figure 19a). Several red seeds were sown to
observe the phenotype of mature plants. Surprisingly, all plants developed trichomes (Figure
19a), and after eight weeks, they exhibited pigmentation similar to the wild type (Figure 10c-
e). A few seeds displayed a brown and small phenotype (Figure 19b-c), resembling T1 seeds
observed in the short/long pTTG1:TTG1/ttgl (Figure 18a-b) and pUBQ10:amilCP/ttgl (Fig-
ure 18c) lines. Some of these brown seeds also showed FAST-R fluorescence (Figure 19b).
While brown seeds with fluorescence developed into plants with trichomes (Figure 19b) and
pigmentation in later stages similar to the wild type (Figure 10c-e), brown seeds without
fluorescence developed into plants with glabrous leaves (Figure 19c) and also lacked wild-
type-like pigmentation, resembling the ttgl mutant (Figure 10f-h).
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Figure 19. First generation of the ttgl seeds transformed with p35S:TTG1* construct and resulting
mature plants. a) Yellow transformed seeds exhibiting different levels of FAST-R expression, as indi-
cated by the intensity of red coloration. b) Brown seeds transformed with the p35S:TTG1* construct ex-
hibiting FAST-R fluorescence. c) Brown seeds from a p35S:TTG1* transformed plant without any fluo-

rescence.
3.3 DISCUSSION

3.3.1 The RUBY reporter can be used as a promising visual selection marker in

dry seeds

Seeds expressing the RUBY marker exhibited a distinct dark-red color in both Col-0 and
ttgl backgrounds (Figure 11 and 15), allowing for easy visual selection of transgenic des-

sicated seeds.

However, for the isolation of a homozygous line, it is preferable that the seed-selection
marker provides a different phenotype for heterozygous and homozygous seeds in the T2
generation, such as the FAST marker (Shimada et al., 2010), which displays stronger
fluorescence intensity in homozygous seeds compared to heterozygous seeds. This feature
enables quicker identification of homozygous seeds without the need to propagate numerous
lines for a third generation to observe phenotype segregation. Unfortunately, the difference
in pigment concentration between heterozygous and homozygous seeds was not distinct
enough for convenient visual selection in the case of the pOLE1:RUBY-expressing seeds
(Figure 15a-b). Additionally, the differences in seed coloration observed in Figure 15c¢, could
be influenced by other variables, such as partial mMRNA silencing, and may not correlate with
zygosity. To draw a definitive conclusion, further analysis of additional lines in T3
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generations is required. Experiments with other seed-specific promoters exhibiting different

expression activities may also be promising for efficient seed-selection marker development.

Furthermore, the RUBY marker holds potential for visualizing expression in plant tissues as
reported by He et al. (2020) and in this study (Figure 12). However, it is unclear why most
plants with p35S:RUBY in the ttg1l background were unable to produce betalain in vegetative
tissues, either partially (Figure 13) or entirely. One possible explanation is that TTG1 is in-
volved in the regulation of tyrosine synthesis, which is required for betalain production.
However, changes in tyrosine content or its precursors in ttg1 or other flavonoid biosynthesis
mutants have not been reported. Another explanation could be enhanced transgene silencing
in the ttg1 background. The RUBY marker, driven by the CaMV35S promoter, exhibits ubig-
uitous and strong expression, making it susceptible to posttranscriptional gene silencing.
This type of silencing typically activates during plant development and resets after meiosis;
therefore, the transgene was not silenced in seeds (Schubert et al., 2004). Moreover, the P19
silencing suppressor was not included in the p35S:RUBY construct (He et al. (2020); Figure
5), increasing the likelihood of silencing. Although only two T1 plants were analyzed in the
Col-0 background (Figure 12a-c) as compared to nine plants in the ttgl background, we tend
to believe that TTG1-dependent regulation may be linked to betalain synthesis, or lack of
TTG1 may trigger or enhance the silencing mechanism. The interesting observation that
pOLE1:RUBY/ttgl transgenic plants did not show any accumulation of betalain in flowers,
compared to the Col-0 background (Figure 14), where all flowers had noticeable pigmenta-

tion, may support this hypothesis.

3.3.2 The chromoprotein amilCP cannot serve as an efficient plant reporter due

to its potential toxicity in plants

One potential limitation of RUBY is its large size. The open reading frame spans 4kb, ex-
cluding regulatory sequences, which may result in decreased transformation efficiency for
larger vectors and T-DNAs. This issue can potentially be addressed by using chromoprotein

markers, which have considerably shorter protein sequences.

The purple-blue amilCP has a coding sequence of 663 bp. If expressed well, this
chromoprotein would produce easily distinguishable color in seeds. However, the amilCP
appeared to be toxic to plants based on our results. As mentioned in the Materials and
Methods section, we utilized amilCP, along with an antibiotic resistance marker, in E. coli
as a dropout for blue & white screening in the cloning procedures. While antibiotic resistance

of the colony indicates the presence of the plasmid inside the bacteria, the absence of purple-
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blue color of the colony suggests that the chromoprotein gene has been exchanged for the
gene of interest during the cloning process. The purple-blue amilCP-expressing colonies
were consistently smaller compared to white colonies (data not shown), suggesting that
amilCP is also toxic to bacteria in our setup, contradictory to the reported non-toxicity for
E. coli by Tafoya-Ramirez et al. (2018). This toxicity could explain the absence of transgenic
seeds in the pUBQ10:amilCP lines, as well as low transformation efficiency and germination
rate in the pOLE1:gOLE1-amilCP lines. However, to exclude other possibilities of low
transformation efficiency, several repeats of transformation should be performed, and the

germination rates of T1 and T2 seeds should be analyzed for more conclusive assessment.

The clear non-homogeneous population of T2 seeds may be a potential advantage of this
marker as a quantitative indicator based on the zygosity. In this study, seed coloration could
be divided into roughly two groups (Figure 17b), supporting the possibility of differentiation
between homozygous and heterozygous seeds. Further investigation of toxicity and the

correlation of phenotype with zygosity in the T2 generation is needed to verify this issue.

3.3.3 TTG1 as a potential endogenous selection marker to restore ttgl mutant

phenotypes

One of the objectives of this study was to restore the dark-brown wild type seed color in the
yellow ttgl seeds. This color transition would serve as an efficient visual indicator for
successful transformation and, at the same time, other mutant traits such as glabrous leaves
and abscence of anthocyanins would be also restored. However, we were unable to achieve
this goal completely, as transformed T1 ttgl seeds with p35:TTG1* retained their yellow
color with red coloration from the FAST-R marker (Figure 19a). Although some brown
seeds were observed in the T1 generation (Figure 19b-c), their coloration appears to be
unrelated to the transgene, as some brown seeds did not exhibit FAST-R fluorescence.
Furthermore, plants derived from these non-transgenic brown seeds lacked trichome
development and anthocyanin synthesis (Figure 19c), similar to the ttgl mutant.
Additionally, some seeds of the unrelated pUBQ10:amilCP/ttgl T1 also displayed brown
coloration (Figure 18c). The most plausible explanation for these observations is natural

variation in seed color, which is not linked to the TTG1-dependent pathway.

On the other hand, T1 plants derived from fluorescent yellow and brown seeds displayed
wild-type phenotypes with trichomes and anthocyanin pigmentation (Figure 19a-b). Such

partial complementation observed in transformants with p35S:TTG1* presents an intriguing
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result. The absence of brown seed color but presence of trichomes (Figure 19a) and antho-
cyanins in mature plants indicate that the introduced TTG1* coding sequence was functional
and could be expressed, but not sufficient to restore the wild-type seed color. This might
explain why seed pools from plants transformed with TTG1 under the native promoters also
lacked true brown seeds; some of them might have had the transgene, but it was not sufficient

for seed color restoration.

Initially, it was difficult to explain these results. Studies reported the restoration of brown
color by complementation of TTG1 gene using not only Arabidopsis version of the gene but
also homologues from other species (Walker et al., 1999; Carey et al., 2004; Humphries et
al., 2005; Wang et al., 2016; Wang et al., 2021). Nevertheless, it remains unclear whether
this phenotype was present in the first generation, as most research was focused on stable
T2 and T3 generations or the generation was not stated explicitly. Few studies specifically
reported trichome development in T1 generation (Carey et al., 2004; Humphries et al.,
2005).

Upon re-examining the pTTG1:TTG1 constructs, it was discovered that the terminator se-
quence (TTG1t) had been improperly cloned. The genomic TTG1 comprises two exons (Fig-
ure 20). The complete coding sequence of the protein and the first nucleotide of the 3' UTR
are located within the first exon, while the second exon encodes the remainder of the 3' UTR.
Insufficient attention was paid to this specific gene structure, leading to mistaking the intron
following the first exon for the 3' UTR and the terminator (Figure 20).

5'UTR

cDS 3'UTR
l 4
exon 1 ' ' ' exon 2' i

500 1.000 1.500 2.000 2500

Figure 20. Genomic DNA sequence of Arabidopsis TTG1. The coding sequence of the protein resides
entirely in the first exon, while the 3' UTR is primarily located in the 2nd exon, with one nucleotide in the
first exon. Modified from: Zhang and Schrader (2017).

Without a proper 3' UTR and terminator, the efficiency of expression may be extremely low,
if present at all. The transcribed mMRNA can be excessively long, resulting in instability, and
a partial intron sequence can lead to incorrect splicing or disrupted regulation (Friede et al.,
2017; Zhang and Schrader, 2017). Furthermore, lack of the 3' UTR also significantly reduces
the stability of the mRNA (Mayr, 2019). Consequently, the absence of the complete intron,
3' UTR, and terminator sequences in our pTTG1:TTG1 constructs could reduce the amount
of functional TTG1 protein in the cells, preventing the restoration of seed color.
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This hypothesis is supported by the ttg1-10 mutant, which features a one-nucleotide substi-
tution in the 5' UTR of the TTG1 gene that generates a start codon, creating an additional
upstream reading frame with nonsense codons (Larkin et al., 1999). This nonsense reading
frame may substantially reduce mMRNA stability via nonsense-mediated mMRNA decay. As a
result of this mutation, the TTG1 mRNA transcript level in ttg1-10 is considerably lower
than that in the wild type, implying a reduced TTG1 protein concentration level. The ttgl-
10 mutant produced yellow seeds, but its trichomes and anthocyanin synthesis were not sig-

nificantly affected.

The p35S:TTG1* with the CaMV35S terminator also may have provided low efficiency of
expression during seed development, unable to restore seed coloration. However, it may
have been sufficient for the recovery of anthocyanin synthesis and trichomes on leaves, as
observed in the T1 plants (Figure 19a-b). It is known that the activity of p35S can vary among
tissues, and also can be affected by developmental stages and growth conditions (Amack and
Antunes, 2020). In particular, the activity has been reported to be lower in siliques and the
inflorescence stems of Arabidopsis (Kiselev et al., 2021) and in the embryos of cotton
(Sunilkumar et al., 2002).

Several expression assay studies further support these assumptions. It has been demonstrated
that bHLH and R2R3-MYB transcription factors (Figure 3) can form dimers and activate
expression of enzymes required for anthocyanin synthesis independently of TTG1 (Baudry
et al., 2004; Zimmermann et al., 2004; Appelhagen et al., 2010; Appelhagen et al., 2011;
Xu et al., 2014; Zhang and Schrader, 2017). However, dimers of bHLH and TT2 (R2R3-
MYB) (Figure 3), which can activate enzymes for proanthocyanidin synthesis responsible
for the seed color, were largely unable to induce expression of several important target genes
without TTGL1. The addition of TTGL1 to the bHLH-TT2 dimers significantly increased target
gene expression, and hence the synthesis of anthocyanin in the older plants. These findings,
along with the ttg1-10 mutant, suggest that bHLH-TT2 may be less stable than other bHLH-
R2R3-MYB dimers without the TTG1 (Tian and Wang, 2020). Therefore, with low levels
of TTG1, the bHLH-TT2 dimers may be incapable to activate genes responsible for brown
seed pigmentation. On the other hand, other bHLH-R2R3 MYB dimers involved in antho-
cyanin synthesis and trichome development can still interact and induce sufficient expres-

sion of target genes for visible phenotype (Payne et al., 2000).

Overall, the potential of using TTG1 as an endogenous seed-selection marker may still be

valid provided that a full genomic TTG1 clone is used for complementation. Moreover, it
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may be promising to consider genes specifically involved in proanthocyanidin synthesis,
such as the TT2 R2R3-MYB transcription factor (Figure 3). Loss-of-function mutants of
TT2 gene exhibit only altered seed color (Nesi et al., 2001) without affecting any other traits,

which would be ideal for our selection system.

3.3.4 Conclusions

In conclusion, the RUBY marker has demonstrated its immense value as a tool for selecting
transgenic Arabidopsis seeds. The dark-brown coloration of desiccated Col-0 seeds poses no
significant interference with the detection of betalain pigmentation. Our study, along with
He et al. (2020), highlights the convenience of utilizing RUBY as a reporter gene for tissue-
specific expression. However, the issue of RUBY silencing in vegetative tissues of Ara-
bidopsis, especially in the ttgl mutant background, may be a substantial challenge. To ensure
proper visualization of tissue-specific expression, it is crucial to carefully select a promoter
that is both specific and not overly active to minimize the likelihood of silencing. Future
research should focus on optimizing seed-specific promoters for RUBY expression, which
may enable the differentiation of T2 seed genotypes based on betalain coloration intensity

for convinient selection of homozygous lines.

Additionally, our study demonstrates that the 663 bp purple-blue chromoprotein amilCP
gene can produce distinct seed color. Nevertheless, the primary limitation of using chromo-
protein amilCP is its toxicity. Identifying and screening alternative chromoproteins with
non-toxic properties for plants could lead to the development of efficient and compact visual

seed-selection markers for future research.

Our attempt to complement the TTG1 gene for use in a seed-selection system was unsuc-
cessful, as ttgl mutants transformed with three constructs containing the TTG1 coding se-
quence retained their yellow seed color in the first generation. The probable deficiency in
TTG1 protein levels prevented the restoration of the seed phenotype, but was sufficient for
anthocyanin synthesis and trichome formation. Although our efforts to develop an endoge-
nous marker from this gene were hindered in part due to a cloning error, our results under-
score the significance of the 3' UTR and terminator sequences in proper TTG1 gene expres-

sion.
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SUMMARY

The generation of transgenic Arabidopsis plants is grealy dependent on the seed-selection
marker being utilized. In this bachelor's thesis, we investigated different potential visual se-

lection markers for their usability and convenience in genetic experiments.

The RUBY reporter comprises three enzymes that convert tyrosine into colorful betalain,
changing the color of the targeted tissue to dark-red. The RUBY marker, driven by a ubig-
uitous CaMV35S (p35S) and a seed-specific OLEOSIN1 promoter, was transformed into Ar-
abidopsis Col-0 and ttgl plants to assess the diffrence between seed coloration of trans-
formed and non-transformed seeds in the background of the dark-brown Col-0 and light-
yellow ttgl seeds. Results in this study demonstrated that RUBY provided distinct color for
transgenic seeds of both backgrounds, and the dark-brown color of desiccated Col-0 seeds

did not interfere with betalain detection.

Chromoproteins are efficient reporter genes in bacterial transformations, providing a distinct
color when expressed in bacteria. This study explored the potential use of small purple-blue
chromoprotein amilCP as a seed-selection marker in plants. The amilCP, driven by the Ara-
bidopsis ubiquitin 10 and OLEOSIN1 promoters, was transformed and analyzed in two gen-
erations of transgenic plants. Although purple seeds distinct from non-transformed seeds
were produced, the transformation efficiency and germination rate were low, indicating
amilCP toxicity. Therefore, amilCP utilization as a selection marker in plants is limited.
Identifying alternative, non-toxic chromoproteins could yield efficient and compact visual

seed-selection markers for future research.

Lastly, an attempt was made to create an endogenous selection marker based on the TTG1
transcription regulator. The ttgl mutants lack proanthocyanidin production, resulting in yel-
low seeds instead of dark-brown. Including the TTG1 gene in the T-DNA for transformation
into ttg1 plants could potentially restore seed color, indicating successful transformation and
providing a convenient visual selection marker. However, transforming ttgl mutants with
TTG1-containing constructs yielded no change in seed color in the first generation and in-

sufficient TTG1 protein levels likely prevented seed phenotype restoration.
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