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ABSTRACT

Conventional breeding of bananas (Musa spp.) is a slow process due to long breeding cycles,
sterility and polyploidy. Development of inbred lines establishes homozygous lines used in
breeding and through conventional approaches, these lines have been achieved albeit in long
cycles of backcrossing. In addition to conventional approaches, efforts have been made to
reduce these cycles through marker assisted selection (MAS) and through culture of haploid
plant parts (anthers and ovules) to produce haploid plants. These methods are however not
universal and reproducible in all cultivars. A new approach developed and tested in
Arabidopsis and used in the current study develops haploids by crossing centromere specific
histone 3 (CENH3) mutants (haploid inducers) with wild type.

The current study aimed at producing haploid inducer transgenic banana lines for future
development of inbred lines. Three RNAI gene constructs (GFP-tailswap, Tailswap and GFP-
CenH3) were transformed into Escherichia coli (Strain DH5q), re-extracted, validated and
transformed into Agrobacterium tumefaciens (Strain EHA 105) which was used to transform
diploid bananas using intercalary meristems and multiple apical bud clumps as explants. The
Agro-infected explants were then selected and regenerated on media containing 100mg/L
kanamycin. Successful integration of the constructs into the genome of transgenic plants and
RNA.i silencing of endogenous CenH3 were confirmed through molecular analysis.

As one of the basis of establishing the candidate cultivars for development of putative haploid
inducers, a phylogenetic and haplotyping analysis using the markers Nicotinamide Adenine
Dehydrogenase (NADH) and Centromere specific histone 3 (CenH3) partial coding sequence
was performed on both diploid and triploid bananas. The phylogeny of 39 banana cultivars
using the markers NADH and CenH3 differentiated banana species Musa acuminata, Musa
balbisiana and Musa textilis as well as sections Rhodochlamys, Eumusa and Australimusa. In
haplotype analysis, a total of 13 haplotypes were obtained in all the 39 banana cultivars using
7 SNP positions in the CenH3 partial gene. Five of these were observed to be present in both
diploids and triploids and 8 were unique. A total of 59 putative haploid inducer lines were
developed and the presence of gene constructs confirmed in 47% of them using PCR. RNAI
silencing was confirmed by accumulation of small interfering RNA (siRNA) in transgenic
plants and their absence in non-transgenic plants.

CenH3 complementary DNA (cDNA) clones from diploid and triploid banana cultivars were
sequenced to check allele and splice variants as well as characterize their evolutionary
relationships. Analysis of banana CenH3 expression resulted in a total of 20 CenH3 transcripts
of variable lengths (471-760 base pairs (bp)) and exon/inton structures (7/6, 6/5 and 5/4).
Evolutionary relationship of the transcripts indicated that CENH3 in bananas is undergoing
both positive (Ka/Ks >1) and stabilizing selections (Ka/Ks <1).

The study was able to develop putative haploid inducer lines, identify banana phylogenetic
relations using partial CenH3 and NADH genes and identify expression and evolutionary
relations of CenH3. Future work should be done to improve on the efficiency of silencing
using recent and more specific silencing approaches like Transcriptional Activator Like
Effector Nucleases (TALENS) and Clustered Regulatory Interspersed Palindromic Repeats
(CRISPRY).

XX



CHAPTER ONE

INTRODUCTION

1.1 General introduction

Bananas and plantains herein referred to as bananas are classified under the family
Musaceae genus Musa (Cheesman, 1947; Simmonds, 1953; Robinson, 2010). They are an
important fruit and food crop with a global production of 144 million tones of which over
74% is used for consumption making banana the number one fruit crop (FAOSTAT,
2013). Despite this importance, bananas have a narrow genetic base with only two species
constituted in most hybrid cultivars. This narrow genetic base makes them susceptible to
many pests and diseases some of which completely wipe out banana plantations (Baurens
et al., 2010). Wild relatives which are progenitors of cultivated varieties are in existence

and can be used to widen the genetic base in the already existing cultivated genotypes.

Musa as a genus is divided into four sections which are mainly based on the chromosome
numbers (Daniells et al., 2001). The four sections are Callimusa and Australimusa which
have twenty chromosomes (2n=20), Eumusa and Rhodochlamys (2n=22). Cultivated
bananas are hybrids between the species Musa acuminata (A genome) and M. balbisiana
(B genome) both of which are in the section Fumusa. To further establish classification
system for both wild and cultivated bananas, they have been put into genomic groups
depending on the relative contribution of the A and/or B genomes. The genomic groups
include diploids (AA, AB and BB), triploids (AAA, AAB and ABB) and tetraploid

(AAAA, AAAB, AABB and ABBB).



The hybrid banana cultivars in existence are as a result of years of selection and crosses
some of which have occurred naturally (Daniells et al, 2001). The identification of
progenitors of the triploid cultivars from the existing wild diploids has been achieved using
different approaches including molecular markers (Ude et al., 2002; Creste et al., 2004,
Ruangsuttapha et al., 2007; Thomas-Hall et al., 2007; Brown et al., 2009; Miller et al.,
2010; Hippolyte et al., 2012 ) and morphological characterization (Cheesman, 1947). The
identification of such progenitors enables mapping of the origin and spread of cultivars.
The identification also provides information to breeding programs which makes decision
for cultivar selection and parents for breeding easier. For example, if there are cultivars
with some level of disease resistance or important biotic and a biotic traits with known
progenitors, then these can be used in breeding programs. Many studies using molecular
approaches have not conclusively identified all the progenitors for cultivated hybrids.
More genetic information based on use of diverse genes in plant genomes will increase the
knowledge base and lead to the universal acceptance of known progenitors. In the current
study the partial coding sequence for the nuclear gene coding for Centromere Specific
Histone 3 Protein (CENH3) and the partial coding sequence for mitochondrial
nicotinamide adenine dinucleotide (NADH) gene were used to cluster triploid banana
cultivars to diploids and this information was consequently used as part of the basis on

which identification of cultivars to develop haploid inducers were selected.

Banana breeding is an essential part of crop improvement programme and offers one of the
best solutions to existing and emerging biotic and abiotic stresses. Breeding aims at
achieving homozygosity for a favorable characteristic and this is achieved by first creating
inbred lines which have the favorable characteristic homozygously expressed. The inbred

lines can then be crossed with other lines to develop new varieties with superior



characteristics. However, despite the importance and success of conventional breeding in
solving major constraints affecting banana production, it is time consuming and tedious. It
takes more than ten years to breed and release plant varieties with character of choice to
farmers through conventional breeding approaches, such plants have 90-97%
homozygosity (Chan, 2010). However, there exist tools such as Marker Assisted Selection
(MAS) that have been used with an effort to reduce this time. Despite this effort, molecular
markers only reduce the time involved in screening for the character of choice but do not
reduce the number of crosses to be done to attain homozygosity in developing pure

breeding lines or establishing cultivars.

Research has been ongoing in different crops to develop a mechanism that together with
MAS and conventional breeding could drastically reduce breeding time. Creation of
haploids in plants has been in use for a long time mainly with an aim of facilitating genetic
mapping (Assani et al., 2003). Different procedures have been used in creating haploids in
plants; among them are microspore and anther culture ( Barnabas et al., 1999; Assani et
al., 2003; Lee et al., 2003; Kim and Baenziger, 2005; Grewal et al., 2009; Dunwell et al.,
2010). Both microspores and anthers are natural haploids and once cultured, they develop
into haploid plants which are doubled to become homozygous “doubled haploids”.
However the success of these approaches is cultivar dependent and furthermore protocols
vary intra-specifically. Another approach commonly used in creating haploids is by
crossing species that are widely related where the genome of one of the parents involved is
lost remaining with haploids (Sanei et al., 2011). However, the mechanism underlying this

approach is not clearly known and cannot always be recreated in different species.

The haploid development approach used in this study is based on crossing wildtype parents

to mutants. It is an improvement to the existing haploid development approaches of anther



and microspore culture as well as haploid development through wide crosses; this is
because the specific working mechanism is clearly known (Ravi and Chan, 2010). The
protein CENH3 is mutated in one of the parents, this protein very important in cell division
(Robinson, 2010). The main principle is based on the fact that CENH3 attaches to spindle
fibers during cell division and any alterations to it normally affect post-zygotic mitosis,
hence only wild type chromosomes undergo normal mitosis resulting in half the genome in
the offspring. The working mechanism of this approach is clearly known (Ravi and Chan,

2010) and its transferability to bananas is investigated in this study.

Multiple CenH3 transcripts have been observed in wild diploid and allopolyploids
cultivars in different angiosperm genera (Masonbrink er al., 2014) and different crop
species including rice (Hirsch et al., 2009; Li et al., 2010), carrots (Dunemann et al.,
2014), brassica (Wang et al., 2011) and barley (Sanei et al., 2011). Since the ribonucleic
acid interference (RNAI) constructs used in this study were based on a CenH3 coding
sequence (CDS) from the cultivar Doubled Haploid Pahang (DH Pahang) that is different
from the cultivars ‘Zebrina GF’ and ‘Calcutta 4’ used for making haploid inducers, it was
imperative to check whether multiple CenH3 copies and variants exist in bananas

including the cultivars ‘Zebrina GF’ and “‘Calcutta 4°.

1.2 PROBLEM STATEMENT

Banana breeding is a long process that involves establishing inbred lines, these have a
desired character homozygously expressed.Such lines are then used crossed to other
cultivars to give ne varieties. The process of developing pure breeding lines (inbred lines)
in bananas involves cycles of crosses and backcrosses to the parents in order to reduce
heterozygosity. The process of developing inbred lines in bananas can take up to 8 years

hence making it time consuming to release new cultivars to farmers.



1.3 JUSTIFICATION

This study was carried out with the aim of reducing the time involved in developing pure
breeding lines in bananas by developing haploid inducers that can be crossed with any
other parent cultivar to develop haploids. Haploids developed can then be doubled to
produce doubled haploids (DH) which are 100% homozygous and hence true breeding
lines.

The method of haploids induction used in this study was chosen because existing
approaches have limitations. Time reduced in Marker Assisted Selection (MAS) for
example, is only at the screening of presence of characters but the actual time for crossing
and backcrossing is not reduced. Current approaches of haploid development are cultivar-
specific and are not replicable. Furthermore, most of the haploid development approaches
are tissue culture dependent with protocols being very specific to the cultivar targeted.

In this study, the approach used was by mutating a variant of histone 3 called Centromere
Specific Histone 3 (CENH3). In this method CENH3 involved in mitosis is silenced and
when plants with such a mutated protein are crossed to wild type parent (not having the
silenced protein), haploids are developed. The genome of the haploid plants is then
doubled using existing approaches like colchicine treatment to develop doubled haploid
which are true breeding plants. The working mechanisms of the current approach are
clearly known and its replicability in bananas is tested.

To partially identify the cultivar to be used in developing haploid inducers, it was
important to carry out a phylogenetic study of 39 diploid and triploid bananas. In this study
two partial coding sequences for a nuclear gene CenH3 and mitochondrial NADH were
used to identify the phylogenetic positions of wild diploids against hybrids including some

East African Highland Banana (EAHB) cultivars.



Since the success in development of haploid inducers in the approach used in this study is
highly dependent on complete silencing of endogenous CenH3 gene, presence of multiple
and variable CenH3 transcripts would result to alternate expression and hence reduce the
success rates in haploid induction. It was therefore important to check whether the diploid
cultivars used in the study had multiple transcripts being expressed by sequencing of

Reverse transcriptase polymerase chain reaction (RT-PCR) clones.

1.4 HYPOTHESES

1. There is no phylogenetic variability in NADH and CenH3 partial gene of 39 diploid
and triploid banana cultivars.

2. Modification of the CenH3 gene in diploid banana cultivar ‘Zebrina GF’ does not
result in haploid inducers.

3. Multiple CenH3 gene transcripts can not be expressed in diploid and triploid banana

cultivars

1.5 OBJECTIVES
1.5.1 Overall objective
To carry out a Phylogenetic study of 39 banana cultivar, develop haploid inducers in
diploid banana cultivars Zebrina GF and Calcutta 4 and analyze the expression of the

CenH3 gene in six banana cultivars.

1.5.2 Specific objectives

1. To carry out phylogenetic analyses of 39 banana cultivars based on partial CenH3 gene
coding sequence and mitochondrial NADH as well as identify respective haplotypes.

2. To develop haploid inducers in selected banana cultivars using RNA: gene constructs.



3. To assess the expression of CenH3 transcripts in diploid and triploid cultivars by

observing the sequence diversity of RT-PCR clones.



1.6 LAYOUT OF THE THESIS
This thesis is arranged into six chapters, chapter one is a general introduction to the study
topic, chapter two is review of literature in the field of study. Chapter three and four are
phylogenetic studies and development of doubled haploid inducers respectively while
chapter five assesses CenH3 gene expression in diploid and triploid bananas. These three
chapters have a brief introduction, materials and methods and discussion. Chapter six gives
the general conclusion and recommendations. References are listed at the end of chapter

six lastly the appendices.



CHAPTER TWO

LITERATURE REVIEW

2.1 Origin and domestication of bananas

Bananas (Musa spp) are thought to have originated from south-east Asia and western
pacific, where diploid seed-bearing progenitors of cultivated varieties are still present in
the wild, mainly in forests (Robinson, 2010). Natural crosses between these cultivars and
consequent selection of edible ones by farmers based on vigour, fruit type and adaptability
over generations resulted to the edible bananas currently under cultivation (De Langhe, et

al., 2009).

The history of domestication and spread of bananas is very complex and is thought to have
occurred thousands of years ago (De Langhe et al., 2009). Furthermore the relationships of
banana cultivars have been a subject of research using both genetic and morphological
approaches (Gawel and Whittemore, 1992). Different markers have been used to assess the
origin, relatedness and global spread of bananas. Studies using restriction fragment length
polymorphisms (RFLP) in 19 banana species and sub-species was generally in agreement
with morphological positioning apart from the observation that section Rhodochlamys and
Musa could not be differentiated (Gawel and Whittemore, 1992). A study using similar
markers of mitochondria and chloroplast origin were used to ascertain maternal and
paternal lineages in diploid and triploid cultivars where results suggested that the first
center of domestication was Phillipines-New Guinea area (Carreel et al, 2002) but it is
suggested that human migration resulted to the present wide geographical distribution of

cultivars in different continents (Robinson, 2010; Perrier et al., 2011).



Amplified fragment length polymorphic (AFLP) markers have been used to assess
relatedness of cultivars in different countries and globally. In Malasyia the subspecies of
M. Acuminata: trancuta, malaccensis and macrocarpa were compared and found to be
different (Wong, 2001). A study using similar markers assessed the genetic diversity of 28
cultivars in the species M. acuminata colla and M. balbisiana colla and their natural
hybrids and the results of this study was able to identify new sub-species within M.
acuminata, the study identified three sub-species (Microcarpa, burmannica, and
malaccensis) sub-species (Ude et al., 2002). A more comprehensive study targeting on the
validity of the sections in Musa using AFLP targeted 4 sections and concluded that the
sections Rhodochlamys and Musa should be combined into one and sections Austalimusa

be merged with Callimusa (Wong et al., 2002).

Other markers and genes both chloroplast and nuclear have widely been used to assess the
origin and domestication of cultivated bananas. Chloroplast and nuclear genes were used
to assess the clustering of A and B genome haplotypes; where sub-species of M. acuminata
from the islands of Southeast Asia (ISEA) were observed to cluster into the A genome
haplotype while those of B- and S genome clustered to M. balbisisana and M. schizocarpa
respectively (Li e al., 2013). Another study using single sequence repeats (SSR) on 561
Musa accessions postulated that the major phenotypic differences observed in the sub-
groups ‘Cavendish’, ‘plantain’ and ‘Mutika’ are as a result of epigenetic regulation

(Hippolyte et al., 2012).

2.2 Banana taxonomy

Bananas are monocotyledonous, perennial herbs in the family Musaceae genus Musa
(Simmonds, 1953). The genus Musa is divided into sections; Australimusa, Callimusa,

Eumusa and Ingentimusa based on physical appearance of parts of the plant including
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height, size and shape of inflorescence among others (Simmonds, 1953; Wong, 2002). The
section Eumusa is the most important economically as it contains all the edible and
cultivated cultivars. Edible cultivars were grouped by Simmonds (1953) into five genomic
groups: AA, AAA, ABB, AAB and AB. The five genomic groups have further been
confirmed through isoenzyme and molecular analysis (Gawel et al., 1992; Perrier et al.,
2009). The A denote Musa acuminata genome and the B, Musa balbisiana. The five
genomic groups which are diploid or triploid are therefore of intergenomic or intragenomic
hybrids of A and/or B. Musa as a genus is divided into four sections which are mainly
based on the chromosome numbers (Daniells et al., 2001). The four sections are Callimusa
and Australimusa whose species have been shown to share a common characteristic of
having the same number of chromosomes (n=x=10), while the sections Fumusa and
Rhodochlamys have a chrosome number (n=x=11) (Cheesman, 1947; Wong, 2002).
Edible bananas are hybrids between the species Musa acuminata (A genome) and M.
balbisiana (B genome) both of which are in the section Eumusa, although species of T and
S genome have been observed to have contributed to cultivated cultivars (Carreel et al.,
2002). To further establish classification system for both wild and cultivated bananas, they
have been put into genomic groups depending on the relative contribution of the A and/or
B genomes. The genomic groups include diploids (AA, AB and BB), triploids (AAA,
AAB and ABB) and tetraploid (AAAA, AAAB, AABB and ABBB (De Langhe et al,

2010).

2.2.1 The dispute in Musa sections
The four Musa sections established using morphological data have been reviewed using
molecular methods and many studies have found that the sections are not supported and

suggest that they be collapsed into two (Ude ez al., 2002; Raboin et al., 2005; Perrier et al.,
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2009; Opara et al., 2010; Hfibova et al., 2011; Hippolyte et al., 2012; Li et al., 2013). The
studies using molecular approaches have indicated that the species from the different
sections identified using morphological characters do not result to monophylectic groups
when phylogenetically positioned using genetic markers (Carreel et al., 2002; D’Hont et
al., 2000). Two clades were identified in those studies, clade one represents the sections
Eumusa and Rhodochlamys while species from sections Australimusa, Ingentimusa and
Callimusa formed the second clade . This observation has prompted the reappraisal of the
Musa sections previously identified through morphology (Hékkinen, 2013). The two
monophyletic clades identified in the different molecular studies mentioned have been
proposed to produce the two new sections Musa and Callimusa. The section Musa
represents the clade formed by species from the former sections Eumusa and
Rhodochlamys. The new section Callimusa identified as the second clade from molecular
studies is a representative of the species previously grouped into sections Australimusa,
Ingentimusa and Callimusa (Li et al., 2010). Different studies have recommended the use
of more markers to firmly cement these two new clades and to observe if there are any
deviations using other regions of the banana genome ( Perrier et al., 2009; Li et al., 2010;

Christelova et al., 2011; Hakkinen, 2013).

2.3 Importance of bananas

Banana is an important crop globally and is the largest fresh fruit crop traded
internationally in terms of both volume and value (FAOSTAT, 2013). They constitute a
staple food and income source for millions of people, especially in Africa with about 87%
of the worldwide production remaining in domestic markets (FAOSTAT, 2013). Bananas
can be eaten raw as a fruit when ripe, as a vegetable and in small proportions can be

processed into storable products including jam, chips and banana puree (Abiodun-Solanke
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and Falade, 2011) They are a good source of carbohydrates (Mohapatra et al., 2010),
vitamins (thiamine, riboflavin, niacin, pantothenic acid, pyridoxine, folic acid, ascorbic
acid) and minerals (potassium, calcium, phosphorus, iron) (Mohapatra et al, 2010).
Banana leaves are fibrous and this makes them have diverse uses, first they are used as
‘plates’ for serving food or wrapping food when steaming (Le et al., 2007). Dry banana
Leaves have been used as strips for weaving, wrapping, rope making, roofing and

thatching (Le et al., 2007).

Bananas have also been used for medicinal purposes, the flowers are used in treatment of
ulcers (Abiodun-Solanke and Falade, 2011). Bananas have also been variedly used in
different communities: they have been used as animal feed to fatten hogs and whole
bananas and pseudostem are fed to cattle after chopping. Species of bananas have also
been used for aesthetic value in land scaping (Abiodun-Solanke and Falade, 2011).
However, despite the importances; banana production is greatly hampered by biotic and

abiotic stresses (Mohapatra et al., 2010).

2.4 Constraints to banana production

The production of banana and plantain is challenged by both abiotic and biotic factors.
Biotic constraints to banana production are both pests and diseases. Bananas are
susceptible to a range of serious and debilitating diseases caused by fungi, nematodes,
bacteria and viruses (Opara et al., 2010). Fungal diseases that afflict banana production
include Fusarium wilt (Panama) caused by Fusarium oxysporum fsp cubense, black leaf
streak disease caused by Mycosphaerella fijiensis and Sigatoka disease caused by
Mycosphaerella musicola (Tripathi et al., 2008). Plant parasitic nematodes are an equally
common problem and severe production constraint to bananas production. Most of the

nematodes species of economic importance to bananas production are burrowing

13



nematodes. They include: Pratylenchus goodeyi, Radopholus similis, Helicotylenchus
multicinctus, Meloidogyne Spp, Rotylenchulus, Radopholus, Pratylenchus and
Helicotylenchus (Robinson, 2010). Banana weevils Cosmopolites sordidus are a major
banana pest too, they severely infest the rhizome resulting in significant crop losses (Le et

al., 2007).

The main bacterial diseases afflicting banana include Xanthomonas wilt caused by
Xanthomonas campestris pVv. musacearum and bacterial diseases caused by Ralstonia
solanacearum such as Moko, blood and bugtok(Tripathi ez al., 2008). Infection can result
in severe to complete losses in production and affects overall productivity (Tripathi ez al.,
2008). Viral diseases such as the Banana bunchy top, caused by Banana bunchy top virus
(BBTV), genus Nanavirus and Banana streak virus (BSV) have also been reported to
severely hamper banana production. To address these challenges, there is a continuous
need to develop and introduce new and improved banana cultivars. This is mainly being
tackled through two main approaches conventional breeding by introgressing relevant
characters into new cultivars and by genetic engineering introducing new genes which can

confer resistance against banana diseases.

2.5 Conventional banana breeding and its challenges

Conventional breeding in bananas started in the early 1920s especially in the Carribean,
Jamaica and Trinidad with countries like Brazil, Cameroon and Nigeria now having
breeding programs (Robinson, 2010). Cultivar improvement through conventional
breeding is aimed at achieving functional homozygozity and phenotype consistency (Chan,
2010). The methods applied in conventional breeding are based on crossing elite cultivars
and selecting the best performing progeny. In bananas this is done by crossing the highly

sterile cultivated triploids with wild relatives followed by backcrossing (Robinson, 2010).
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Different approaches are pursued in banana breeding programs, the first one utilizes
improved diploid as the male to pollinate a fertile triploid female resulting in tetraploids
(Robinson, 2010). The tetraploid attained in diploid-triploid cross is subsequently used in
development of triploids by crossing with another improved diploid (Robinson, 2010). The
second approach involves crossing two diploids and essentially having normal segregation
where triploids are screened (Robinson, 2010). The third strategy employed uses
tetraploids obtained by treatment of improved diploids with colchicine.The tetraploids are
then crossed with diploids to give triploids of dessert bananas exemplified by the cultivar

‘Fhlorban 920 (Robinson, 2010).

The process of conventional breeding in bananas takes a long time with a 16-18 months
average from planting to flowering (Robinson, 2010). Despite the fact that intentional
classical Musa breeding has been successful, it is slow due to problems intrinsic to
bananas, including low fertility due to inter-sub specific hybridity and triploidy, and long
generation times (Crouch, 1998).The difficulty involved in screening for a character of
choice during crosses can be overcome by identification of molecular markers that are
used to reduce the number of progenies that must be screened to recover the useful trait

combinations (Chan, 2010).

2.6 Production of haploids and their role in breeding

The main objective of achieving homozygosity in breeding is to fully express a target
character of a parent in the progenies (Chan, 2011). This expression can only be achieved
by first establishing true breeding lines; those that have the target character(s) being
expressed homozygously (Ravi and Chan, 2010). Biotechnologies that can achieve
homozygosity in shorter periods would be welcome in Musa. One such technology is

developing haploids and then doubling them to doubled haploids (Chan, 2011). In plant
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breeding, haploidy is a sure means of achieving homozygosity and is closely linked to

reduction of breeding time .

2.6.1 Conventional methods of haploid production

Development of doubled haploids has been achieved with great success especially in crops
where it can be performed efficiently like rice, wheat and maize among others (Forster et
al., 2007; Dunwell, 2010). Haploid development in these crops has been mainly achieved
through ‘conventional approaches’ of haploid development. These include culture of

haploid plant parts and haploids achieved through wide crosses (Chan, 2010).

2.6.1.1 Haploid production through anther and microspore cultures

Despite the importance of haploidy, its adoption in many crops is limited due to barriers in
the standard methods of development. One of the common standard methods of haploid
development is regeneration of cultured haploid cells to yield adult plants (Assani et al.,
2003). This approach is mainly through microspore embryogenesis based on anther or
microspore cultures (Assani et al., 2003; Maluszynski et al., 2003). Anther and microspore
culture have successfully been achieved in many crops including rice, wheat, chickpea
and oil palm (Kim and Baenziger 2005; Grewal et al., 2009; Chen et al., 2010; Dunwell et
al., 2010). The main advantage of this approach is that microspores can be isolated in
greater amounts per flower hence providing large number of potentially embryogenic
single haploid cells (Chan, 2010; Basu et al., 2011). However, these methods are only
limited to a few crops since tissue culture protocol development is largely species and
cultivar dependent (Chan, 2010). Furthermore, somaclonal variation from tissue culture
can also result into deleterious effects. Moreover, regeneration is frequently inefficient for

production breeding and may be limited to only a few genotypes (Chan, 2010).
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2.6.1.2 Haploid production through wide crosses

The alternative to haploid cultured cells is the crossing of wild relatives where the genome
of one is eliminated leaving one parental chromosome in the offspring. A case of this is the
cross between Hordeum vulgare (barley) and its wide relative H. bulbosum resulting in the
loss of the latter’s genome. Another example where a wide cross has attained haploids is
the cross between maize (Zea mays) and wheat (Oryza sativa) (Campbell et al., 2000;
Bidmeshkipour et al., 2007; Niroula and Bimb, 2009). Despite the few successes, two
main problems prevent adoption and usability of wide crosses as a method to attaining
haploids. The first problem is that in inter-specific crosses, the seeds obtained are not
always viable and embryo rescue is required (Chan, 2010). A rare case where there is
success in viability and no embryo rescue was required is in maize intra-specific genome
elimination of the “Stock6 line”(Ravi and Chan, 2010). The second problem in wide
crosses is that the mechanism behind development of haploids is not clearly known and

this limits its adoption in other crops (Chan, 2010).

2.6.2 Haploid production by centromere-mediated genome elimination

The approaches of haploid development discussed in sections 2.6.1.1 and 2.6.1.2 are either
not universal or the principles behind their use are not clearly known. However, a recent
discovery proves to be more universal and the mechanisms behind its use clearly known
(Ravi and Chan, 2010). The strategy involves replacing the endogenous CENH3 with a
modified version. Modification was by replacing the CENH3 tail with that of H3.3. The
CENHa3 tail has in previous studies been shown to be sufficient for successful mitosis

(Black et al., 2007; Ravi et al., 2011).
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2.6.2.1 Technical aspects in haploid production through centromere modification

The study by Ravi and Chan (2010) utilized the fact that diverse CENH3 cannot be
substituted for one another for normal post fertilization mitosis to take place. This study
generated ‘'haploid inducers' in Arabdopsis thaliana CENH3 null mutant by replacing
endogenous CENH3 with transgenic proteins (Ravi and Chan, 2010). This is because, to
effectively create haploids, chromosomes from the inducer have to be out-competed by
those from wild-type parent (Ravi and Chan, 2010). This can only be achieved by
silencing or inactivating the endogenous CENH3. The main technique used in silencing in

the study of Ravi and Chan (2010) was Ribonucleic acid interference (RNAI).

RNAI is an approach that is naturally used by organisms to regulate the movement of
transposable elements, destroy virus sequences and prevent recombination of homologous
chromosomes (reviewed by; Kusaba, 2004; Matzke and Birchler, 2005; Sen and Blau,
2006). RNAI silencing was discovered and used in Caenorhabditis elegans and has been
also used to silence genes in plants (Fire et al, 1998). RNAi takes place post-
transcriptionally and is induced by double stranded RNA (dsRNA). It has widely and
successfully been used to silence genes in A. thaliana, barley, rice, maize and bananas
(Baulcombe, 2004; Miki and Shimamoto, 2004; Crane and Gelvin, 2007; Uauy et al.,
2007; Ravi et al., 2010). The approach can artificially be used by making gene constructs
that would resemble natural RNAI machinery. Transformation constructs with two repeats
corresponding to the gene being targeted for silencing are designed with an intron between
them to enable hairpin formation (Fusaro et al, 2006). This hairpin formation leads to
double stranded RNA that is used in silencing of the target gene. RNAi has been

successfully used to silence the endogenous CENH3 in A. thaliana in the haploid
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development approach (Ravi and Chan, 2010). However, despite the success; this gene

silencing approach does not always yield 100% silencing (Fire ez al., 1998; Chan, 2008).

2.6.2.2 The eukaryotic centromere and its role in cell division

Centromeres are positions that nucleate (provide nucleotide sequences) kinetochores, the
protein complexes that bind to spindle microtubules and mediate chromosome segregation
during cell division (Chan, 2010; Furuyama and Biggins, 2007).They actually govern
chromosome segregation by being the sites of kinetochore assembly (Hirsch et al., 2009).
The structure, organization and functional analysis of the centromere in different
organisms has been extensively studied (Tagami ez al., 2004; Zhou et al., 2011; Dunemann
et al., 2014; Steiner and Henikoff, 2014) and reviewed (Henikoff ez al., 2004; Wang et al.,
2011; Maddox et al., 2012; Lermontova et al., 2014). Studies on eukaryotic centromere

have confirmed that it has a common core structure.

The basic building block of the centromere is the nucleosome, which is composed of four
core histone proteins H3, H4, H2A and H2B. The nucleosome is wrapped by a 147bp
DNA sequence ( Tagami et al., 2004; Kouzarides, 2007; Rando, 2007) in 1.7 turns around
two molecules of each of the four core histones (Ahmad and Henikoff, 2002; Talbert and
Henikoff, 2010). This ensures that the long DNA molecule is properly compacted and
packaged. The nucleosomes are further folded into chromatin fiber of 30nm diameter

which results to a size that can be accommodated within the cell (Basu et al., 2011).

Another common feature shared across the four histone proteins is the presence of C-
terminal histone fold domain (HFD) and N-terminal “tail’. The HFD is composed of three
alpha (0) helices: 0-1, 0-2 and a-3 separated from each other by two loops 1 and 2 (L1 and
L2) (Zhou et al., 2011). The HFD is highly conserved even in organisms which are

evolutionary diverse for example a comparison between human and mouse HFDs show a
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78% homology, that between human and Saccharomyces cerevisiae 50% homology and in
plants HDF from Brassicaceae (Lepidium oleraceum) has been shown to substitute that of
Graminacea (Zea mays) in function (Baker and Rogers, 2006; Maheshwari et al., 2015).
The CENHS3 tail on the other hand is unique in that it protrudes from the nucleosome core
and is open to diverse post transcriptional modifications (PTM) (Groth et al, 2007).

Furthermore, unlike the conserved HFD, the tail is highly evolving (Henikoff ez al., 2004).

One other common feature in eukaryotic centromeres is the presence of variants of the
core histone proteins. The core histones H3 and H2A have been observed to have
variant(s) which are the centromeric specific histone H3 (CENH3), H3.3, H2A.Z and
H2A.X (Henikoff et al., 2004). The focus in this study is on CENH3 which was previously
described as CENP-A in humans (Talbert et al., 2002), chromosome segregation protein 4
(Csed) in Saccharomyces cerevisiae and centromere identifier (CID) in Drosophila

melanogaster (Talbert and Henikoff, 2010).

2.6.3 CENH3 deposition and organization into the centromere

CENHa3 is a variant of the H3 that replaces it at the centromeric nucleosomes. Homologues
of CENH3 have been identified in many eukaryotes including maize, carrot, Brassica and
other crops plants ( Hirsch et al, 2009; Wang et al., 2011; Dunemann et al., 2014).
CENH3 like other histone proteins has a C-terminal histone fold domain (HFD) and a
hypervariable N-terminal ‘tail’ domain. It is 50-60% identical to conventional H3
especially at the HFD. However the tail does not show any similarity to H3 (Talbert and
Henikoff, 2010; Ravi et al., 2011) and is highly variable. Despite being a histone protein, it
has some special characteristics both structurally and in its location that makes it unique.
First, it only localizes in the centromere and is actually the centromere ‘landmark’(Collins
et al., 2004; Henikoff et al., 2004; Steiner and Henikoff, 2014). Second, it is the indicator
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of the centromere with or without the satellite repeats sequences that characterize

centromeres and it replaces H3 in centromeric kinetochores (Black and Bassett 2008).

The structural arrangement of CENH3 and other histones within the nucleosome is
important in maintaining stability of chromosomes and the different forces during cell
division (Black and Cleveland, 2011). Even if CENH3 is somewhere else along the
chromosome apart from the centromere, it is mainly transiently and this does not always
change the position of the centromere to these new deposition sites (Black and Cleveland,

2011).

The question of how CENH3 marks and maintains centromere through physical
conformation has been a big an open question. To answer this, different models for the
structure of CenH3-containing nucleosomes have been provided (Black and Cleveland,
2011; Zhou et al., 2011). Six main models have been proposed: the Octamer model
(Sheinin et al., 2013; Codomo et al., 2014; Henikoff et al., 2014; WisniewsKi et al., 2014),
the tetrasome model (Dechassa et al., 2011; Tachiwana and Kurumizaka, 2011; Henikoff
and Furuyama, 2012), the hemisome (Furuyama et al., 2013; Henikoff et al., 2014),
Octameric “reversome” (Camahort et al., 2009), hexameric complex (Henikoff and
Furuyama, 2012) and trisome ( Verdaasdonk and Bloom, 2011; Nechemia-Arbely, 2012;
Shivaraju et al., 2012) models . The octamer model is the most common and entails having
two copies of each of the four core histones H2A, H2B, H4 and CENH3 in place of H3
(Figure 2.1A). In this model, DNA wraps around the histones with a right hand twist. The
other model is tetrasome which has two copies of CenH3 and H4 but does not have the
histone H2A and H2B (Figure 2.1B). The hemisome model (Figure 2.1C) was
hypothesized after atomic force microscopy (AFM) measurements of cenH3-containing

chromatin revealed that their height was half that of conventional chromatin (Dalal et al.,
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2007 a and b; Dimitriadis ez al., 2010). This model was also observed to be unique in that
DNA wraps around histones with a right hand twist instead of the conventional left hand
twist ( Henikoff and Furuyama, 2012; Furuyama et al., 2013; Codomo et al., 2014). The
reversome is considered a high energy model (Black and Cleveland, 2011) with the
positive supercoiling of DNA observed to be affecting the nucleosome structure (Bancaud
et al., 2007). Reversome is actually a reverse nucleosome and only exists when there are

other forces, these are currently unknown.

A B C D E =
Octameric . Scm3/HJURP Scm3/HJURP
~ ~,  nucleosome Tetrasome Hemisome Reversome hexasome trisome
@ CENP-A L] " . " » T 9
' H2A o e [ | A® / v e
s | l b ! |
Scm3/HJURP
monomer

Handedness of DNA Left Right Right Left Right
wrapping:
DNA supercoiling  MNegative Negative Positive Positive Negative Positive
induced:

Figure 2.1: Models (A-F) explaining how DNA wraps around kinetochores in CENH3
containing nucleosomes. A: The octameric nucleosome model with two molecules each

of the histone proteins, B: The tetrasome model with only CENH3 and H4 histones, C:
Hemisome, with one molecule of each histone. Source: Black and Cleveland, 2011

The tetrasome model (Figure 2.1B) has two copies of the CENH3 and histone H4 and
lacks the histones H2A and H2B ( Mizuguchi et al., 2007; Dechassa et al., 2014). In this
model also, the non-histone protein Scm3 a homologue of HJURP in mammals, co-

localize with CENH3 and substitutes for H2A and H2B. Dechassa et al. (2014) further
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proved this model quantitatively by showing that Scm3 has a higher affinity to CenH3-H4

and with al10 fold likelihood of affinity to H3-H4.

The trisome and hexasome models have similarity in that in both, histones H2A and H2B
are replaced by the non-histone protein Scm3 (Black and Cleveland, 2011; Furuyama et
al., 2013). There are however differences between the two, first the hexasome model
contains two copies each of CENH3, H4 and Scm3 (Figure 2.1E). Trisome model (Figure
2.1F) on the other hand contains one copy of each molecule (Henikoff and Henikoff,
2012). Despite the disagreement in the centromere structural model, research is still going

on. Centromere still remains the centre of mitotic control and cell division in general.

2.6.4 CenH3 expression pattern in plants of different ploidies

Natural variability in CenH3 gene transcripts has been observed in diploids and polyploids
of different species ( Hui et al., 2010; Wang et al., 2011 ; Dunemann et al., 2014,
Masonbrink et al., 2014; Nagaki et al., 2009). Presence and loading of multiple CENH3 in
the centromere results in complexities during mitosis and meiosis which can result to
segregation errors (Chan, 2010; Ravi and Chan, 2010; Seymour et al., 2012). In diploids,
Hordeum vulgare — bulbosum crosses, only one of the variable CENH3 proteins was
observed to be loaded into the centromere (Sanei et al., 2011). Complementation of
Arabidopsis thaliana with CenH3 sequences derived from distant species like Zea mays
was observed to maintain CENH3 function (Maheshwari et al., 2015). Furthermore
selfing and intercrossing of fertile species having naturally variable CENH3 was observed
to produce progenies which were either aneuploids, haploids and hybdrid diploids all with
novel characteristics (Maheshwari et al., 2015). The importance of checking CenH3
expression profiles in plant species is important in understanding breeding dynamics if
plants are observed to have multiple CenH3 transcripts.
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CHAPTER THREE

PHYLOGENY OF BANANAS AND HAPLOTYPE INFERENCE OF UNPHASED
DATA BASED ON THE MARKERS NADH AND CENH3

3.1 INTRODUCTION

The genus Musa represents four sections, Eumusa and Rhodochlamys with a basic
chromosome number of n = 11, Callimusa (n = 10 or n = 9) and Australimusa (n = 10)
(Cheesman, 1947). The most important section is Eumusa, where most of cultivated
bananas fall. There are four wild progenitors of domesticated banana, three from section
Eumusa, M. acuminata, M. balbisiana, and to a much lesser extent, M. schizocarpa (S
genome) and one from section Australimusa, M. textilis/M. maclayi (T genome)
(Cheesman, 1947). The species M. acuminata has been classified into eight sub-species
based on chloroplast and mitochodrial genetic analysis (Wong, 2002). The eight sub-
species include: banksii of Papua new guinea, errans from Phillipines, Zebrina from the
Indonesia, malaccensis, microcarpa, burmannicoides,burmannica and siamea With a
distribution from Thailand, Malasyia and Philippines (Carreel et al., 2002). However, no
sub-species have been identified in M. balbisiana to date. Cultivated Musa clones are
mainly inter-specific hybrids of M. acuminata and M. balbisiana (Wong, 2002). However,
hybrids are in existence which originated from crosses between M. acuminata and M.
schizocarpa (S genome) and others between M. acuminata and M. textilis (T genome)

(Hfibova et al., 2011).

The haploid genome contributed by M. acuminata is referred to as the A genome and that

from M. balbisiana the B genome (Carreel et al, 2002). Based on morphological
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characters, genetic composition and other qualitative descriptors, the genetic groups AA,

AB, AAA, AAB, ABB were identified by Simmonds (1953).

Studies have attempted to answer the question of the origin and domestication of cultivated
bananas, mainly using molecular approaches (Wong, 2001; Ude et al., 2002; Nwakanma et
al., 2003; Ruangsuttapha et al., 2007; Lescot et al., 2008; Hippolyte et al., 2012; Li et al.,
2013). The progenitors of cultivated bananas based on the existing wild relatives would
help explain which diploid cultivars contributed to the triploid genome. Studies using
cytoplasmic DNA (chloroplast and mitochondria) have been used to unravel the
progenitors of cultivated diploid and triploid bananas (Boonruangrod et al., 2008;
Boonruangrod et al., 2009; De Langhe et al., 2010). The reason for the use of cytoplasmic
DNA in identifying progenitors is due to the property of monoparental inheritance of
chloroplast and mitochondrial DNA (cpDNA and mtDNA respectively) from paternal the
maternal parents respectively (Carreel et al., 2002; Boonruangrod et al., 2008). The
chloroplast and mitochondrial DNA have been shown to be inherited from the mother and
the father in bananas (Carreel et al., 2002). Three chloroplast variants (Cal-Ca3)
representing the A genome and two (Chl and Cb2) for the B genome chloroplast gene-
pool were identified by Boonruangrod et al.’s (2008) study. Furthermore, the variants
Mal-Ma4 and Mbl1-Mb3 were identified in the mitochondrial genome for M. acuminata
and M. balbisiana respectively in the same study (Boonruangrod et al., 2008). However, B
genome contribution in AB and AAB cultivars has not been observed this far. Genome
specific markers that can identify hybrid gene-pool composition both in the chloroplast

and in the mitochondria would be welcome.

Unphased data can be used to identify haplotypes in polyploids and different approaches

have been used so far ( Ching ez al., 2002; Ding and Cantor, 2003; Neigenfind et al., 2008;
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Browning and Browning, 2011; Tyson and Armour, 2012; Su et al., 2008). Furthermore,
identification of gene pools contributing to the triploid and diploid cultivars through direct
sequencing of PCR products would be an added advantage as the time involved in cloning

will be reduced.

Genome elimination in plant interspecific hybrids has been an area of interest to
researchers in recent times. Crosses between distantly related species have been shown to
result in genome elimination. Inter-specific crosses in barley resulted in uniparental
genome elimination (Sanei er al, 2011), while crosses between Arabidopsis thaliana
bearing a mutant Centrome specific histone 3 protein (CENH3) with the wild type
resulted in elimination of the mutant genome (Ravi and Chan, 2010). To be able to make
crosses for haploid development, it is critical to know the relationship of different cultivars

that can be used in crosses.

In this study, the partial coding sequence for the markers CenH3 and the mitochondrial
marker NADH were used to establish phylogeny of cultivated diploid and triploid bananas
as well as wildtype diploid progenitor. The study also aimed to infer haplotypes from
unphased data (data with all the alleles not separated) within triploids and diploids based

on CenH3.

3.2 MATERIAL AND METHODS
3.2.1 Plant material
In total 39 cultivars with different genomic compositions were used in this study (Table
3.1). The samples included 10 cultivars of AA, 6 cultivars of AAA, 7 cultivars of AAB, 2
cultivars of AB, 6 cultivars of ABB, 1 cultivar of AS and 5 cultivars of BB genomic

composition and the species Musa ornata and Musa textilis from sections Rhodochlamys
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and Australimusa respectively. DNA samples for all cultivars were obtained from
International Transit Centre (ITC) (Leuven, Belgium) except the cultivar Ngombe, which

was collected from Kenya Agricultural and Livestock Research Organization (KALRO)

Bungoma, Kenya.
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Table 3.1: List of banana samples used in determination of phylogeny.

Number| Codes Common name Section Species Genomic |Sub-species/Sub- Country of collection
group  |group

1 ITC1028 |Agutay Eumusa acuminata, |AA errans Philippines

2 ITC0623 |Banksii Eumusa acuminata, |AA banksii Papua New Guinea

3 ITC0249 |Calcutta 4 Eumusa Acuminata |AA burmannicoides India

4 - DH Pahang Eumusa Acuminata |AA malaccensis Guadeloupe (CIRAD 930)

5 ITCO767 |Dole Eumusa ABB Bluggoe

6 ITC0046 |Monthan Eumusa ABB Monthan India

7 ITC1325 |Orishele Eumusa AAB Plantain Nigeria

8 ITC0962 |Prata Ana Eumusa AAB Pome / Prata Brazil

9 ITC0769 |Figue Pomme Géante |Eumusa AAB Silk Guadeloupe

10 ITC0649 Foconah Eumusa  |AAB Pome / Prata

11 - Ngombe Eumusa Acuminata | AAA KALRO Bungoma, Kenya

12 NEU0172 |Grande Naine Eumusa AAA Cavendish Guadeloupe

13 ITC0247 |Honduras Eumusa Balbisiana |BB type 1 Honduras (seeds)

14 ITC0660 |Khae (Phrae) Eumusa Acuminata |AA siamea Thailand (THA 015)

15 ITC0652 |KluaiTiparot Eumusa ABB Klueteparod Thailand (THA 020)

16 ITC1034 |Kunnan Eumusa cv AB India, Kerala

17 ITC0582 |Lady Finger Eumusa AAB Nadan India

18 NEU0051 |LalVelchi Eumusa Balbisiana |BB type 3 India

19 ITC0084 |Mbwazirume Eumusa AAA  |Lujugira/Mutika Burundi

20 - malaccensis Eumusa Acuminata [AA malaccensis 250

21 ITC0393 |Truncata Eumusa Acuminata |AA trancata

22 ITC0637 |Musa ornata Rhodochlamys| Ornata Ornata

23 ITC0659 |NamwaKhom Eumusa ABB PisangAwak Thailand (THA 011)

24 ITC0472 |Pelipita Eumusa ABB Pelipita Philippines

25 ITC1064 |Pisangbakar Eumusa AAA  |Ambon Indonesia (IDN 106)

26 ITC1156 |PisangBatu Eumusa Balbisiana |BB type 4 Indonesia (IDN 080)

27 ITC1441 |PisangCeylan Eumusa AAB Mysore Malaysia

28 ITC0420 |PisangKayu Eumusa AAA Orotav Indonesia (IDN 098)

29 ITC1063 |PisangKlutukWulung  |Eumusa Balbisiana |BB type 4 Indonesia (IDN 056)

30 ITC0653 |Pisang Mas Eumusa cv (2) AA Sucrier Malaysia

31 ITC1138 |Saba Eumusa ABB Saba Philippines

32 ITC0245 |SafetVelchi Eumusa cv AB India

33 ITC1120 |Tani Eumusa Balbisiana |BB

34 NEU0001 |Textilis Australimusa | Textilis

35 ITC1187 |Tomolo Eumusa cv AA Cooking AA Papua  New  Guinea
(PNG023)

36 ITC1152 |Wompa Eumusa AS Papua New Guinea (PNG
063)

37 ITC1177 |Zebrina Eumusa Acuminata |AA zebrina Indonesia

38 ITC1140 |Red Yade Eumusa AAB Plantain Cameroon

39 Long Tavoy Eumusa AAA
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3.2.2 Primer design

Partial coding sequence for CenH3 and those of the non-coding intergenic region for
NADH were used as the target markers for primer design. Centromere histone 3 coding
sequence for Doubled Haploid pahang (DH pahang) was kindly provided by the Global
Musa genomics consortium (Dr. Jim Lorenzen) which was used as a template for primer
design. Forty eight NADH sequences representing 28 species within the monocots group
were downloaded from National Centre for Biotechnology Information (NCBI) genebank
release 186 and assembled in Sequencher version 4.1 (Ann Arbor, Ml USA). Variable and
conserved regions within the consensus sequence based on the alignment were noted and
these were used as the reference in designing primers. The primer pairs were designed
targeting variable regions for NADH, these were positions 215 to 231 for the forward and
1598 to 1615 for the reverse primers out of the 1726bp long sequence alignment. The
CenH3 primers were designed from the coding region targeting a 322 basepair (bp)
amplicon from position 6211 to 6533 corresponding to exon 1 and part of intron 1 obtained
from in silico analysis of the 7kb DH Pahang genomic sequence. The software
PrimerSelect in the DNASTAR software suite (Madison, WI, USA) was used in designing
all the primers. The best primer pair from the program was selected for each of the target

region and synthesized at Inqaba Biotech company (Pretoria, SA).

3.2.3 PCR, sequencing and sequence assembly

Six primer sets, three for each target region were first screened with eight cultivars. Based
on either quality of PCR products or sequences, a primer pair for each marker was selected
and used with the remaining 31 DNA samples. The sequences of the two primer pairs
were:  CenH3_gene_F2: CTGCTGTGATGGCGAGAAC and CenH3_gene R2:

CTGGTGGCCGTGGTTC for CenH3 and Nadl_c5F: GTCCCCGGCCAGAACCAC and
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Nadl c¢5R: GCAGTCCGGGGCACAAG for NADH. PCR reactions were performed in
20p reaction volume using the Bioneer® PCR premix (Daejeon, South Korea) containing
1 U of Top DNA polymerase, 250uM dNTP, 10 mM Tris-HCL (pH 9.0), 30 mM KCI and
1.5 mM MgCI. The PCR was run in Gene Amp® Applied Biosystem (ABI) 9700 machine.
The profile was set at initial denaturation of 94 °C for 5 min, 40 cycles of 94 °C for 30
sec, annealing temperature of 59 °C for 1 min, 72 "C extension for 40 secs and a final
extension of 72 °C for 10 min for CenH3. The conditions were similar for NADH apart
from the annealing temperature which was set at 64 °C for 30 secs and extension at 72 'C

for 1.5 min.

The PCR products were cleaned using Bioneer® PCR purification kit according to the
manufacturer's protocol. The cleaned PCR products were viewed by running on a 1.5%
agarose gel stained with gelred. Sequencing of PCR products was performed using
Applied Biosystem (ABI) Bigdye® terminator v 3.1 (Foster City, CA USA) protocol from

both enda using the same primers used for amplification (CenH3 and NADH primers).

Excess dye terminators were removed using EDTA/ethanol precipitation method. The 96-
well reaction plate in which the sequencing reaction was done was removed from the
thermocycler and briefly spun on a Beckman Allegra S5700 at 3000 rcf. One microliter of
125 mM EDTA was adde followed by one microliter of 3 M sodium acetate was added to
the bottom of each well after which 25ul of absolute ethanol was added. The mixture was
incubated at room temperature for 15 min in order to precipitate the extension products.
Shorter precipitation time was avoided as this would result into very short extension
products while precipitation time longer than 24 hrs would increase the precipitation of
unincorporated dye terminators. The plate was spun on a Beckman Allegra S5700 at 3000

rcf for 30 min. The plate was inverted and spun at 185 rpm to remove supernatants. Effort
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was made to remove all the supernatants as unincorporated dye terminators were dissolved
in them. One hundred micro liters of 70% absolute ethanol was added to each well
containing the PCR products.The plate was spun on a Beckman Allegra S5700 at 3000 rcf
for 15 min. The plate was removed, inverted and again spun to 185rpm for one min to
remove supernatants. The plates were placed in a thermocycler with the lids open; the
thermocycler was set at 90 °C for one min. The samples were then re-suspended in 10 pl
of injection buffer (HiDi Formamide), vortexed and spun to make sure the pellets were in
contact with the buffer. The samples were heated at 95 °C for 2 min to ensure complete
dissolution and then placed in ice after which they were ready to be run in the sequencer.
The sequencing reactions in this case were run in ABI 3130 and 3730 prism as per set

protocols.

Sequences were assembled and edited in sequencher version 4.1. Ends that had low
confidence base calls were trimmed to retain high confidence sequences. Sequence
assembly parameters were set at 85 and 25 while the assembly was done using the
‘assemble automatically parameter’. In cases of low base calls, the secondary peaks which
were up to 25% of the primary peak were called. The criteria for calling secondary bases at
region with clear base calls were set at 75% of the primary chromatogram. IUPAC codes
were assigned to all the positions that were meeting the criteria for multiple calls.
Sequences were exported in FASTA concatenated format without gaps for further

analyses.

3.2.4 Sequence alignment and phylogenetic reconstruction

FASTA concatenated sequences were aligned in ClustalW (Thompson et al., 1994) as
implemented in MEGAS5 (Tamura et al., 2011). Alignment of CenH3 sequences was done

at Gap Opening Penalty (GOP) of 13.2 and a Gap Extension Penalty (GEP) of 1.11 while
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that of NADH was done at a GOP and GEP of 6.66 and 1.11, respectively. The DNA
weight matrix, the transition weight and percentage of delay divergent cutoff were set at
IUB, 0.5 and 30, respectively, for both markers. Negative matrix was used in both
alignment and the predefined gaps kept. Phylogeny reconstruction was performed by
maximum likelihood (ML) for both markers. The two markers had different parameters set
in perfoming the phylogenetic reconstruction except for the bootstrap (BP) statistical
support of individual clades and the respective number of bootstrap replicates which was at
1000 for both. The model selected for CenH3 was Kimura-2-parameter (K2), rates among
sites being gamma distributed with a gamma parameter of 8.0, gaps and missing data were

. 3"and non-

treated by pairwise deletion while the codon positions used were the 1St, 2nd
coding. Phylogenetic reconstruction for NADH used the model jukes cantor (JC) the rates

among sites were uniform while gaps and missing data were treated by complete deletion.

rd
Equally, for NADH the codon positions selected were thelSt, 2nd, 3 and non-coding

while gaps in the alignment were treated as missing data.

3.2.5 Haplotype inference

Single nucleotide polymorphisms (SNPs) for CenH3 that had been assigned IUPAC codes
were exported to excel and saved as cvs file. The SNP positions were grouped as per the
cultivar’s ploidy (triploids and diploids). Triploids that had one or two basecalls per
position (example A or AT) were added with Ns to complete the call to three (example A
to ANN and AT to ATN). SNPs within diploid cultivars that only had one basecall were
equally added with an N to complete the two basecalls associated with diploidy (Table

3.2). The software SATlotyper (Neigenfind ez al., 2008) was used for haplotype inference.
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Both triploid and diploid SNP positions were run with the SATsolvers set as
MiniSat_v1.14 cygwin. All the SNP positions for all the genotypes were used for the
analysis and the bootstrap support set at 100. Haplotypes identified in haploids were
physically checked for duplication and similarity to those obtained in triploids, these were
noted. Haplotypes that were duplicated in diploid and triploids were treated as a single
incidence. Duplicated haplotypes together with the unique ones (occurring only once in

either diploids or triploids) were considered as unique for both diploids and triploids.
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Table 3.2: Positions of Single Nucleotide Polymorphisms (SNPs) that were used in
inferring haplotypes of triploid and diploid banana cultivars. (The ‘SNP positions in
alignment’ indicate the position of the CenH3 sequence alignment that was used in
haplotype inference).

SNP positions in alignment

Cultivar Name Genome Ploidy 62 63 95 120 122 166 208
Calcutta_4 AA 2N CN GN AN AN AN TN CN
Malaccensis AA 2N CN GN AN AN AN TN CN
Agutay AA 2N CN GN AN AN AN TN CN
Long_Tavoy AA 2N CN GN AN AN AN TN CN
Banksii AA 2N CN GN AN AN AN TN CN
Truncata AA 2N CN GN AN AN AN TN CN
Khae_Phrae AA 2N CN GN AN AN AN TN CN
DH_Pahang AA 2N CN GN AN AN AN TN CN
Tomolo AA 2N CN GN AG AN AG TN CN
Pisang_Mas AA 2N NN NN NN TN AN TN CN
Zebrina AA 2N NN NN NN AN AG CT CN
Kunnan AB 2N CN GN AN AN AN CN TN
Safet_velchi BB 2N GC GC AG AN AN TN CN
Wompa AS 2N CN GN AN AN GN TN CT
Pisang_Batu BB 2N CN GN AN AN AN CN TN
Honduras BB 2N CN GN AN AN AN CN TN
Pisang_Klutuk_Walung|BB 2N CN GN AN AN AN CN TN
Lal Velchi AB 2N CN GN AN AN AN CN TN
Grande_Naine AAA  |3N CNN GNN ANN ANN ANN TNN CNN
Gombe AAA  |3N CNN GNN ANN  ANN GNN  TNN CNN
Mbwazirume AAA  |3N CNN GNN  ANN  ANN GNN  TNN CNN
Pisang_Kayu AAA  |3N CNN GNN ANN ATN ANN  TNN CNN
Figue_Pomme_Geante |AAB 3N CNN GNN ANN ANN ANN TNN CNN
Pisang_Ceylan AAB 3N CNN GNN GNN ANN  AGN TNN CNN
Prata_Ana AAB 3N GCN GCN AGN ANN ANN  TNN CTN
Orishele AAB 3N CNN GNN ANN ANN ANN TNN CNN
Foconah AAB 3N CNN GNN ANN ANN ANN TNN CNN
Lady_Finger AAB 3N CNN GNN ANN ANN  ANN CTN CTN
Red_yade AAB 3N NNN  NNN NNN NNN  TNN CNN GNN
Pelipita ABB 3N CNN GNN ANN ANN ANN TNN CNN
Namwa_Khom ABB 3N GNN GNN GNN ANN ANN  TNN CTN
Dole ABB 3N CNN GNN ANN ANN  ANN CNN TNN
Saba ABB 3N CNN GNN ANN ANN  ANN CNN TNN
Kluai_Tiparot ABB 3N CNN GNN ANN ANN  ANN CNN TNN
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3.3 RESULTS

3.3.1 PCR Analysis

Resultant PCR product run on a 1.5% agarose gel showed clear differences in band sizes
for NADH while the marker CenH3 did not result in visible size differences (Figure 3.1).
Three fragment sizes were observed in the amplicons of the marker NADH: those that were
~1500 bp (lanes 2, 6, 7 and 10), ~1200 bp long (lanes 3, 4, 5 and 9) and ~1000 bp (lanes 1
and 8). The band sizes observed were not genomic-group specific because size 1500bp
was observed in two different genomic groups (BB and ABB), 1200bp in two genomic
groups (BB and AA) and in the species M. ornata whereas 1000bp long fragment was
observed in genomic group AAB and in the species M. textilis (Figure 3.1). The amplicon
for CenH3 was observed to be 350bp long (Figure 3.1). The difference in the band size
was confirmed on sequencing where multiple indels were observed along the 1.5 kb

alignment, with the largest indel being 3 bp long and the longest 26 bp.

NADH CenH3

\ A

[ ad

Figure 3.1: PCR analysis of banana cultivars with different genomic composition using
NADH and CenH3 specific primers. Lane 1- AAB genomic group. 2, 3, and 10 — BB
genomic group, 4 and 5 — AA genomic group, 6 and 7 —ABB genomic group, 8 and 9 were
Musa textilis and M. ornata respectively. Lanes 11 to 20 are a repetition of samples 1 to 10
with the marker CenH3. L is 1 kb plus fermentas ladder.
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3.3.2 Sectional and genomic group congruence

Thirty four sequences representing different cultivars and common to both markers were
obtained on sequencing. These were deposited in the NCBI under the accession numbers
KP751256 - KP751292 for NADH and KP751293 - KP751328 for CenH3.The sequences
for the tetraploid cultivar “Yawa 2’ and diploid cultivar ‘Long tavoy” were missing for the
CenH3 while sequences for cultivars ‘Honduras’, Monthan, Pisang bakar and M. textilis
were missing for the marker NADH and these were treated as missing data for the
respective markers. Alignments of NADH and CenH3 sequences resulted in a length of
1448 bp and 278 bp for the longest alignments, respectively. Out of these, 196 and 4
positions were found to be variable in NADH and CenH3, respectively. The best ML
model selected for CenH3 and NADH were Kimura 2 (K2) and Jukes Cantor plus a gamma
parameter of 0.265 (JC+G) respectively. During model selection, the two markers were
observed to have different evolutionary rates and hence alignments were conducted
separately. Twenty SNP positions in NADH alignment were found to differentiate A and B

genomes (Table 3.3).

3.3.2.1 Segregation based on maker NADH

Three clades denoted as A, B and C were obtained on phylogenetic reconstruction with
NADH (Figure 3.2).The clades were strongly supported at 98 and 84 bootstrap values for
clades A and B, respectively. The clade A was represented by triploid and diploid cultivars
from section, Eumusa. The only representative of the section Rhodochlamys M. ornata
branched earlier on as a separate clade from A, and is labeled as section Rhodochlamys
(Figure 3.2). This clade was also observed to have representation of mixed genomic

cultivars. Triploid cultivars in this clade were either AAA in font green (Grande naine,
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Pisang Kayu, Gombe, Pisang bakar and Mbwazirume) or AAB genomic groups (Foconah,
Prata ana, Pisang ceylan, Figue pomme geante, Lady finger and Orishele) in font black
(Figure 3.2). Diploids in this clade were either one of the three genomic groups, AA
genomic composition in font yellow (Tomolo), AS genomic constitution represented by
the cultivar Wompa indicated in single block bracket and AB genomically constituted
cultivars represented by Safet velchi and Kunnan also indicated in single block bracket
(Figure 3.2). This marker was unable to differentiate wildtype AA (red font) from each
other, these sub-subspecies were represented by the sub-species banksii, zebrina, truncata ,
Calcutta 4, burmannicoides, errans and siamea all of which clustered into the same clade

A. Only the sub-species malaccensis segregated from clade A as a sub-clade.
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Table 3.3: Single neocleotide polymorphisms (SNPs) from the partial NADH gene that differentiated banana A and B
genomes. Greyed cells represent AA, AAA and AAB cultivars while white ones represent ABB and BB cultivars.

SNP Number
Genomic
Cultivar group 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Dole ABB CIC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
Honduras BB CIC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
Kluaitirapot BB CIC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
Monthan ABB C/IC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
Pelipita ABB CIC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
PisangBatu BB CIC|IG|T|IA|C|/A|T|T|A|C |G |C|T |G|IG|A|C|T|C
Pisangklutukwulung BB cC/IC|IG|TIA|IC/IA|T|T|A|C |G |C|T |G|IG|A|C|T|C
Tani BB CIC|IG|T|IA|C|IA|T|T|A|C |G |C|T |G|G|A|C|T|C
FiguePommeGeante AAB
Lady finger AAB
Banksii AA
Calcutta 4 AA
Malaccensis AA
Truncata AA
Wompa AS
Zebrina AA
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Truncata
Foconah
Long Tavoy

Prata Ana

Pisang Ceylan

98— Figue Pomme Geante
Khae Phrae Clade A
Zebrina

Wompa ] AS
Safet velchi ] AB
85 L DHPahang

Agutay

Lady Finger

84 ———————— Banksii

Orishele

Kunnan ] AB
Malaccensis

Musa ornata ] Section Rhodochlamys
Yawa2 ] Tetraploid (ABBTV)
Monthan

Saba

Pisang Klutuk Wulung

Dole

Namwa Khom Clade B
61—  Pisang Batu

Kluai Tiparot

Lal velchi

Pelipita

Honduras

Textilis | Clade C

100

Figure 3.2: Phylogenetic tree of different banana cultivars based on the partial NADH
gene. Numbers above branches represent the BP support values which are over 50%.
Cultivars in green are triploid AAA, yellow represent cultivated diploid AA, Red represent M.
acuminata Wild type relatives, purple represent wild type BB, blue are ABB cultivars while
names of cultivars in black represent AAB except those that have a bracket and description
after. The cultivars in black with a single square bracket have their genome composition
indicated after the brackets.
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The clade B which mainly represented the B genome cultivars in the NADH phylogeny had
BB and ABB genomic groups and was strongly supported at a BP support of 100. Two sub-
clades were observed within this clade, these were the uni-cultivar sub-clade represented by
the tetraploid cultivar Yawa-2 (ABBT) and the second sub-clade represented by 10 cultivars
of BB and ABB genomic constitution. The BB cultivars within this clade were represented by
the cultivars Saba, Namwa khom, kluai tiparot, monthan, pelipita and Dole, these are in the
NADH tree in colour pink (Figure 3.2). The origin of some of these cultivars is Philippines for
Saba, Thailand for Namwa khom and Kluai tiparot and India for Monthan (Boonruangrod et
al., 2009). The ABB cultivars within this clade are in font blue and are represented by the
cultivars Pisang Klutuk Walung, Pisang Batu, lal velchi and Honduras. The third clade C was

having the species M. textilis as a representative and this was in the section Australimusa.

3.3.2.2 Segregation based on the marker CenH3

Sequences for 23 out of the 39 cultivars used in the study were obtained with the marker
CenH3. The resultant phylogeny based on CenH3 had two major clades (A and B) and the
associated subclades (Figure 3.3).The first clade referred to as ‘Clade A’ or ‘the A genome
clade’ had representative cultivars within M. acuminata except for the cultivar Wompa which
is interspecific hybrid between M. acuminata and M. schizorcarpa (AS genomic
composition). This marker was able to differentiate subspecies and genome groups within the
A genome clade. Different sub-clades each of which had one or more cultivars were observed
within this clade. The first sub-clade supported at a BP value of 79 contained the cultivars of
ABB genome composition and these were the cultivars Namwa khom and Safet velchi. The
second sub-clade supported at 54 BP differentiated the cultivars of the sub-species
malaccensis, it had two cultivars malaccensis and tomolo with the cultivar DH Pahang being a
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sister clade.The fourth sub-clade supported at BP value of 40 had the sub-species zebrina and
East African highland banana cultivar Gombe. Twelve other cultivars appeared as individuals
in this clade and these included cultivars Pisang ceylan, Pisang mas, Wompa, Calcutta 4, M.
acuminata cv truncata, Khae phrae, Long tavoy, Banksii, Prata ana, M. ornata and Agutay

(Figure 3.3).

The B genome clade based on CenH3 represented the ABB and BB genomic groups and was
strongly supported at 82 BP (Figure 3.3). This clade had two major sub-clades, the first had
the ABB cultivar pelipita and the second had four cultivars of either BB or ABB genomic
composition. The BB cultivars in this sub-clade were Pisang klutukwalung and Pisang batu
while the ABB cultivar was Dole. The tetraploid cultivar Yawa (ABBT) was observed to
cluster with the BB and ABB diploids and triploids respectively. Sequences for the cultivars

Honduras, monthan, Pisang bakar and M. textilis were treated as missing data.
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79 | Namwa khom
4{ Safet velchi
— Pisang ceylan
sl DH pahang

o4  Musa acuminata malaccensis
4{ Tomolo
— Pisang mas
— Wompa

40 { gombe .
al —{ A genome cultivars
Zebrina g

—— Calcutta

—— Musa acuminatatruncata
— Khae

—— Long tavoy

—— Banksii

—— Prataana

—— Musaornata

—— Agutay _
Pelipita
— Dole

82 — Pisang klutuk wulung

B genome cultivars

—— Pisang batu

—— Yawa

Figure 3.3: Phylogenetic positioning of different banana cultivars based on the marker
CenH3. The numbers on top of each clade represent BP support values.
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3.3.4 Haplotypes in diploids and triploids

Seven SNP positions in thirty four genotypes were used in the inference of haplotypes (Table
3.2). A total of 13 haplotypes were observed based on the 7 SNPs used (Table 3.4). Five
haplotypes were common in diploids and triploids, 3 unique to diploids and 5 unique to
triploids. Haplotype numbers 1, 2, 3 and 5 were observed to have the highest species

representatives.

The B genome cultivars of Pisang batu (26), Honduras (13), Pisang klutuk wulung (29) and
Lal velchi (18) were represented within haplotype number 1 (Table 3.4). The cultivar Lady
finger (17) with the genomic composition AAB was also observed to be associated with this
haplotype. Haplotype number 2 had representatives from A genome diploids and triploids as
well as A and B genome interspecific triploids. The AA genomic group diploids associating
with haplotype 2 were represented by the cultivars Agutay (1), Banksii (2), Khae phrae (14),
DH Pahang (4) and Zebrina (37). The triploid AAA linking to this haplotype were represented
by the cultivars Pisang Kayu (28) and Long tavoy (39). Moreover haplotype 2 had cultivars
with AAB and ABB genomic composition closely linking to it at these 7 SNP positions. The
cultivars Figue pomme geante (9), Prata ana (8), Orishele (7), Foconah (10) and Ladyfinger
(17) were the AAB genomic group cultivars that were closely linking to haplotype 2. The
cultivar Pelipita (24) was the only cultivar with the ABB genomic composition that had close
sequence similarity to this haplotype. Haplotype number 3 had four cultivars associated
Mbwazirume (19), Timolo (35), Wompa (36) and Gombe (11) these are mainly A genome
containing cultivars. Haplotype number 4 was closely associating to the cultivars Pisang

klutuk walung (29) and Saba (31). Pisang klutuk walung is a BB genomic group cultivar
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while the cultivar Saba is of ABB genomic composition. The cultivars Pisang ceylan (27),
Tomolo (35), Prata ana (8) and Safet velchi (32) were the cultivars that were within close to
haplotype 5. Haplotypes 6 to 13 had only one representative cultivar, these were Wompa
(36), Zebrina (37),Safet velchi (32), Pisang ceylan (27), Prata ana (8), Red yade (38), Namwa

Khom (23) and Namwa khom (23) for haplotypes 6 to 13, respectively (Table 3.4).

Table 3.4: Haplotypes inferred from seven SNPs of the partial CenH3 alignment in

bananas.

Ploidies Genomic

Haplotype represented group(s)

number Haplotype Cultivars represented
Tripoids and ABB, BB

1 CGAAACT diploids 5,13,15,16,17,18,26,29,31 and AB
Tripoids and AA, AAB,
diploids 1,2,4, 7,8,9, 10, 14,17, 24, | ABB and

2 CGAAATC 28, 37, 39 AAA
Tripoids and AA, AAA

3 CGAAGTC diploids 11, 19, 35, 36 and AS
Tripoids and BB and

4 CGATATC diploids 29, 31 ABB
Tripoids and AAB, AB

5 CGGAATC diploids 8, 27, 32, 35 and AA

6 CGAAGTT | Diploid 36 AS

7 CGGAGCc | Diploid 37 AA

8 ccaaaTc | Diploid 32 AB

9 CGGAGTC | TMpoid 27 AAB

10 GCAAATT | Tripoid 8 AAB

11 GCAATCG | Tripoid 38 AAB

12 GGGAATC | Tripoid 23 ABB

13 GGGAATT | Tripoid 23 ABB

The column cultivars present indicate the cultivars that had representation within that
haplotype. The cultivar numbers are as listed in the last column like they appear in Table 3.1.
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3.4 DISCUSSION

The observation that the sizes of NADH amplicons were variable may be attributable to
insertions and deletions (indels) at the 3’ end of the respective cultivars. The groups BB and
ABB were observed to have a larger amplicon by about 300bp hence the total length
was1500bp in comparson to cultivars with AA, AAB and AAA genomic composition that had
relatively small length of approximately 1200 bp. This marker was able to pick out the B
genome component in ABB and A component in AAB heterogenomic triploids, which was
clearly reflected in the band sizes. The identification of genomic groups based on amplicons
size differences without sequencing is a first report for bananas for this marker. This could be
used in cases where one requires differentiating A from B genome containing cultivar without
further analysis. The differences in band sizes could however not differentiate diploid AA and

their respective homo- and heterogenomic sub-groups.

Three sections (Eumusa, Rhodochlamys and Australimusa) were clearly differentiated using
NADH and CenH3 (Figure 3.2 and Figure 3.3) and they clustered into monophylectic groups.
These sections have been observed to be monophylectic in other studies using both nuclear
and chloroplast markers (Hippolyte et al., 2012; Hfibova et al., 2011; Li et al., 2010, 2013).
The observation using the marker NADH that the only representative of the section
Rhodochlamys, M. ornata clustered with the A genome cultivars of the section Eumusa is
consistent with other studies (Wong, 2002; Christelova et al., 2011; HFfibova et al., 2011).
These results further corroborates Wong’s (2002) and Christelova et a/ (2011) findings and
suggestions that these two sections should be merged as there are no great genetic differences
that warrant their positioning into different sections. Similar work to repeal the classification

of Musa sections has already been reported (H&kkinen, 2013).
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The observation in NADH phylogeny that the only representative of the AXS diploid cultivar
‘Wompa’ clustered to the M. acuminata clade within the section Eumusa supports the point
made by HFibova et al (2010) that M. schizocarpa is closely related to M. acuminata.
Alternatively this clustering can be explained on the basis that only the A genome region for
this hybrid could be picked by these markers. Consequently, the AB cultivars in this study;
‘Safet velchi’ and ‘Kunnan’ did not cluster into the B genome and it attests to the observations
made by Carreel et a/ (2002) that no evidence of B genome contribution to these cutivars has

been identified.

The monophyly of the B genome clade is confirmation of its distinctiveness. It was observed
that the B genome clade and the respective cultivars are distant to that of M. acuminata
despite being in the same section. This observation affirms results of other studies indicating
the uniqueness and monophylly of the B genome (Brown et al., 2009; Creste et al., 2004; De
Langhe et al., 2010; Perrier et al., 2009; Raboin et al.,, 2005). The species M. ornata of the
section Rhodochlamys was observed to be closer to M. acuminata than it was to M. balbisiana
represented by the cultivars ‘Pisang batu’ and ‘Pisang Klutuk wulung’ (Figure 3.2 and Figure
3.3). This observation is consistent to the observation by Christelova et al (2011) on Musa
species divergence times where B genome is shown to have diverged 27.9 million years ago
(mya) while M. ornata of the section Rhodochlamys diverged 8.8 mya. Furthermore, the
results affirm Simmonds (1953) work which showed that hybridization between species of
section Eumusa and Rhodochlamys are successful since weak or no reproductive barrier exists

between them.
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The clustering of the ABB cultivar Pelipita, Monthan, Dole and Saba to the B genome clade
affirms the observations made by Boonruangrod et a/ (2008) that ABB cultilvars cluster to BB
diploids. All the ABB cultivars used in this study clustered to BB diploids, these included
cultivars: “Monthan’, Dole, Kluai tiparot and Namwakhom. The segregation of AAB cultivars
in this study affirms the results obtained by Carreel er al (2002), where AAB sub-groups were
found to have A genome cytoplasmic constitution. The segregation of this genomic group was
observed in the sequences using both markers and only using gel electrophoresis for the

marker NADH.

The segregation based on the marker CenH3 was similar in many ways to that of NADH. The
two major clades representing the A and B genomes observed in NADH phylogeny were also
observed and this shows consistency. The identification of A and B was derived by the
observation that no diploid BB or AA cultivars clustered together, they were in either one of
the two main clades for both markers. The major deviation to the NADH phylogeny was
mainly in the A genome clade where this marker was unable to differentiate the sub-species.
The marker CenH3 is a nucleus based marker and hence the clustering of the A genome sub-
species was expected. The segregation of the A genome subspecies malaccensis and truncata
in this study compares favourably with the one observed by Wong (2002) where the two
subspecies clustered separately. However this observation deviates from the placement of the
subspecies truncata as a synonym of the subspecies Malaccensis Wong (2001). This study
clearly differentiated the two sub-species, with malaccensis being strongly supported (51 BP)
as a separate clade from trancata. The subspecies banksii and siamea (Khae (Phrae) have
previously been grouped into different sub-species. The subspecies banksii though has been
differentiated from the other M. acuminata clones using chloroplast and mitondrial markers.
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In this study, banksii was shown to cluster separate from the rest. Carreel et al (2002)
attributed the clear segregation of this subspecies to its geographical isolation in Papua New
Guinea and some north Indonesian islands. The subspecies burmannica (Long tavoy) and
burmannicoides (Calcutta 4) have been shown to be closely related (Ude et al., 2002), this

study also confirms the same observation as the two cultivars were also observed to cluster.

The segregation within the B genome clade was consistent in both markers used and is similar
in some aspect to observations made by Ude (2002) which showed that ABB cultivars were
closer to BB diploids than AAB were. In this study AAB and ABB cultivars were observed to
segregate into either A or B genome clade, this was observed in both NADH and CenH3

markers.

Different studies have indicated that only M. acuminata sub-species that originated from the
Islands of Southeast Asia (ISEA) have had genomic contribution to cultivated bananas
(Perrier et al., 2011; Li et al., 2013). In this study, both phylogeny and haplotype inference
indicated that ISEA sub-species contributesd to triploid cultivated bananas (Figure 3.2, Figure
3.3 and Table 3.4). Phylogeny using both NADH and CenH3 was able to establish one major
clade (Clade A) that had ISEA sub-species Zebrina, Errans, Banksii, Truncata and
Malaccensis clustering. Moreover, the EAHB have been shown to have had genomic
contribution from ISEA sub-species’ Zebrina and banksii (Perrier et al.,, 2011). In this study
EAHB cultivar Ngombe was observed to form a sub-clade with the cultivar Zebrina for the
marker CenH3 (Figure 3.3), the cultivar Ngombe was also observed to cluster in clade A with
major ISEA sub-species with NADH a affirming the study by Li ez a/ (2013). Observation that

the diploid cooking cultivar Tomolo was clustering with the wildtype cultivar Malaccensis
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was contrary to other observations made that have linked this diploid to wiltype sub-species
Banksii using both chloroplast and mitochondrial markers (Carreel et al., 2002; De Langhe et
al., 2010; Li et al., 2013). However, this deviation was only observed in the phylogeny with
CenH3 (Figure 3.3). This deviation can be explained by the fact that CenH3 is a nuclear gene
which is prone to recombination while NADH is mitochondrial where there is no
recombination. Furthermore, the partial coding region of CenH3 used in this phylogeny is the
coding sequence of the CenH3 tail region which is highly evolving (Masonbrink et al., 2014),

and might be evolving much faster in Malaccensis and tomolo than it is in Banksii.

The maternal and paternal nature of inheritance of chloroplast and mitochondrial DNA genetic
material in bananas can facilitate the identification of the wild diploids that genetically
contributed to diploid and triploid cultivars (Fauré et al., 1993; Le et al., 2007). To infer
haplotypes from unphased data, only the marker CenH3 was used, this is because the other
marker NADH is monoparentally inherited and no crossing over should have taken place
during breeding. Furthermore, no multiple peaks were observed in the sequences obtained

from triploid and diploid cultivars.

Haplotype 1 mainly consisted of B genome derived haplotypes. The two haplotypes of the
cultivar Kunnan (AB) were found to be closely linked to haplotype 1 which was a B genome
haplotype, this suggests that only B genome diploids might have contributed to this cultivar’s
genome. This was contrary to observations previously made that the AB genome cultivar
Kunnan has genomic contributions from only A genome cultivars and therefore suggesting
that this cultivar be put in the AA genomic group (Li er al., 2013). The triploid cultivars

Ladyfinger (AAB), Saba (ABB) and Dole (ABB) were observed to have a haplotype
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clustering to haplotype 1 which is a B-genome haplotype. This suggests that B genome
diploids contributed to triploids and is in line with observations made from other studies (
Perrier et al., 2011; Li et al., 2013). However, this study could not identify which BB diploid
specifically contributed to the B genome in triploids as all the cultivars representing this
haplotype clustered together. The clustering of two ladyfinger haplotypes to haplotype 2
which is essentially an A-genome haplotype group, indicates that both AA haplotypes in the
AAB haplotype of Ladyfinger may have originated from the same M. acuminata sub-species.
The two haplotypes of the cultivar Wompa were related to Haplotypes 3 and 6. Haplotypes 3
had other cultivars of A genomic composition but no diploid wild type cultivars were in this
haplotype. Two of the four cultivars that grouped together with Wompa in this haplotype were
Gombe and Mbwazirume which are EAHB. The other cultivar with a haplotype represented in
this group was the diploid cultivar Tomolo. This indicates that Tomolo may have contributed

its genome to EAHB cultivars.

Two mtDNA types were identifiable with the marker NADH with each of the diploids and
triploids under study having one of either the two types. This observation can be explained by
the uniparental nature of plastid inheritance in banana. Both mitochondria and chloroplast
DNA have previously been used to identify the origins of genomes in Diploid, homo- and
heterogenomic banana cultivars (Carreel et al., 2002; Boonruangrod et al., 2009). In the
present study, direct sequencing of PCR products was able to differentiate the maternal
mtDNA types. This study could not conclusively identify the number of CenH3 copies in the
triploids, despite multiple copies having been observed in other stable polyploidy crops (Hui

et al., 2010; Wang et al., 2011; Masonbrink et al., 2014). More transcripts obtained from an
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equally bigger number of clones need to be sequenced to be able to make conclusions on the

number of clones expressed in bananas.

However, the study was able to differentiate the A and B genomes in bananas with both
NADH and CenH3. The marker NADH differentiated only A and B genomes while the marker
CenH3 differentiated A genome cultivars as well. The study was also able to identify the
phylogenetic positions of interspecific cultivars like AAB and ABB using NADH and CenH3
markers. The study also positioned the different M. acuminata subspecies. This work adds
new nucleotide sequences for the markers CenH3 and NADH for different banana species (M.
acuminata, M. balbisiana, M. textilis and M. ornata), subspecies, cultivars and genomic

groups (AA, AB, ABB, AAA, AAB, AS and TT) used in this study.
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CHAPTER FOUR

DEVELOPMENT OF HAPLOID INDUCERS IN BANANAS BY MODIFICATION OF
CENTROMERE SPECIFIC HISTONE 3 (CENH3) PROTEIN

4.1 INTRODUCTION
Haploids are sporophyte plants containing gametophytic number of chromosomes, this is due
to their origin from a single haploid cell (Germana, 2006). The importance of doubled
haploids (DHs) and haploids and the methods currently used to develop them have extensively
been reviewed ( Germana, 2006; Forster et al., 2007; Dunwell, 2010). Haploids are important
in breeding program as they give a possibility of reducing the breeding time required to obtain

completely homozygous inbred lines (Assani et al., 2003; Germana, 2006).

Haploids and consequently DH have been achieved in many plants including bananas (Snape
et al., 1986; Assani et al., 2003; Yahata et al., 2005; Grewal et al., 2009; Dunwell et al., 2010;
Ravi and Chan, 2010; Sanei et al., 2011). In most of the plant species the approaches used to
develop haploids have been through either culture of anthers or microspores or through wide
crosses with close relatives (Maluszynski et al., 2003; Sanei et al., 2011). In bananas, haploid
development has been achieved in only one species (M. balbisiana) through anther culture;

the success rate was however very low (Assani et al., 2003).

Despite the success with the two major methods in a number of plants, haploid development
has not been widely taken up by researchers and breeders because these methods are cultivar

and species specific and not reproducible (Ravi and Chan, 2010). An approach of replacing
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the endogenous histone protein with altered histone protein was shown to produce inducer
lines that when crossed with wildtype cultivar produce haploids in 4. thaliana (Ravi and

Chan, 2010).

The gene constructs that carried the RNAI silencing mechanism as well as the selection
marker and mutant CenH3 were inserted in the plant through Agrobacterium tumefeciens
mediated transformation (Ravi and Chan, 2010). The same approach was explored in the
current study in bananas. Experiments were conducted to develop haploid inducer lines which

will in future be used to develop haploid and doubled haploids.

4.2 MATERIALS AND METHODS

4.2.1 Plant materials, multiplication and production of multiple bud clumps

Two diploid cultivars “Zebrina GF” and “Calcutta 4” (AA genomic group) were used for
transformation experiments. The plant materials were obtained from IITA- Uganda. The
plants were multiplied by culturing in proliferation media (Table 4.1) following protocol
described by Tripathi e al. (2008). All plants in proliferation media were sub-cultured monthly
and placed in a growth room at 28 “C with a 16 h photoperiod provided by a cool white
fluorescent tube (Philips, Amsterdam, Netherlands). Multiple bud clumps were initiated by excising
white buds (approximately 2 mm) developing at the base of plants in proliferation media. These
buds were cultured in P4 media containing high amounts of BAP (Table 4.1) and kept at 28 °'C
in the dark. Buds were sub-cultured at monthly intervals in fresh P4 medium in order to obtain
multiple bud clumps. The multiple buds were used for Agrobacterium-mediated

transformation experiments.
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Table 4.1: Composition of different media used in the transformation and tissues culture of bananas

Name of medium Composition

Selection medium 1 x MS® salts with vitamins, 100 mg/L AA, 5 mg/L BAP, 3% Sucrose, 0.24% gelrite, 300 mg/L
cefotaxime and 100 mg/L Kanamycin

Infection medium 1 x MS salts with vitamins, 100 mg/L AA, 22.7 mg/L BAP, 3% Sucrose, 100 pg/L IAA, 100 mM
Acetocyringone

Co-cultivation 1 x MS salts with vitamins, 100mg/L AA, 5 mg/L BAP, 3% Sucrose, 0.24 % gelrite

Medium

Resting medium 1 x MS salts with vitamins, 100mg/L AA, 5 mg/L BAP, 3% Sucrose, 300mg/L Cefotaxime, 0.24%
gelrite

P4 medium 1 x MS salts with vitamins, 100mg/L AA, 22.7 mg/L BAP, 3% Sucrose , 100 ug/L 1AA, 0.3% gelrite

Proliferation medium 1 x MS salts with vitamins, 100mg/L AA, 5 mg/L BAP, 3% Sucrose, 0.24% gelrite

Rooting medium 1 x MS salts with vitamins, 100mg/L AA, 3% Sucrose, 1mg/L IBA, 0.24% gelrite

Luria bertani broth 10 g/L Tryptone, 10g/L Sodium chloride (NaCl), 5 g yeast extract and Agar 20 g/L.
(LB broth)

Luria bertani agar 10 g/L Tryptone, 10 g/L Sodium chloride (NaCl), 5 g yeast extract
(LB agar)

®-Murashige and Skoog (1962), IAA-Indole acetic acid, BAP - N6-benzylaminopurine, IBA-Indole butaric acid and AA-Ascorbic
acid
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4.2.2 RNAI plasmid constructs

Plasmid constructs were obtained from the laboratory of Simon Chan, University of California
at Davis. Three different constructs with a similar structure were obtained (Figure 4.1). The
three similar components in the constructs were: the selectable marker, the mutant and
reporter genes and the RNAIi component. The plant selection was based on a Kanamycin
resistance gene also decribed as neomycin phosphotransferase type Il (nptll) that was driven
by Cassava mosaic virus 35S (CaMV35S) promoter and terminated by CaMV35S terminator.
The second component was the mutant and reporter gene Green Fluorescent protein (GFP)

(Figure 4.1 A, B and C).

Despite the similarity there were also differencesin two main aspects, the nature of mutant
gene and/or the presence or absence of GFP reporter gene. The construct GFP-tailswap
(Figure 4.1A) was similar to Tailswap (Figure 4.1B) in terms of the mutant genes used and
different in the absence of GFP tag in ‘tailswap’. The modified version of CenH3 replacing
the endogenous one after RNAI silencing in tailswap and GFP-tailswap was obtained by
replacing the tail end of endogenous CenH3 with that of banana histone H3.3 (Another variant
of histone 3) and retaining the histone fold domain (HFD). The construct GFP-CENH3
(Figure 4.1C) on the other hand had a mutant gene different from tailswap and GFP-tailswap.
The mutant gene in GFP-CENH3 was an endogenous CenH3 having the codon usage
modified with a total of 156 out of the 471 nucleotides. Just like the construct GFP-tailswap,
the construct GFP-CENH3 also had the reporter gene GFP tagged to the mutant CenH3. The
mutant gene and the reporter genes were both driven and terminated by the endogenous

banana CenH3 promoter and terminator. The third component in the constructs, the RNAI was
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common in all the constructs. It consisted of maize ubiquitin promoter driving inverse repeats
of endogenous CenH3 which were flanking a yabby 5 intron. This component was terminated

by the NOS terminator (Fig 4.1A, B and C).
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Figure 4.1: Schematic presentation of the three different RNAi constructs used in the
transformations of bananas. A-GFP-tailswap, B-Tailswap, C-GFP-CenH3, the GFP-
tailswap and GFP-CenH3 have a GFP tag while tailswap doesn’t. GFP-tailswap and Tailswap
have the endogenous C-terminal tail substituted with H3.3 terminal while GFP-CenH3 has the

endogenous CenH3 codon usage changed

4.2.3.3 Preparation and transformation of competent bacterial cells

Competent cells were prepared from host E. coli strain DH5a by initiating from glycerol

stock. This was streaked on plain Luria Bertani (LB) plates (Table 4.1) and incubated at 37 °C
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overnight. A single colony was cultured in 10 ml of LB broth at 37 °C overnight. A new
culture of 500 ml was initiated with 1ml of the overnight culture and shaken at 37 °C to an
optical density (OD) of 0.5 after 2-3 hrs. The culture was centrifuged and the pellet
resuspended in 10 ml of 100 mM MgCIl and 10% glycerol (1:1) ratio. This was then
centrifuged at 3000 g in an eppendorf 5810 R centrifuge (Hamburg, Germany) for 10 min and

resuspended in 10 ml of 200 mM MgCl and 100 mM CacCl; (1:1) ratio.

The final pellet was resuspended in 5 ml of 100 mM CaCl; and aliquoted in 50 pl volume in
sterile 1.5 ml eppendorf® tubes and stored at -80 °C. The competent cells were used for
transformation with the three constructs. Transformation was done through heat shock method
(Froger and Hall, 2007). The 50 pl competent cells were thawed on ice and 50ng of the
plasmid DNA added. The cells were left on ice for 10 min, they were then heat shocked at 42
°C for 45 sec and immediately transferred into ice for 2 min. After that, 800 ul of LB broth
was added and the cells were incubated at 37 °C for 1 hr with gentle shaking. One hundred
microliters of the transformed cells were plated on LB supplemented with 50mg/L kanamycin
and incubated at 37 °C overnight. A single colony was cultured in 10ml LB supplemented
with 50 mg/L kanamycin and again incubated overnight at 37 °C. The plasmid was extracted
from the cell culture using Qiagen miniprep® plasmid extraction kit (Biozek, Kenya). Plasmid
extracted from E. coli was validated (as decribed in section 4.2.3.4) and used further to

transform Agrobacterium tumefaciens.

Electro-competent cells of the A. tumefaciens strain EHA105 were prepared as described by
Gonzales et al. (2013). Fresh culture of EHA105 was started by streaking glycerol stock on

LB plate supplemented with 50 mg/L rifampicin and incubating plates at 28 °C for 24 hrs.
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Two day culture was initiated from a single colony grown on the plate. A 500 ml culture was
initiated from 2 ml of the 24 hrs culture and grown for 4-5 hrs to an OD of 0.5. The culture
was centrifuged and the pellet washed 4 times with 10% glycerol and resuspended in 5 ml of
10% glycerol. The suspension was aliquoted in 100 pl volume. The electro-competent cells
were transformed with 100 ng of the plasmid DNA through electroporation in a Biorad
GenePulserXcell™ (Hercules, CA) set at 2500 volts (V), 25 millifarad (uF) and 200 Ohms
(Q). Transformed cells were plated on LB supplemented with 50 mg/L rifampicin and 50
mg/L kanamycin. A colony was picked after 2 days and cultured in LB broth supplemented
with 50 mg/L rifampicin and 50 mg/L kanamycin overnight to an OD of between 0.6-0.8. The
plasmids were also re-extracted for validation and the A. tumefaciens culture containing the
right plasmid was used to transform explants and 25% glycerol stock with 1ml aliquot stored

at -80 °C.

4.2.3.4 Validation of plasmid constructs

Integrity of the plasmid constructs was done for both E. coli and A. tumefaciens harbouring
them. Plasmid was extracted from E. coli and A. tumefaciens using Qiagen plasmid miniprep
kit. Presence of plasmid was confirmed by running on a 1.5% agarose gel. Plasmid DNA
integrity in E. coli was validated by both restriction digest using the enzymes Hindlll and
EcoRIl and by PCR while those from A4. tumefaciens were validated using PCR only. The
primer pairs CENH3-T-F GGTTGGCCACTGAAGATAC and Ubi-R
TTATTACGGCGGGCGAGGAAGG designed with the forward binding on the CenH3
terminator and reverse on the maize ubiquitin promoter amplifying a product size of 1184 bp
were used for validation in both E. coli and A. tumefaciens. The PCR conditions were set at
initial denaturation of 94 °C for 4 min, 35 cycles of 94 °C for 30 secs, annealing temperature
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of 62 °C for 30 secs, extension temperature of 72 °C for 1 min, the products were finally

extended at 72 °C for 5 min.

4.2.3.5 Preparation of Agrobacterium tumefaciens culture

Agrobacterium tumefaciens cultures of 0.6-0.8 OD harbouring the plasmids were centrifuged
at 3000 rcf for 10 min at 4 °C to harvest cells. Harvested cells were resuspended in 10ml of
infection media (Table 4.1) supplemented with 100 uM acetosyringone. Resuspended A.

tumefaciens culture was incubated at 28 °C for 2 hrs with gentle shaking of 150 rcf.

4.2.4 Explant preparation and genetic transformation

Intercalary meristems (IM) (Figure 4.2 A and B) and multiple bud clumps (MBC) (Figure
4.2D) were used as the explants for transformation. Preconditioned buds were immersed in 4.
tumefaciens re-suspended in infection media supplemented with 100 uM acetosyringone and
vacuum infiltrated for 10 secs and further cultured for 30 min at room temperature. The
explants were blotted on sterile tissue paper to remove excess bacteria and cultured for three
days on co-cultivation media (Table 4.1) at 22 °C in the dark. The explants were transferred to
resting media (Table 4.1) supplemented with 300 mg/L cefotaxime for 10 days and kept in
growth room at 26 + 2 °C and 16 hr photoperiod. The explants were transferred to selection
media (Table 4.1) supplemented with 100 mg/L kanamycin and 300 mg/L cefotaxime with
sub-culturing to fresh medium fortnightly until shoots were obtained. The developed shoots

were transferred to proliferation media (Table 4.1) for maintainance and multiplication.

Explants (IM) were obtained by cutting two thin meristematic disks approximately 0.3-0.4

mm in thickness from the meristematic region of the corm as described by Tripathi et al.
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(2008) (Figure 4.2). These disks were used as explants for transformation with the three
plasmid constructs (GFP-tailswap, Tailswap and GFP-CENH3). The disks were put in
preconditioning media (Table 4.1) for two days prior to transformation (Tripathi ez al., 2008).
Just like MBCs, the explants were immersed in 4. tumefaciens culture, vacuum infiltrated,
blotted and co-cultivated, rested and selected in media supplemented with Kanamycin (100
mg/L) and Cefotaxime (300 mg/L) (Table 4.1). The transformed explants were cultured in

selection medium with monthly subculture in the same selection for four monthly cycles.

Figure 4.2: Explants of bananas that were used in transformation with Agrobacterium
tumefaciens harbouring RNAi gene constructs. A-shows the different regions in banana (1-
corm, 2-intercalary meristematic region, 3-pseudostem), B-shows excised intercalary
meristems., C- pre-conditioned intercalary meristems and D-multiple buds, arrows indicate
buds forming cauliflower-like clumps that were transformed.
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4.2.5 Molecular analysis of transgenic plants

4.2.5.1 DNA extraction and PCR analysis of putative transgenic plants

Genomic DNA was extracted from young leaves of putative transgenic lines using Qiagen
DNAeasy® plant mini prep Kit with slight modifications to the manufacturer’s protocol.
Modification was at the washing step where 350 pl of washing buffer was used thrice instead
of twice with 500ul. Presence of transgene in plant genome was confirmed through PCR
analysis using primers spanning the mutant gene and the maize ubiquitin promoter. The
primers used were: CENH3-T-F CAGAAGGATCGGCGGCAGGAG and Ubi-R
TTATTACGGCGGGCGAGGAAGG. PCR was performed in 20 pl reactions using Qiagen
PCR kit, containing 1X of buffer, 1.5 mM MgCl, 0.4 mM dNTP containing each of the dATP,
dCTP, dGTP and dTTP. The PCR cycle had an initial denaturation step at 94 °C for 5 min,
followed by 35 cycles of 94 °C for 30 secs, 62 °C for 30 secs and extension at 72 °C for one
min. The final extension of 72 °C was set at ten min. PCR products were separated on a 1.5%

agarose gel stained with GelRed.

4.2.5.2 RNA extraction, RT-PCR and Northern blot analysis

RNA was extracted from 100 mg of both root tips and young leaves using the Qiagen
RNAeasy® plant RNA extraction kit and guanidium thiocyyanate method (Chomczynski and
Sacchi, 2006) with a few modifications to the protocol. Modifications were at the phenol step,
where this step was replaced with an initial wash with chloroform followed by a chloform:

isoamy| alcohol (49:1) step.
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RNA was quantified using Nanodrop® 2000 (Thermoscientific, MA, USA)
spectrophotometer and RNA concentration was adjusted to 250 ng/pl. RNA was treated with
RNAse-free DNAsel (Thermoscientific, MA, USA) and 2 pg of RNA was used for cDNA
sythesis. First strand cDNA synthesis was performed with revertaid cDNA synthesis kit
(Thermoscientific, MA, USA) with random primers. The primers CenH3 END F
(GGCGAGAACGAAGCATC) and CenH3 END R (TCACCAATGTCTTCTTCCTCC) were
used for PCR amplification of cDNA in ABI 9700 machine with cycling conditions set at
initial denaturation of 94 °C for 5 min, 35 cycles of 94 °C denaturation for 30 secs, 62 °C
annealing for 30 secs, extension at 72 °C for 1 min and a final extension of 72 °C for 10 min.
The RT-PCR products were run on a 1.5% agarose gel and stained with GelRed®. The
relative intensity of the 471 bp product between the transgenic and non-transgenic plants was
used to determine the relative expression of transgenic plants to non-transgenic.

Northern blot was performed to detect accumulation of small interfering RNA (siRNA). The
analysis was performed with twelve transgenic plants (2 lines of GFP-Tailswap, 3 lines of
tailswap and 6 lines of GFP-CENH3 and 1 plant of non-transgenic). Labeled RNA probe was
synthesized by in vitro transcription of linearized DNA template which was obtained by PCR
amplification of target gene (endogenous CenH3). The plasmid DNA of GFP-Tailswap
construct was used as a CenH3 template to synthesize the RNA labelled probe. The primers

that amplified CenH3 were designed with the forward having SP6 RNA polymerase
promoter sequence and the reverse having that of T7 promoter sequence.
The primers also had part of the sequence derived from banana CernH3. The primers

used were:
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CENH3_RNA_F:ATTTAGGTGACACTATAGGGCGAGAACGAAGCATC and the

CENH3 RNA R: CCCTATAGTGAGTCGTATTATCACCAATGTCTTCTTCCTCC. The
conditions were set at initial denaturation of 94 °C for 5 min, 35 cycles of 94 °C denaturation
for 30 secs, 64 °C annealing for 30 secs, extension at 72 °C for 1 min and a final extension of
72 °C for 10 mins. The PCR products were purified using Bioneer PCR purification kit and
eluted in 15 pl volume for use in RNA in vitro transcription. CenH3 RNA was labelled with
digoxigenin-11-UTP (DIG-dUTP) during transcription and this was used to probe RNA from
transgenic and non-transgenic plants. Eight microgram of RNA earlier extracted was
denatured at 65 °C for 5 min and then placed on ice for two min before loading into the
precast urea gel. RNA was transferred to a hybond-N+ nylon membrane (GE, USA) in a
20X20 cm Semi-dry blotter unit (SCIE-PLAS, England).

The RNA was fixed on the membrane by UV cross linking twice in the auto cross link feature
in the cross linker followed by hybridization. Diogoxigenin (DIG) Easy Hyb buffer was pre-
warmed at 68 °C and the membrane was pre-hybridized for 30 min with gentle agitation in a
glass tube. Five ul of the CenfH3 RNA probe earlier transcribed was added to 1ml of DIG
Easy Hybridization buffer and denatured by heating at 95 °C for 5 min and cooled on ice for 2
min. This was then added to 9ml of pre-warmed DIG Easy hybridization buffer and used for
hybridization. The pre-hybridization buffer was removed and 10 ml hybridization buffer
added to the glass tube containing the membrane and incubated at 51 °C overnight in
hybridization oven.

The membrane was washed in two cycles of 5 min each with 0.1 SSC at 68 °C with constant
agitation followed by two washes of 15 min each with 0.1 x SSC, 0.1% SDS at 68 °C. The

membrane was then rinsed for 5 min in washing buffer (0.1 M Maleic acid, 0.15 M NaCl; pH
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7.5 (20 °C); 0.3% (v/v) Tween 20) and then incubated with 100 ml of blocking solution (10X
blocking solution stock diluted to 1X with maleic acid buffer (0.1 M Maleic acid, 0.15 M
NaCl,; pH adjusted to 7.5 with NaOH (pellets). The membrane was then incubated for 30 min
in 50 ml antiDIG antibody solution. Washing was done for 15 min twice in 100 ml of washing
buffer and then equilibrated for 5 min in detection buffer. The membrane was developed by
applying CDP-star ready to use until it was evenly soaked. The membrane was spread on a
development cassette and all the air bubbles removed. An X-ray film was put on top of the
membrane and the cassette tightly closed in the dark. The cassette was incubated at 37 °C

overnight and developed in the dark.

4.2.6 Fluorescent microscopy

Localization of CENH3 in the centromere was observed through fluoresence of the GFP tag.
GFP was visualized using a fluorescence microscope (Zeiss Axioimager, Zeiss) fitted with a
100W mercury lamp. Slides were made from thin sections of root tips and directly mounted to
the slide without fixation. The tissue was stained using 4', 6-diamidino-2-phenylindole
(DAPI) which stains the nucleus blue. DAPI has an excitation wavelength of 375 nm and
absorption of 470 while GFP was observed at an excitation wavelength of 470 nm and
emission of 570 nm. Ten Z-stack images for both DAPI and GFP were combined and saved as

tiff images.

4.2.7 Transfer of plants into the field and glasshouse

Twenty seven transgenic lines (Appendix 1) were multiplied and rooted and then transferred
to pots in glasshouse. The plants were transferred into sterile soil in small pots (~5 cm

diameter) and kept in a humid chamber for one month for acclimatization. The plants were
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then transferred to medium size pots (~20 cm diameter) and kept for 4 months before
transferring to big pots (1 m diameter) where they were grown to flowering. In all these
stages, the plants were watered regularly. Non-transgenic plants were multiplied in
Proliferation medium rooted in rooting medium and acclimitazed in sterile soil then planted in
the field at International Livestock Research Institute (ILRI) Nairobi, Kenya. The plants were
planted in holes with a diameter of 3 feet and a similar depth (3 feet) with spacing of 3x3

meters.

4.2.8 Data collection and statistical analysis

Transformation efficiencies were calculated by dividing the number of PCR positive lines
with the the initial number of explants used for transformation multiplied by 100. Statistical
analysis was performed on the number of PCR positive lines obtained, number of leaves and
pseudostem base diameter for transgenic plants in the glasshouse and control plants. Analysis
for the experiments in which MBCs were used as the transformation explants was performed
independently. Experiment number five was omitted since it used IM as the explants and
could not be compared with those that used different explants. To check whether the construct
type had an effect on the number of putatively transformed events, a one way analysis of

variance (ANOVA) was conducted.

Agronomic data was collected for two major traits, the basal diameter of the pseudostem and
the number of functional leaves. The pseudostem basal width of 5 representative lines per
construct and for the control was collected. Data was collected 6 months after establishment of

plants in the glass house. Two-way ANOVA with replication was used in the analysis; the
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interaction between the constructs for each of the traits was checked. All statistical analyses

were performed in excel 2007 (Microsoft corporation, Redmont, WA, USA).

4.3 RESULTS

4.3.1 Plant multiplication and production of multiple bud clumps

Plants obtained from Uganda were successfully multiplied in tissue culture through
micropropagation. The cultivar ‘Zebrina GF’ was observed to be more proliferative than
‘Calcutta 4’. Each explant of ‘Zebrina GF’ produced on average 4-5 shoot buds while
‘Calcutta 4’ had 1-3 shoot buds in 4 weeks after sub-culturing. The shoot buds of both
cultivars cultured in P4 media multiplied to form cauliflower-like structures in about 7 months

and 16 months in ‘Zebrina GF’ and “Calcutta 4°, respectively.

4.3.2 Transformation of E.coli and A.tumefeciens cells and validation of plasmid

constructs

Transformation and consequent plating of both E. coli and A. tumefaciens in LB agar
containing the respective antibiotics resulted in individual colonies (Fig 4.3A and B). On
digestion of the extracted plasmids with Hindlll and EcoRl two clear bands of the expected
sizes were obtained and the sizes of the digested fragments were variable depending on the
constructs. The fragment sizes obtained were 8742 and 6604 bp for GFP-tailswap plasmid,
8742 and 5883 for Tailswap plasmid and 8742 and 6658 bp for GFP-CENH3 plasmid (Figure
4.3C). All the plasmids extracted from A4. tumefaciens were positive on PCR amplification

(Figure 4.3D) with an expected fragment sizes of ~830 bp.
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Figure 4.3: Sample cultures of E. coli and A. tumefaciens transformed with RNAi{
constructs and their validation using restriction digest and PCR. A - Colonies of E. coli,
B — Colonies of A. tumefaciens, C — Restriction digest of plasmid constructs with Hirdlll and
EcoRl enzymes. Lanes 1, 2 and 3 represent the construct GFP-tailswap, lanes 4, 7 and 9
Tailswap while lanes 5, 6 and 8 are GFP-CENH3. D — Lanes 1-3 is PCR analysis of (GFP-
tailswap, tailswap and GFP-CENH3 respectively) constructs obtained from E. coli, 4-6 is
PCR analysis of the same constructs obtained from A. tumefaciens. L - 1kb plus DNA ladder
(thermoscientific).

4.3.3 Genetic transformation and plant regeneration

Genetic transformation of the cultivar ‘Zebrina GF’ and the consequent selection and
regeneration resulted in shoot initiation within the first 6 weeks on selection medium. A total
of 59 putative transgenic lines were generated on selective medium in this cultivar with all the
3 constructs (Table 4.2) using both type of explants (MBC and IM) in about 9-10 months.

Transformation with the constructs GFP-tailswap and Tailswap had generated 9 and 8
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putative transgenic lines, respectively while the construct GFP-CenH3 had a total of 42 lines.
The control non-transformed explants did not develop any shoots on selection medium (100
mg/L kanamycin). Eleven putative transformants (1 line for GFP-tailswap, 1 line for Tailswap
and 9 lines for GFP-CENH3) were obtained on transformation of intercalary meristem and the
remaining 48 transformants (8 lines for GFP-tailswap, 7 lines for tailswap and 33 lines for
GFP-CENH3) were produced from MBCs (Table 4.2). All the transgenic lines generated were
from ‘Zebrina GF’ and no plants were obtained with the cultivar ‘Calcutta 4°. Results obtained
from statistical analysis on the number of plants obtained per construct indicated that there
was a significant difference in transformation efficiencies with the three constructs (p-value

0.09).

Based on MBCs as explants, the construct GFP-tailswap was observed to have a
transformation efficiency of 1.17% and construct GFP-CenH3 had an efficiency of 1.67%,
whereas construct Tailswap showed lowest efficiency of 0.83% (Table 4.2). Based on IM, the
efficiencies of transformation were 1% for GFP-Tailswap and Tailswap and 3% for GFP-
CenH3 construct. The transgenic shoots produced roots 6 weeks after culturing on rooting
media and these were transferred into the glass house in sterile soil. Eight lines of GFP-
tailswap, 6 of Tailswap and 12 lines of GFP-CenH3, after validation by PCR, were
successfully hardened and transferred into the glasshouse (Appendix 1). Both transgenic and
non-transgenic plants of ‘Zebrina GF’ under glasshouse conditions did not flower within 18
months after establishment. Under field conditions, non-transgenic plants of ‘Zebrina GF’
flowered in 18 months while those of Calcutta 4 under the same field conditions flowered in 7

months.
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Table 4.2: Transformation efficiencies of banana cv. ‘Zebrina GF’ with different RNAi constructs using multiple bud
clamps (MBCs) and intercalary meristems (IM) as the explants.

Construct Total number | Putative PCR positive lines Flourescent positive Transformation efficiency* %
of explants transgenic lines lines (xSE)
transformed generated
IM MBC | IM MBC IM MBC IM MBC IM MBC
GFP Tailswap | 100 600 1 8 1 7 1+0.01 | 7+£0.72 1 1.17
Tailswap 100 600 1 7 1 5 NA NA 1 0.83
GFP_CENH3 100 600 9 33 3 10 3+0.54 | 9+0.68 3 1.67

* Transformation efficiency was calculated as no. of transgenic lines generated (PCR confirmed)/ total number of explants
transformed x 100.

IM — Intercalary meristem

MBCs — multiple bud clumps

69




4.3.4 PCR analysis of putative transgenic plants

The expected band size of 500bp was obtained in PCR analysis using primer pair overlapping
modified CenH3 and maize ubiquitin promoter (Fig 4.4A, B andC). All the 59 putative
transgenic lines were tested by PCR analysis and 27 lines were found to be positive amplifying
expected size of fragment (Table 4.2). Analysis resulted in 8 PCR positives for the GFP-tailswap
lines (Figure 4.4 A lanes 1-8), 6 PCR positives of the Tailswap lines (Figure 4.4B lanes 2 and 4-
8) and 13 PCR positives of the GFP-CenH3 lines (Figure 4.4C lanes 2, 5-8, 12, 17, 21, 31, 34

and 35). There was no amplification observed in the non-transgenic control plants.
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Figure 4.4: PCR analysis of the transgenic lines obtained from transformation of diploid
banana ‘Zebrina GF’ with the three RNAi constructs. A-GFP-tailswap lines, B-tailswap
lines, C-GFP-CENH3 lines, ‘+’ plasmid positive control, ‘- non-transgenic control and L-1kb
plus fermentas ladder. All numbers indicated the transgenic lines for the respective construct.
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4.3.5 RT-PCR analysis of transgenic lines

The endogenous CenH3 was expressed in all the transgenic lines at variable levels. The
expression levels of endogenous CenH3 were observed to be higher in rapidly dividing cells than
in slow-dividing ones (2 weeks old root tips have few differentiating cells relative to 3 weeks
old). RNA extracted from 2 weeks old root tips were observed to have higher CenH3 expression

than that from 3 weeks old.
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Figure 4.5: RT-PCR products showing expression of banana endogenous CenH3 and the
control gene Glycerol Dehyde 3 Phosphate Dehydrogenase (GAPDH) in selected transgenic
lines in comparison to non-transgenic control in two weeks old plants. A-Expresssion of
endogenous CenH3 in selected transgenic lines, B-Expression of GAPDH for transgenic lines.
Lane 1-4 GFP-Tailswap lines, 5-9 Tailswap lines, 10-13 GFP-CenH3 lines and 14 non-
transgenic control, L is 1kb plus Fermentas ladder. Expression for both genes was performed
using RNA extracted from root tips at two weeks post culturing on rooting medium.

The internal control gene (GAPDH) amplified at both 2 weeks (Figure 4.5B) and 3 weeks

(Figure 4.6 B) indicating accumulation of RNA. Only two GFP-Tailswap lines were found to
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have high levels of silencing (Figure 4.5A lanes land 5). For Tailswap, two lines were observed
to have high levels of CenH3 (Figure 4.5 A lanes 8 and 9) silencing while 4 GFP-CenH3 lines
were found to have high silencing (Figure 4.5A lanes 10, 11, 13 and 14). The internal control
was used to make sure that any failure to amplify was not a resultant of RNA preparation

(Figures 4.5B and 4.6B).
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Figure 4.6: RT-PCR products for CenH3 and GAPDH showing expression in 3 weeks old
plants. A — No CenH3 expression was observed in roots at 3 weeks. B-Expression of the
GAPDH internal control gene was observed at 3 weeks. Lanes 1-12 are transgenic lines, with
four lines per construct for GFP-Tailswap, Tailswap and GFP-CenH3 respectively, lane 13 is the
non-transgenic while L is 1kb plus fermentas ladder.

72



4.3.6 Northern blot analysis

Analysis of plants for siRNA accumulation indicated variable levels of silencing. There were
transgenic plants that had high levels of siRNA while others indicated lower levels of
accumulation. No siRNA accumulation was observed in the non transgenic plants (Figure 4.7).
The siRNA accumulation was observed to correlate positively with CenH3 silencing observed in
RT-PCR. Lines that had higher levels of CenH3 silencing were observed to have higher levels of
SIRNA accumulation. The GFP-CENH3 lines 8, 10 and 11 were observed to have high siRNA

accumulation (they equally had higher CenH3 silencing Figure 4.5A lanes 9, 11 and 14).
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Figure 4.7: Northern blot analysis of randomly selected transgenic lines and non-transgenic
plant showing accumulation of siRNAs. WT is the wild type (Non-transgenic plant), 1 — 11
are transgenic lines. Lanes 1 and 2 indicate lower siRNA accumulation relative to other
transgenic lines in lanes 3-11.

4.3.7 Fluorescent microscopy

Fluorescent microscopy resulted in clear expression of GFP for the two constructs GFP-
Tailswap and GFP-CenH3 that had a GFP tag (Figure 4.8 A and B). Green spots representing
GFP expression were observed in the nucleus and this was clearly visible at 100X oil immersion
magnification. Variable intensities of fluorescence were observed depending on the age at which
the roots were excised with 2 weeks old roots having high intensities. The counter stain DAPI

was observed to stain the nucleus blue, this was observed in both contol non-transgenic (Figure
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4.8 C) lines and transgenic lines (Figure 4.8D). No green spots were visible in non-transgenic at

the GFP-channel (Figure 4.8E).
A B
C D E
Figure 4.8: Fluorescent microscopy of transgenic plants having a green fluorescent protein
(GFP) and control non-transgenic lines. A —GFP-Tailswap line taken at the GFP Chanel
indicating the cenH3 localization (green dots), B —GFP-CenH3 root tip taken at GFP Chanel
showing CENH3 flourescence, C — DAPI Chanel showing fluorescence of the nucleus in non-

transgenic plant, D — transgenic plant at the DAPI chanel showing the blue spots in the nucleus
and E — GFP - chanel for non-transgenic plant without the GFP spots in the nucleus.
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4.3.8 Agronomic performance of plants in field and glasshouse

Transgenic and non-transgenic plants were successfully acclimatized and grown in the glass
house (Figure 4.9A, B and C). The transgenic plants were planted in the glasshouse awaiting
maturity and crossing (Figure 4.9C).

In the field two cultivars ‘Zebrina GF’” and ‘Calcutta 4* were established which were expected to
act as a source of pollen. Flowering was observed within 7 months after transfer into the field for
the cultivar ‘Calcutta 4’ whereas, the cultivar ‘Zebrina GF’ flowered after 18 months (Figure

4.9D).

Figure 4.9: Stages in the transfer of transgenic and non-transgenic plants into the glass
house and field. A- transgenic banana plants hardened in glass house, B- transgenic plants in
medium size pots (~40 cm diameter), C - transgenic plants in pots awaiting flowering (~1 m
radius pot), D — non-transgenic plants established in field (At three weeks), E — non-transgenic
plants of the cultivar “‘Calcutta 4’ flowering in the field.
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Agronomic data collected indicated that there was no variation in the average pseudostem
diameter and the number of functional leaves in which plants. The pseudostem basal diameter
did not vary in transgenics from different constructs in comparison to the non-transgenic banana
plants of the same cultivar. The average diameter of the pseudostem was observed to be 44+0.9
cm whereas the number of functional leaves was 12+1 (Figure 4.10). Statistical analysis
comparing transgenic and non-transgenic plants based on the number of leaves and the
pseudostem diameter at 6 months indicated that there was no significant difference between

transgenics and the non-transgenic controls (p value of 0.81).
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Figure 4.10: Agronomic data of transgenic plants in the glass house for the three RNAi
constructs and the control. A-graph of average pseudostem diameter in planttransformed with
various constructsand B-Average number of functional leaves in plants transformed with various
constructs. Each value is an average of five lines for each construct (GFP-Tailswap, Tailswap
and GFP-CENH3). Control was not transformed with any construct.
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4.4 DISCUSSION

In this study, putative haploid inducer lines were successfully developed in the banana cultivar
‘Zebrina GF’. The study could not develop transgenic lines for the cultivar *Calcutta 4* because
this cultivar was unable to regenerate after transformation using the conditions that were used for
cultivar “Zebrina GF’. However, non-transformed plants of the cultivar Calcutta 4 were
successfully regenerated and established in the field. The inability of transgenic plants to
regenerate after transformation can be explained by effect of different factors. These factors
included response to different media, the 4. rumefaciens strain, co-cultivation time, antibiotic and
acetosyringone concentrations and the OD of the A. tumefaciens since these factors have been
shown to cause low regeneration efficiency in different plants mainly due to necrosis induction
(Magdum, 2013). Moreover, this was a different cultivar which means that genotypic differences
may have played a role in low transformation success in Calcutta 4. Furthermore, time
constraints could not allow for protocol optimization for this cultivar but this is part of ongoing

and future work.

The efficiency of transformation obtained in the cultivar ‘Zebrina GF’ is relatively lower
compared to efficiencies of about 10% observed in other cultivars that have been transformed
using multiple bud clumps (Tripathi et al. 2008) and intercalary meristems (4.3-51.6%)
depending on the 4. tumefaciens strain (Yip et al., 2011). The lower efficiency in transformation
can be attributed to the cultivar ‘Zebrina GF’ being a wild diploid unlike other edible cultivated
triploids used in Tripathi et a.l (2008) and in Yip et al. (2011). Intercalary and apical meristems
are multicellular organized tissues and the transformation efficiencies are bound to be lower than

if embryogenic parts were used (Tripathi et al. 2008). Use of organized tissues as explants has
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however been used in plants including bananas although the efficiency of transformation has

always been observed to be low (Arvanitoyannis et al., 2008; Tripathi et al., 2008).

Silencing of endogenous CenH3 checked by RT-PCR and siRNA indicated variable levels of
silencing with only few lines showing high level of silencing. None of the transgenic lines from
any of the three constructs was observed to have 100% level of silencing. This observation is in
line with other studies that have observed that RNAI as a a technique does not always result in
100% silencing (Buehler et al., 2012; Marine et al., 2012). In Arabidopsis thaliana plants co-
expressing wild type and endogenous CenH3 were observed not to induce haploidy (Ravi and
Chan, 2010). The effect of partial silencing of endogenous CernH3 on haploid induction in this

study will only be known after crosses are done.

CENH3 has been shown to be loaded into the centromere during specific stages of the cell cycle
(Lermontova et al., 2006, Lermontova et al., 2011; Lermontova et al., 2013; Ravi et al., 2011,
Schubert et al., 2014). In this study, CenH3 was observed to be expressed in the root tips two
weeks post culture in rooting media when the roots have just emerged. However, this study did
not elucidate the cell cycle stage at which CenH3 is highly expressed but the general observation

indicates that CenH3 in bananas is loaded during active cell division.

The observation that the transgenic plants were not different to the non-transgenic based on
agronomic traits is in line with observations made in Arabidopsis (Ravi and Chan, 2010;
Seymour et al., 2012). Furthermore, no differences in agronomic traits were observed in lines
developed from the different constructs and this is an indication that the constructs did not have

an effect on general growth of the plants.
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CHAPTER FIVE

EXPRESSION OF CenH3 ALLELE AND SPLICE VARIANTS IN CULTIVATED
TRIPLOID AND WILD DIPLOID BANANAS

5.1 INTRODUCTION

Centromeres play a role as the sites where a complex of proteins called kinetochore assemble,
these in turn connect chromosomes to the spindle fibres which serve to segregate them during
meiosis and mitosis (Sanei et al., 2011). The structure and size of centromeres differ in different
species in spite of having a common function (Talbert e al., 2004). Centromeres in both plants
and animals are quite complex. They generally contain arrays of megabases of rapidly evolving
tandemly repeated sequences (Gent et al., 2011; Verdaasdonk and Bloom, 2011). The high rate
of evolution in these repeats is remarkable given the fact that centromere function is highly
conserved. However, the role played by centromeric repeats is a subject of debate with different
propositions put forth, the main one being that they maintain the large heterochromatin domains
(Black and Cleveland, 2011; Malik and Henikoff, 2009). Despite this, the general agreement is
that centromeres are determined and maintained epigenetically not genetically (Dawe and
Henikoff, 2006; Ekwall, 2007; Fachinetti e al., 2013). The epigenetic mark in centromeres is
characterized by the presence of centromeric nucleosome, defined as nucleosomes that replace
conventional H3 with CENH3. The protein CENH3 has been described as centromere protein A
(CENP-A) in Human and CID in drosophila (Malik and Henikoff, 2001; Allshire and Karpen,
2008) and has been shown to contain a highly variable tail and a relatively conserved HFD (Ravi

et al., 2010; Lermontova et al., 2014). Diploid plant species including Arabidopsis, rice, pea and
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maize have been shown to encode a single CenH3 gene (Talbert et al, 2002; Zhong et al.,
2002b; Nagaki et al., 2004; Neumann et al., 2012;).

Polyploidization brings two or more genomes together and thus two different gene copies in the
same background. Polyploidization can result in additive or non-additive gene expression which
may lead in homeologs expression bias ( Pignatta and Comai, 2009; Hui et al., 2010; Rapp et
al., 2010; Yoo et al., 2013). Unlike many diploids where single copy CenH3 gene is encoded,
multiple copies have been observed in newly synthesized allopolyploids in rice, brassica and in
pea (Hirsch et al., 2009; Hui et al., 2010; Neumann et al., 2012; Wang et al., 2011). CenH3
variants have also been characterized in wild and cultivated carrots (Dunemann et al., 2014) and
in different stable polyploids c. Multiple CenH3s are not a preserve of polyploids, the diploid
species Hordeum vulgare and H. bulbosum for example were found to encode two copies each
(Sanei et al., 2011).

Stable hybrids from crosses of parents encoding multiple CenH3 transcripts have been obtained
(Sanei et al., 2011). In stable H. vulgare x H.bulbosum and H. bulbosum X Triticum aestivum
combinations, all variants of H. vulgare and only one variant (HvaCENH3) of H.bulbosum were
observed to incorporate into the centromeres of H.bulbosum and T. aestivum, respectively (Sanei
et al., 2011). Observations in newly synthesized allopolyploids Oryza was that CenH3 copies
from parents were expressed and loaded into centromere (Hui et al., 2010). Bananas are either
allo- or autotriploids and because two supposedly divergent sets of CenH3 are assembled into the
same nucleus, it would therefore be fascinating to understand their dynamics in the stable

triploids.
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Unlike stable hybrids, embryos of crosses from unstable combinations have been observed to
undergo uniparental genome elimination resulting in haploids (Maheshwari et al., 2015; Ravi
and Chan, 2010; Sanei et al., 2011; Seymour et al., 2012). The genome of H. bulbosum in
embryos of H. vulgare X H. bulbosum crosses was completely lost in 5-9 days post fertilization
(Sanei et al., 2011). Ravi and Chan (2010) had a similar observation in A. thaliana where
uniparental elimination of the mutant ‘haploid inducer’ genome (Parent with modified CenH3)
was achieved in the offspring of crosses with non-mutants. The modification of CenH3 in this
case was by replacing the tail with that of variant H3.3 and tagging it with GFP. This technology
is currently being tried in bananas and cassava (Comai, 2014). A recent study clearly attest that
crosses of plants carrying natural CENH3 variants to wild type result to genome elimination
(Maheshwari et al, 2015). The study crossed parents in which CENH3 variants from
evolutionarily diverse plants had complemented a CENH null mutant A. thaliana Col-1
background with wild type. Apart from obtaining haploids in these crosses, novel genetic
rearrangements were observed (Maheshwari et al., 2015). A clear understanding of CENH3 in
cultivated crops is essential if breeding tools like the haploid technology is to be effectively
transferred. In the current study the expression of CenH3 was evaluated in cultivated triploid and
wild diploid banana cultivars. The existence of CenH3 alleles or splice variants, their

evolutionary relationship and whether there is bias in their expression levels was also evaluated.
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5.2 MATERIALS AND METHODS
5.2.1. Plant materials
Five cultivars collected from II'TA were used in the current study, AA genomic group diploids
‘Zebrina GF’ and ‘Calcutta 4°, allotriploids Sukali ndiizi’ (AAB) and ‘Kayinja’ (AAB) and the

autotriploid cultivar ‘Gros michel” (AAA).

5.2.2. In silico analysis

Putative genomic CenH3 sequence from the cultivar Doubled Haploid (DH) Pahang was kindly
provided by the Musa genome consortium (to Dr. Jim Lorenzen). Through, in silico analysis five
CenH3 exons were identified and based on these, the CenH3 coding sequence (CDS) was
deciphered. The forward and reverse primers were designed from the beginning of the first exon
and last exon respectively. The primer pair: CENH3_END_F (GGCGAGAACGAAGCATC)

and CENH3 _END R (TCACCAATGTCTTCTTCCTCC) were used in this study.

5.2.3. RNA extraction and cDNA synthesis

RNA was extracted from 100 mg young cigar-like leaf collected from tissue cultured banana
plants using RNAeasy® plant Mini kit (Hilden, Germany) as per the manufacturer’s protocol
except for the elution volume which was reduced to 40 pl, this was to increase on the RNA
concentration. The RNA was treated with thermoscientific DNAsel by incubation at 37 °C for
thirty min and the reaction terminated by addition of 1 mM EDTA and heating at 70 °C for 5
min. RNA was quantified using a thermoscientific NanoDrop™ 2000 (MA, USA)
spectrophotometer. First strand cDNA synthesis was performed with 1ug DNA-free RNA using

the maxima first strand cDNA (Thermoscientific) synthesis with random primers. The cDNA
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synthesis was done in an ABI 9700 series PCR machine at 25 °C for 5 min followed by 42 °C for

60 min.

5.2.4 Cloning and sequencing of CenH3 genes

The CenH3 transcripts from all the cultivars used in the study were PCR amplified with cDNA
as the template. PCR was done using Qiagen PCR kit in a 20l PCR reaction volume containing:
1 pl of cDNA, 1x reaction buffer containing 2.5 mM MgCl,, 500 uM of each dNTP, 10
picomole each of forward and reverse banana CenH3 primers and lunit of Tag DNA
polymerase. PCR was performed in an ABI 9700 PCR machine with the cycling conditions set
at initial denaturation of 95 °C for 4 min, 35 cycles of denaturation at 95 °C for 30 secs,
annealing of 64 °C for 30 secs and extension of 72 °C for 45 secs and a final extension of 72 °C
for 10 min. The amplified products were run in a 1.5% agarose gel stained with gel red. PCR
reactions were cleaned using Bioneer PCR purification kit (Daeongeon, South Korea) and cloned
into PJet 1.2 cloning vector (Thermiscientific). To obtain all haplotypes for each of the five
accessions, between two and six clones were sequenced (Table 5.1). Amplicons <200bp were
considered as artifacts and therefore removed from the analysis. Sequencing reactions were done
using Bigdye terminator version 3.1 and sequencing performed in ABI 3130 automatic analyzer
(Applied biosystems). To ensure certainty of a sequence, each of the clones was sequenced from

each direction thrice.

5.2.5 Sequence assembly, alignments and phylogenetic analysis
Sequences obtained from each clone (Forward and reverse) were assembled in Geneious version
7.2 (Biomatter, NZ) of Kearse et al., (2012) and the sequence chromatograms checked manually

for authenticity. Sequences that had quality below 50% across the entire sequence length were
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discarded. Sequences from clones of the same cultivar were assembled and clones that resulted
in different assembly contigs were noted. The number of times a unique transcript was observed
per cultivar was noted and this was used in calculating the transcript (variant) expression bias
which was considered the ratio of that transcript to the total number of transcripts observed per
cultivar. Consensus sequences were obtained from each of the contigs and were considered as
the representative transcript.

To check allele variants within a cultivar, transcripts from that cultivar were aligned and checked
for polymorphisms. To check for alternate splicing, each of the transcript sequence was aligned
to the genomic sequence (cultivar ‘DH Pahang’ genomic sequence) that had been used in
designing primers. Based on this alignment, different types of alternate splicing could then be
observed. To check for evolutionary relationship of banana CenH3 relative to other monocots
and dicot species, protein translated banana sequences were aligned to CENHS3 protein sequences
from other monocots and dicots from the genebank release 204.0. All alignments were
performed in clustalW as implemented in geneious version 7.2. Phylogenetic trees comparing
CENH3 protein sequences from different species were drawn in MEGA 6.0 (Tamura et al,

2013).

5.2.4 Analysis of evolutionary relationships in CenH3 sequences

The exon/intron structures were identified by aligning each of the cDNA sequences obtained to
the genomic sequence. The structure obtained in each transcript was recorded and the same
sequence aligned to others of the same structure to check differences between transcripts sharing
the same structure. All alignments were performed in MUSCLE as implemented in Geneious

version 7.1 using the default parameters.
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The rates of Synonymous (Ks) and nonsynonymous (Ka) substitutions were estimated in the
software DNAsp version 5.3. Average Ka/Ks values for a cultivar and exon/intron structure
group were obtained by computing the ratios of average Ka and Ks in all pairwise alignment of

transcripts for a cultivar and for all possible alignments of transcripts with a given structure.

5.2.4 Protein structure modeling

Secondary protein structures were predicted by modeling with the program RaptorX, which
aligns query protein with proteins of known structural information and statistically determines
the most probable. All the transcripts obtained in this study were used in protein structure

prediction.

5.3 RESULTS

5.3.1 cDNA sequences of CenH3 in wild diploid and cultivated triploid bananas

A total of 26 CenH3 clones for all cultivars were obtained, this was excluding those that had
transcripts lengths <200 bp which were excluded from the study since they were considered
artifacts. All sequences from the diploid cultivar ‘Calcutta 4* were only aligning partially either
at the first and last exons similar to the transcript ‘Kayinja’ clone A and these were also excluded
from the analysis. The transcript ‘Sukali ndiizi’ clone D (650 bp) was also omitted from the
analysis as it was not aligning to the other transcripts even in the histone fold domain.

Sequences obtained had transcripts of different lengths and this was observed across all the
cultivars, the 3 major lengths were: 471 bp and 503 bp both representing 25% of the transcripts
obtained and 504 bp long sequence representing 40%. Other transcripts lengths obtained were

474, 477,591, and 760 bp each representing 5% (Table 5.1).
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Table 5.1: Cultivars used and clones obtained in the analysis of CenH3 expression in
bananas.

*CDS Gene bank accesion

Cultivar Genomic composition | Clone number | length numbers

Sukali ndizi | AAB E 471 KP878239
Sukali ndizi | AAB C 471 KP878236
Sukali ndizi | AAB B 471 KP878238
Sukali ndizi | AAB G 471 KP878221
Zebrina GF | AA D 474 KP878237
Sukali ndizi | AAB F 477 KP878222
Kayinja AAB C 503 KP878230
Kayinja AAB B 503 KP878229
Gros michel | AAA B 503 KP878232
Gros michel | AAA A 503 KP878231
Sukali ndizi | AAB H 504 KP878226
Sukali ndizi | AAB A 504 KP878225
ZebrinaGF | AA C 504 KP878220
ZebrinaGF | AA B 504 KP878224
ZebrinaGF | AA A 504 KP878223
Gros michel | AAA D 504 KP878235
Gros michel | AAA E 504 KP878234
Gros michel | AAA C 504 KP878233
Gros michel | AAA F 591 KP878227
Kayinja AAB D 760 KP878228

*Coding sequence

Transcripts of the same length were either within the same cultivar or from different cultivars.
Sequences with the same length from all the cultivars were aligned and it was observed that
some were 100% identical while others had polymorphisms. Alignment of all the 503bp long
sequences identified 4 bp SNP positions; one of these was in the N-terminal tail and the others in
the C-terminal histone fold domain (HFD) (Table 5.2). Alignment of the 504bp long alignment

had more SNPs relative to the 503 bp long, there were 15 bp SNP positions nine of which were
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located within the N-terminal and six in the HFD (Table 5.2). Alignment of the 471 bp long
sequences from four *‘Sukali ndiizi’ clones (clones 8, 181, 18G and 18B) showed a high level of
polymorphism in the N-terminal tail. Two insertions were observed in the N-terminal. A 9 bp
insertion (CTGATGCGA) was observed in clone 8S in cultivar ‘Sukali ndiizi’ from alignment
position 92-100 and a deletion of the same size (TTTGTTGGT) from position 137 to 145. There
were also 22 intermittent substitutions spread from position 101 to 146 all in the N-terminal

while the HFD had a total of 7 SNP positions (Table 5.2).

Table 5.2: Number, location and size of SNPs and indels in the alignment of CenH3
transcripts having variable lengths.

Length of transcript Number  Number of SNPs Indel(s) Indel Indel sequence
alignment (bp) of SNP (C-terminal length(bp) positions (s)
(N- HFD)
terminal)
503
1 3 - - -
504 9 6 - - -
471 22 7 9 92-100, CTGATGCGA,

137-145 TTTGTTGGT

SNP-Single Nucleotide Polymorphism, HFD-Histone Fold Domain

Three intron/exon structures were obtained on aligning of CenH3 transcripts to DH Pahang
genomic sequence (Table 5.3).The first structure was observed to have 7 exons and 6 introns,
this was the most frequent and was observed in 65% of all the transcripts obtained (Table 5.3).
This structure was observed in both diploid and triploids representing 75% of transcripts

obtained from diploid cultivar ‘Zebrina GF’ and 63% of all the transcripts in the allotriploids
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(*“Kayinja’, ‘Sukali ndiizi’). The 7 exons/6 introns structure was observed in the triploid cultivar
‘Sukali ndiizi’ (clones A, F and H), ‘Gros Michel’ (clones A-E), ‘Kayinja’ (clones B and C) and
diploid cultivar ‘Zebrina GF’ in clones A, B and C. Furthermore, the 7 exons/6introns structure
was observed in 100% of the transcripts with a length of 503 bp, and 504 bp and only one
transcript (‘Sukali ndiizi’ clone F) with a different length (477bp) other than the two lengths (503
and 504 bp) had this structure. The 7 exons obtained in the 7 exons/6 introns structure were of
varying sizes with the longest being 131bp and the shortest 37 bp.

The second structure with 5 exons and 4 introns was observed in 25% of all the transcripts
obtained from the allotriploid cultivars ‘Kayinja’ (clone D), ‘Sukali ndiizi’ (clones B, C and E)
and diploid cultivar ‘Zebrina GF’ (clone D). The 5 exons/4 introns structure was observed in
transcripts of different lengths and included transcripts from clone D in the cultivar
‘Kayinja’which was 760 bp long, clone B, C and E from cultivar ‘Sukali ndiizi’ which was 471
bp long and clone D from the cultivar ‘Zebrina GF’ which was 474 bp long (Table 5.3).

The third intron/exon structure observed had 6 exons and 5 introns, this was observed in 10% of
the transcripts analyzed. The 6 exon/5 intron structure was observed in only two transcripts from
allotriploid cultivars Gros Michel (clone F) and sukali ndizi (clone G). The two transcripts were
of different lengths with the first having a length of 591 bp and the second 471 bp long (Table

5.3).
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Table 5.3: The location of polymorphisms within exons of the different exons/introns
structures of banana CenH3 transcripts

Exon  name | Exon Position in  the | Number of | Indel Intron
(Structure) Length genomic to cDNA | SNPs (position) retention
(bp) alignment

Exon 1 (7/6) |90 1002-1092 2(27bp deletion) | 1065-1092 None
Exon 2 (7/6) |42 1185-1227 2 None None
Exon 3 (7/6) |35 1314-1348 3 None None
Exon4 (7/6) | 133 1518-1650 3 None None
Exon5 (7/6) |73 1813-1885 3 None
Exon6 (7/6) |78 4368-4446 3 4430 None
Exon 7 (7/6) |53 6488-6540 2 None None
Exon1 (6/5) |90 1002-1092 0 None None
Exon 2 (6/5) |44 1185-1229 0 120 1229-1348
Exon 3 (6/5) | 133 1518-1650 0 None None
Exon4 (6/5) |73 1813-1885 0 None None
Exon5 (6/5) |78 4369-4446 0 None None
Exon 6 (6/5) |53 6488-6540 None None None
Exon 1 (5/4) | 136 1002-1138 1 None 1092-1137
Exon2 (5/4) |132 1520-1651 2 1608 1185-1518
Exon3 (5/4) |74 1814-1887 3 1845 None
Exon4 (5/4) |79 4371-4449 0 4404 None
Exon5 (5/4) |53 6491-6543 2 None None
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5.3.2 Splice and allele variants in banana CenH3 transcripts

The alignment of the different banana CenH3 transcripts from allotriploids and diploids to the
cultivar ‘DH Pahang’ genomic sequence facilitated observation of variation in splicing and the
alleles. CenH3 transcripts having the same intron/exon structure were aligned to the genomic
sequence together in order to clearly identify splice variations within an exon/intron structure.
Three alignments were obtained in the first group having 7/6, 6/5 and 5/4 exon/intron structure

(Table 5.3).

The splicing of sequences having a 7/6 exon/intron structure was relatively conserved across all
the transcripts. Exonl in this structure was 90 bp long spanning alignment positions 1002 to
1092 except for the transcript of ‘Sukali ndiizi’ clone F which was observed to have a 27 bp
deletion from position 1065 to 1092 (Table 5.3). The deletion in this transcript changed the
beginning of the first 5’ intron position whereas the first exon was shortened by 27 bp and the
first intron elongated with an equal number of base pairs. These elongations resulted to change in
the nucleotide sequence of the exon/intron junction from CCCC/GGTC to TTTC/GGTC. The
first exon in this structure also had 2 SNPs at alignment positions 1028 and 1035. The SNP at
position 1028 was a substitution of C with a T in the transcripts of ‘Zebrina GF’ clones A and B
whereas the one at position 1035 was a substitution of a T with a C. Exon 2 in this structure was
42 bp long from alignment position 1185 to 1227, this exon was conserved across all the
transcripts except for 2 SNPs at positions 1199 and 1211. The SNP at position 1199 was a
substitution of G with an A in the transcripts of ‘Sukali ndiizi’ clones A, F and H and in
transcripts of ‘Zebrina GF’ clones A, B and C. The 5 intron/exon junction was conserved as

AATA/GCTG for this exon and TCCT/GTGC in the 3’ exon/intron junction. Exon 3 was the
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shortest at 35 bp (1314 t01348) and had a 5’ exon/intron junction of ATAG/AGAA and a
CTCA/AGGT exon/intron junction. Three SNPs were observed in exon 3 at positions 1338,
1340 and 1341 with these being substitutions of A with G, C with T and G with A respectively
for the transcripts of ‘Sukali ndiizi’ clones A, F and H and in ‘Zebrina GF’ clones A, B and C
(Table 5.3). Exon 4 was 133bp long spanning positions 1518 and 1650, the 5 intron/exon
junction was AGGC/AGGG and 3’exon/intron junction ACTT/GTTA. There were 3 SNPs in
exon 4 at positions 1534, 1539 and 1540 with a C with T substitution at position 1534 in the
transcript of ‘Sukali ndiizi’ clone F, position 1539 had G with A substitution in the transcripts of
‘Gros Michel’ clones A-E and position 1540 had a substitution of C with A in the transcripts
of*Sukali ndiizi’ clones A, F and H and ‘Zebrina GF’ clones A and H. Exon 5 was 73bp long
from alignment position 1813 to 1886 (Table 5.3). This exon had a total of 3 SNPs at positions
1815, 1872 and 1878 with substitution of A with T in the transcripts of ‘Gros Michel’ clones A-E
at position 1815, this changed the intron/exon junction of these cultivars to CTAG/GTTC from
CTAG/GTTC. At alignment position 1872 a G was substituted with an A in the transcripts of
Gros Michel clones A-E and at position 1878 a G was substituted with an A in the transcripts of
‘Kayinja’ clones B and C (Table 3). Exon 6 was 78bp long stretching from alignment position
4368 to 4446 with a 5’ intron/exon structure of TTGC/AGGC and 3 CTTA/GTAA exon/intron
structure. Three SNPs were observed in this exon at alignment positions 4395, 4421, and 4430.
The SNPs were substitution of A with G in the transcript of ‘Zebrina GF’ clone C at position
4395, substitution of A with G in the transcripts of ‘Sukali ndiizi’ clones A, F and H and
transcripts of *Zebrina GF’clones A-C at alignment positions 4421. A deletion was observed at

position 4430 in transcripts of ‘Kayinja’ clones B and C and in transcripts of ‘Gros Michel’
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clones A-E (Table 5.3). Exon 7 was observed to be 53bp long spanning alignment positions
6488-6540. This exon had 2 SNPs at position 6497 and 6530, the first was a substitution of A
with G in the transcript of ‘Sukali ndiizi’ clone H and the second a substitution of G with A in

the transcript of ‘Zebrina GF’ clone B.

Splicing of the 5/4 exon/intron structure was observed to have a high level of variability in the
first three exons. This structure was observed in all the cultivars across different ploidy. Three
cultivars represented by five transcripts (‘Zebrina GF’ clone D, ‘Kayinja’ clone D, and ‘Sukali
ndiizi’ clones B, C and E) were observed to have this structure. The first exon in this structure
was 136bp long in most transcripts from positions 1002-1137, they had 46bp intron retention
except for the transcript of *‘Kayinja’ clone D (Table 5.3). The partial intron retention in this exon
affected the exon/intron junction in transcript of ‘Kayinja’ clone D which was CCCC/GGTC
with the rest of the transcripts having TGGT/GTTA exon/intron junction and splice sites being at
positions 1092 and 1138 for the two exon/intron junctions respectively. Exon 2 in this structure
was observed to be 132bp long spanning 1521-1651 except in the transcript of ‘Kayinja’ clone D
which had a 335bp 5’ (intron 1) intron retention from position 1185-1520. Three polymorphisms
were observed in this exon, 2 SNPs at positions 1589 and 1609 and an indel at position 1608.
Exon 3 was observed to be 74bp long spanning positions 1814-887. Four polymorphic positions
were observed in this exon, 3 SNPs at positions 1821, 1869 and 1871 and an indel at position
1845 (Table 5.3). Exon 4 was observed to be 79bp long from position 4371-4450. Only one
polymorphism was observed in this exon, an indel at position 4404. The last exon like in all the
other structures was observed to be 53bp long and had two SNPs, at positions 6530 and 6533

which were all substitutions of G with an A in the transcript ‘Sukali ndiizi’ clone C.
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The last exon/intron structure (6/5) had only 2 representative transcripts of ‘Sukali ndiizi’ clone
D and ‘Gros michel’ clone F. The main variation observed in transcripts within this structure was
due to a partial intron retention in exon 2 in the transcript of ‘Gros michel’ clone F. This
consequently changed the 3’ exon 2/intron 2 junction from CTGC/TGCG with the splice site at
alignment position 1229 to CTCA/AGGT with the splice site at 1349. The exons were observed
to have different lengths. Exon 1 was 90bp from positions 1002 to 1091, exon 2 43bp from
1185- 1227 in Sukali ndizi clone D and 167bp long in Gros michel clone F from positions 1185-
1348 in the alignment (Table 5.3). Exon 3 was 133bp long from positions 1518-1650. Exon 4
was 73bp long from alignment position 1813-1885 while exons 5 and 6 were 78bp (1811-1885)

and 53bp 6488-6540) respectively (Table 5.3).

In the analysis of the different structures and alleles variants, it was also observed that some of
the transcripts had premature stop codons when translated in one frame (Frame 1) which was
found to be the most consistent for banana CENH3. Among these were: Kayinja clone D which
had 6 stops two of which were within the retained intron fragment, Gros michel clone F that had

one which was equally within the retained intron.

5.3.3 Evolutionary divergence of CENH3 proteins

To determine the divergence in the different banana CenH3 proteins for the full CDS and for N-
and C-terminal regions, Ka (nonsynonymous) and Ks (synonymous) substitutions and their ratios
were calculated using cDNA sequences in DNAsp version 5.10. Twenty transcripts representing
all cultivars were used in the analysis. Stop codon appearing in the coding sequence were
considered as coding for a rare amino acid or a stop codon read through. A total of 417

nucleoteide sites representing 139 amino acids were used in the analysis of the full length
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transcript. The average number of synonymous and non-synonymous sites obtained in all the
transcripts was 106.5 and 310.5 respectively. Out of the 190 pairwise alignments in all the full
transcripts obtained 5 had Ka/Ks ratio >1 whereas 185 had a Ka/Ks ratio of <1 (Appendix 2).
The 5 that had ratios of >1 were representing six transcripts derived from 2 cultivars diploid
‘Zebrina GF’ and triploid ‘Gros michel’. To check the divergence within each cultivar, the
average Ka/Ks ratios of CenH3 transcripts per cultivar were obtained (Table 5.4). The cultivar
‘Zebrina GF’ was found to have the highest Ka/Ks ratio of 0.508, ‘Gros Michel’ ratio was
observed to be 0.244, ‘Kayinja’ was 0.229 and that of *Sukali ndiizi’ was 0.395. The average
Ka/Ks values for CenH3 between cultivars was observed to be highest in *‘Gros michel’ and

’Sukali ndiizi’ alignments and lowest in ‘Zebrina GF’ and ‘Sukali ndiizi’ alignments (Table 5.4).

Table 5.4: The average Ka/Ks values within and between pairwise alignments of banana
CenH3 transcripts obtained from different diploid and triploid cultivars

Within cultivar Between cultivars

A B C D AB AIC AD B/IC B/ID C/D

Full length  0.244 0.508 0.395 0.229 0.606 0.623 0.418 0.372 0.38 0.419

N-terminal 0.458 0.433 0.414 0.242 0.607 0.74 0.243 0.34 0.356 0.508
(Tail)
C-terminal  0.167 0.102 0.357 0.192 0.536 0.73 0.222 0.182 0.266 0.424
(HEFD)

A-Gros michel, B-Zebrina, C-Sukali ndizi, D-Kayinja
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To determine the extent of divergence in the N-terminal tail and C-terminal histone fold
domains across all the transcripts obtained, Ka/Ks ratios were calculated. For the tail domain,
a total of 138 sites representing 46 amino acids were involved in the analysis while 111 sites

were found to have gaps and were therefore not analyzed.

The average numbers of synonymous and nonsynonymous sites were 36.63 and 101.38
respectively. A total of 10 pairwise alignments in this region were observed to have Ka/Ks
values >1, these were representing a total of 7 transcripts from 3 cultivars (2 triploids and the
diploid) (Appendix 3). The average number of Ka/Ks ratio per cultivar for the N-terminal tail
domain was observed to be highest in the cultivar ‘Gros michel’ at 0.458 then Zebrina GF at
0.433 then ’Sukali ndiizi’ at 0.414 and last was ‘Kayinja’ at 0.242 (Table 5.4). Within the
HFD, a total of 276 nucleotide sites representing 93 amino acids were analyzed. The total
numbers of synonymous sites obtained in the analysis in this region were 63.54 while non-
synonymous sites had 215.46. A total of 14 pairwise alignment in the HFD were found to
have Ka/Ks ratio >1 (Appendix 3). The average Ka/Ks values within different cultivars at the
HFD were observed to vary between 0.1-0.3. The transcripts from the cultivar Sukali ndiizi
had the highest average Ka/Ks values of 0.357, ‘Kayinja’ at 0.192, ‘Gros michel’ at 0.167 and

‘Zebrina GF’ at 0.102 (Table 5.4).

To determine the relative extent of evolution in different cultivar as well as between and
within transcripts sharing the same exon/intron structure for full length Cent3, N-terminal tail
and HFD; analysis was conducted to get the average Ka/Ks ratios within and between each
exon/intron group. The average Ka/Ks values within each exon/intron group for the full

CenH3 alignments were observed to be between 0-0.373 with the highest being observed in
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CenH3 sequences having 7 exons and 6 introns structure (0.373), the lowest value was
observed in the 6 exons/5 introns structure (0) (Table 5.5). Ka/Ks values between exon/intron
groups on the other hand had values between 0.316-0.6 with the highest observed in the
alignments of 7 exons /6 introns structure with 5 exons/4 introns (0.60). The 7 exons/6 introns
alignments to 6 exons/5 introns resulted in the lowest Ka/Ks ratio of 0.316. Analysis of the N-
terminal tail region resulted in Ka/Ks values ranging from 0-0.344 within different exon/intron
groups. The 6 exons/5 introns structure had the lowest value of O while the highest value
(0.344) was observed in the 7 exons/ 6 introns structure (Table 5.5). Ka/Ks values between
CenH3 with different exon/intron structure resulted in the highest ratio of 0.719 being
observed in the alignments between 7/6 and 5/4 exon/intron structures and the lowest between
7/6 and 5/4 exon/intron structures. Ka/Ks values in the HFD region within exon/intron
structures were observed to be between 0-0.448 with the highest observed in the 5 exons /4
introns and the lowest in the 6 exons/ 5 introns structure. Ka/Ks ratios between exon/intron
structures in the C-terminal were ranging between 0.241-0.592 with the highest observed
between 7 exons/6 introns and 5 exons/4 introns structure and the lowest between 6/5 and 5

exons/ 4 introns structures.
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Table 5.5: The average Ka/Ks values within and between alignments of CenH3
transcripts having different exon/intron structures

Within exon/intron

structure Between exon/intron structure

i i i i/ii i/iii i/iii
Full length 0.373 0 0.323 0.316 0.60 0.520
N-terminal (Tail) 0.344 0 0.271 0.380 0.719 0.542
C-terminal
(HFD) 0.310 0 0.448 0.270 0.592 0.241

i-7exons/6introns
ii-6exons/5introns
iii-5exons/4introns

5.3.4 Expression bias in diploids and triploids

Expression bias of the different transcripts in both diploid and triploids was observed in both
allele and in the exon/intron structure type. In the diploid cultivar ‘Zebrina GF’, three out of
the 4 transcripts obtained were very similar with the only <5 polymorphic nucleotide positions
among them. The other transcript in this cultivar was highly diverse when compared to the
three especially in the N-terminal tail, this represented a 75% expression in the dominant
transcript to 25% in the alternative transcript. Bias in the exon/intron structure in this diploid
cultivar was towards the 7 exon/ 6 intron which was observed in 75% of all the transcripts

obtained.

In triploid cultivars, a similar trend like the one in diploid was observed. In the triploid
cultivar “‘Gros michel’ 5 out of the 6 transcripts obtained apart from having two SNPs that
were the most expressed, these transcripts also accounted for 83% of all the transcripts

obtained. The bias in the exon/intron structure was towards 7 exon/6 introns representing 83%
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of the transcripts. In ‘Sukali ndizi’, two different transcripts were observed to be expressed in
33% of the total transcripts while another two were observed to be expressed in 16% of the
total transcripts. Exon/intron bias was also observed in ‘Sukali ndiizi’, 43% of all the
transcripts were observed to have both 7 exons/ 6 introns and 5 exons/ 4 exons structure while
14% were observed to have a 6 exons/ 5 introns structure. In the cultivar ‘Kayinja’, 67% of
the transcripts were observed to represent one type of transcript while in 33% the other
transcript type was observed. The 7 exon/6 intron structure was also favoured with 67% of the

transcripts having this structure, the rest had the 6 exon/5 intron structure.

5.3.5 Secondary structure prediction

Secondary structures for different CENH3 protein translations were obtained by first aligning
the sequences (Figure 5.1). Alignment of these to CENH3s from known species also enabled
the identification of the conserved domains especially in the C-terminal HFD. Among these
domains were the a-N, al, a2 and a3 helices (Figure 5.1). Secondary structures were obtained
in both diploid and triploids (Figure 5.2). Different exon/intron groups and CenH3 lengths
from which the translations were made were also represented in the secondary structure
predictions (Figure 5.2). The major variability in the secondary structures was observed to be
in the N-terminal tail whereas the C-terminal domain was observed to be relatively conserved

(Figure 5.2).
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Figure 5.1: Alignment of banana CENH3 protein sequences translated from transcripts
of diploid and triploid cultivars showing regions of the C-terminal. The alignment
indicates the helices and loop positions within the HFD. Indicated also is the centromere
targeting domain (CTD) spanning loopl and o2-helix. The structure was predicted by the tool
Garnier in EMBOSS version 6.5.7 as implemented in Geneious version 7.2, this tool has an

Centromere targeting domain

approximate 65% accuracy level.
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Figure 5.2: Secondary structure predictions of selected translated banana CENH3
proteins. The structures represent different CENH3 lengths, source cultivar, ploidies and
exon/intron groups: A-‘Sukali ndiizi’ clone G (Triploid, 471bp, 6 exons/5 introns), B-*Sukali
ndiizi’ clone F (Triploid, 477bp, 7 exons/ 6 introns), C- ‘Zebrina GF’clone B (diploid, 504bp
7 exons/6 introns), D-*Gros michel’ F(Triploid, 591bp, 6 exons/ 5 introns), E-‘Kayinja’ clone
D (Triploid, 760bp, 5 exons/4 introns), F-‘Kayinja’ clone B (Triploid, 503bp, 7 exons/6
introns).

5.3.6 Banana CenH3 monophylectic clade

The phylogeny of all banana CENH3 protein sequences with those of other monocot and dicot
species resulted in two banana monophylectic groups. In this analysis, four main clades which
had multiple sub-clades were observed and these had strong bootstrap support values (Figure
5.3). The first clade was banana CENH3 clade 1 which only had representatives from banana.

This clade had 3 sub-clades: 1a, 1b and 1c. Sub-clade 1a had 8 clones from the cultivars
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Zebrina GF, ‘Sukali ndiizi’ and ‘Gros michel’. This sub-clade was also observed to have
transcripts with either 7/6 or 6/5 exon/intron structure. The second sub-clade 1b had only 2
cultivars represented, ‘Gros michel’ and ‘Kayinja’ (Figure 5.3). All the representatives in this
sub-clade had a 7/6 exon/intron structure. Sub-clade 1b had two sister clades one with 88 BP
and the other 100 BP support. The 88 BP support sister clade had all the representatives from
the cultivar Gros michel while the 100 BP one had 2 from the cultivar ‘Kayinja’ and the other
2 from “‘Gros michel’. The last sub-clade 1c had 3 representatives all from the cultivar ‘Sukali
ndizi’ (clones B, C and E). The clone E was observed to be the most diverse of the 3 in this
sub-clade as it diverge earlier. It was also noted that all the transcripts in this sub-clade had a

5/4 exon/intron structure.

The second and third clade had representatives from other species within the monocots and
dicots respectively. The fourth clade was the second banana CENH3 clade and had two
representative transcripts from the diploid cultivar ‘Zebrina GF’ and the triploid ‘Kayinja’.
The two transcripts in this clade had a 5/4 exon/intron structure but were differing in length
with the transcript from “Kayinja’ clone D having 253 amino acids while ‘Zebrina GF’ clone

D had 158.
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Figure 5.3: Phylogenetic tree of banana CENH3 proteins from the cultivars Sukali ndizi,
Kayinja, Gros michel and Zebrina in relations to those of other monocotyldons and
dicotyledons. The number at each clade indicates the BP support values. The tree was drawn
in MEGA version 6 (Tamura et al., 2013).
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5.4 DISCUSSION

The number of CenH3 copies have been observed to vary in diploids and polyploids (mainly
allopolyploids), some having single copies and others multiple (Hirsch ez al.,, 2009; Wang et
al., 2011; Masonbrink et al., 2014; Dunemann et al., 2014), in bananas this has not been
studied. Duplicated genes in polyploids can be retained without expression, others can be
spliced differently during expression while others show bias in their expression within the
same polyploidy cultivar (Pignatta and Comai, 2009; Rapp et al., 2010; Wang et al., 2011;

Rapaport et al., 2013; Y00 et al., 2013; Y00 et al., 2014).

The current study was able to amplify cDNA from the diploid cultivar Zebrina GF and three
triploid cultivars Gros michel, Sukali ndizi and Kayinja which indicated a very high CenH3
diversity in the 26 sequences analyzed. CenH3 sequences obtained in the current study were
observed to vary even in the same cultivar with up to 3 isoforms. The diversity in the
transcripts was in both length and allele. The differences in length were mainly due to indels
and intron retention which resulted in splice site variation in exons (2, 3 and 4). However,
presence of multiple polymorphisms in form of substitutions and indels within exons that were
conserved attest to the presence of allele variants especially in the diploid Zebrina GF. The
presence of multiple variants in autotriploids may indicate presence of multiple CenH3
genomic copies in different species, this is in agreement with similar observations made in
different angiosperms genera (Hirsch et al., 2009; Masonbrink et al., 2014). This is further
attested to by the presence of diverse transcripts in allotriploids, some of which were similar

to those obtained in diploids and allotriploids indicating that their diploid progenitors may

103



have contained diverse CenH3 genes, this observation is with similar with the one made in

Brassica where multiple CenH3 copies were observed in diploids (Wang ez al., 2011).

Studies in H. vulgare X H. bulbosum crosses have indicated that presence of multiple CenH3
transcripts does not result in multiple CENH3 proteins being incorporated into the centromere
(Sanei et al., 2011). However, studies in peas have alternately observed loading of multiple
CENH3 into the centromere which resulted in multiple centromere domains (Neumann et al.,
2012). The presence of transcribed variants (both allele and splice) in both diploids and
triploids has not been reported in bananas before. These have been observed in other
angiosperms like Gossypium, Oryza and Brassica (Masonbrink et al., 2014). However,
immuno-staining studies to check whether proteins translated by the transcripts are also

loaded into the centromere should be conducted in bananas.

Recently, it was reported in Arabidopsis that naturally occurring CenH3 variations can cause
genetic instability which caused genetic rearrangements and resulted to both haploids and
aneuploids in some cases (Maheshwari et al, 2015). Banana breeding mainly involves
crossing tetraploids to diploids to create triploids and this results to variable genomic
compositions in the offsprings (Oselebe er al., 2006). CenH3 homolog expression bias was
observed in studies in Brassica where polyploids were shown to be biased to a specific
transcript while in Oryza, equal expression of the CenH3 variants was observed (Hirsch et al.,
2009; Masonbrink et al., 2014). Expression bias of CenH3 was observed in transcripts of both
diploid and triploid bananas. Moreover, no obvious ratio in expression bias was observed in

both diploid and triploid cultivars used in the current study.
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Predictions of the secondary structures for the sequences with different transcript lengths,
from different cultivars and with different exons/introns numbers indicated a general
conservation in the structure with the main difference being in the length of the N-terminal.
This is consistent with results obtained in other angiosperms like Brassica, which showed
similar secondary structures and the differences were mainly observed in the length of the N-

terminal domain (Masonbrink ez al., 2014).

The number of exons and introns in CenH3 has been found to vary in different plant varieties
and species. In Oryza different CenH3s were observed to have 7 exons and 6 introns despite
having different CDS lengths (Hirsch et al., 2009). In carrots a similar structure of 7 exons
and 6 introns was observed while in Brassica two different structures were observed in CenH3
cDNA sequences of varying lengths, one had a 7 exon/ 6 intron structure and the other a 9
exon/ 8 intron structure. In this study, three different exon/ intron structures were observed in
bananas; 7/6, 6/5 and 5 exons/ 4 introns with the 7/6 and the 5/4 exons/introns structures were
observed in both diploids and triploids while the 7/6 being the predorminant. The 6 exon/5
intron structure was only observed in triploids (Gros michel); however a caveat to this is that
CENH3 expression in more diploids and triploids not covered in this study should be
performed to affirm this. In this analysis, it is clear that more transcripts in expression are

more biased towards having a 7 exons/ 6 introns structure.

Centromeres in many plant species have been shown to have rapidly evolving satellite repeats
and the conserved kinetochore proteins (Talbert et al., 2002; Zhong et al., 2002a; Kawabe
and Charlesworth, 2007; Malik and Henikoff, 2009; Tek et al., 2011; Mach, 2012; Zhang et

al., 2013; Yuan et al., 2015 ). Since CENH3 interacts with both satellite repeats as well as the
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kinetochore proteins, then it exists in a highly evolving as well as a conserved environment
(Cooper and Henikoff, 2004). To counter this, CENH3 has been shown to be undergoing
adaptive evolution in the N-terminal as well as in the loopl of the C-terminal HFD in rice,
Arabidopsis, wheat, (Malik and Henikoff, 2001; Talbert et al, 2002; Hirsch et al., 2009;
Yuan et al., 2015). In this study the evolutionary relationship of the different banana CenH3
transcripts was checked by calculating the Ka/Ks ratios in the full length CenH3, the N-
terminal tail and the C-terminal HFD. Some of the banana pairwise alignments had Ka/Ks
values >1 indicating that the presence of positive selection in full length, N-terminal and C-
terminal. However, it was interesting to note that in each of the pairwise alignments with
positive selection, be it the full length CenH3 transcript, the N-terminal tail or the C-terminal

HFD, included one transcript from at least one of the triploid cultivars.

The observation that some of the transcripts within one cultivar were involved in alignments
having positive selection shows that in bananas CernH3 variants within a cultivar are evolving
positively while others are not. In the diploid cultivar ‘Zebrina GF’ for example, only 2 of the
transcripts obtained were observed as having positive selection. Contrary to the expectation,
the current study observed that both tail and HFD are going through positive selection. It was
observed that 185 out of 191 pairwise alignments had Ka/Ks values less than 1 indicating that
stabilizing selection is playing a big role in some of the transcripts. The diploid cultivar
‘Zebrina GF’ involved is in the M. acuminata sub-group ‘Zebrina’, the diploid progenitors of
the triploids involved in the study on the other hand is not known but two are from the East
Africa highland group (‘Kayinja’ and ‘Sukali ndiizi'). The presence of CenH3 transcripts in
Zebrina GF that are 100% similar to some of those in triploids indicates that it may have
contributed its genome to East African high land bananas (EAHB). This is consistent with

106



observations that the Islands of South East Asia (ISEA) are the origin of cultivated bananas

and they have been domesticated through complex routes (Li et al., 2013).

Diversity of CENH3 has been suggested to be necessary to target centromere in meiosis or
response to increase in centromere size (Masonbrink et al., 2014). Apart from allele variants,
splice variation is another approach that has been shown to add into the diversity of CENH3
proteins (Masonbrink er al., 2014). Alternate splicing was also observed in the current study
and this was mainly in intron retention. Splice retention was observed to affect the length of
the N-terminal especially in exon 1 and 2. This is consistent with previous studies that
observed a similar trend in angiosperms (Masonbrink et al., 2014). Splice variation was only
observed in triploids. The reason for diversity of CENH3 in triploid bananas can only be
explained as being a response to the increased genome or the presence of polycentromeres and

studies on localization of the different CENH3 would allow the clarification of this.

Phylogenetic analysis indicated that bananas formed two unique clades in a phylogeny with
other monocots and dicots. It was interesting to observe 2 diverse clades which indicated a
high level of diversity. Similar diversity was observed in CenH3 of Oryza spp. in a phylogeny

with other monocots (Hirsch et al., 2009).

The current study was able to identify and characterize CenH3 transcripts from both diploid
and triploid bananas. The evolutionary relationship within and between the different banana
CenH3 transcripts as well as the phylogenetic relationship to other monocots and dicots were
also evaluated. Through this study, further insight into banana CENH3 expression was
explored. Future studies especially on localization of CENH3 proteins derived from the

different transcripts should be done to know if these are loaded into the centromere.
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Furthermore, more diploid and triploids should be used in future studies to check for more

diversity within the different bananas.
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CHAPTER SIX

GENERAL DISCUSSION

Conventional banana breeding despite it being successful takes a long time and has challenges
due to parthenocarpy, long generation time and polyploidy (Pillay and Tripathi, 2007).
Development of haploids and then doubling them is an approach that can be used to reduce
breeding time. This is because DH are true inbreds which can be used for breeding as
homozygotes (Comai, 2014; VVan Nocker and Gardiner, 2014). The current study endeavored

to develop haploid inducers in bananas through a transgenic approach.

The phylogenetic analysis of 39 banana cultivars was conducted in this study in order to find
out the phylogenetic position and relatedness of triploid cultivars to diploids and identify
haplotypes which would facilitate identification of progenitors. The results would ultimately
be used in part to identify the diploid cultivars from which haploid inducers would be
developed. Triploids and diploids were positioned to their genomic groups, sections and
species. Thirteen haplotypes were identified in triploids and diploids, five of which were
shared between the two ploidies and seven were unique. The main aim of the phylogeny was
to assist in the identification of cultivars to use in developing haploid inducers, based on the
study and other factors like availability of plantlets and fertility of cultivars, two cultivars

(Zebrina GF and Calcutta 4) were chosen to be used in development of haploid inducers.

Development of haploid inducers in two diploid banana cultivars was the overall goal of the
study, and was conducted in Chapter 3. Twenty seven putative haploid inducer lines were
obtained with three different gene constructs in the diploid banana Zebrina GF. The presence

of the transgene in the lines was confirmed using PCR while silencing of the endogenous
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CenH3 was assessed using northern blot analysis on the accumulation of siRNAs, this
indicates that the genetic transformation was successful. The twenty seven PCR positive lines

were chosen and are being grown in the glasshouse to check success in haploid induction.

Chapter five of this study characterized CenH3 in different banana cultivars including the
diploids ‘Zebrina GF’ and ‘Calcutta 4’. Characterization of CenH3 entailed evaluating the
presence of splice and allele variants, evolutionary relationships in these variants and assess if
there exists expression bias in the variants. Splice and allele variants were observed in both
diploids and triploids with similarity being found in some variants across the ploidies. The
presence of variants in bananas complicates the production of haploid inducers based on
silencing of a single transcript because the success of haploid induction is pegged to the

complete silencing of endogenous CenH3.

CONCLUSIONS

The current study endeavored to develop haploid inducers in bananas through a transgenic

approach. From the study the following conclusions were made:

CHAPTER THREE:

1. The marker NADH  can differentiate Musa acuminata (A genome) from Musa
balbisiana (B-genome) even in mixed genomic groups irrespective of their ploidy.

2. That the partial coding sequence for the marker CENH3 is able to differentiate A and
B genome as well as intagenomic hybrids in the B genome.

3. The cultivar Zebrina GF used to develop haploid inducers in this study, has close

relationship to the East African Highland (EAHB).

110



4. That atleast thirteen haplotypes exist amongst the 39 banana cultivars used in this
study and that there might be more haplotypes if more banana cultivars were to be
included.

CHAPTER FOUR:

In Chapter two the following conclusions were made:

1. The cultivar Zebrina GF is easier to transform and is more regenerative in comparison
to the cultivar Calcutta 4.

2. That RNAI approach does not result in total (100%) silencing of the endogenous
CENH3 in bananas and this is attributed to expression of multiple transcripts of the
gene as observed in chapter five of this study.

3. That one of the main factors contributing to success in transformation is the cultivars
used.

CHAPTER FIVE

1. Some triploid and diploid banana cultivars express multiple CenH3 variants (alleles
and splice)

2. The splicing of CenH3 in bananas is variable with the most preffered splicing
approach is the one having 7 exons and 6 introns.

3. CenH3 in bananas is undergoing positive selection within all its domains.

RECOMMENDATIONS

Despite the successes that were achieved in the phylogeny of the 39 banana cultivars, several

aspects need to be done in future studies to improve on this work. The phylogenetic study did
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not identify progenitors of triploids from the diploids that were used, and the markers used
could also not cluster the triploids to their progenitors. Several recommendations are therefore

suggested for future phylogenetic work relating to phylogeny of bananas, these are:

1. More markers that have a higher level of variability should be used in future in order
to achieve differentiation in A-genome cultivars.

2. More diploid progenitors should be used in future so that there are more choices from
which the polyploids can cluster and consequently have a clear identification of the
progenitors.

The overall goal of developing putative haploid inducers in the fourth Chapter of the study
was achieved. However, there are recommendations proposed based on some of the

shortcomings, these are:

1. Since RNAI approach did not realize complete gene silencing of the endogenous
CenH3, basepair-specific silencing approaches like Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPRs) and Transcriptional Activator Like Effector
Nucleases (TALENS) should be used in future. These have been shown to be more
specific in their targeting been shown to be more specific in their targeting and can be
used in silencing (Gaj et al., 2013; Souza, 2013; Wendt et al., 2013; Belhaj et al.,
2013; Comai, 2014)

2. The cultivar *Calcutta 4’ did not yield any transformants; this was due to the procol
used being ineffective. We recommend that the transformation protocol for this
cultivar be improved in future by optimizing 4. Tumefaciens OD, the infection time,

the co-cultivation time and acetosyringone concentration.
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Despite the efforts made to identify CenH3 variants in bananas, only a minimum number of
variants were identified in this study. In future work, the following recommendations are

made:

1. To check if the various variants observed in this study are loaded into the centromere,
it is recommended that immunostaining with regions specific to the respective variants
be carried out and the translated protein checked.

2. Tagging of variants from a specific cultivar should be tagged with different fluorescent
dyes and their localization in the centromere followed per cultivar.

3. Since only the minimum number of CenH3 variants that were identified in this study,
more clones should be included in future to have a clear view of CenH3 transcription
in bananas.

4. The CencH3 genomic loci for the cultivars used in the current study should be
sequenced in order to identify how many Loci exist and whether there is any

variability amongst them.
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8.0 LIST OF APPENDICES

Appendix 1: Transgenic lines for different constructs that were transferred to the glass
house

Construct Line number

GFP- CenH3 2

GFP- CenH3 5

GFP- CenH3 7

GFP- CenH3 8

GFP- CenH3 9

GFP- CenH3 19

GFP- CenH3 11

GFP- CenH3 12

GFP- CenH3 17

GFP- CenH3 21

GFP-CenH3 31

GFP- CenH3 33

GFP- CenH3 34

GFP-CENH3 37

GFP- CenH3 40

GFP-Tailswap |1

GFP-Tailswap | 2

GFP-Tailswap | 4

GFP-Tailswap | 6
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GFP-Tailswap

GFP-Tailswap

Tailswap

Tailswap

Tailswap

Tailswap

Tailswap

Tailswap

Appendix 2: Ka/Ks values obtained in CenH3 full CDS alignment of different cultivars
and exon/intron structure groups.

Seql Seq 2 Exon | Syn | SynP | Ks NSy | NSy | Ka Ka/K
/intro | Dif 0S nDif | nPos S
n
struct
ure
5 Kayinja Sukali 5 7.67 | 106. | 0.07 | 14.3 | 310. | 0.04 | 0.626
CENH3 ndizi 08 6 3 92 76 31578
clone D CENH3 9
clone B
5 Kayinja Sukali 5 9.67 | 106. | 0.09 | 15.3 |310. | 0.05 | 0.524
CENH3 ndizi 08 72 3 92 1 69135
clone D CENH3 8
clone C
5 Kayinja Sukali 5 6.67 | 106. | 0.06 | 14.3 | 310. | 0.04 | 0.725
CENH3 ndizi 08 56 3 92 76 60975
clone D CENH3 6
clone E
5 Kayinja Zebrina 5 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 | 0.725
CENH3 CENH3 08 56 3 92 76 60975
clone D clone D 6
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Sukali Sukali 105. | 0.03 311. | 0.00 | 0.082
ndizi ndizi 5 89 5 32 26221
CENH3 CENH3 1
clone C clone B
Sukali Sukali 105. | 0.02 311. | 0.00 | 0.110
ndizi ndizi 5 9 5 32 34482
CENH3 CENH3 8
clone C clone E
Sukali Zebrina 105. | 0.02 311. | 0.00 |0.110
ndizi CENH3 5 9 5 32 34482
CENH3 clone D 8
clone C
Zebrina Sukali 105. | 0.00 311. |0 0
CENH3 ndizi 5 95 5
clone D CENH3
clone B
Zebrina Sukali 105. | 0 311. |0 0
CENH3 ndizi 5 5
clone D CENH3
clone E
Kayinja Gros 106. | 0.01 310. | 0.01 | 0.684
CENH3 michel 58 9 42 3 21052
clone D CENH3 6
clone A
Kayinja Gros 106. | 0.01 310. | 0.01 | 0.684
CENH3 michel 58 9 42 3 21052
clone D CENH3 6
clone B
Kayinja Gros 106. | 0.01 310. | 0.01 | 0.684
CENH3 michel 58 9 42 3 21052
clone D CENH3 6
clone C
Kayinja Gros 106. | 0.01 310. | 0.01 | 0.684
CENH3 michel 58 9 42 3 21052
clone D CENH3 6
clone D
Kayinja Gros 106. | 0.01 310. | 0.01 | 0.684
CENH3 michel 58 9 42 3 21052
CENH3

131




clone D clone E 6
Kayinja Kayinja 2 106. | 0.01 |2 310. [ 0.00 |0.343
CENH3 CENH3 92 89 08 65 91534
clone D clone B 4
Kayinja Kayinja 2 106. | 0.01 |2 310. [ 0.00 |0.343
CENH3 CENH3 92 89 08 65 91534
clone D clone C 4
Gros Kayinja 0 106. |0 0 310. |0 0
michel CENH3 67 33

CENH3 clone D

clone F

Gros Sukali 7.67 | 106. | 0.07 | 14.3 |310. | 0.04 | 0.626
michel ndizi 08 6 3 92 76 31578
CENH3 CENH3 9
clone F clone B

Gros Sukali 9.67 |106. | 0.09 | 15.3 |310. | 0.05 | 0.524
michel ndizi 08 72 3 92 1 69135
CENH3 CENH3 8
clone F clone C

Gros Sukali 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 | 0.725
michel ndizi 08 56 3 92 76 60975
CENH3 CENH3 6
clone F clone E

Gros Zebrina 6.67 | 106. | 0.06 |14.3 |310. | 0.04 |0.725
michel CENH3 08 56 3 92 76 60975
CENH3 clone D 6
clone F

Sukali Kayinja 0 106. |0 0 310. |0 0
ndizi CENH3 67 33

CENH3 clone D

clone G

Sukali Sukali 7.67 | 106. | 0.07 | 14.3 |310. | 0.04 | 0.626
ndizi ndizi 08 6 3 92 76 31578
CENH3 CENH3 9
clone G clone B

Sukali Sukali 9.67 |106. | 0.09 | 15.3 |310. | 0.05 | 0.524
ndizi ndizi 08 72 3 92 1 69135
CENH3 CENH3
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clone G clone C 8
Sukali Sukali 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 |0.725
ndizi ndizi 08 56 3 92 76 60975
CENH3 CENH3 6
clone G clone E

Sukali Zebrina 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 |0.725
ndizi CENH3 08 56 3 92 76 60975
CENH3 clone D 6
clone G

Sukali Gros 0 106. | O 0 310. |0 0
ndizi michel 67 33

CENH3 CENH3

clone G clone F

Gros Gros 2 106. [ 0.01 |4 310. | 0.01 | 0.684
michel michel 58 9 42 3 21052
CENH3 CENH3 6
clone F clone A

Gros Gros 2 106. [ 0.01 |4 310. | 0.01 | 0.684
michel michel 58 9 42 3 21052
CENH3 CENH3 6
clone F clone B

Gros Gros 2 106. [ 0.01 |4 310. | 0.01 | 0.684
michel michel 58 9 42 3 21052
CENH3 CENH3 6
clone F clone C

Gros Gros 2 106. [ 0.01 |4 310. | 0.01 | 0.684
michel michel 58 9 42 3 21052
CENH3 CENH3 6
clone F clone D

Gros Gros 2 106. [ 0.01 |4 310. | 0.01 | 0.684
michel michel 58 9 42 3 21052
CENH3 CENH3 6
clone F clone E

Gros Kayinja 2 106. | 0.01 |2 310. [ 0.00 |0.343
michel CENH3 92 89 08 65 91534
CENH3 clone B 4
clone F
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Gros Kayinja 106. | 0.01 310. [ 0.00 |0.343
michel CENH3 92 89 08 65 91534
CENH3 clone C 4
clone F

Sukali Gros 106. | 0.01 310. [ 0.01 |0.684
ndizi michel 58 9 42 3 21052
CENH3 CENH3 6
clone G clone A

Sukali Gros 106. | 0.01 310. [ 0.01 |0.684
ndizi michel 58 9 42 3 21052
CENH3 CENH3 6
clone G clone B

Sukali Gros 106. | 0.01 310. [ 0.01 |0.684
ndizi michel 58 9 42 3 21052
CENH3 CENH3 6
clone G clone C

Sukali Gros 106. | 0.01 310. [ 0.01 |0.684
ndizi michel 58 9 42 3 21052
CENH3 CENH3 6
clone G clone D

Sukali Gros 106. | 0.01 310. [ 0.01 |0.684
ndizi michel 58 9 42 3 21052
CENH3 CENH3 6
clone G clone E

Sukali Kayinja 106. | 0.01 310. [0.00 |0.343
ndizi CENH3 92 89 08 65 91534
CENH3 clone B 4
clone G

Sukali Kayinja 106. | 0.01 310. [0.00 |0.343
ndizi CENH3 92 89 08 65 91534
CENH3 clone C 4
clone G

Sukali Sukali 106. | 0.00 310. |0 0
ndizi ndizi 67 94 33

CENH3 CENH3

clone G clone A

Sukali Sukali 106. |0 310. [0.00 |0
ndizi ndizi 83 17 32

CENH3 CENH3
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clone G clone F

Sukali Sukali 1 106. | 0.00 |0 310. |0 0
ndizi ndizi 58 94 42

CENH3 CENH3

clone G clone H

Sukali Zebrina 1 106. | 0.00 |0 310. |0 0
ndizi GF 67 94 33

CENH3 CENH3

clone G clone A

Sukali Zebrina 2 106. [ 0.01 |0 310. |0 0
ndizi GF 67 9 33

CENH3 CENH3

clone G clone B

Gros Sukali 7.67 | 106 |0.07 |18.3 |311 |0.06 | 0.806
michel ndizi 61 3 14 83311
CENH3 CENH3 4
clone A clone B

Gros Sukali 9.67 | 106 |0.09 |19.3 |311 |0.06 | 0.667
michel ndizi 72 3 49 69547
CENH3 CENH3 3
clone A clone C

Gros Sukali 6.67 | 106 |0.06 |18.3 |311 |0.06 | 0.934
michel ndizi 57 3 14 55098
CENH3 CENH3 9
clone A clone E

Gros Zebrina 6.67 | 106 |0.06 |18.3 |311 |0.06 | 0.934
michel CENH3 57 3 14 55098
CENH3 clone D 9
clone A

Gros Sukali 7.67 | 106 |0.07 |18.3 |311 |0.06 | 0.806
michel ndizi 61 3 14 83311
CENH3 CENH3 4
clone B clone B

Gros Sukali 9.67 |106 |0.09 |19.3 |311 |0.06 | 0.667
michel ndizi 72 3 49 69547
CENH3 CENH3 3
clone B clone C
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Gros Sukali 6.67 | 106 |0.06 |18.3 |311 | 0.06 | 0.934
michel ndizi 57 3 14 55098
CENH3 CENH3 9
clone B clone E

Gros Zebrina 6.67 | 106 |0.06 |18.3 |311 | 0.06 |0.934
michel CENH3 57 3 14 55098
CENH3 clone D 9
clone B

Gros Sukali 7.67 | 106 |0.07 |18.3 |311 |0.06 |0.806
michel ndizi 61 3 14 83311
CENH3 CENH3 4
clone C clone B

Gros Sukali 9.67 | 106 |0.09 |19.3 |311 |0.06 |0.667
michel ndizi 72 3 49 69547
CENH3 CENH3 3
clone C clone C

Gros Sukali 6.67 | 106 |0.06 |18.3 |311 | 0.06 |0.934
michel ndizi 57 3 14 55098
CENH3 CENH3 9
clone C clone E

Gros Zebrina 6.67 | 106 |0.06 |18.3 |311 | 0.06 |0.934
michel CENH3 57 3 14 55098
CENH3 clone D 9
clone C

Gros Sukali 7.67 | 106 |0.07 |18.3 |311 |0.06 |0.806
michel ndizi 61 3 14 83311
CENH3 CENH3 4
clone D clone B

Gros Sukali 9.67 | 106 |0.09 |19.3 |311 |0.06 |0.667
michel ndizi 72 3 49 69547
CENH3 CENH3 3
clone D clone C

Gros Sukali 6.67 | 106 |0.06 |18.3 |311 | 0.06 |0.934
michel ndizi 57 3 14 55098
CENH3 CENH3 9
clone D clone E

Gros Zebrina 6.67 | 106 |0.06 |18.3 |311 | 0.06 |0.934
michel CENH3 57 3 14 55098
CENH3
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clone D clone D 9
Gros Sukali 7.67 | 106 |0.07 |18.3 |311 |0.06 | 0.806
michel ndizi 61 3 14 83311
CENH3 CENH3 4
clone E clone B
Gros Sukali 9.67 | 106 |0.09 |19.3 |311 |0.06 | 0.667
michel ndizi 72 3 49 69547
CENH3 CENH3 3
clone E clone C
Gros Sukali 6.67 | 106 |0.06 |18.3 |311 |0.06 | 0.934
michel ndizi 57 3 14 55098
CENH3 CENH3 9
clone E clone E
Gros Zebrina 6.67 | 106 |0.06 |18.3 |311 |0.06 | 0.934
michel CENH3 57 3 14 55098
CENH3 clone D 9
clone E
Kayinja Sukali 7.67 |106. | 0.07 |16.3 |310. | 0.05 |0.718
CENH3 ndizi 33 58 3 67 45 99736
clone B CENH3 1
clone B
Kayinja Sukali 9.67 |106. | 0.09 |17.3 |310. | 0.05 | 0.598
CENH3 ndizi 33 69 3 67 8 55521
clone B CENH3 2
clone C
Kayinja Sukali 6.67 | 106. | 0.06 | 16.3 |310. | 0.05 | 0.832
CENH3 ndizi 33 55 3 67 45 06106
clone B CENH3 9
clone E
Kayinja Zebrina 6.67 | 106. | 0.06 |16.3 |310. | 0.05 | 0.832
CENH3 CENH3 33 55 3 67 45 06106
clone B clone D 9
Kayinja Sukali 7.67 |106. | 0.07 |16.3 |310. | 0.05 |0.718
CENH3 ndizi 33 58 3 67 45 99736
clone C CENH3 1
clone B
Kayinja Sukali 9.67 |106. | 0.09 |17.3 |310. |0.05 | 0.598
CENH3 ndizi 55521
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clone C CENH3 33 69 3 67 8 2
clone C

Kayinja Sukali 6.67 | 106. | 0.06 | 16.3 |310. | 0.05 | 0.832

CENH3 ndizi 33 55 3 67 45 06106

clone C CENH3 9
clone E

Kayinja Zebrina 6.67 | 106. | 0.06 |16.3 |310. | 0.05 | 0.832

CENH3 CENH3 33 55 3 67 45 06106

clone C clone D 9

Sukali Kayinja 1 106. | 0.00 |0 310. |0 0

ndizi CENH3 67 94 33

CENH3 clone D

clone A

Sukali Sukali 7.67 |106. | 0.07 | 14.3 |310. | 0.04 | 0.626

ndizi ndizi 08 6 3 92 76 31578

CENH3 CENH3 9

clone A clone B

Sukali Sukali 9.67 |106. | 0.09 | 15.3 |310. | 0.05 | 0.524

ndizi ndizi 08 72 3 92 1 69135

CENH3 CENH3 8

clone A clone C

Sukali Sukali 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 |0.725

ndizi ndizi 08 56 3 92 76 60975

CENH3 CENH3 6

clone A clone E

Sukali Zebrina 6.67 | 106. | 0.06 | 14.3 |310. | 0.04 |0.725

ndizi CENH3 08 56 3 92 76 60975

CENH3 clone D 6

clone A

Sukali Sukali 1 105. | 0.00 |0 311. |0 0

ndizi ndizi 5 95 5

CENH3 CENH3

clone B clone E

Sukali Kayinja 0 106. |0 1 310. [ 0.00 | O

ndizi CENH3 83 17 32

CENH3 clone D

clone F
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Sukali Sukali 7.67 |106. | 0.07 |15.3 |310. | 0.05 | 0.671
ndizi ndizi 25 59 3 75 1 93675
CENH3 CENH3 9
clone F clone B

Sukali Sukali 9.67 |106. | 0.09 |16.3 |310. | 0.05 | 0.561
ndizi ndizi 25 7 3 75 45 85567
CENH3 CENH3

clone F clone C

Sukali Sukali 6.67 | 106. | 0.06 | 15.3 |310. | 0.05 | 0.778
ndizi ndizi 25 55 3 75 1 62595
CENH3 CENH3 4
clone F clone E

Sukali Zebrina 6.67 | 106. | 0.06 | 15.3 |310. | 0.05 | 0.778
ndizi CENH3 25 55 3 75 1 62595
CENH3 clone D 4
clone F

Sukali Kayinja 1 106. | 0.00 |0 310. |0 0
ndizi CENH3 58 94 42

CENH3 clone D

clone H

Sukali Sukali 8.67 | 106 |0.08 |14.3 |311 |0.04 | 0.549
ndizi ndizi 66 3 76 65358
CENH3 CENH3

clone H clone B

Sukali Sukali 10.6 | 106 |0.10 |15.3 |311 |0.05 |0.471
ndizi ndizi 7 81 3 1 78538
CENH3 CENH3 4
clone H clone C

Sukali Sukali 7.67 | 106 |0.07 |14.3 | 311 |0.04 | 0.625
ndizi ndizi 61 3 76 49277
CENH3 CENH3 3
clone H clone E

Sukali Zebrina 7.67 | 106 |0.07 |14.3 | 311 |0.04 | 0.625
ndizi CENH3 61 3 76 49277
CENH3 clone D 3
clone H

Zebrina Kayinja 2 106. | 0.01 | O 310. |0 0
CENH3 CENH3 67 9 33
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clone B clone D

Zebrina Sukali 9.67 | 106. | 0.09 | 14.3 | 310. | 0.04 | 0.489

CENH3 ndizi 08 72 3 92 76 71193

clone B CENH3 4
clone B

Zebrina Sukali 9.67 | 106. | 0.09 | 15.3 | 310. | 0.05 | 0.524

CENH3 ndizi 08 72 3 92 1 69135

clone B CENH3 8
clone C

Zebrina Sukali 8.67 | 106. | 0.08 | 14.3 | 310. | 0.04 | 0.550

CENH3 ndizi 08 65 3 92 76 28901

clone B CENH3 7
clone E

Zebrina Zebrina 8.67 | 106. | 0.08 |14.3 | 310. | 0.04 | 0.550

CENH3 CENH3 08 65 3 92 76 28901

clone B clone D 7

Zebrina Kayinja 1 106. | 0.00 | O 310. (O 0

GF CENH3 67 94 33

CENH3 clone D

clone A

Zebrina Sukali 8.67 | 106. | 0.08 | 14.3 | 310. | 0.04 | 0.550

GF ndizi 08 65 3 92 76 28901

CENH3 CENH3 7

clone A clone B

Zebrina Sukali 10.6 | 106. | 0.10 | 15.3 | 310. | 0.05 |0.472

GF ndizi 7 08 8 3 92 1 22222

CENH3 CENH3 2

clone A clone C

Zebrina Sukali 7.67 |106. | 0.07 |14.3 | 310. | 0.04 | 0.626

GF ndizi 08 6 3 92 76 31578

CENH3 CENH3 9

clone A clone E

Zebrina Zebrina 7.67 |106. | 0.07 |14.3 | 310. | 0.04 | 0.626

GF CENH3 08 6 3 92 76 31578

CENH3 clone D 9

clone A

Zebrina Kayinja 0 107. | O 2 309. | 0.00 |O

GF CENH3
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CENH3 clone D 17 83 65
clone C
Zebrina Sukali 7.67 |106. |0.07 |16.3 |310. | 0.05 | 0.722
GF ndizi 58 56 3 42 46 22222
CENH3 CENH3 2
clone C clone B
Zebrina Sukali 9.67 |106. [0.09 |17.3 |310. | 0.05 | 0.599
GF ndizi 58 67 3 42 8 79317
CENH3 CENH3 5
clone C clone C
Zebrina Sukali 6.67 | 106. | 0.06 |16.3 | 310. | 0.05 | 0.836
GF ndizi 58 53 3 42 46 14088
CENH3 CENH3 8
clone C clone E
Zebrina Zebrina 6.67 | 106. | 0.06 | 16.3 | 310. | 0.05 | 0.836
GF CENH3 58 53 3 42 46 14088
CENH3 clone D 8
clone C
Sukali Gros 1 106. | 0.00 | O 310. |0 0
ndizi michel 67 94 33
CENH3 CENH3
clone A clone F
Sukali Gros 0 106. | 0O 1 310. |0.00 | O
ndizi michel 83 17 32
CENH3 CENH3
clone F clone F
Sukali Gros 1 106. | 0.00 | O 310. |0 0
ndizi michel 58 94 42
CENH3 CENH3
clone H clone F
Zebrina Gros 2 106. | 0.01 | O 310. |0 0
CENH3 michel 67 9 33
clone B CENH3

clone F
Zebrina Gros 1 106. | 0.00 | O 310. |0 0
GF michel 67 94 33
CENH3 CENH3
clone A clone F
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Zebrina Gros 107. 309. | 0.00
GF michel 17 83 65
CENH3 CENH3

clone C clone F

Zebrina Sukali 107. 309. | 0.00
GF ndizi 17 83 65
CENH3 CENH3

clone C clone G

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone A clone B

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone A clone C

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone A clone D

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone A clone E

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone B clone C

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone B clone D

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3

clone B clone E

Gros Gros 106. 310. |0
michel michel 5 5

CENH3 CENH3
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clone C clone D

Gros Gros 106. | O 310. |0 0

michel michel 5 5

CENH3 CENH3

clone C clone E

Gros Gros 106. | O 310. |0 0

michel michel 5 5

CENH3 CENH3

clone E clone D

Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342

CENH3 michel 83 9 17 65 10526

clone B CENH3 3
clone A

Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342

CENH3 michel 83 9 17 65 10526

clone B CENH3 3
clone B

Kayinja Gros 106. | 0.01 310. [0.00 |0.342

CENH3 michel 83 9 17 65 10526

clone B CENH3 3
clone C

Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342

CENH3 michel 83 9 17 65 10526

clone B CENH3 3
clone D

Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342

CENH3 michel 83 9 17 65 10526

clone B CENH3 3
clone E

Kayinja Kayinja 107. |0 309. |0 0

CENH3 CENH3 17 83

clone B clone C

Kayinja Gros 106. | 0.01 310. | 0.00 | 0.342

CENH3 michel 83 9 17 65 10526

clone C CENH3 3
clone A

Kayinja Gros 106. | 0.01 310. | 0.00 | 0.342

CENH3 michel 10526
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clone C CENH3 83 9 17 65 3
clone B
Kayinja Gros 106. | 0.01 310. [0.00 |0.342
CENH3 michel 83 9 17 65 10526
clone C CENH3 3
clone C
Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342
CENH3 michel 83 9 17 65 10526
clone C CENH3 3
clone D
Kayinja Gros 106. | 0.01 310. [ 0.00 |0.342
CENH3 michel 83 9 17 65 10526
clone C CENH3 3
clone E
Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone A
Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone B
Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone C
Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone D
Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone E
Sukali Kayinja 106. | 0.02 310. [0.00 |0.227
ndizi CENH3 92 86 08 65 27272
CENH3 clone B 7
clone A
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Sukali Kayinja 106. | 0.02 310. [ 0.00 |0.227
ndizi CENH3 92 86 08 65 27272
CENH3 clone C 7
clone A

Sukali Sukali 106. | 0.01 310. |0 0
ndizi ndizi 58 9 42

CENH3 CENH3

clone A clone H

Sukali Gros 106. | 0.01 310. [0.01 |0.857
ndizi michel 75 9 25 63 89473
CENH3 CENH3 7
clone F clone A

Sukali Gros 106. | 0.01 310. [0.01 |0.857
ndizi michel 75 9 25 63 89473
CENH3 CENH3 7
clone F clone B

Sukali Gros 106. | 0.01 310. [0.01 |0.857
ndizi michel 75 9 25 63 89473
CENH3 CENH3 7
clone F clone C

Sukali Gros 106. | 0.01 310. [0.01 |0.857
ndizi michel 75 9 25 63 89473
CENH3 CENH3 7
clone F clone D

Sukali Gros 106. | 0.01 310. [0.01 |0.857
ndizi michel 75 9 25 63 89473
CENH3 CENH3 7
clone F clone E

Sukali Kayinja 107. | 0.01 309. [0.00 |0.513
ndizi CENH3 08 89 92 97 22751
CENH3 clone B 3
clone F

Sukali Kayinja 107. | 0.01 309. [0.00 |0.513
ndizi CENH3 08 89 92 97 22751
CENH3 clone C 3
clone F

Sukali Sukali 106. | 0.00 310. [0.00 |0.340
ndizi ndizi 83 94 17 32 42553
CENH3 CENH3
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clone F clone A 2
Sukali Sukali 106. | 0.00 310. | 0.00 | 0.340
ndizi ndizi 75 94 25 32 42553
CENH3 | CENH3 2
clone F clone H

Sukali Zebrina 106. | 0.00 310. | 0.00 | 0.340
ndizi GF 83 94 17 32 42553
CENH3 CENH3 2
clone F clone A

Sukali Zebrina 106. | 0.01 310. | 0.00 | 0.168
ndizi GF 83 9 17 32 42105
CENH3 | CENH3 3
clone F clone B

Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 5 87 5 3 96167
CENH3 CENH3 2
clone H clone A

Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 5 87 5 3 96167
CENH3 | CENH3 2
clone H clone B

Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 5 87 5 3 96167
CENH3 | CENH3 2
clone H clone C

Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 5 87 5 3 96167
CENH3 | CENH3 2
clone H clone D

Sukali Gros 106. | 0.02 310. | 0.01 | 0.452
ndizi michel 5 87 5 3 96167
CENH3 CENH3 2
clone H clone E

Sukali Kayinja 106. | 0.02 310. | 0.00 | 0.227
ndizi CENH3 83 86 17 65 27272
CENH3 clone B 7
clone H
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Sukali Kayinja 106. | 0.02 310. | 0.00 | 0.227
ndizi CENH3 83 86 17 65 27272
CENH3 clone C 7
clone H
Zebrina Gros 106. | 0.03 310. | 0.01 | 0.337
CENH3 michel 58 85 42 3 66233
clone B CENH3 8
clone A
Zebrina Gros 106. | 0.03 310. | 0.01 | 0.337
CENH3 michel 58 85 42 3 66233
clone B CENH3 8
clone B
Zebrina Gros 106. | 0.03 310. | 0.01 | 0.337
CENH3 michel 58 85 42 3 66233
clone B CENH3 8
clone C
Zebrina Gros 106. | 0.03 310. | 0.01 | 0.337
CENH3 michel 58 85 42 3 66233
clone B CENH3 8
clone D
Zebrina Gros 106. | 0.03 310. | 0.01 | 0.337
CENH3 michel 58 85 42 3 66233
clone B CENH3 8
clone E
Zebrina Kayinja 106. | 0.03 310. [ 0.00 |0.169
CENH3 CENH3 92 84 08 65 27083
clone B clone B 3
Zebrina Kayinja 106. | 0.03 310. [ 0.00 |0.169
CENH3 CENH3 92 84 08 65 27083
clone B clone C 3
Zebrina Sukali 106. | 0.02 310. |0 0
CENH3 ndizi 67 87 33
clone B CENH3
clone A
Zebrina Sukali 106. | 0.02 310. |0 0
CENH3 ndizi 58 87 42
clone B CENH3
clone H
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Zebrina Gros 106. | 0.02 310. | 0.01 | 0.452
GF michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone A

Zebrina Gros 106. | 0.02 310. | 0.01 | 0.452
GF michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone B

Zebrina Gros 106. | 0.02 310. | 0.01 | 0.452
GF michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone C

Zebrina Gros 106. | 0.02 310. | 0.01 | 0.452
GF michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone D

Zebrina Gros 106. | 0.02 310. | 0.01 | 0.452
GF michel 58 87 42 3 96167
CENH3 CENH3 2
clone A clone E

Zebrina Kayinja 106. | 0.02 310. | 0.00 | 0.227
GF CENH3 92 86 08 65 27272
CENH3 clone B 7
clone A

Zebrina Kayinja 106. | 0.02 310. | 0.00 | 0.227
GF CENH3 92 86 08 65 27272
CENH3 clone C 7
clone A

Zebrina Sukali 106. | 0.01 310. |0 0

GF ndizi 67 9 33

CENH3 CENH3

clone A clone A

Zebrina Sukali 106. | 0.01 310. |0 0

GF ndizi 58 9 42

CENH3 CENH3

clone A clone H

Zebrina Zebrina 106. | 0.00 310. |0 0

GF GF 67 94 33

CENH3 CENH3
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clone A clone B

Zebrina Gros 107. | 0.01 309. | 0.01 | 1.037
GF michel 08 89 92 96 03703
CENH3 CENH3 7
clone C clone A

Zebrina Gros 107. | 0.01 309. | 0.01 | 1.037
GF michel 08 89 92 96 03703
CENH3 CENH3 7
clone C clone B

Zebrina Gros 107. | 0.01 309. | 0.01 | 1.037
GF michel 08 89 92 96 03703
CENH3 CENH3 7
clone C clone C

Zebrina Gros 107. | 0.01 309. | 0.01 | 1.037
GF michel 08 89 92 96 03703
CENH3 CENH3 7
clone C clone D

Zebrina Gros 107. | 0.01 309. | 0.01 | 1.037
GF michel 08 89 92 96 03703
CENH3 CENH3 7
clone C clone E

Zebrina Kayinja 107. | 0.01 309. [0.01 |0.687
GF CENH3 42 89 58 3 83068
CENH3 clone B 8
clone C

Zebrina Kayinja 107. | 0.01 309. [0.01 |0.687
GF CENH3 42 89 58 3 83068
CENH3 clone C 8
clone C

Zebrina Sukali 107. | 0.00 309. | 0.00 | 0.691
GF ndizi 17 94 83 65 48936
CENH3 CENH3 2
clone C clone A

Zebrina Sukali 107. |0 309. |0.00 |0

GF ndizi 33 67 98

CENH3 CENH3

clone C clone F
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Zebrina Sukali 107. | 0.00 309. | 0.00 | 0.691
GF ndizi 08 94 92 65 48936
CENH3 CENH3 2
clone C clone H

Zebrina Zebrina 107. | 0.00 309. | 0.00 | 0.691
GF GF 17 94 83 65 48936
CENH3 CENH3 2
clone C clone A

Zebrina Zebrina 107. | 0.01 309. | 0.00 | 0.343
GF GF 17 89 83 65 91534
CENH3 CENH3 4
clone C clone B
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Appendix 3: Ka/Ks ratios that were oberved to be greater than one in different banana CenH3 transcripts pairwise

alignments

Sequence 1 Sequence 2 Ks Ka Ka/Ks

Full length Zebrina GF clone C Gros michel clone A 0.0189 0.0196 1.03704
Zebrina GF clone C Gros michel clone B 0.0189 0.0196 1.03704
Zebrina GF clone C Gros michel clone C 0.0189 0.0196 1.03704
Zebrina GF clone C Gros michel clone D 0.0189 0.0196 1.03704
Zebrina GF clone C Gros michel clone E 0.0189 0.0196 1.03704

N-terminal tail Zebrina GF clone C Gros michel clone A 0.0276 0.0303 1.09783
Zebrina GF clone C Gros michel clone B 0.0276 0.0303 1.09783
Zebrina GF clone C Gros michel clone C 0.0276 0.0303 1.09783
Zebrina GF clone C Gros michel clone D 0.0276 0.0303 1.09783
Zebrina GF clone C Gros michel clone E 0.0276 0.0303 1.09783
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Sukali ndizi clone F Gros michel clone A 0.0275 0.0303 1.10182
Sukali ndizi clone F Gros michel clone B 0.0275 0.0303 1.10182
Sukali ndizi clone F Gros michel clone C 0.0275 0.0303 1.10182
Sukali ndizi clone F Gros michel clone D 0.0275 0.0303 1.10182
Sukali ndizi clone F Gros michel clone E 0.0275 0.0303 1.10182
C-terminal Sukali ndizi clone C Gros michel clone F 0.0159 0.0188 1.18239
Sukali ndizi clone C Kayinja clone D 0.0159 0.0188 1.18239
Sukali ndizi clone C Sukali ndizi clone A 0.0159 0.0188 1.18239
Sukali ndizi clone C Sukali ndizi clone B 0.0159 0.0188 1.18239
Gros michel clone B Sukali ndizi clone B 0.0159 0.0188 1.18239
Gros michel clone A Sukali ndizi clone B 0.0159 0.0188 1.18239
Gros michel clone C Sukali ndizi clone B 0.0159 0.0188 1.18239
Gros michel clone D Sukali ndizi clone B 0.0159 0.0188 1.18239
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Gros michel clone E

Sukali ndizi clone C

Gros michel clone B

Gros michel clone A

Gros michel clone C

Gros michel clone D

Gros michel clone E

Sukali ndizi clone C

Sukali ndizi clone C

Sukali ndizi clone C

Sukali ndizi clone C

Sukali ndizi clone B

Sukali ndizi clone E

Sukali ndizi clone E

Sukali ndizi clone E

Sukali ndizi clone E

Sukali ndizi clone E

Sukali ndizi clone E

Sukali ndizi clone F

Sukali ndizi clone G

Zebrina GF clone A

Sukali ndizi clone H

0.0159

0.0159

0.0159

0.0159

0.0159

0.0159

0.0159

0.0159

0.0159

0.0159

0.0158

0.0188

0.0188

0.0188

0.0188

0.0188

0.0188

0.0188

0.0188

0.0188

0.0188

0.0236

1.18239

1.18239

1.18239

1.18239

1.18239

1.18239

1.18239

1.18239

1.18239

1.18239

1.49367
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