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1. Introduction

Cotton fibres are single epidermal cells developed from the ovule. While a number of
genes expressed exclusively in cotton fibre development have been isolated, the genes
responsible for differentiation of fibre cells have not yet been identified (Basra, 1999).
Arabidopsis leaf trichomes could potentially serve as a model for investigating the
genetic mechanism cc;ntrolling cotton fibre differentiation, as the two developmental
processes have several features in common. Arabidopsis trichome development is
well characterised both genetically and molecularly, and provides an excellent model
for plant cell differentiation for several reasons (Marks et al., 1991). These reasons
include ease of observation, relative simplicity of the developmental process, and
viability of plants with mutant trichomes. One gene shown to be required for
Arabidopsis trichome initiation is TRANSPARENT TESTA GLABRAIl (TTGI)
(Koornneef, 1981). This gene has recently been cloned and shown to encode a 341
amino acid protein with four WD40 repeats (Walker et al., 1999). The TTGI locus
regulates several pathways in Arabidopsis (in addition to leaf trichome formation),
including anthocyanin pigmentation, root hair formation, and seed coat mucilage
production. Due to the role played by TTG 1 in Arabidopsis trichome initiation, it was
thought homologues of T7GI might exist in cotton to control fibre initiation. Four
putative 77GI homologues have been isolated from cotton, designated TTG(I),

TTG(I), TTGOP1 and pTTG(c)E2 (Orford, unpublished).
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The aim of this project was to test for functional homologues of the Arabidopsis
TTGI (AtTTGI) gene in cotton. Four putative 77G/ homologues have previously
been isolated from cotton, designated TTG(I), TTG(Il), TTGOP1 and pTTG(c)E2
(Orford, unpublished). Two separate assays were performed to test each of these genes
for functional homology to Arabidopsis TTGI, which has roles in trichome
development and anthocyanin production. The first was a transient expression of these
TTGI-like genes in a Matthiola incana ttgl mutant. Wild-type M. incana has purple
petals, but the #g/ mutant has white petals, due to the anthocyanin production

pathway being disrupted (see Figure 1) (A. Walker, pers. comm.).

Figure 1: Wild-type M. incana flower (left) and ##g1 mutant (right).

Each cotton TTGI-like gene was transiently expressed in the mutant M. incana via
particle bombardment. Restoration of the purple petal phenotype in some cells would
demonstrate that complementation of the mutation has occurred, indicating that the
cotton gene used in the bombardment was a functional homologue of TTGI. The

Arabidopsis TTGI gene was also used in this assay as a positive control.



The second test involved a stable transformation of the Arabidopsis ttgl mutant, to
determine if the cotton homologues could complement the mutant phenotype.
Arabidopsis with a mutant #zg/ gene exhibits no trichome formation and a transparent
testa phenotype (Szymanski et al., 2000). Mutant plants were to be transformed with
the four TTGI-like cotton genes via Agrobacterium-mediated transformation, and
progeny selected for successful transformation, and studied for restoration of trichome
formation and normal testa colour. As with the M. incana assay, the Arabidopsis

TTGI gene will be used as a positive control.



2. Particle Bombardment of Matthiola: a transient assay

2.1 Formation of constructs for particle bombardment

The four cotton 77GI-like genes were cloned into the vector pART7 (Gleave, 1992)
(Figure 2) such that their expression would be driven by the constitutive cauliflower
mosaic virus (CaMV) 35S promoter. This promoter confers high-level expression in
all plant tissues (Harpster et al., 1988), and hence would enable transient expression

of the TTGI-like genes after particle bombardment.
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Figure 2: pART7, the 4.9 kb primary cloning vector with ampicillin resistance
(AmpR), multiple cloning site (orange), NotI restriction sites, cauliflower mosaic
virus 35S promoter (green) and 3’ octopine synthase terminator region (blue)
indicated (Adapted from Gleave, 1992).

The original vector containing three of the four 77GI-like genes (TTG(I), TTG(II)
and pTTG(c)E2) was the plasmid pBluescript SK(-), whilst TTGOP1 was in pGEM-T

Easy.

The multiple cloning site of pART7 contains Xhol, EcoRl, Kpnl, Smal, Hindlll, Clal,
BamHI and Xbal restriction sites to facilitate cloning of the gene of interest

downstream of the 35S promoter (Figure 3).



35S ACGCTCGAGGAATTCGGTACCCCGGGTTCGAAATCGAAATCGATAAGCTTGGATCCTCTAGA ocs

Xhol EcoRl  Kpunl Smal Clal Hindlll BamHI Xbal

Figure 3: Multiple cloning site of pART7

Directional cloning into pART7 was accomplished by performing a double digest on
the clones containing TTG(I), TTGOP1, and pTTG(c)E2. However, TTG(Il) in
pBluescript contained no suitable restriction enzyme sites for cloning into pART7
because the original clone was chimeric. A 508 bp region of unknown cDNA was
inserted 5> of TTG(II) in this chimeric clone (see Figure 4). This region of unknown
cDNA would preferably be excluded from cloning into pART?7. Therefore, instead of
a direct insertion by digestion into pART7, PCR was performed on TTG(II) to first

clone it into pGEM-T Easy.
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Figure 4: TTG(II) insert sequence in pBluescript
Blue shading represents unknown cDNA, yellow shading represents TTG(II) region.

Binding site of primer ttg2bpl is signified by red. Start and stop codons of TTG(II)
are indicated by green boxes.

GTATAGCCTT
CTAGCAGCGA
GAGATATACA
TGTCCGCCGC
ATTACAACAA
ATCCGATCGG
GACCATCTTC
CGTCCTCCGA
GTCGACCTCA
TCCTCTTACC
CCTCCTCCAT
GTGGATACCC
GGGCGGCGTC
TTTTCGACCT
GAGCCCGATA

ATATATGGCT TTG(II)

TCCGCTTCCC
GTCAATGCCA
CGGGGATGAT
CTGTGGAGGG
ATCGAGCAGT
CTTCTCCACC
TATTGGGTCG
ACTCAGATCT
GACTARAAGT
CAACATGTTT
TTTTAGTGTT
AGTTGTGAGA
AGCAGTGATT
CTTTGCTGTT
ATGAGTGTGT
TATAAATGTG
CTGCTTTCAG
AAAAAADDDA



2.1a Isolation and cloning of TTG(II)

In order to exclude the 508 bp segment of unknown cDNA prior to ligation into
pGEM-T Easy, a primer was designed to bind a 20 bp region 3’ of this unknown
section, but 5’ of the initiation codon of TTG(II) (Figure 4). This primer contained an
engineered BamHI site in order to excise the TTG(II) gene from this point in the next
cloning step, excluding the section of unknown cDNA. The primer was designated
ttg2bpl, and its sequence was as follows:
BamHI Binding region

ttg2bpl: 5° GGGGATCCAAGAAACCAAAGGGAGTGGC 3’

PCR was carried out on the TTG(II) clone in pBluescript, using the ttg2bpl primer
and the reverse sequencing primer (RSP) of pBluescript to amplify a 1.9 kb region
containing the TTG(II) gene (Figure 5). The conditions for the PCR were as follows;
Initial denaturation at 94°C for 2 minutes, followed by 30 cycles of denaturation at
94°C for 30 seconds, primer annealing at 53°C for 30 seconds, and extension at 72°C

for 2 minutes, followed by final extension at 72°C for 4 minutes.
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Figure 5: PCR of TTG(II) gene in
pBluescript using RSP and ttg2bpl
primers. Above each lane the dilution of
alkaline lysis miniprep used as the
template is indicated. Amplification of
the required 1.9 kb band is displayed in
each lane, with different dilutions having
apparently little effect

As pBluescript possesses the same antibiotic resistance gene (Amp") as pGEM-T
Easy, the PCR bands were required to be extracted from the gel before ligation into
pGEM-T Easy. This was performed to reduce the chance of recovering TTG(II) in
pBluescript. Gel extraction was performed over three PCR bands using the QIAGEN
gel extraction kit. After eluting in 50 pl 1 X TE and ethanol precipitation, the DNA
was resuspended in 10 pL. dH,O. Approximately 200 ng of DNA (3 uL) was added to
the ligation reaction with 50 ng of pGEM-T Easy. After heat-shock transformation at
42°C using CaCl,-competent cells (DHSoF’) (Sambrook, 1989), blue/white selection
was carried out on an ampicillin plate (supplemented with ITPG and X-gal) to identify
recombinants. Alkaline lysis minipreps (Sambrook, 1989) were performed on three
white colonies, and these were digested with EcoRI to check for the presence of the
TTG(I) insert. If the TTG(II) gene was ligated into pGEM-T Easy correctly, an EcoRI
digest was expected to give fragments of 2.9 kb, 1.5 kb and 400 bp (Figure 6A). The

digests produced the expected fragments, as shown in Figure 6B.
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Figure 6: EcoRI digestion of TTG(II) in pGEM-T Easy.
(A) Expected fragment sizes for EcoRI digest of TTG(II) inserted correctly
into pGEM-T Easy.
(B) Agarose gel of EcoRI digestion of the three colonies tested (1-3)

Figure 6B demonstrates that samples 1 and 2 contain the TTG(II) PCR product in
pGEM-T Easy, as they display the expected fragment sizes. The fragments generated
from sample 3 are inconsistent with expectation. Plasmid DNA from clone #2 was
sequenced with the SP6 and T7 primers, which confirmed that TTG(II) had been

correctly ligated into pGEM-T Easy.

2.1b Cloning of cotton T7G1-like genes into pART7

The next step was to transfer the four cotton 77GI-like genes from their respective
vectors (TTG(I) and TTG(c)E2 in pBluescript, TTG(II) and TTGOP1 in pGEM-T
Fasy) into the pART7 plasmid. This was achieved by excising each gene by the
restriction digests shown in Figure 7. pART7 was digested with the appropriate
enzymes to provide the desired sticky ends for cloning of each of these inserts. The

enzymes used for digestions are detailed in Figure 7.



Insert Excised with Expected size Digest pART7 with
TTG() BamH]I and Hindlll 1.3 kb BamH] and Hindlll
TTG(II) BamH] 1.9kb BamH]I
TTGOP1 Smal and Spel 1.7kb Smal and Xbal*
pTTG(c)E2 Xbal and Kpnl 1.9kb Xbal and Kpnl

* Digestion with Spel and Xbal provides compatible ends for ligation.

Figure 7: Excision of each 7T7GI-like gene from their respective plasmid by
digestion.

After a three-hour digestion at 37°C, each of the four pART7 digests was phenol-
chloroform extracted and ethanol precipitated to purify the plasmid DNA. pART7
digested for TTG(II) insertion (BamHI single digest) was CIP-treated to suppress re-
ligation of the vector. This was not necessary for the remaining three vector digests, as
these were prepared as double digests, and the two restriction sites used were

incompatible.

Gel extraction of each T7TGI-like gene from the original vector was required because
both vectors containing the genes of interest (pGEM-T Easy and pBluescript) possess
ampicillin resistance, as does pART7. Approximately 1 pg of each construct was
digested (as detailed in Figure 7) to excise the desired fragment from the vector (see

Figure 8).
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Figure 8: Cloning digests of the four 77GI-like genes
1) TTG() in pBluescript (excised band 1.3 kb)
2) TTG(I) in pGEM-T Easy (1.9 kb)
3) TTGOP1 in pGEM-T Easy (1.7 kb)
4) pTTG(c)E2 in pBluescript (1.9 kb)

After extracting the lower bands of each digest using Qiagen Gel Extraction Kit, and
eluting in 30 pL Tris-Cl, 2 uL of each was run on a gel to ensure sufficient DNA was
present (Figure 9)

Figure 9: Gel fragment preparations to be
ligated into pART7

Lane 1: TTG() (1.3) kb
Lane 2: TTG(I) (1.9) kb
Lane 3: TTGOP1 (1.7) kb
Lane 4: pTTG(c)E2 (1.9) kb

For ligation into pART7, 5 UL (approximately 200 ng) of each fragment was added to

50 ng of the appropriately digested pART7 vector, plus T4 DNA ligase and buffer,



with incubation overnight at 16°C. Ligation reactions were also performed on the four
pART7 digests alone (no insert DNA) as a negative control. These ligations were
transformed into CaCly-competent cells using the heat-shock method. Un-ligated
PART?7 (digested for each of the four inserts) was also transformed to check the levels
of undigested plasmid present. When plated onto ampicillin, the un-ligated plasmids
resulted in almost no colonies on the four plates, indicating a low level of undigested
PART?7. Re-ligated pART7 prepared for the four inserts resulted in a small number of
colonies, demonstrating that the level of pART7 digested by only one of the enzymes
in each pair was low, and that CIP-treatment of BamHI digested plasmid had been
successful. Ligations with the insert present resulted in 10-fold the number of colonies
compared to the negative controls; an indication that all four ligations had been

successful.

To test colonies for the correct insert on the TTG(I) and pTTG(c)E2 ligation plates, a
rapid lysis boiling prep was performed using 1.5 ml of culture grown from five
TTG(I) colonies and ten pTTG(c)E2 colonies. PCR was performed on 12 colonies on
the TTG(II) ligation plate, Iand 20 colonies from the TTG®P1 plate to test for the

desired insert.

Verification of TTG(I) integration into pART7

Notl and Clal digests were performed on the five colony preps to check for correct
TTG(I) ligation into pART7. Clal linearises the construct by cutting within the

multiple cloning site of pART7 (Figure 10). The expected fragment size resulting



from Clal digestion would therefore be 6.2 kb if the insert was present, or 4.9 kb if the
vector alone was present. pART7 has two Nofl restriction sites in pART7, such that
Notl digestion would produce fragment sizes of 2.0 kb and 2.9 kb. If the TTG(I) insert
had been correctly ligated into the pART7 MCS, the expected fragments sizes would

be 3.3 kb and 2.9 kb. (Figure 10).

/ \
PART7 4.9kb .« \

MNotl NotI

v

Qe 1.3kb -
Clal TTG()
1.3kb 3.3kb

Figure 10: Clal (left) and Nofl (right) digestion of TTG(I) in pART7, with
expected fragment sizes shown.

Approximately 200 ng of DNA from each rapid lysis boiling prep was digested for 2
hours at 37°C with Nofl or Clal. The results of these digests are shown below (Figure

11). pART?7 alone was digested as a control.
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Figurell: Nofl (left) and Clal (right) digestion of TTG(I)/pART7 ligation
samples 1-5.

Figure 11 indicates that TTG(I) was correctly inserted into pART?7 in all five samples,
as the 2 kb band from the No# digest of pART7 alone has ‘increased’ in size to
approximately 3.3 kb, although sample 5 did not show clear bands. The Clal digest,
where all five samples show an increase in size compared to pART7 alone, confirms
the insertion of TTG(I) into pART7. Plasmid DNA from clone #1 was subsequently
sequenced, which confirmed that the ligation was successful (see Section 2.2 and

Appendix A).

Verification of TTG(II) integration into pART7

To test for the presence of the TTG(II) insert in pART7, PCR was performed on 12
colonies. As the integration of TTG(II) into pART7 was not a directional cloning step,

PCR was also used to test for the correct orientation of TTG(II). This was



accomplished using the internal TTG(II) primer, pTTG4 and the external primer
pART7A, which binds the vector upstream of the multiple cloning site of pART7 (see
Section 2.2). If the insert were in the correct orientation in the vector, these primers
would amplify a 650 bp region. However, if the insert were in the incorrect
orientation, both primers would extend in the same direction, and there would be no

amplification.

pARTY
358 lg' B50bp

358 x
H\_\ 1 iy ‘\\ . .
pART7a N &' E AP pART7aNA 3" TTGD 9
TTG D) oTTod
CORRECT QRIENTATION INCORRECT ORIENTATION

Figure 12: Correct (left) and incorrect (right) orientation of TTG(II) in pART?7,
with the 650 bp region to be amplified indicated in the correct orientation.

The results of the PCR of samples 1-12 are shown in Figure 13.
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Figure 13: Agarose gel of PCR using pART7a and pTTG4 primers to amplify a
650 bp region with TTG(II) in the correct orientation in samples 1-24. No DNA
was added to the negative control.

The results in Figure 13 show that samples 1, 2, 4, 5, 11 and 12 contained the TTG(II)
insert in the correct orientation, as all generated the expected 650 bp band on the gel.
Sample 2 was sequenced to confirm the ligation had been successful (see Section 2.2

and Appendix B).

Verification of TTGOP1 integration into pART7

PCR was performed on 20 colonies from the TTGOP1/pART?7 ligation plate, using
internal primers pTTG2B and pTTG1 (Orford, unpublished), which amplify a 570 bp

region of the TTGOP1 gene (Figure 14).
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Figure 14: Agarose gel of PCR of TTGOP1/pART7 ligation colonies (samples 1-
20) with primers pTTG2B and pTTGI1. The original pGEM-T Easy clone
containing the TTGOP1 gene was amplified with the same primers as a positive
control. No DNA was added to the negative control.

This result demonstrates that several clones (3, 5, 9, 12, 16, 18, 20) contained the
TTGOP1 insert, since they all displayed the amplified 570 bp region. Sample 5 was

subsequently sequenced to confirm the successful ligation (see Section 2.2 and

Appendix C).

Verification of pTTG(c)E2 integration into pART7

A rapid lysis boiling prep was performed on 10 colonies resulting from the
pTTG(c)E2 ligation into pART?7. Each was digested with Xhol, which cuts within the

pTTG(c)E2 gene, and in the MCS of pART7 (see Figure 15).
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Figurels: Xhol digestion of pART7 with pTTG(c)E2 inserted.

If the pTTG(c)E2 insert had been successfully ligated into pART7, a Xhol digest of
the construct would be expected to give a 6.0 kb and 800 bp fragment. The pART7

vector alone would show a single 4.9 kb fragment. The results of the digest are shown

in Figure 16.
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Figure 16: Agarose gel of Xhol
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Figure 16 shows that the XAol digest of clones 3, 4, 5, 6 and 8 produced the expected
fragments of approximately 6 kb and 800 bp, while samples 2, 9 and 10 reflected the
pART7 vector only, with a single band at 4.9 kb. Sample 8 was subsequently
sequenced, to confirm the ligation had occurred correctly (see Section 2.2 and

Appendix D).

2.2 Sequence Analysis of constructs for particle bombardment

After template DNA purification using the Bio-rad Plasmid Miniprep kit, each pART7
construct was sequenced using internal primers that were specific for each inserted
gene (Orford, unpublished). All of these sequences matched their original gene
sequence (Orford, unpublished), as expected. However, these sequences showed only
that the gene of interest was present, not how it was orientated into pART?7, as none of

the vector is sequenced in these reactions.

To gain information about the nature of the genes’ integration into the vector, external
primers were designed to bind upstream and downstream of the multiple cloning site

of pART7 (designated pART7A and pART7B) (see Figure 17B).
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Figure 17: (A) Diagram of pART7 multiple cloning site (orange) flanked by 35S
CaMYV promoter (green) and the 3’ octopine synthase terminator region (blue).
(B) Sequence of pART7 MCS and flanking primer sites of pART7A and
PART7B (shown in red).

Using either of these primers (pART7A or pART7B), the gene of interest can be
sequenced in the context of the pART7 vector. These primers have an additional
advantage in that they can be used in PCR to test for presence or size of an insert in

the MCS of pART7 without being specific for the gene of interest.

Appendices A-D detail the data obtained by sequencing each of the four constructs
with pART7A and pART7B in conjunction with internal primers specific for each of
the TTGI-like cotton genes (Figure 18). These sequences were as expected,

confirming that all four genes had correctly ligated into the MCS of pART?7.
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Figure 18: Sequencing scheme for each clone. The two pART7 primers (pART7A
and pART7B) flanking the MCS were used to sequence each clone, while
internal primers for each gene (shown in red) were used to complete gaps in the
sequence. Restriction sites used for ligation into pART?7 are indicated.



2.3 Particle Bombardment

Introduction

The principle of particle bombardment is to use high-velocity microprojectiles to
penetrate outer cell walls in order to introduce genetic material into living cells. DNA
is coated onto the microprojectile (gold particles to be used in this investigation), and
accelerated to velocities of approximately 300 /s to penetrate intact plant cell walls
(Oard, 1993). The particle injection gun accelerates particles directly in a stream of
low pressure helium (Vain et al., 1993). The process is performed in a vacuum

chamber to reduce the air friction of particles and tissue damage.

M incana mutants were used for particle bombardments. The white petal phenotype of
ttgl mutants was tested for complementation by bombarding petals with cotton 77G1-
like gene constructs, and inspecting for anthocyanin induction within transformed
cells. Chalcone synthase (chs) mutants were also bombarded as a negative control.
Chalcone synthase is involved early in the anthocyanin biosynthesis pathway, while
TTGI is involved in later regulatory steps (Graham, 1998). The chs mutant in M.
incana also produces the white petal phenotype. Transformation of the chs mutant
with AtTTG1 is not expected to produce purple spots of anthocyanin and therefore

provides an ideal negative control for this assay.

M., incana bombardment procedures

A selection of flowers for transient expression assays was removed from Matthiola
incana ttgl (line 17) or chs (line 18) mutants, and were placed onto a sterile petri dish

containing Murashige and Skoog (MS) media and 0.75% (w/v) agar until

23



bombardment (Figure 19B). The M. incana plants used were sterile, due to
chromosome rearrangements (Lesley, 1973). There was therefore an experimental
advantage to using these plants, as cells of the petal still expand, but cell division
stops once petals have formed. The #tg/ homologue within the mutant line 17 (#g!
mutant) has been sequenced and shown to contain a lesion (arginine substitution for a

tryptophan) in one of the WD-40 repeats (Figure 33) (A. Walker, pers. com.).

Each of the pART7 constructs was purified using the QIAGEN midi-plasmid kit,
yielding DNA concentrations ranging from 2 to 4 pug/ul. 1 micron gold particles were
used as the vehicle for the bombardment. For each round of transformation (eight
bombardments), 8 mg of gold was prepared by washing in cold ethanol and sterile
water, before resuspending thoroughly in a final volume of 100 ul of water. 10 ug of
plasmid DNA was then added to the gold suspension, followed by the addition of 40
pl 0.1M spermidine and 100 pl 2.5M CaCl, with gentle vortexing to precipitate the
DNA onto the gold. The DNA-coated gold suspension was pipetted onto each of eight
Swinney filter holders (Figure 19A), and allowed to dry for 10 minutes. The filter with
absorbed gold particles was then screwed into the particle injection gun, and a M.
incana flower placed approximately 25 cm beneath it (Figure 19C). The chamber was
then evacuated to 90 psi and petals bombarded with the DNA-coated gold particles
via helium injection for 0.12 milliseconds. Bombarded flowers were then incubated
on MS plates at 25°C for approximately 40 hours before examination for purple spots

of anthocyanin.
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Figure 19: Particle bombardment procedure. (A) Swinney filter holders onto
which DNA-coated gold particles are placed. (B) A Matthiola flower placed on
MS agar. (C) The particle injection gun.

2.4 Transient functional assay: Positive control

To ensure that the paﬁicle preparation and bombardment conditions were suitable,
bombardment was first performed using the Arabidopsis TTGI (AtTTGI) gene as a
positive control (cloned into pART7; A. Walker, pers. comm.). A¢tTTGI bombardment
of M. incana ttgl mutant petals has previously been shown to produce purple spots of

anthocyanin (A. Walker, pers. comm.).

Particle bombardment was performed on four M. incana ttgl mutant flowers, and four

chs mutants as a negative control Purple spots of anthocyanin were observed by the
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naked eye on the four gl M. incana mutant flowers approximately 40 hours after
bombardment (Figure 20 A-D). The anthocyanin spots increased in intensity until
approximately 60 hours after transformation. No spots were observed on any of the

four negative controls (Figure 20 E).

Figure 20: Four M. incana ttgl flowers (A-D) 48 hours after transformation with
AtTTGI1 displaying purple spots of anthocyanin, and cis mutant (E) with
negative result.
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2.5 Particle bombardment of Matthiola with cotton 77G1-like genes

Once the bombardment conditions were shown to be suitable for this assay (see
Section 2.4), biolistic transformation was performed on M. incana ttgl mutants with
each of the four cotton 77GI-like genes to test for complementation of the mutant
phenotype. In each experiment, two different genes could be bombarded. In the first
experiment, TTG(I) and TTG(II) constructs were each used to bombard three sample
flowers from the M. incana ttgl mutant with the chs mutant as a negative control.
After approximately 40 hours at 25°C, purple spots of anthocyanin were visible on
two of the three f£tg] flowers bombarded with TTG(I) (Figure 21). None of the petals
bombarded with TTG(II), nor either of the chs mutant negative controls, showed any

sign of purple anthocyanin production.

Figure 21: Two of the M. incana g/ mutant flowers transformed with cotton
gene TTG(I) .
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In the next series of bombardments (performed several days later), cotton genes
TTGOP1 and pTTG(c)E2 were tested for functional homology to T7GI, again by
bombarding each onto three #tg/ M. incana mutant flowers with a chs mutant flower
as a negative control. After approximately 40 hours incubation at 25°C, purple spots
were observed on all three g/ mutant flowers bombarded with TTGO®OP1, but on

none of those transformed with pTTG(c)E2 (Figure 22). No anthocyanin produciton

was observed on either of the chs mutant flowers.

Figure 22: Purple patches of anthocyanin from TTGOP1 bombardment of three
ttgl M. incana mutant flowers.
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It was observed that in both rounds of bombardments, the first gene construct
transformed (TTG(I) and TTG®P1) produced purple patches of anthocyanin, whereas
the second gene bombarded gave a negative result. To rule out the possibility that the
results obtained were a consequence of favourable conditions for gold particles
prepared and bombarded first in each pair, the transformations were repeated, but the

order of bombardment was reversed.

Optimization of particle bombardment

In the replicate experiments, the flower being transformed was placed approximately 5
cm closer to the particle gun than in previous bombardments in an attempt to improve
efficiency of transformation to enable results to be viewed more easily. This second
round of experiments verified the results of the original bombardments, with TTG(I)
and TTGOP1 producing purple patches of anthocyanin on bombarded petals. Some
petals were observed to undergo a 50-fold increase in the number of purple patches,
compared with the original bombardments (see Figure 23). The intensity of
anthocyanin spots also increased in the repeated bombardments, suggesting that the
decrease in distance between the particle injection gun and the flower being

transformed considerably increased the efficiency.
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Figure 23: Increased intensity and frequency of purple anthocyanin patches.
Petals bombarded by TTG(I) (A and B) and TTGOP1 (C and D).
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Transformation produced multi-cellular spots

The purple-patches observed were not single transformed cells, but groups of cells,
allowing visualisation with the naked eye. It has been shown previously that
complementation of a M. incana bHLH mutant (line 19, A. Walker, pers. comm.) by
particle bombardment results in only single cells containing visible anthocyanin.
Therefore, the multi-cellular spots observed complementing fzg/ mutants is unlikely
to be due to clusters of cells being hit by gold particles, or diffusion of anthocyanin
between cells, as this could have equally occurred when complementing the bHLH
mutant. The presence of multi-cellular spots in the #zg/ mutants may indicate that cell-
cell communication has occurred. The TTG1 protein itself may move between cells,

or may regulate a biosynthetic intermediate that is transported between cells.

Variation in anthocvanin patches

The size of the anthocyanin spots varied between bombardments, as did the intensity
of the pigmented areas. These variations could be caused by a number of factors. The
stage of flower development, or varying flower shape, may affect the receptiveness of
the target plant tissue to express foreign DNA, or susceptibility to damage may vary
between flowers. Additionally, a range of transcription factors is required for a flower
to be competent for anthocyanin production, so a lack or decrease in purple patches in
a petal may simply reflect a low level of certain transcription factors. There may be
variation from shot-to-shot in the amount of DNA-coated gold particle added to each
filter, the amount of DNA precipitated onto the particles, and small variations in

particle acceleration from the injection gun.
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One petal only of flower displayed purple patches

In some cases, a single petal of a Matthiola flower showed strong anthocyanin
production, while surrounding petals of the flower remained unchanged (Figure 25).
This may simply be due to a petal being in a prominent position at the time of
bombardment. However, this situation appeared to occur primarily in flowers that
were just opening, indicating that cells may only be competent for transient gene
expression and anthocyanin production during a specific time period of petal

development.

Figure 24: Example of a single petal transformed, where surrounding petals
show no purple anthocyanin.
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Detached petals showed no anthocyanin induction

In addition to complete flowers, detached petals on MS agar were also bombarded
with the four cotton genes (Figure 25). Anthocyanins were not induced in any of the
detached petals, when bombarded with any of the cotton TTG1-like genes. This may
have been due to damage caused to the single petals by the bombardment, or the
reduced capacity of the detached petals to survive for over 40 hours on the MS agar.
Senescence signals from the flower may be required for anthocyanin production to

occur.

Figure 25: Detached petals bombarded with cotton TTG1-like genes produced
negative results.
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Anthocyanin patches frequently observed along edges of petals

In some cases, purple patches of anthocyanin were seen in increased intensity along

the edges of petals (Figure 26).

Figure 26: Purple anthocyanin localised along edge of M. incana ttgl petal

The presence of these anthocyanin clusters may have been caused by the petal edges
being prominently exposed at the time of bombardment. Alternatively, these clusters
may have been due to the expansion of epidermal cells outwards to the tip of the petal
as the flower develops. While spots in the middle of petals would spread out and
diffuse as cell expansion occurs, anthocyanin patches near the edge of petals would
accumulate at these boundaries, causing an increase in anthocyanin intensity. Another
possible explanation is that cells located at the edge of petals may be more susceptible

to transformation by particle bombardment.
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In summary, two of the four cotton 77GI-like genes, namely TTG(I) and TTGOP1,
were able to complement a g/ mutation in Matthiola incana, thereby restoring
anthocyanin production in petals. It is possible that proteins produced by the two
cotton genes act in a similar way to Arabidopsis TTG1 and may therefore play a

pivotal role in trichome, or cotton fibre, development.
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3 Agrobacterium-mediated transformation of Arabidopsis: whole-
plant transformation

3.1 Introduction

The bacterial plant pathogen Agrobacterium tumefaciens carries a large tumour
inducing (Ti) plasmid, a segment of which is designated T-DNA. The T-DNA
segment is transmitted by A. tumefaciens into individual plant cells, where it
penetrates the plant cell nucleus. The T-DNA is then integrated randomly into the
genome, where it is stably incorporated and inherited. Agrobacterium-mediated
transformation takes advantage of this natural plant transformation system to stably
transform genes of interest into particular plant species. 4. tumefaciens is ‘dis-armed’
by removing oncogenic genes responsible for the formation of tumours, and in their
place virtually any gene of interest can be inserted. This results in the stable
integration of the desired gene within the plant genome after infection with this altered

strain of Agrobacterium.

In the Agrobacetrium-mediated transformation method, 4. tumefaciens carrying a
cloned gene of interest is applied directly to mature flowering Arabidopsis plants. The
flowers of the plant to be transformed are submerged into an Agrobacterium solution
harbouring vectors which contain the gene of interest. This method introduces the
bacteria into intercellular spaces within the plant tissue, so infection of the plant can

occur.

In investigating functional homology to AtTTG1 of the four cotton T7GI-like genes, it

is the function of ftrichome initiation which is most relevant to cotton fibre
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development. It is for this reason that the putative cotton 77GI homologues were
tested for complementation of the ##g/ mutant phenotype in a second assay in
Arabidopsis. Additionally, much of the variation observed in the M. incana functional
assay is likely to be caused by the bombardment process, and a stable transformation
is required for stronger evidence of functional homology to AtTTGI. Restoration of
trichome formation and complementation of the transparent testa phenotype in the

seed coat of Arabidopsis ttgl mutant will confirm the results from the transient assay.

3.2 Preparation of constructs

Whilst the pART7 constructs were suitable for particle bombardment, a further
cloning step was required for Agrobacterium-mediated transformation of Arabidopsis.
For Agrobacterium-mediated delivery of a gene into plants, the DNA is cloned into a
binary vector, in this case pART27 (Gleave, 1992). This binary vector contains the
RK2 minimal replicon (Schmidhauser et al., 1985) for replication in both E.coli and
A. tumefaciens. pART27 also contains a kanamycin resistance gene, so transformed

progeny of plant can be selected

To clone each cotton T7GI-like gene into pART27, the expression cartridge of
PART7 (comprising the CaMV 35S promoter, the gene of interest, and the 3’
transcriptional terminator region of the octopine synthase gene) was transferred as a

Notl fragment into the binary vector. (Figure 27) (Gleave, 1992).
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Figure 27: Ligation of pART7 expression cassette into the binary vector pART27
containing right and left borders (red arrows), kanamycin resistance gene
(green) and lacZ region with NotI site. (Adapted from Gleave, 1992).

A Notl digestion was performed on 2 ug of each of the four cotton T7GI-like genes
and AtTTGI in pART7. The size of the No#l fragment to be ligated into pART27
ranged from approximately 3.2 kb for the Arabidopsis ttgl gene insert up to 4 kb for

the pTTG(c)E2 insert. An agarose gel of the NotI digest of the five constructs shows

the 2.9 kb backbone of pART?7, and the larger expression cartridge (Figure 28).
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Figure 28: Notl digest of Arabidopsis
TTG1 gene (A) and the four cotton
TTGI-like genes (1-4) in pART?7. The
lower band is the 2.9 kb segment
remaining of pART7, while the
higher = band  represents the
expression cartridge to be ligated
into pART27.

In this case there was no need for a gel extraction, as pART27 has the kanamycin
resistance gene, whilst pART7 has ampicillin resistance. As a consequence of this,
only cells containing ligations of the pART7 expression cartridge into pART27 (or
pART27 re-ligations) would survive on kanamycin plates. pART27 also contains a
lacZ region for blue/white selection of colonies, so re-ligation of the vector was easily

identified.

The fragments shown in Figure 27 were purified by phenol/chloroform extraction,
followed by an ethanol precipitation, and resuspension in a final volume of 15 uL.
Approximately 500 ng (5 pul) of these purified fragments was added to 50 ng of Notl-
digested pART27 plasmid (which had also been purified by a phenol/chloroform

extraction and CIP-treated) for the ligation reaction at 16°C overnight.
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Initially heat-shock at 42°C was performed to transform the ligations into CaCl,-
competent cells. However, this method failed to generate any colonies when plated
onto kanamycin plates. This lack of colonies was most likely due to the large size of
the pART27 plasmid (10.9 kb). With the inserts correctly ligated into pART27,
constructs to be transformed had an expected size of approximately 15 kb. Heat-shock
transformation was subsequently attempted using cells (DHS0F’) prepared by the
method described by Inoue et al. (1990), which are capable of a much higher
efficiency of transformation (2x10® transformants per ug of DNA compared to 1x10*
for CaCl,y-competent cells (Hengen, 1996)). 1 ng of uncut pART27 was transformed
using these competent cells as a positive control, and generated approximately 1000
colonies, indicating that a much higher transformation efficiency had been achieved.
The five constructs were then transformed wusing this method. White colonies
generated from these ligations of the four cotton 77GI-like genes and AtTTG1 into
pART27 were selected. Alkaline lysis minipreps were performed on each, which
were digested with Not/ to test for the presence of the expression cassette. Each gene
of interest was shown to have been inserted correctly, with the No#I digest displaying
a 10.9 kb band for the pART27 plasmid, and the expected size of the expression
cassette (Figure 29). The orientation of the insert into pART27 did not matter, as the
35S promoter from pART7 would drive expression of the gene of interest regardless

of the orientation.
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Figure 29: NotI digests of the five pART27 constructs (4rabidopsis TTG1 (lane A)
and four cotton genes (lanes 1-4)), and pART27 alone (lane 5).

3.3 Transformation of Agrobacterium

Each pART27 construct was purified with the QIAGEN midi-plasmid kit In
preparation for transformation of Arabidopsis, these plasmids were transferred to
Agrobacterium by electroporation (Walkerpeach and Velten, 1994). 200 ng of plasmid
DNA was added to 40 ul of electro-competent cells, which were then pulsed at
specified settings and left to recover in 1 ml of Luria broth for 4 hours prior to plating
onto YEB agar with kanamycin. An Agrobacterium miniprep was performed on
colonies formed after incubation at 28°C for approximately 72 hours. PCR was then
carried out on each miniprep using internal primers specific for each gene to ensure
the plasmid had indeed been transformed into the Agrobacterium. The results of the
PCR (Figure 30) showed that each construct had been successfully transformed into

Agrobacterium.
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TTG) TTG(I) TTGOP1 pTTG(c)E2

100+ 1 2 3 -ve + 1 2 -ve 100 +1 2 3 -ve A+123 4 5-ve

Figure 30: PCR of Agrobacterium minipreps using gene-specific primers.

A) TTG(I) samples 1-3 (expected size 620 bp) and TTG(II) samples 1 and 2 (500 bp)
B) TTGOP1 samples 1-3 (570 bp)

C) pTTG(c)E2 samples 1-5 (1.1 kb).

Positive controls (+) for each gene were obtained by amplifying the original clone

known to contain the gene of interest with the same primers as the samples
tested. No DNA was added to the negative controls (-).

As no internal primers for the A¢TTGI gene (positive control) were available, six
Agrobacterium minipreps of AtTTG1/pART27 were digested with NotI to demonstrate
that this construct had been successfully transformed into Agrobacterium. Fragment
sizes of 3.1 kb (insert) and 10.9 kb (vector) were expected for a positive result (see

Figure 31).
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Figure 31: NotI digestions of Agrobacterium midipreps containing AtTTG1/pART27
construct (samples 1-6).

While Agrobacterium minipreps rarely provide high yields of DNA (as can be seen
from the low intensity of the bands in Figure 29), the agarose gel showed that samples
3 and 4 contained the AtTTGI1/pART27 construct. A quantity of un-digested plasmid
or genomic DNA can be seen above the 10.9 kb pART27 band in these samples. The
five constructs in Agrobacterium were kept as glycerol stocks until transformation of

Arabidopsis was performed.
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3.4 Growth of Arabidopsis plants

Arabidopsis thaliana ttgl mutant seeds (line N89) were supplied by the Nottingham
(UK) Arabidopsis Stock Centre (NASC). The seeds were sterilised in a sodium
hypochlorite solution, and then planted in small pots of autoclaved soil. The plants

were grown at room temperature in natural daylight until flowering.

As only a small number of seeds were obtained from NASC, the first plants grown
were originally intended for the harvesting of more seeds for the Agrobacterium-
mediated transformations. However, a combination of slow growth and low survival
rate of these plants resulted in only five or six plants flowering in time for

transformation to be performed within the time-course of the project (Figure 32).

Figure 32: Arabidopsis ttg]l mutant suitable for transformation, with bolt length
of approximately 10 cm (A), and opened flowers (B).
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3.5 Transformation of mutant Arabidopsis with pART27 constucts

As a result of having so few plants available, only one gene construct was used to
transform all the plants. The cotton gene with the highest homology to AtTTGI,
TTGOP1 was selected to transform four Arabidopsis ttgl mutant plants. TTGOP1
had also been shown to complement the Matthiola ttg]l mutant phenotype, and was

therefore considered most likely to complement the mutant Arabidopsis.

In preparation for the transformation, a single Agrobacterium colony containing
TTGOP1 in pART27 was used to inoculate 25 ml of liquid YEB with kanamycin.
The night before transformation, 10 ml of this culture was used to start a 500 ml YEB
liquid culture (plus kanamycin), which was grown overnight to ODggy=1.5. The
bacteria were harvested by centrifugation of the culture, followed by resuspension in
500 ml of infiltration medium (Bent et al., 1998). The Agrobacterium suspension was
then transferred to a large beaker, and a surfactant (Silwet L-77) was added to
enhance infiltration. The plants were inverted and flowers submerged in the
Agrobacterium suspension for about 5 seconds to allow introduction of
Agrobacterium into plant tissue. After transformation, the plants were kept in humid
conditions with minimal watering for two days. Approximately one week after the
first transformation, the plants were dipped into a fresh Agrobacterium solution to

increase the chance of obtaining positive transformants.

Due to time limitations, seeds are not yet mature on these transformed Arabidopsis

plants, so no results are presently available.
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Figure 33: Conceptual translation of four cotton 7T7GI-like genes (ttgl-4)
compared with Arabidopsis and Matthiola TTG1. Variable regions where TTG1
and TTGOP1 are similar to AtTTG1 to the exclusion of TTG(II) and
PTTG(c)E2 are shown in red boxes. The arginine of the WD-40 repeat that is
mutated in the Matthiola ttg] mutant is indicated by a blue box.

The particle bombardment results therefore correlate with the protein alignment, as

those genes displaying functional homology (TTG(I) and TTG®P1) possess the

highest sequence similarity to AtTTGL.
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BlastP searches on the two cotton TTG1-like proteins that did not complement the
Matthiola ttgl mutant (TTG(II) and pTTG(c)E2) indicated that they possess high

homology to the Arabidopsis protein ATAN11a (de Vetten et al., 1997) (Figure 34).

* 29 ¥ 40 il 60 "
atanll.pep : ] 37D 78
ttgZ.pep 78
ttg4.pep 78
80 » 100 g 120 * 140 *
atanll.pep : B I DD H : 156
ttg2.pep : 156
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160 i 180 * 200 x 220 *
=X -3 O S T3 D TTCTIWD IEREQVD TOQL T4 HDKEVFDIAUGGVGVE A ADGSWRVFDLRDKEHSTI IYES:‘:‘-EPDi HURSNINRY : 234
ttg2.pep : DTTCTIHDIERET"DTOLI s HDREVYDIAUGGVGVF & 4DGSVRVFDLRDKEHSTIIYESSEPDY VRLGUITKQL AR
ttg4.pep HED TTCTIVDIEK E’F’ DTQLIAHDKEVYDIAUGGYGVF ASVSADGSVRVFDLRDKEHSTI IVESSEP DEIPLVRL G KQI AT
240 o 260 * 280 * 300 *
atanil.pep : A s il : 312
ttg2.pep : 312
ttgd.pep s 312
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ttge.pep Bl LY TAGLETEQLQUSSSOPDUVATAF STKLOILRVIEHERET]

ttg4.pep HEAYTAGLETEQLQUSSSOPDUVATAFS TKLOQIL RVEHEKET

Figure 34: Amino acid sequence comparison of cotton proteins TTG(I) and
pTTG(c)E2 with Arabidopsis protein ATAN-11.

TTGI) displays 96% amino acid identity to ATAN-11, while pTTG(c)E2 possesses

93% identity.

A maximum parsimony phylogenetic tree (Figure 35) derived from comparisons of
these sequences suggests a potential functional relationship, with TTG(II) and
pTTG(c)E2 grouping with ATAN-1la, while TTG(I) and TTGOP1 form a

monophyletic group with the TTG1 proteins from M. incana and Arabidopsis.
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Figure 35: Phylogenetic tree of cotton TTG1-like proteins with Arabidopsis and
Matthiola TTG1, AN-11 of petunia and ATAN-11 of Arabidopsis. Accession
numbers: APETALAL: 716421, AtTTGI1: AJ133743.1, ATAN-11a: U94748,
remaining sequences not submitted.
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So far the role of ATANI11a in Arabidopsis is largely unknown, although it is also
thought to be involved in flower pigmentation. Further investigation into the roles of
ATANI11a in Arabidopsis may give an insight into possible roles of TTG(II) and

PTTG(c)E2 in cotton.

It must be noted that the results obtained in this investigation provide evidence for the
replacement of AtTTG1 function by cotton TTG(I) and TTGOP1 in anthocyanin
production only. While this may provide an indication of homology in the function of
trichome initiation for these cotton genes, it is by no means direct evidence. It remains
to be seen whether the complementation of one phenotype of the fzg/ mutant by these
cotton genes will necessarily correlate with a complementation of other phenotypes.
The fact that many alleles of #tg] have the same pleiotropic phenotype (Walker et al.,
1999) indicates the functions are strongly linked, and hence suggests complementation
of the anthocyanin pathway may extend to the function of trichome initiation. It is the
role of TTG1 in trichome initiation which is most relevant to possible roles in cotton

fibre development.

The R gene in maize, and delila in snapdragon are bHLH proteins implicated in
anthocyanin production (Spelt et al., 2000). The R gene in maize has previously been
shown to complement both the glabrous and anthocyanin-deficient phenotypes of
Arabidopsis ttgl mutants (Lloyd et al., 1992). However, the delila gene in snapdragon
alters pigmentation in transgenic tomato and tobacco, but does not affect trichome

deficiency in tfg/ mutants. Additionally, anll, which controls pigmentation in
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petunia, is expressed in all tissues, but does not affect hair formation (de Vetten et al.,
1997). Thus, the fact that the cotton genes TTG(I) and TTGOP1 can replace TTG1
function in anthocyanin production only hints at a role in trichome initiation. Results
from the stable transformation of Arabidopsis ttgl mutants would provide evidence

for this.

To complete the investigation into complementation of the #g/ mutant in
Arabidopsis, plants transformed with TTGOP1 will be harvested for seeds about four
weeks after transformation. Transgenic progeny will then be identified by germination
of seeds on selective media (kanamycin). These progeny will then be inspected
microscopically for restoration of trichome formation. Seeds will be harvested from
plants not transformed to grow more #tg! mutant Arabidopsis to test remaining cotton

TTG1-like genes for complementation.

Functional homology to TTG! indicates a possible role for TTG(I) and TTGOP1 in
the initiation of cotton fibres. The results also appear to strengthen the link suggested
between cotton fibre development and Arabidopsis trichomes, providing further
support for the use of trichomes as a model for cotton fibre development in general.
The link between cotton fibre and trichome initiation will become more definite if a

role in cotton fibre initiation is established for these TTG1 homologues in cotton.

To study the influence these genes have on fibre development, expression analysis
could be performed on lint and fuzz cotton fibres, to test for any differences in
expression of TTG(I) or TTGOP1. A significant increase in gene expression of a

cotton 77GI-like gene in lint fibres compared to the shorter fuzz fibres would be an

51



excellent indicator for a role in cotton fibre initiation. Additionally, an increase in
expression during fibre initiation compared to other stages of fibre development

would be indicative of a genes’ role in initiating cotton fibres.

Experiments could be performed to identify regions responsible for the
complementation of the #g/ mutant phenotype in M. incana. The variable regions (as
identified in Figure 33, red boxes) could be removed from TTG(I) and TTGOP1 to
identify which are important for the complementation of the ##g/ mutant. The region
surrounding the site of substitution causing the white-petal phenotype (Figure 33, blue

box) appears likely to be significant in TTG1’s role in anthocyanin production.

The generation of transgenic cotton may be required to further investigate the role of
TTG(I) and TTG®P1 in cotton fibre development. Anti-sense genes have previously
been used to reduce levels of specific proteins in cotton (John, 1996). The
observation of phenotypic changes in fibres of a cotton plant with reduced TTG(I) or
TTGOP1 levels would provide strong evidence of a role for these genes in cotton
fibre development, or specifically fibre initiation, depending on the types of changes
observed. The tetraploid nature of the cotton genome, and the possibility of gene

redundancy, complicates this experiment.
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5 Conclusion

By placing four cotton 77GI-like genes under the control of a constitutive 35S
promoter, each was tested for complementation of the M. incana white petal
phenotype by particle bombardment. Two of these genes, designated TTG(I) and
TTGOP1, produced purple patches of anthocyanin on transformed petals. This result
indicates that these two cotton genes are functional homologues of the T7GI gene.
However, it is only the role played by T7GI in anthocyanin production which has been
complemented, and not that of its function in trichome initiation. Restoration of
trichome formation in Arabidopsis ttgl mutants will provide evidence for functional
homology in trichome initiation, which can be more strongly linked to the

development of cotton fibres.

The results of this project provide putative evidence for a role of two cotton T7GI-
like genes in fibre initiation, by demonstrating functional homology to T7GI. As no
regulators of cotton fibre cell growth have yet been isolated, further characterisation of
these genes may lead to significant advances in the understanding of cotton fibre

initiation.
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Appendix A-D

Appendixes A-D describe sequences obtained of the four TTGl-like cotton genes
ligated into pART7. The sequences were obtained in most cases from external pART7
primers either side of the point of insertion (pART7a and pART7b) and also via
internal primers within the gene itself, combined to give all or the majority of the gene
sequence. For each construct, the expected sequence was compiled (top line in
Appendixes A-D), and compared with the sequence data received (bottom line).
Following is the region of the construct represented by the colour shading of the

sequence:

CaMYV 35S promoter in pART7

TTG-like insert

pBluescript remnant from previous cloning digest

3’ Octopine synthase region of pART7

Binding sites of external primers are shown in red.
Insertion restriction sites are shown in blue.

‘Blast’ searches performed on an unexpected stretch of sequence 3° of TTG(II)
(Appendix B) revealed a cloning vector, likely to have been used in previous cloning
steps. This explanation is also probable for a similar 12bp region 5’ of TTG(I)
(Appendix A).
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Appendix A: TTG() in pART?7
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ATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGAC

GACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCTTCCTCTATATAAGGAA
————————————————————————————————————— AAGACCTTCCTCTATATAAGGAA

khkkhkkhkkhkkhkkhhkhkhhkhhhkkik

GTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGGTTCGAAATCGAT
GTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGGTTCGAAATCGAT
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AAGETTGATATCGAATTCE - ~~~——~~——~— CTAGAGGAAAAAATCCAATGGAGAATTCA
ARGCTTGATATRCGAATTEEGTTGCTGTCGCCCTAGAGGAAAAAATCCAATGGAGAATTCA
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ACTCAGGAATCCCACCTCCGATCCGATAACGCCGTAACCTACGAATCACCCTACCCACTC
ACTCAGGAATCCCACCTCCGATCCGATAACGCCGTAACCTACGAATCACCCTACCCACTC

khkdkhkkhkhkhhhkhrkdhhhdbhddhdhddbdhdddhkdrxdhdxdhxddhhkdhkhkdhdddhkdddhdhd

TACGCCATGGCCTTATCTTCCACGCCCGCCGTCACCCATCTCAACTACCAACGCATCGCT
TACGCCATGGCCTTATCTTCCACGCCCGCCGTCACCCATCTCAACTACCAACGCATCGCT

khkhkhkkkhkhkdhhhhdkhhhhkhkhhkdxhhhhrhdhkdhkhhhdohrddhdhhdddhkhrrhhdhkddhrhkhkrx



O R Ry R R L R R R X T LTI Y
OV ILOVLLOLLI LYY LYOLODDLILVILLLLOVILVYDOVLOLOVYY YV LLOVODOLODVLILYY
DY IOV LLOLLLLYY LVOLODDLLVLLLLOVYIOLVYYDOVYLOLOVYY YV LLDVODOLOOVLLYY

FAREREERFFRRFRERFRRFRF AR R R R R XX RRF AR RN RN NP XA RN LR R R XX FRRR LR AR
LOLLODOYILIDLOY LY LY ODLLDLLLLL Y OLILOVYOLLYLOLYYYDLLODLODOLLOD
LOLILODOYOLODLOVIVLYODLILOLLILLLY DL OLOVY QLI LOLYVYDLLODLODOLLOD

R kR L S LT LTS Y
YOLLLOVYVOLILLOOVODL VYV YOV YOO LOLLOODLLYODDLLYDDLLYDLIOOYILOD
YOLILOVYYOLILLOOYOOLY YV YO YOO LIOLLOODLLYIDDLLYODLLYOLIDOYILID

R R Ry E TR R Y
LODLOLODLOVODLIDYOLYVLLYYYOIILILDYLODODLOYLOLYLIOLOLLLOILYDILY
LOOLIOLOOLOVODLLOYILYLIVYYDIDLLDYLODODLOVLOLYLILOLLLODLYDILY

Y I I I L T TR
YODIOVYLOODODLIOVLOLIOVY DOV LLOVOODLLLYLLIDIOLYODOVLYDLYOODOVID
YOOIV YLIODODILIOVLOLOVY OOV LLOVOODLLLYLLDIDDOLYODOVLYOLYDOODOVYID

L R e L R e T Y
LOLODILLYOVODVYLOLOIDYOVODDOLIDODLLIDLLYDIDLYYOLOLOYOIDVODLYD
LOLODLLLY DY OOV LOLIDTYOYIDOOLODODILIDILYDIDLYYOLOLOYODDYODLYD

Y Y Y S S S E
YOVLVDOLLOYOLIDDLODDODI LIV LIDDILOOYY LY DV OILLLLVDLOILLOVYY.LYY
YOVLYDOLLOVILIDOLODDDDITLIOVLIODILOOY YL YOV ODLLLLYOLOLLOVYYLYY

FREFRENEE R RN F RN RN F R FRR R R R LR RRFRRF AR P XX RN XF RN RRR R RN
OOV I VODLYYLOVOYDOVLODDLVLVLODYDLLLYOYYOVYYOVYDOLLOOVLLYOYY.LD
OOVIVODILVYYLOYOVODVYLOODOLYILVLOOVOLLLYOVYOYYYOVYOOLLOOVLLYOYYLD

R R A L L T RS Y
DLLLIDOOYOYODOOVTOLIDODOVVYDIVLOLYILYLOYYOLIOYOYYDYYYOVDDODYYLL
PDLLLODDDYOYDDOOVIOLODODVYYDIVLOLYILYLOYYOLOVOVYDYYVOVDDDYYLL

R X R R R I T L LT TS X %
LUYDILILILYDDYYLOOIOLODDLYDLIDOILLLODDLLODILILLLOVYOYLOOYYDLODODL
LYDDLILLYDDVYLOOILODDILYOLODIILLIIDDLLODDLILLLOYOYLOOVYDLODODL

R L R R R I T LT T Y
LIDIILYOYDIVLLLODVODVYOVOOYILIDLLYOLLYYDDOVYYODLOLLODDOYYYYYD
LODOILYOVODVILLLODVODVYOVDOYOLIDLLVOLILYYODOYVYDDLOLLODDOVIYYYD

R R R R R I I E I L XL TR
LDV OYDDOLLLVOOYIDLIDVIOYIOVDILYOOVIOLYOVYODILYVYOVLYYODOVYYOLLD
T LY OVODDLLLYODVODLIDYIOYIVDILYOOVIDLYIVYDODLYYOVLYYODOVYOLLY

B X R Rk X A R S X R R
DVYDIVYODLLVYDILLOILILOVEI LD OOLIOOLIOLLLLOVIIDOYIIVYYYIDVOYVYOYIOLD
DYDIVYODLILYDILLOILLIVEILLI OOLIDLIOLLLILOYDIOYIIYYYYIDOVOYYOYODLD

R R R R E S TR TP
LLODOIOLV LD VYOOI VLOLLILO T OODDLLOVYODDIDLILOIILIDVLOVILODDOL
LLOOOIDLVYLLO VYOOIV LILLILIYODDDLLOVYODDLILILOIILDOYLOVILODIIL

L Y R R A LR T R R T R T IR S Y
YOLLOODILIDLODTDIILIDLIILLILIILLIDIDLYVYODOOYOIIOYYOILLOLYLLD
TOLLODOLIODLOIEODIILIDLIOILLILIILLDDODLY YOOI OYIDIOY YOI LLOLYLLD

P I T T R R P R P R PR PR PP PR R PR
YYYIOYIODYOIOVILIODYIOVDILLODLOLILIOLYEDDIYIOIOVYYLYILIDOVILOYOL
YYVYDOYIDIYOIIVILOOOYOOYDILLOOLOLILILYDDDYIDDVYYLY DLIDIOVLLOYOL

R R L L R S R
YYOLOODYDILIALILILY VL YOVOOLOVOVOVVLOVOVLLYODVOIL Y ILLLOYODDILD
YYOLOOIVDILILIOLOLY VLY OVOOLDYDYOVLOVYIVLLYODYDILYILLLOYOODDILD

bos- 1 L3xed
s20°TB33"g¢

bos- 1 L3xed

$00° 1633 ° G¢

bas- 1 L3xed
sD0" 1633 " g¢

bas- 1 L3xed
spo- 1633°6¢

bas- 1 L3xed
s00° 1633 g¢

bos- 1 Laxed
sD0° 1633 G¢

beos- 1 L3xed
spo- b33 G¢

bas- 1 3xed
s00°Th33"g¢

bos- 1 Laxed
sp0° 1h33°g¢

bas* 1" L3xed
s00 1633 g¢

bos- 1 L3xed
s00°TH33"G¢

bos- 1 L3xed
spo* b33 - g¢

bos- 1 Laxed
soo-1Hb33°G¢

bos- 1 L3xed
soo°1h33°G¢

bos- 1 L3xed
s20° 1633 - g¢

boas* 1 Laxed
soo-1HB33°g¢

bes- 1 L3xed
s00 " TH33 " g¢



35.ttgl.ocs
part7.1l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.1l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.1l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.1l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.l.seq

35.ttgl.ocs
part7.1l.seq

35.ttgl.ocs
part7.1l.seq

TTTGTAAGACCAGCTTTAATCTACAATTATTTGTTAGGTCCTCACAACAAATATGAGACT
TTTGTAAGACCAGCTTTAATCTACAATTATTTGTTAGGTCCTCACAACAAATATGAGACT
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CGAATGCATATTTGGATTTTGACCTGEAGCCEGEEEEATCCTCTAGAGTCCTGCTTTAAT

CGAATGCATATTTGGATTTTGACCTGCAGECCEEEEGATCCTCTAGAGTCCTGCTTTAAT
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GAGATATGCGAGACGCCTATGATCGCATGATATTTGCTTTCAATTCTGTTGTGCACGTTG
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TAAAAAACCTGAGCATGTGTAGCTCAGATCCTTACCGCCGGTTTCGGTTCATTCTAATGA
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Appendix B: TTG(II) in pART7

ATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGAC

GACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCTTCCTCTATATAAGGAA
————————————————————————————————————— GNAGTTTTTTNNTNTTNTAAGGA

GTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGGTTCGAAATCGAT
AGTTTTTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGCGTTCGAAATCGAT

AAGCTTGGATCCAAGAAACCAAAGGGAGTGGCAGTGGAAGATGGCCGCTAGCAGCGATCC
AAGCTTGGATCCAAGAAACCAAAGGGAGTGGCAGTGGAAGATGGCCGNTAGCAGCGATCC

TAACCCGGAGGGTTCCGATGAGCAGCAGAAACGATCCGAGATATACACTTACGAGGCCCC
TAACCCGGAGGGTTCCGATGAGCAGNAGAAACGATCCGAGATATACACTTACGAGGCCCC

TTGGCATATCTACGCCATGAACTGGAGTGTCCGCCGCGACAAGAAATACCGGTCTCGCTC
TTGGCATATCTACGCCATGAACTGGAGTGTTCGTNGCGACAAGAAATACCGGTCTCGCTC
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ATCGCCAGCCTTGCTCGAGCATTACAACAACCGCCTTGAGATTGTCCAGCTCGATGACTC
ATCGCCAGCCTTGCTCGAGCATTACANCANCCGCCTTGAGATTGTCCAGCTCGATGACTC

CAATGGCGAGATCC-GATC-GGACCC-AAAT-CTCTCCTTCG-ATCATCC-TTATCCCCC
CAATGNCNANATTCCNATCCGGACCCCAAATCNTCTCCNTTGNATCATCCCTTNTCCCCC

CGGACCCAAGACACATTCTTCATCCCCGACCAAAGGAGCTGCCCAGAAACCCGACCTTCT
CGGACCCAAGACACATTCTTTATCCCCCCCCAAAGGAGCTGCCCAGAAACTCGACCTTCT

CGCCACGTCCTCCGACTTCCTCCGCATTTGGCGCATCTCCGATGACCACTCCCGCGTCGA
CGCCACGTCCTCCGACTTCCTCCGCATTTGGGGCATCTCCGATGACCACTCCCGCGTCGA

CCTCAAGTCTCTCCTTAATGGCAATAAGAACAGTGAATTCTGCGGTCCTCTTACCTCCTT
CCTCAAGTCTCTCCTTAATGGCAATAAGAACAGTGAATTCTGCGGTCCTCTTACCTCCTT

CGACTGGAATGAGGCGGAGCCCAAGCGAATCGGCACCTCCTCCATTGATACGACTTGTAC
CGACTGGAATGAGGCGGAGCCCAAGCGAATCGGCACCTCCTCCATTGATACGTCTTGTAC

TATATGGGATATCGAGAGGGAGACGGTGGATACCCAGCTTATCGCCCACGATAAGGAGGT
TATATGGGATATCGAGAGGGAGACGGTGGATACCCAGCTTATCGCCCACGATAAGGAGGT

TTATGATATTGCCTGGGGCGGCGTCGGTGTTTTTGCTTCCGTCTCTGCTGATGGGTCCGT
TTATGATATTGCCTGGGGCGGCGTCGGTGTTTTTGCTTCCGTCTCTGCTGATGGGTCCGT

TAGGGTTTTCGACCTGCGCGACAAGCTCGAGCACTCCACTATCATTTATGAAAGTTCGGA
TAGGGTTTTCGACCTGCGCGACAAGCTCGAGCACTCCACTATCATTTATGAAAGTTCGGA

GCCCGATACTCCGCTTGTACGGTTGGGGTGGAACAAGCAGGACCCGAGATATATGGCTAC
GCCCGATACTCCGCTTGTACGGTTGGGGTGGAACAAGCAGGACCCGAGATATATGGCTAC

TATAATTATGGACAGTGCTAAGGTTGTTGTTTTGGATATCCGCTTCCCGACACTGCACGG
TATAATTATGGACAGTGCTAAGGTTGTTGTTTTGGATATCCGCTTCCCGACACTGAACGG

TAGTTGAGCTGCAGAGGCACCAGGCTAGCGTCAATGCCATCGCATGGGCACCCCACAGCT
TAGTTGAGCTGCAGAGGCACCAGGCTAGCCTAGGTGCCATCGCATGGGCACCCCACAGCT

CTTGCCACATTTGCACCGCCGGGGATGATTCCCAGGCCTTGATTTGGGACTTGTCCTCCA
CTTGCCACATTTGCACCGCCGGGGATGATTCCCAGGCCTTGATTTGGGACTTGTCCTCCA

TGAGTCAGCCTGTGGAGGGTGGGCTTGACCCCATCCTTGCCTACACCGCTGGGGCTGAAA
TGAGTCAGCCTGTGGAGGGTGGGCTTGACCCCATCCTTGCCTACACCGCTGGGGCTGAAA

TCGAGCAGTTACAGTGGTCATCTTCCCAGCCTGATTGGGTTGCCATCGCCTTCTCCACCA
TCGAGCAGTTACAGTGGTCATCTTCCCAGCCTGATTGGGTTGCCATCGCCTTCTCCACCA

AGCTTCAGATTCTCAGGGTATGAGTGAATGGGATTGGTATATTGGGTCGTATTCAATGCT
AGCTTCAGATTCTCAGGGTATGAGTGAATGGGATTGGTATATTGGGTCGTATTCAATGCT

AAATTGCTAATTCATAGTCTAGTAATTGTACTCAGATCTAGAGGAATAACAAGATTGTTG
AAATTGCTAATTCATAGTCTAGTAATTGTACTCAGATCTAGAGGAATAACAAGATTGTTG

CTGTCGTTGTGTCTGAGCTGACTAAAAGTCCCAAAACTGTTTTGGTTTTCCTGTTGTTTC
CTGTCGTTGTGTCTGAGCTGACTAAAAGTCCCAAAACTGTTTTGGTTTTCCTGTTGTTTC
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GTTTGTCTTCAACATGTTTGGATAGTTGATTGAACACCAATCTCTTTATTCTGTTCTTAT
GTTTGTCTTCAACATGTTTGGATAGTTGATTGAACACCAATCTCTTTATTCTGTTCTTAT

TTTAGTGTTTCCCATTCCTTTACATCCAAACCTTTCCCTGTTTTATTGTAGTTGTGAGAG
TTTAGTGTTTCCCATTCCTTTACATCCAAACCTTTCCCTGTTTTATTGTAGTTGTGAGAG

CAAAAGAGCTGCAGACTCATTTTTTTAGAACGCATGGGAAGCAGTGATTTATGGACCCTG
CAAAAGAGCTGCAGACTCATTTTTTTAGAACGCATGGGAAGCAGTGATTTATGGACCCTG

AACTGAAACACAAGATCAAGACGACCACTCTTTGCTGTTTGGTTTATGCAACATAATCTT
AACTGAAACACAAGATCAAGACGACCACTCTTTGCTGTTTGGTTTATGCAACATAATCTT

TGTCGTTCTGTTGGACAAGATGAGTGTGTTTTCAGTTTATTTGGTTGTCTGATAAGTTTG
TGTCGTTCTGTTGGACAAGATGAGTGTGTTTTCAGTTTATTTGGTTGTCTGATAAGTTTG

ATTAGTTACTATAAATGTGATAAATGATGGGCAGGAAGATATGGGTGGCTTACCCTGGGC
ATTAGTTACTATAAATGTGATAAATGATGGGCAGGAAGATATGGGTGGCTTACCCTGGGC

TGCTTTCAGATGCTTGTGTTGTGTTAATGTTAAAACTAGCTTTAGCCATAAAANAANADA
TGCTTTCAGATGCTTGTGTTGTGTTAATGTTAAAACTAGCTTTAGCCATAAAAAAAAANA

AAAAAAGCCGGCCGCTCGAGTCTCTCTCTTCTCTCTCGACAGCAACGEAATTCCTGCAGE

@CGEGEGATCCTCTAGAGTCCTCCTTTAATGAGAATATGCGAGACGCCTATGATCGCATG

CEGEGEGATCCACTAGAGTCCTGCTTTAATGAGAATATG - —— === === == — = mmmmm——

ATATTTGCTTTCAATTCTGTTGTGCACGTTGTAAAAAACCTGAGCATGTGTAGCTCAGAT
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Appendix C: TTGOP1 in pART7

10 20 30 40 50 60

ATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGAC

GACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGA
————————————————————————————————————— AAGACCCTTCCTCTATATAAGGA
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AGTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGGCTATAAACCCT
AGTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCCCGGGCTATAAACCCT
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AAAAGCTCTTCCCAGATTTGGTTGAGAAGAAATGGAGAATTCAACTCAAGAATCCCACCT
AAAAGCTCTTCCCAGATTTGGTTGAGAAGAAATGGAGAATTCAACTCAAGAATCCCACCT
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GAGATCCGATAATTCGGTAACCTACGAATCAGCTTACACAGTTTATGCCATGGCCTTATC
GAGATCCGATAATTCGGTAACCTACGAATCAGCTTACACAGTTTATGCCATGGCCTTATC

RS RS R R R RS SERE RS EREE SRR REEEEERER S SRS E R RS EEREEEEREER SRR

TTCCACGCCTTCCTCCACCAATATCAACCATCAACGCATCGCTCTCGGCAGCTTCCTCGA
TTCCACGCCTTCCTCCACCAATATCAACCATCAACGCATCGCTCTCGGCAGCTTCCTCGA

hhkhkkhkkkhkkhhkhkkhkhkhkhhkhhhkhkhhhkdhhhkdhkkhkhdkkhkhkhkhkhkkkkkkhkhkkhkhkhkkkkkhkk
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AGATTACACTAACAGAGTCGACATAATCTCATTTGATCCAGAAACCCTCTCCTTCAAGAC
AGATTACACTAACAGAGTCGACATAATCTCATTTGATCCAGAAACCCTCTCCTTCAAGAC

khkhkkkhkkhkhhhkhhhkhhkhkhhhhkhkhhdhhhhhhhhkhkkhhhkhkkhkhkkhkhhkkhkhhkkhkkdkxkhkkkx

CCACCCAAAGCTTGCCTTCGACCACCCTTATCCACCCACCAAGCTCATGTTCCAACCCAA
CCACCCAAAGCTTGCCTTCGACCACCCTTATCCACCCACCAAGCTCATGTTCCAACCCAA

khhkhkhhkhkhkhhkdhhkhhkhhhhkhkhhdrhhkhdhhkhhhkhkhhhhhhhhhhhkhkdhhhhkdhdkhkkdkrdkxkx

TCGAAAATCCGCTTCATCCTCTTCTTCTTGTTCCGATCTTCTCGCTTCAACCGGCGATTT
TCGAAAATCCGCTTCATCCTCTTCTTCTTGTTCCGATCTTCTCGCTTCAACCGGCGATTT

khkkkkkkhhkhkhkkhkhkhdhkhkdhhhhhhkhkhhkhkhhhhkhhhkhhkhkkkhkkhkhkkhkhkkhkhkhkkhhkkkhkkk

CCTGCGTCTCTGGGAAGTTCGAGAATCTTCCATTGAACCTGTCACTGTTCTAAACAATAG
CCTGCGTCTCTGGGAAGTTCGAGAATCTTCCATTGAACCTGTCACTGTTCTAAACAATAG

khkkkkhkhkhkkhkkhkhhkhkhkhkhhkhkkkkhkhkhkhhhdhhhhhkhhhbhhkhhdrrhdhhdrhddrddhd

CAAAACCAGCGAGTTTTGTGCCCCGTTAACTTCCTTCGATTGGAACGATGTTGAACCCAA
CAAAACCAGCGAGTTTTGTGCCCCGTTAACTTCCTTCGATTGGAACGATGTTGAACCCAA

hkhkkkkhhhhkhhkhhkhhhhkhhhhddhhhhdhhhdhdhhhhhhkrhhkdhhdhhrdbhhhkrhrhdk

GAGAATTGGGACTTCCAGCATCGACACAACTTGCACCATTTGGGACATCGAGAAATGCGT
GAGAATTGGGACTTCCAGCATCGACACAACTTGCACCATTTGGGACATCGAGAAATGCGT

hkhkhkkkhhhkhhhkhhdbhhhhdhkhhdbhrhhkdhbdrddbhddrrdbhhbhhkrhhhhkhrdhhhhdbdbddhhs

CGTTGAAACCCAATTGATCGCTCATGATAAAGAGGTTTACGACATTGCTTGGGGTGAAGC
CGTTGAAACCCAATTGATCGCTCATGATAAAGAGGTTTACGACATTGCTTGGGGTGAAGC

kkkkhkkhkkhkhhkkhkkhkhhkkhhkhkhhkhkhkhkkkhhkhkkhhkhkkhhhhhkkhkkhkhhkhkhhhkhhhhhhhhdhk

TAGAGTTTTTGCTTCCGTTTCCGCTGATGGGTCCGTTAGGATTTTCGATTTGAGAGACAA
TAGAGTTTTTGCTTCCGTTTCCGCTGATGGGTCCGTTAGGATTTTCGATTTGAGAGACAA

LA ERA R EEE SRS AR EEREREREEREEEEEEEEEEEEESERERSEEESEREEEEESEEEES]

AGAACATTCCACCATCATTTATGAAAGTCCCCAACCCGACACCCCCTTTATTAAGATTGG
AGAACATTCCACCATCATTTATGAAAGTCCCCAACCCGACACCCCCTTTATTAAGATTGG

hkkkkhkkhhkhhhkhkhhkhkhkhhhkhkhhkhkhhkdhhdhhkhdhhohhhhhbhdhhhhddhhdhhhrhbihdk

CTTGGAACAAGCAAGATTTGAAGTATATGGCTACCATTCAAATGGATAGCAATAAAGTTG
CTTGGAACAAGCAAGATTTGAAGTATATGGCTACCATTCAAATGGATAGCAATARAGTTG

khkkkkkhhhkhkhkhhhhkhhhkdhhkhhhkdhhikhhkhdhhhhhkhkkhkhkhhkhkhkhkhhkhkkhkkkhkkhkkkkhkk

TGATTTTAGGATATAAGCGTCACCCCACAACCCCCGTTGCTGAGTTGGAGCGGCATCACG
TGATTTTAGGATATAAGCGTCACCCCACAACCCCCGTTGCTGAGTTGGAGCGGCATCACG

khkkkkkkkhkhkkhhkhdhhkhhkhhhhdhkhhdhhhhhhkhhkhhkhdhhhhhhxhkdkrrhkihdhkk*x

CTAGTGTCAATGCCATTGCCTGGGCTCCTCAGAGTTGTAAGCATATTTGTTCCGCTGGGG
CTAGTGTCAATGCCATTGCCTGGGCTCCTCAGAGTTGTAAGCATATTTGTTCCGCTGGGG

khkhkkkhkkhkkhkhkhkhhkkhhkhkhhhhhkhhhkhhkhkkhhkhkhhhhhhrhkdhdhddhhhhhhkkdhkrd ik

ATGATACCCAGGCTCTTATTTGGGAGTTGCCTACGGTGGCGGGACCTAATGGTATCGATC
ATGATACCCAGGCTCTTATTTGGGAGTTGCCTACGGTGGCGGGACCTAATGGTATCGATC

hhhkkkkhkhhkhkhhkhhkhkhhkhdkhhhhhhkhkhkhkhkhkhkhkhhhhrhhhhdhhkdhrbrdrhhhbbhhd

CCTCTGTGTGTTTACTCTGCTGGCTACGAAATTAATCAATTACAGTGGTCTGCTGCGCAA
CCTCTGTGTGTTTACTCTGCTGGCTACGAAATTAATCAATTACAGTGGTCTGCTGCGCAA

khkhkkkhkhkkkhkdhhkhhkhkdhhhhdhhdhhhxxhhhihdhhkhkhhkhhkhkhkdhhkdkhkhhodkhhhddhidid

CCTGATTGGATTGCCATTGCCTTTTCCAACAAATTGCAGCTTCTCAAAGTTTGAGGTTTT
CCTGATTGGATTGCCATTGCCTTTTCCAACAAATTGCAGCTTCTCAAAGTTTGAGGTTTT

hhkkhkkhkkkhkdkkdhhkhdhdhhkhkhhhkkhhkhhhhhdhhhkhhhhhdhhhhbhdhrdrdrhdhdhid

CACACTGTATTTTCCTGCTTGAAGTCTGGTCTTCTGTTTCATAGACTGCTTAAGCTTGTA
CACACTGTATTTTCCTGCTTGAAGTCTGGTCTTCTGTTTCATAGACTGCTTAAGCTTGTA

IR RS SRS S S A E RS SE RS SRAE R SRR RS R RS RS RESREEE S ESEEEERER SR EEERSESE]

TTCCCCTTTGACTTGATTTGTGGAATCAGTTTTAGTTAAGCCTGTCAATTCTGACTTGAT
TTCCCCTTTGACTTGATTTGTGGAATCAGTTTTAGTTAAGCCTGTCAATTCTGACTTGAT

khkkhkkkhkhkkhkhkdhhhhhhkdhkhhkhkhhhhhkhkhkhkhkkhhkhkkhhkhhhhhhkdhhdhdhrdhhhhkdhiih

TTGTGGAATCAGTTTTAGTTTAGCTGTTAATTCTGCCATTACTTTGCACCATTGATGAAG
TTGTGGAATCAGTTTTAGTTTAGCTGTTAATTCTGCCATTACTTTGCACCATTGATGAAG

IR RS S S SR SRS S SR SRR RS A SRR A SRS SRS SRS RS R EREE ST ESEREEESEEEE]
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Appendix D: pTTG(C)E2 in pART?7

10 20 30 40 50 60

ATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGAC

GACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGA
————————————————————————————————————— AAGACCCTTCCTCTATATAAGGA

kkkkkhkkhkhkkkhkhhkhkhhrhkhhhhx

AGTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGTACCAAAGGGTGTCCAAAAC
AGTTCATTTCATTTGGAGAGGACACGCTCGAGGAATTCGGCGTACCAAAGGGTGTCCAAAAC

dhkkkhkkhkhkhhhkhdhhhhdhkdhhhhhkddhhhhddhrhkhhhhrhkhkhhkddbhhrhhrdhhbdrhdk

GTTTTGGATTTCCTTCAAATTGATTTCCCTGACATGGATGTCATTGGCATCTCTGGTGAG
GTTTTGGATTTCCTTCAAATTGATTTCCCTGACATGGATGTCATTGGCATCTCTGGTGAG

(EEE SR E R R RS EELEREEEERAEEEEEEEEEESERESEREEEEEEEESEEEEEEEEEESES]

TATCATTCCCATGAATATATACTTCTTCATTTTCGTCTTCTGAGCTAGACCATTGAACTC
TATCATTCCCATGAATATATACTTCTTCATTTTCGTCTTCTGAGCTAGACCATTGAACTC

(R EA SRR L ER S A SRR NSRS E R SRR SRR RS R R RRREE SRR SRR SEEEEE R R R RS RS
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TTAAGCAAAGGTGAAAGAGCAGGACCTTGAGTTTGACCATGGCTACTATTACTGCAATAG
TTAAGCAAAGGTGAAAGAGCAGGACCTTGAGTTTGACCATGGCTACTATTACTGCAATAG

khkhkkhkkhkkhkkhhhkhhhkhhkhkhhkhkhkdkhhhkhkhkhhkhkhhkhhkhkkhkkkhhhhhkhkkkhhkhkkhhkrhhkhkhk

TCAAATCCGAATATTTTATATTTCTGCAGATAAGACACCCAGTTCTTTTATACATATATA
TCAAATCCGAATATTTTATATTTCTGCAGATAAGACACCCAGTTCTTTTATACATATATA

khkkkhkhdhhhkhhkhkhhhhkhkhhhrhddbhhdhhdhhhrdhkhkhdhdddrhkdrxdkhkxhdrhkrkddkx

TATTTTATGTTTTCTGATTCACTGTTTGAAACGGCATGGGTCCATTTCTTTTCTTTTCTT
TATTTTATGTTTTCTGATTCACTGTTTGAAACGGCATGGGTCCATTTCTTTTCTTTTCTT

khkhkkhkkhkdhhhdhhkhhkhhhkhdhkhkhhkhhhhkdhhkhkhkhkhkhkkhkhhkkhhkhkhhkhhkhkhkkhkkkkkkkhkkk

TTTAAATTTTCGGCTTTTATATTTGAAAAAAAAATTAAATAAATAAATTTAGCTTTAAAA
TTTAAATTTTCGGCTTTTATATTTGAAAAAAAAATTAAATAAATARATTTAGCTTTAAAA

khkkkhhkdhkhhkhkhhhkdhkhhkkhhhkhhkhkhhhkhhhkdhkhkhhkhkhkhdhhdxhhhkhhhhkhkhkkhkkhkhhkhhkkk

TTTTTGTTATGGAATGAAATAATATAGTATTGTGCGGACTGCGGAGTATATAACGACTAA
TTTTTGTTATGGAATGAAATAATATAGTATTGTGCGGACTGCGGAGTATATAACGACTAA

khkhkhkkhhkhhhkhkhhkhhdhkhhhkhhhhhhhkhhkkkhkhhhkhhhhkkkhkkhhhhhhkkkhkhkkikk

ATATTAAAACAAAAAGCATATATAACCTTTTTGTCATTAAGTAGATGAAAAAGGAATGTC
ATATTAAAACAAAAAGCATATATAACCTTTTTGTCATTAAGTAGATGAAAAAGGAATGTC

hkhkkkkhhhkkhkkhkhkhkhkhkhkhkhkhhkhkhhhhhhhhhhdhdbhhkhhkhhhhrhdhddhrddhkdhkdx

GTCAAAACACGTTACCTTCCATAATCTTCACACCAATCCAACCTTTCTTTGGTTATCTGC
GTCAAAACACGTTACCTTCCATAATCTTCACACCAATCCAACCTTTCTTTGGTTATCTGC

khkhkkhkdhkhkhhhhkhhhkkhhkhdhhdhhkhkdkhkhhhhhhhkkhkkhkhkhhkhkkhkhhhhkhkkhhkhkihk

TAAGAGTAAAAAATAGCTGACAGCGGCAGCGTTGGTAATGACGGCCACCAGCGATCCGAA
TAAGAGTAAAAAATAGCTGACAGCGGCAGCGTTGGTAATGACGGCCACCAGCGATCCGAA

R RS AR SRS RS SRR SRR E R RS ERESSERER SRR SRRERESSEEERERESESESEESEEEE NS

CCCCCGAAGTTTCCGACGAGCAGCAAAAACGATCGGAGATATACACATATGAAGCTCCCT
CCCCCGAAGTTTCCGACGAGCAGCAAARACGATCGGAGATATACACATATGAAGCTCCCT

khhdhkhhkhkhhkhkhhhhkdkhkhkdhhkkhkhkkhhkhkkhkhhhkhkhkkhkhhkkhkhhkhkkhhkhkkkhhkhkkk

GGTACATCTACGCTATGAATTGGAGCGTCCGCCGCGACAAAAAGTACCGACTCGCCATCG
GGTACATCTACGCTATGAATTGGAGCGTCCGCCGCGACAAAAAGTACCGACTCGCCATCG

AR RS RS RS EE S SRR SRR EES SR EEER SR RS EEERESEEREESERREESESE LS EEEE S

CCAGCCTCCTCGAGCAATACCCTAACCGTCTCCAGATTGTTCAACTCGACGACTCCAATG
CCAGCCTCCTCGAGCAATACCCTAACCGTCTCCAGATTGTTCAACTCGACGACTCCAATG

khkkhkkhkhkhkkkhkhhkhhkhkhkhkhkhhhkhkhkhhkhkhhhhrhhhhdhhbhrddbhddbhbhdbdhkhd i

GGTGAGATCCGGTCGGATCCCAACCTCTCCTTCGACCATCCCTATCCCGCTACTAAGACC
GGTGAGATCCGGTCGGATCCCAACCTCTCCTTCGACCATCCCTATCCCGCTACTAAGACC

hhkhkkkhkhhkhhhkdhhhhhkhhhhhhkhkhhkhhkhkhhkkhkkhhkkhkhhkhkhkhkhhhkhhhhhddhhhdhhddhk

ATCTTCATTCCCGACAAGGATTGCCAGAAACCCGATCTTCTCGCTACCTCCTCCGATTTT
ATCTTCATTCCCGACAAGGATTGCCAGAAACCCGATCTTCTCGCTACCTCCTCCGATTTT

khkkhkkhhkhkhhkhkhhkhkhdhdhhhhhhhdbhkdhxhdrhhkdkdbhrohkdhrhdhddhhkdhddhhkddhhd

CTTCGCATATGGCGGATCTCGGGATGACGGTTCCCGCGTTGACCTCAAATCGCTCCTTAA
CTTCGCATATGGCGGATCTCGGGATGACGGTTCCCGCGTTGACCTCAAATCGCTCCTTAA

hhkhkkkkhkdkhkhkkhhdhkhdhhdhhdhkhhhhkhixhkhhdhdhdbhhdhhdhhdhdrdrhhhdidirst

TGGCAATAAGAACAGTGAATTTTGGCGGTCCTCTCACGTCTTTCGACTGGAACGAGGCGG
TGGCAATAAGAACAGTGAATTTTGGCGGTCCTCTCACGTCTTTCGACTGGAACGAGGCGG

khkkhkhkhkkhhkhkhhkkhkhkhdhhkhkhdhhhhhdhhdhkhkdhrhkhhkddhhdhhkdhxktkxtxdxhkhhkix%x

AGCCGAAGCGAATCGGGACTTCCTCCATTGATACGACTTGCACTATTTGGGATATCGAGA
AGCCGAAGCGAATCGGGACTTCCTCCATTGATACGACTTGCACTATTTGGGATATCGAGA

khkhkkkhhhkkkhkdhhhkdhhhhhkhhkhkhhhkhkhkkhkkhkkdhhhdhhhkdhkhhhdhrdhrdhddhk

AGGAAACAGTGGATACCCAGTTAATTGCCCACGATAAGGAGGTTTACGACATCGCTTGGG
AGGAAACAGTGGATACCCAGTTAATTGCCCACGATAAGGAGGTTTACGACATCGCTTGGG

IR SRS R RS E SRS SRS RS RE SRS R ER R R RS E R AR EREEREEEREESEEEESE SRS
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GTGGAGTTGGGGTTTTCGCTTCCGTCTCCGCCGACGGTTCCGTTAGGGTTTTCGATTTAC
GTGGAGTTGGGGTTTTCGCTTCCGTCTCCGCCGACGGTTCCGTTAGGGTTTTCGATTTAC

hhkkkkkhhkdhhhhhkhkhdhhkdhhhkhkhkdhkhdhkhkhhkhkhkhkkkhhhdhhkhkkhhkhkkkhkhkkrkhihkkk

GCGACAAGGAACATTCGACGATCATCTACGAGAGTTCGGAGCCGGACGCGCCGCTGGTGC
CCNACAAGGAACATTCGACGATCATCTACGAGAGTTCGGAGCCGGACGCGCCGCTGGTGC

khkkkkkkkhkkhkhkhdhkddhhhkddhkddhhhhhkrdhhkhdhhkhdhhdhhkhhddhhkkddhkthbhhhdx

GGTTGGGGTGGAACAAGCAGGACCCCAGATATATGGCGACCATTATAATGGATAGTGCCA
GGTTGGGGRGGAACAAGCAGGACCCCAGATATATGGCGACCATTATAATGGATAGTGCCA

LSRR SRR SRS AR R R E R R RS SRR EEEREEEEEREEEEEREEESEEEEESELELEEESES]

AGGTGGTTGTTTTGGATATCCGTTTCCCGACGTTGCCGGTGGTTGAGTTGCGGAGACACC
AGGTGGTTGTTTTGGATATCCGTTTCCCGACGTTGCCGGTGGTTGAGTTGCGGAGACACC

IE RS R AR ES S S SRR R R RS EEEREEEEEEEEEEEEEESEEEEEEREEEREEEEESES]

AGGCGAGCGTCAATGCCGTCGCTTGGGCTCCCCATAGTTCCTGCCACATTTGCACCGCCG
AGGCGAGCGTCAATGCCGTCGCTTGGGCTCCCCATAGTTCCTGCCACATTTGCACCGCCG

kkhkhkkhkhhkhkkhkhhhkhkhkhkhhkhkhhkhkkhkhhkhhkhhkhkkhhhkhkkhhkkhkkkkhhkkhhkhkkhhkhkhkdkhhkhkdkdkk

GCGATGATTCTCAGGCGTTCGATTTGGGAATTTGTCTTCGATGGGTCAGCCTGTTAAAGG
GCGATGATTCTCAGGCGTTCGATTTGGGAATTTGTCTTCGATGGGTCAGCCTGTTAAAGG

khkhkkhkhkkkkhkhkhkhkhkhkkhhkhdhkhkhhhhhdhkhhkhhkhhhdhhkhkkhhkhkhhkhkhhhhkhkhkhkhhhhhkkkhk

TGGGCTTGACCCCATTCTTGCATACACGGCTGGGGCTGAAATTGAACAGTTGCAATGGTC
TGGGCTTGACCCCATTCTTGCATACACGGCTGGGGCTGAAATTGAACAGTTGCAATGGTC

khkkkhkhkkhhhkhhhhhhkhhhhhhhhhddhdhhdhdbdbhbhrddbhhkdbhbdhhddhkddhhddkdkidrddkx

GTCGGTCTCAAGCCTGATTGGGTGGCCATTGCCTTCTCCACTAAGCTTCAGATTCTAAGG
GTCGGTCTCAAGCCTGATTGGGTGGCCATTGCCTTCTCCACTAAGCTTCAGATTCTAAGG

khkhkkhkdhkhkhkkhkhkdkhkhkdhhhhdhhkhhhkhhhkhkhdhhkdkhhkkhhkhkhhkhkhhhhhkhkhhhkhkhhhkhhhk

GTATGAATTACCGGTGTGAAGTTAGGTTTTTCTGTTTGTTTTGACATTAACTAACAACAT
GTATGAATTACCGGTGTGAAGTTAGGTTTTTCTGTTTGTTTTGACATTAACTAACAACAT

khkkhkkhhhdkhhhhhhdhhhhhhhhhhhdhhhhhdhdhhddhhbhhhhhhdbhdbhhbddrhbdrddhohhdk

GCTTGCTTGATCTTCCATTTGAATCGAGTTTCACT TCTGARTTCUTCCAGECCECEEEAT
GCTTGCTTGATCTTCCATTTGAATCGAGTTTCACTTCTGBATﬂGCTGGAGC@CGGGGQATf

ARk KKRER I KKK KT A IER R KT R K * I K K* Kk kK K Kok & Kk ok ke e dod & kK okt ok e e ek ok

CCACTAGTTICTAGAGTCCTGCTTTAATGAGATATGCGAGACGCCTATGATCGCATGATAT

CCACTAGTICTAGAGTCCTGCTTTAATGAGATATG -~ ~——————————~~—— -
dkkk Nk rFkkhkkhkkhkrhhkhhhhhkhhkkhkhk

TTGCTTTCAATTCTGTTGTGCACGTTGTAAAAAACCTGAGCATGTGTAGCTCAGATCCTT
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TCTACGACACACCGAGCGGCGAACTAATAACGTTCACTGAAGGGAACTCCGGTTCCCCGC

ACGGGCACCATTCAACCCGGTCCAGCACGGCGGCCGGGTAACCGACTTGCTGCCCCGAGA
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