Kinh déang h ng h n Ba!



Seqguencing fragments of cryptophyte plastomes
from 16S rRNA to rbcL genes and phylogenetic
analyses based on the protein-encoding genes
located in these fragments.

INAUGURAL-DISSERTATION

zur
Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Universitat zu Koln

vorgelegt von
Hoang-Dung Tran
aus Hochiminh City, Vietnam

Kd6ln, 2009



Referees/Berichterstatter: Prof. Dr. Michael Melilaon
P.D Dr. Kerstin Hoef-Emden

Date of oral examination: October 27, 2009
(Tag der mundlichen Priifung)

The present research work was carried out undesupervision of Prof. Dr.
Michael Melkonian in the Botanical Institute, Unrggy of Cologne, Gyrhofstr.
15, 50931, Cologne, Germany from May 2003 to JWp@62

Diese Arbeit wurde von May 2003 bis Juni 2006 awmtaBisches Institut der
Universitat zu Koéln, Gyrhofstr. 15, 50931 Kéln, Gemy unter der Leitung von
Prof. Dr. Michael Melkonian durchgefuhrt.



ACKNOWLEDGEMENTS

This thesis was formed during my 4 year working Latb of Prof. Dr.
Melkonian lab, therefore, the first person | wolikk to thank is Prof. Dr.
Melkonian, who was so kind and generous to accepasna lab member when
| thought | had no chance to be a studentmkrnational Graduate School in
Genetics and Functional Genomickle continuingly encouraged me when
things was not as expectation and waited patidiotlyny completion of this

thesis.

As one of the direct instructors, PD Kerstin Hoefiden gave me the very first
lessons about phylogeny, algae and those precemmigjues in the lab. Dr.
Hoef-Emden also taught me the lifelong lessons efn@n working style,

disciplined and enthusiastic.

Dr. Birger Marin guided me as friendly as an oldther, who | could rely on

for experience and help.

| want to express my thanks tisternational Graduate School in Genetics and
Functional Genomic$or provided me the opportunity to be its studen2002
and supported me to complete this thesis; andetofticers in thdnternational
Graduate School in Genetics and Functional Genorfocshelping in various
ways to clarify the things related to my academarks in time with excellent

cooperation and guidance.

Thank you my friends, Jing Shi, Eva, Nelli, and all other lab members that
helped me in many unnamed things and shared allamesnduring my work

here.

Thanks for the Ph.D thesis committee members gedtson and approved my

thesis.

Last but not least, thank you my family and my kebbwife, who always stand

by my side in all difficult situations.



LIST OF PUBLICATION

Part of this thesis have been published

Hoef-Emden, K., Tran, H.-D. & Melkonian, M. (2005) Lineage-specific
variations of congruent evolution among DNA seg@snitom three genomes,
and relaxed selective constraints dotl in Cryptomonas(Cryptophyceae).
BMC Evolutionary Biologp:56.



ABSTRACT

In recent phylogenetic analyses combining nuclead aucleomorph RNA
genes of the ribosomal operons, three differendurtéss lineages were found
in the genuryptomonasThis raised questions about the evolutionaryohyst
of these interesting objects and their relativesvali as the role of plastid
genomes such as whether these three lineagesedstdin similar or from
different evolutionary events or what are the mutakationship or/and roles of
photosynthetic genes in the absence of photosyothetivities,etc To answer
the interesting questions, the biological inforrmatihas to been collected

systematically from their plastid genomes.

At the first stage of the thesis, the cryptophylasfd rbcL gene (1,5-
biphosphate carboxylase/oxygenase [RuBisCO] latgrirst) was chosen to
amplify by BioTherm™ Taq DNA Polymerase and reackithDNA
compositions by Li-Cor
4200L Dbidirectional sequencer. Eighteen newhpcL sequences of
Cryptomonasstrains were obtained. Of these, five sequencese vi®m
heterotrophic (colorless) strains and the remainag from photosynthetic
(pigmented) strains. The results ricL phylogeny analyses showed that the
colorlessC. parameciumand their closely relative photosynthe@icyptomonas
had increased their evolutionary rates signifigarifthese were congruent with
those of nuclear rDNA (concatenated SSU rDNA, I'B8d8 partial LSU rDNA)
and nucleomorph SSU rDNA that had been examinguld@aiously. They were
combined with other result done by Dr. Kerstin H&sfiden such as analyzing
the shift from NNC to NNU in two-fold degenerate MNodon inrbcL gene in
Cryptomonagdo discuss some hypotheseghs loss of photosynthetic activities
in the colorlessC. paramaeciunmstrains. Detail results and discussion were
published in BMCEvolutionary Biology2005;5:56.



In the second part of the thesis, the goals weramplify the cryptophyte
plastome 16S rRNAbcL fragments by MasterAnif Extra-long PCR kit and
read their DNA sequences by BigDye Terminator \Tykle sequencing kit
and automated ABI3730 sequencer, then exploitedélgeencing information
for further understanding the evolutionary histafy cryptophyte plastomes.
The task also attempted to find new evidence tolagxpthe relationship
between the changing from autotrophic to heterdtiopifestyle in colorless
Cryptomonadineages and the elevation of evolutionary rateghotosynthetic

genes that were located in the plastome 16S riRd&A-fragment.

Twenty-two cryptophyte strains (four of them weodocless) were participated
in this part. Most of the fragments (15) were reathpletely as planned while
several fragments (7) were not, due to lack of tifike colorless strains
possessed the smallest fragments; their plastdimes,were predicted to be the
smallest among those @ryptomonas StrainC. erosa CCAC 0018 andC.
obovoideaCCAC 0031 seemed to have the largest plastomdseasl6SrbcL
fragments contained an additional gengcf26 — that was not found in other
Cryptomonasstrains. Advantages and disadvantages of longerd?@R and

primer-walking sequencing combination were discdsse

Based on the conserved domain analysesyd6 from secondary plastids
seems to be inactive and on the way to become pgeund than alter its
function. Another additional gene — ORF403 encodii@®?2 protein — also was
examined the conserved domains and done a phylbgeaealysis. Some
specific characteristics of ORF403 in rhodoplagtsl aryptophyte plastome

were found.

Three protein-coding geneschll, rps4 andrbcL — were used as separated
phylogenetic markers or in combined. The resultsfiomed that one colorless
lineage (presented by CCAC 0056, CCAP 977/2a, M2492180) had

accelerated evolutionary rates in all gene or/antem trees.

The observations also suggested tttdt gene increased its substitution rate

earlier tharps4 andrbclL genes as well as the elevated evolutionary i@ial



be ordered bychll > rps4 > rbcL. Although having moderate size (609 bp),
rps4 had an evolution rate neither as high ashihgene nor as low as mbcL
gene, producing acceptable phylogenetic trees dtn hucleotide and protein
levels. Thereforerps4 gene seems to be more suitable protein-enodasgig!

gene maker for phylogenies than its sisteindl,andrbclL genes.

The ratio of NNC to NNU in two-fold degenerate NM¥dons was calculated
for each gene and discussed. It is possible tlashiift in codon usage from
NNC to NNU did not correlate to the relaxation oh€tional constraints and/or
reduction of gene expression levels. Furthermdre, usage of NNU codons
over the NNC in two-fold degenerate NNY codon segiteebe controlled by
neutral mutation pressure rather than by seledodiowed by the gradually

acceleration of evolutionary rate

A hypothetical scenario for the relations among kbes of photosynthesis,
increasing of substitution rate of interring gersesd time of diverging in

colorless lineages was discussed.
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1.INTRODUCTION



1.1 The principal characteristics of the Cryptophyta cél

The Cryptophyta (crypto means "hidden" and phytaamse"plant [phylum
name]"), the phylum of which individuals are callemtyptophytes, or
cryptomonads (monad means "single object [unigel§'a small group of
flagellates, distributing in fresh, salt, and bhiabkwater environments. This
division consists of more than 20 gene@hfoomonas, Cryptomonas,
Falcomonas, Geminigera, Goniomonas, Guillardia, Hesmis,
Plagioselmis, Proteomonas, Storeatula, Rhodomoradeaul etc...)
and approximately 200 species, half of which livingreshwater and the rest
in marine environment (van den Hoek, 1996; Lee,91%Clay et al, 2001;
Hoef-Emden & Melkonian, 2003; Hoef-Emden, 2005a;eHBmden, 2007,
Hoef-Emden and Archibald, 2008a).

The cryptophyte cell appearances are ovoid to Sledge, around 10 — 50n in
size and have a dorsoventrally motif with a conskape in the dorsal side and
a flattened one in the ventral side (see Fig. 1Aventral faces being defined
by with the cell is invaginated (Hoef-Emden and ibald, 2008a).

Cells are naked, lack of true cell wall, but coeel® periplast, a sandwich-
layered structure which is proteinaceous and isdisided into inner and
surface periplast components (IPC and SPC, respéotiwith the plasma
membrane in between. The IPC contains protein andist of single sheet or
multiple plates which have various shapes. The SM@ch is immediately
outside of plasma membrane, contains plates, hepshgrosette scales,

mucilage or a combination of any of these (Hoef-Emédnd Archibald, 2008a).

They have two unequal flagella emerging from abavdeep furrow-gullet
system (cells have a slit-like ventral opening abular invagination,
respectively) located on the ventral side of thik d&e wall of this system is

lined by numerous ejectosomes (explosive organediasilar to trichocysts.



Some genera, such @syptomonashave a combination of furrow and gullet,
while other genera may have either only gulletry @ furrow. The flagella of
cryptophytes, which differ in length, resemble #hasf stramenoplile. Two
opposite rows of stiff flagellar hairs (mastigon@neare carried by longer
flagellum, while only single shorter row is in tlehorter flagellum (Hoef-
Emden and Archibald, 2008).

Most of autotrophic Cryptophyta contain one or {pavietal plastids in bi-lobed
and/or H-shaped form response for photosynthetidivies while
phagoptrophic genu&oniomonashas no plastidin the heterotrophic lineage
Cryptomonas paramaeciufformerly Chilomonas paramaeciuiiHoef-Emden
& Melkonian, 2003)] the plastids are still present but are called akdplast
due to the missing of photosynthetic pigments. Pplestid is surrounded by
four distinct membranes: two from chloroplast erldemic reticulum and two

from the chloroplast envelope (Hoef-Emden and Avald, 2008a).

In the space between the two inner and outer mambracalled periplastidial
compartment, the nucleomorph, starch granules @8dridosomes are located.
The nucleomorph can be interpreted as the vestigialeus of the red algal
endosymbiont that gave rise to the chloroplastthefCryptophyta. Inside of
the plastid, the thylakoids are often arrangedaisp to form lamella with no
girdle lamellae; sometime, lamella with a largeminer of thylakoids is found
(Hoef-Emden and Archibald, 2008a).

A single pyrenoid (proteinaceous structure contaimgh amounts of
paracrystalline ribulose-1,5-bisphosphate carb®e/laxygenase) may be
present centrally in the plastid, towards the dosg#e of the cell. In bi-lobed
plastids this position corresponds to the bridgevben the two plastid lobes. In
some species, two or more pyrenoids are closelyeappd to the left and right
inner sides of the plastid lobes (Hoef-Emden anchiald, 2008).



The natural colors of the cryptophytes can be bhlee-green, reddish, red-
brown, olive green, brown or yellow-brown, sinceyhcontain chlorophylls
andc, (but not chlorophylb) on the outside of the thylakoids and one kind of
phycobiliproteins in the thylakoids lumina, no pbpdisomes (Lee, 1999).
According to Hoef-Emden (2008b), there are eighiptophyte biliproteins
named according to their absorption maximum: PEBydparythrin) 545, PE
555, PE 566, PC (phycocyanin) 569, PC 577, PCBC2630, PC 645.

Since the plastids of the cryptophytes were origiddrom a red alga, it is also
termed a rhodoplast to differentiate it from théoobplasts of the green lineage
and cyanelle of glaucophyte algae derived from syhbiotic cyanobacteria
(van den Hoek, 1996).

All cryptophyte algae contain ejective organellellecth ejectosome or
ejectisome. They occur in two sizes in the cellee small one is located
underneath the cell surface while the larger lingub-apically and ventrally
located cell invagination. When inactivated, theceggsomes are two connected
ribbons tightly coiled like springs: the centraldaperipheral larger spiral
ribbons. When the central tube “ejects”, it pulie spiral tube along its body.
These two ribbons will be discharged when the egfioses to environmental
stimulus and the cells try to escape from the soofaanger by jumping away
in a zig-zag course. The formation of ejectosomanmseto be involved with
Golgi complex (van den Hoek, 1996; Lee, 1999; Gawl, 2001, Hoef-Emden
and Archibald, 2008a).
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Fig. 1.1.1:Morphology of the cryptophytes. © 2008 Kerstin HBatden.



1.2 The genomes of cryptophytes

Douglaset al. (1990) demonstrated phylogienatically that crypidps have
originated from two different eukaryotic cells v&econdary endosymbiotic
process: a heterotrophic protozoon ancestor ergyule eukaryotic
photoautotrophic alga, but instead of being digestampletely the “eukaryotic
photoautrophic alga” was remained and reduced tmmplex plastid. As a
result, four phylogentically distinct genomes aresgnted in the cryptophytes
(see Fig. 1.2.1). The host cell contributed theleus and mitochondrion; the
engulfed alga supported its nucleus (now so termeducleomorph) and
chloroplast genome as well as cytosol of the rgd alith ribosome and starch
synthesis. While the ancestor of eukaryotic phdmaophic alga was accepted
widely to be rhodophyte alga (red alga), the amreadtthe host cell component
is still in the debate (Douglast al, 2001; Cavalier-Smith, 2002, Hoef-Emden
and Archibald, 2008).
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Fig. 1.2.1:lllustration of the secondary endosymbiotic procgdsove) and
four phylogenetically distinct genomes in the copptytes (copied from
Douglaset al, 2001).



Genomes of chloroplast and mitochondria are dostseed circular DNA.
While cryptophyte mitochondria genome sizes arei@io48.5 kb and 60.5 kb
[Rhodomonas salinfHauthet al, 2005) andHelmiselmis andreniCCMP644
(Kim et al, 2008), respectively], the sizes of cryptophytesppmes are two or
three time larger. Plastid genome @f thetais 124.5 kb (Douglas & Penny,
1999) andR. salinais 135.8 kb (Kharet al, 2007b) in size that are recorded the

largest secondary endosymbiotic genomes thus far.

Some differences in characteristics among cryptpplastomes and to other
plastid genomes of chromophytes and rhodophyteslyna the presence or
absence of one or some genes, were found. For éxathpre are 12 genes
presented ifR. salinabut not found inG. theta and 8 genes are {&. thetabut
are absent fronRk. salina HIpA gene (a histone-like protein) presentedGn
theta, R. salina, Cyanidioschyzon merolae, Galdiesulphuraria but not
found in haptophytes, heterokonts and nucleus-exttad apicomlexans. The
intron seems to be not an element of any chrommdtrad plastomes but they
are still kept inR. salina plastome. And most surprisingly, tHe. salina
plastome acquired a gene encodes the tau/gammapboemis of bacterial DNA

polymerase Il (dnaX) by lateral gene transfer (Kkaal, 2007b).

Except for genusGoniomonas all cryptophytes possess small double-
membrane bound organelles located in the spaceebatvehloroplast and
chloroplast endoplasmic reticulum called nucleorhotphas nuclear pore-like
structure and an electron-dense regimnilar to a nucleolus. A broadly survey
the karyotypic structure of nucleomorph genomesubing pulsed-field gel
electrophoresis done by Lageal. (2006b), Tanifujiet al. (2006) and Phippst

al. (2008) showed that the genome sizes of cryptopmytécomorphs are quite
different. The smallest and the largest ones aéekdband 845 kb in colorless
C. paramaeciunCCAP 977/2a and pigmentd&thodomonasp. CCMP 1178,
respectively. Even though the sizes are distintiCeyptophyta nucleomorph

always contain three small linear chromosomes.réstengly, this feature is



shared universally with an unrelated algal grotie, ¢hlorarachniophytes. Still
now, there are only two fully sequenced nucleom@ghomes, one @. theta
and one ofHemiselmis anderseniwith 551 and 572 kb in size, respectively
(Douglaset al, 2001; Lane & Archibald, 2006a). Both have verghlevel of
gene compaction, 1 gene/kb. They eliminated mosalmodic functional genes,
but kept genes encoding protein required for basiaryotic cellular process
and 30 genes that their gene products will be teares to chloroplast. To
express the genes, cryptophyte nucleomorph genomeesl hundreds of
genetic-housekeeping genes. Interestingly, thessifeproteins produced by
cryptophyte nucleomorph are smaller than those hiair tfree-living alga
ancestor are. Even, in the smaller geno@etheta the producing of protein is
less than that oH. andresenii The evolutionary processes seem to control
strongly the capacity of the nucleomorph genomewinich the genome
compaction occurred not only in noncoding DNA bl#oain coding regions.
The evolution of their protein structures and fims, therefore, has been
examined (Lane & Archibald, 2006a).

The host cell nucleus, lying in the posterior hadlthe cell, is quite large, 350
Mb in size, with 40 to 210 linear chromosomes t@bented at metaphase (van
den Hoek, 1996; Lee, 1999; Douglasal, 2001). However, little molecular
genetic information of the cryptophyte host nuclggnomes is available.
Fortunately, Kharet al, (2007a) published the partial results of the seging
projects for two distantly related cryptomonad weacl genomes,
photoautotrophicR. salina CCMP 1319 and heterotrophi€C. paramaecium
CCAP 977/2a. This publication provided the firdight of the partial structure

and composition of the cryptomonad nuclear genomes.

1.3 Sequencing strategies for Cryptophyta genomes

Since the first plastid physical map @f theta(mislabeled a€ryptomonas )
published (Douglas, 1988) the genome studies ofupmyCryptophyta have



developed strongly with the assistance of the efisttive, high-throughput

sequencing facilities.

At the first stage of genomic era, Douglas & Perih999) used the most
common strategy to read the whole plastid genom@.aheta They isolated
the chloroplast DNA from total DNA by ultracentrgation with Hoechst
33258-cesium chloride. According to density gratlieach genome distributed
as independently separated bands. The plastid DAs\fiactionated by upward
displacement. Clear chloroplast DNA, then, was intd small fragments by
several different restriction endonucleases andetlanto suitable vectors. To
get the physical map, the authors used severalfiseyntly probes containing
reliable makers such as 23S rRNA, 16S rRNg&A, rbcL, etc... These clones

were read for nucleotide compositions.

The advantages of genome DNA isolation by ultratfeigation with Hoechst
33258-cesium chloride are allowing the researctebtain fractions of other
genomes (mitochondria, nucleormorph and host nagleuaddition to plastid
genome. Hoechst 33258 or bisbenzamide is a menhlagiamily of fluorescent
stains for labeling DNA in fluorescence microscapyd fluorescent-activated
cell sorting, excited by ultraviolet light at arau850 nm. This dye associates
with AT-rich portions of the DNA and causes regiasfsDNA with higher
proportions of AT to be buoyed up in the gradi&drfibrook & Russell, 2006).
Utilizing this, Douglaset al. (2001) published the fully nucleotide compositions
of G. thetanucleomorph genome with DNA material obtained frttva above

centrifugation process.

However, one of the challenges of this approadhascontamination. Because
the bands of genome DNA are very close together,cttntamination among
genomes cannot be avoided when pick up a certaonge DNA (Jansest al,
2005).



To ovoid the problems of contamination, the shotgwategy seems to be more
powerful in sequencing projects (Sterky & Lundebe2§00; Janseret al,
2005). In this approach, the ultracentrifugatiomgisored but total DNA can get
by any standard methods, and then sheared therfragiments with the size up
to 150 kb. The 40 — 50 kb or/and 100 — 150 kb epasated by pulse field gel
electrophoresis, and then collect for cloning iRtssmid or BAC, respectively.
Using the hybridization techniques, in which thelgs prepared by PCR
technique of the marker genes distributed throughthhe plastome, the
chloroplast-gene-holding fragments can be recogniaeminimal collection of
Formids that covers the whole plastid genome isinbtl and then the inserts
are read by any available sequencing techniquesada of using BAC library,
very few of clones are needed to read the wholst@bae, dependence on its
size. This strategy was employed by Klearml, (2007b) and Lane & Archibald
(2006a) for sequencing the entike salina CCMP 1319 plastome anH.
anderseniinucleomorph genome. The host nuclear genome seiggeorojects
of photosyntheticR. salinaCCMP 1319 and heterotrophf€. paramaecium
CCAP 977/2a are now ongoing but the partial resugisg shotgun approach
were published (Khagt al, 2007a).

One of the advantages of the shotgun sequencitigisall genomes of certain
examined organism can be cloned into Fosmid orBAC libraries. The
clones, then, are stored for further investigati®acondly, the readings based
on the well-chosen Fosmid or BAC libraries help&ve time at later stages of
sequencing projects such as base-calling and afisgntihe inserts (Jansest
al., 2005).

Generally, the plastome sizes are extremely smaltamparison with total
cellular DNA, therefore the ratio of nonplastidgtastid clones are very high.
Thus, a great number of clones are needed for rHoggéo guarantee enough

plastid clones will be get to cover the whole ptas¢. Besides, the shotgun



strategy requires more time, cost, labors and tegh-instruments (Jansen
al., 2005).

Even though the above strategies helped the rdssarbarvest a huge amount
of molecular information from interesting Cryptopayenomes, they still have
had some limitations as pointed out. Specially,hbapproaches require the
remarkable initial materials. It is impossible fare or hard to culture subjects,

for example colorles€ryptomonas$SAG 977-2f.

Another approach for collecting genome structuresl @equences is the
combination of long-range PCR and primer-walkingtstgies. At first, a set of

large fragments (up to 20 kb) covering the wholesmdmes are amplified by
using highly conserved chloroplast primers. The laoaps, then, are used to
produce smaller segments for cloning or readingatly by any sequencing

methods. The first DNA reading is started with twaiversal primers at two

ends of the segments. The newly obtained DNA datxbare used to construct
new sequencing primers for the second reactiors ptucess is continued until
the whole nucleotide compositions of interestinggfnents are fully read on
both strands. In this approach, less initial DNAnpkes are needed (Ponce &
Micol, 1992; Chenget al, 1994; Janseat al, 2005).

The combination of long-range PCR and primer-wakiapproaches was
mainly applied in mitochondria sequencing projeatspecially in animal
mitochondria since the mitochondrial sizes wereuald® kb in length. The
researchers using this strategy valued that it euelgo collect entire
mitochondrial sequences more rapidly than trad#ionethods, e.gcloning the

mitochondrial DNA into suitable vectors and sequeg¢hem. Moreover, this
approach were very useful in case the total DNA was enough (up to
hundreds of milligram) to subject for ultracentghtion as in traditional
strategies. In addition, this approach requirechddad molecular biology
facilities only (Gieseckeet al, 1992; Huet al, 2002; Yamauchet al, 2004a;



Yamauchiet al, 2004b; Kimet al, 2005; Munemasat al, 2006; Merelet al,
2007).

However, the long-range PCR combined with primelkimg sequencing
approach seemed to be un-favorite to chloroplasompc researchers. Almost
only one group of researchers employed long-rang& Bo sequence three
basal angiosperm genomes (Goremydiral, 2003a; Goremykiret al, 2003b;
Goremykin et al, 2004). Geromykin’s group isolated the entire obibdast
plastome by long-range PCR techniques. The produittsthe size up to 20
kb, then, were sheared by nebulization to get thallsr fragments of 0.5to 1.5
kb in length, which were sub-cloned to suitabletves for reading nucleotide
compositions. This strategy seems to be a modifiedsion of shotgun
approach, in which the total DNA isolation stepaplaced by long-range PCR

to cover plastid genome only.

Some disadvantages of this approach were pointebyolansemt al. (2005)

(1) The primers for long-range PCR may be uselésplastomes
changed their gene orders or the primers cann@xpiected sites due to

the substantial sequences divergence;

(2) This approach replies on PCR technique whiah sametime give

negative results or false positive in certain DNi&giments;

(3) The designing primers for long-range PCR cdutdproblematic if
the chloroplast genome information of more or ledative taxa are not

available;

(4) Time-consuming may be a minus when comparisath wther

available methods.



Investigating the completely sequenced chloroplagénomes from
Cyanobacteria to higher plant showed that theoetie set of 45 genes retained
in all taxa (Martinet al, 1998; Martinet al, 2002; Grzebyket al, 2003;
Nozaki et al, 2003). This gene list is extremely useful wherpliga to
sequence certain chloroplast(s). The constructibruroversal primers for
chloroplast is thankfully easier. Subsequently, gineners can be combined
together in the most optimal manners to increaseptbbability of amplifying
the fragment in between the two selected genesaimicons, afterward, can
be sequenced following the available standard podso Hence, the
disadvantages of the long-range PCR combined witimgp-walking

sequencing approach seem to be overcome.

1.4 Aims of study

Traditionally, the common approach in plastid plggoetic studies is that
sequence one or several highly conserved genes asuagibosomal operon,
transfer RNAs and protein — coding genes, thentoacisthe phylogenies based
on single or concatenated data sets (Hoef-Emddigl®0Another approach is
that using whole plastid genomes to analyze theeoubdr evolution (Martiret
al., 1998; Martinet al, 2002; Grzebylet al, 2003; Nozakiet al, 2003). The
phylogenetic relationship among cryptophyte algass wvell established by
applying the former approach (Maret al, 1998; Clayet al, 1999; Deanet
al.,, 2002; Hoef-Emderet al, 2002; Hoef-Emden & Melkonian, 2003; Hoef-
Emden, 2005a; Hoef-Emden, 2007).

Hoef-Emden (2005a) used both the partial nucledrrarcleomorph ribosomal
operon phylogenies to show a new and unexpectelingnthat at least three
different colorless lineages were found in the ge@yptomonasThis raised
questions about the evolutionary history of thegeresting objects and their
relatives as well as the role of plastid genomesh sas whether these three

lineages resulted from similar or from differenbkitionary events or what are



the mutual relationship or/and roles of photosgtithgenes in the absence of

photosynthetic activitiegtc

In the first stage of the thesis, thebcL genes (1,5-biphosphate
carboxylase/oxygenase [RuBisCO] large subunit) eaxsen for searching and
sequencing among photosynthetic and heterotrdphiptomonasspecies. The
data set was then done a phylogenetic analysigngpare with those of nuclear
rDNA (concatenated SSU rDNA, ITS2 and partial LSDNA) and
nucleomorph SSU rDNA. ThibcL sequences also were subjected to examine
the codon usage of two-fold degenerate NNY codordetiuce the differences
of functional constraints and expression levelsthis gene in the genus

Cryptomonagthe later works were done by Dr. Kerstin Hoef-Emgd

In the next stage, an ambition for investing dedipé/evolutionary pathways of
the colorless plastids by comparison of their plag information to those of
pigmented relatives was planned. In the propodahins C. paramaecium
977/2a andC. oobovoideaCCAC 0031 (representative for a heterotrophic and
autotrophic Cryptomonas, respectively) were chosen to isolate by
ultracentrifugation with Hoechst 33258-cesium cider then sequence by
shotgun approach. However, the plastid genome tisnlavas unsuccessful
repeatedly due to the technical problems. To shediine, the object has been
changed in which the fragment from 16 rRNArbcL genes (around 7 kb) was
replaced for whole plastid genomes. Another sigaiit alternation was that
long-range PCR and primer-walking approaches w@mied to read these
fragments. The numbers of taxon sampling also aszé to 22 strains in which

five strains were naCryptomonas

The protein-coding genes harvested from these feaggnwere used as
alternative makers forCryptomonas phylogenies to compare with other
previously results published recently. The studpattempts to find new more
evidence to explain the relationship between thenging from autotrophic to

heterotrophic lifestyle in colorlesdryptomonadineages.



2. MATERIALS AND
METHODS



2.1 Chemicals and medium
b-mercaptoethanol

Ammonium acetate

Bromophenol blue

Agarose

Amoniumpersulfat (APS)

Biotin

Ca(NG),.4H,0

Chloroform

CoCh.6H,0O

CTAB (Cetyltrimethyl ammonium bromide)
DMSO

EDTA (Titriplex Il1)

Ethanol (pure for analysis 99.8%)
Ethidiumbromid 1%

FeSQ.7H,0

Glacial acetic acid

Glycerol
H3BO;

HCI

HEPES
Isoamylalcohol
KNO3

KOH

Sigma
Merck
Merck

Invitrogen
Sigma

Serva

Merck

Applichem

Merck

Fluka
Merck or/and Roth
Serva
Roth
Applichem

Merck
Merck

Sigma

Merck

Merck

Roth

Merck

Merck

Merck




Lab-Lemco Broth Oxoid

MgSQ,.7H,0O Merck
MnCl,.4H,0O Merck
NacCl Merck
Niacinamide Sigma
Sodium acetate trihydrate Merck
(NH,)-HPO, Merck

TEMED (N,N,N’, N'-Tetramethylethylendiamin) Fluka

Thiamine-HCI Serva
Tris, Invitrogen
Vitamin B;» Serva
Urea Sigma
Xylene cyanol Merck
ZnSQ,.7H,0O Merck

2.2 Algal culture medium

Thirty-one cryptophyte strains used in this studsrevlisted in the Table 2.1. Their
participating in the first part or/and second pafrthe project iocL and 16S rRNA-

rbcL fragments, respectively) were indicated cleanlyhe Table 2.2.1.

Five colorless strains were grown in CHM medium 1&8C without light. The
photoautotrophic strains were grown in WARIS-H numali (Kies, 1967: modified,
(McFadden & Melkonian, 1986) at 45, under 70 umol photon x7x se¢' light with

a 14:10h light: dark cyclestocks were checked every week to be sure contaimmat
free, when the cells reached high density, theyewwsansfer into sterile Erlenmeyer

flasks containing 75 ml new autoclaved medium.



WARIS-H medium

_ _ ~_ Addition per 1
Stock solutions and final concentration in

_ litre stock
culture medium .
solution

1. KNG; (1.00 mM) 100.00 g
2. MgSQ..7H,0 (81.10 pM) 20.00 g
3. (NH,;):,HPQ, (0.15 mM) 20.00 g
4. Ca(NQ),.4H,0 (0.42 mM) 100.00 g
5. HEPES (1.00 mM) 238.31¢
6. P-Il Metals

EDTA (Titriplex 111) (8.06 uM) 3.00¢

HsBO; (18.43 uM) 1.14 g

MnCl, .4 H,0 (0.73 uM) 144.00 mg

ZnSQ, . 7 HO (73.00 nM) 21.00 mg

CoCl . 6 H,O (16.80 nM) 4.00 mg

Dissolve EDTA (Titriplex III) and

boric acid in bidistilled HO, then add

metals one after the other.
7. Fe-EDTA

EDTA (Titriplex 11)(17.86 uM) 5.22 g

FeSQ.7H,0 (17.90 uM) 4.98 g

1 N KOH 54.00 ml

EDTA (Titriplex 1) and FeSQ7H,O is
heated for 30 min (1(°C); KOH is added t

Addition per 1
litre culture
medium

1ml

1ml

1ml

1ml

1ml

1ml

1ml




the cooled mixture

8. Vitamins 1ml
Vitamin By, (0.15 nM) 0.20 mg
Biotin (4.10 nM) 1.00 mg
Thiamine-HCI (0.30 uM) 100.00 mg
Niacinamide (0.80 nM) 0.10 mg
pH of this solution should be around
pH 7.0
9. Soil Extrac 10 mi

Preparations of stock solutions were done by tezdinn the lab.

Preparation of soil extract10g of garden-soil was mixed with 120 ml Super Qewva
and boiled for 10 minutes. Afterwards it was cdaged for 10 minutes (low speed),
and the supernatant was filtered through a sefieseonbrane filters from 1.2 um —
0.1 um pore size. The remaining filtrate was aéjdso 100 ml with bi-distilled water.
Aliquots of 10 ml were stored frozen. The soil sldonot be recently fertilized and

should not contain too much humus.

Preparation of culture solution Added 1 ml of stock solutions 1-8 to 1000 ml of
bidistilled water. Added 1 ml of thawed soil extréstock solution 9); adjusted the pH
to 7.0 and autoclaved.

CHM (Chilomonas medium)

Sodium acetate trihydrate 19
Lab-Lemco Broth 19
Water 11

Autoclave and keep in cold room (15 °C) at leada@s before use.



Table 2.2.1:List of Cryptophyta strains were used in this gtud

16S rRNA-
Strain rbcL rbcl
project fragment
project

01 | C. commutataCCAC 0109 (M0739) Y Y
02 | C. erosaCCAC 0018 (M0788) N Y
03 | C. loricata M2088 N Y
04 | C. oobovoide& CAC 0031 (M1094) Y Y
05 | C. oobovoided& CAP 979/46 Y N
06 | C. curvataCCAC 0006 (M0420) N Y
07 | C. borealisCCAC 0113 (M1083) Y Y
08 | C. borealisSCCAP K-0063 Y N
09 | C. gyropyrenoidosap. nov. CCAC 0108 (M1079) Y Y
10 | C. lundiiCCAC 0107 (M0850) N Y
11 | C. marssoniCCAC 0086 Y Y
12 | C. marssoniilCCAC 0103 (M1475) Y N
13 | C. ovataCCAC 0064 (M0847) Y Y
14 | C. paramaeciunCCAP 977/1 Y N
15 | C. paramaeciun€CAP 977/2a N Y
16 | C. paramaeciun€CAC 0056 (M1303) Y Y
17 | C. paramaeciunMm2452 Y Y
18 | C. paramaeciunM2180 Y N




19 | C.sp M1634 Y Y
20 | C.SAG 977-2f Y Y
21 | C. phaseoluSAG 2013 N Y
22 | C. pyrenoidiferaCCAP 977/61 Y N
23 | C. pyrenoidiferaCCMP 0152 Y Y
24 | C. pyrenoidiferavi1077 Y N
25 | C. tetrapyrenoidos#11092 Y Y
26 | C. tetrapyrenoidos&lIES 279 Y N
27 | Chroomonasp. SAG 980-1 N Y
28 | HemiselmigepidaCCMP 0443 N Y
29 | Proteomonasp. CCPM 0704 N Y
30 | Rhodomonasp. M1480 N Y
31 | Teleaulaxsp. SCCAP K-416 N Y

Note: Y — yes, participated in the project; N —pticipated in the project

CCAP: Culture Collection of Algae and Protozoa (JK): Algae Culture Collection
Melkonian at the University of Cologne (Germany)CAC Culture Collection of
Algae at the University of Cologne (Germany), SCC3¢andinavian Culture Centre
for Algae and Protozoa at the University of Copeggra(Denmark); NIES: Microbial
Culture Collection at the National Institute for Hronmental Studies (Japan). SAG
(Sammlung von Algenkulturen der Universitat GogimgGermany), species names
according to Hoef-emden & Melkonian (2003), Hoefedem (2007) and Land &
Archibald (2008).



2.3 Harvest the cells for DNAisolation

In general, cells were harvested at the high defé® - 10 cells/ml) empirically.
Two ml of stock culture were poured into one séeBppendorf tube then centrifuged
at 1000g for 10-20 minutes (Beckman Coulter, Krefeld, Gengja The pellet was
washed with fresh culture medium or giHto remove old culture medium, centrifuged
again. The supernatant was removed completely windepellet was stored by liquid
nitrogen or in deep cold (-70°C) at least 30 misutefore continuing the isolation of
total DNA.

2.4 |solation of total genomic DNA by CTAB method

To quickly isolate total DNA, the pellet obtainethowe was processed either by
DNAEasy Plant MiniKit (Qiagen) according to manufaer's procedure or CTAB
method (Hoef-Emdemt al, 2002 modified from Doyle & Doyle, 1990). Suspedde
frozen cells in 2X CTAB-buffer and 2 [d-mercaptoethanol. Vortexed immediately
and incubated in 60 °C (water-bath), for 10 — 16utes b-mercaptoethanol broke the
S-S bonds while CTAB formed a soluble complex wilte DNA in the presence of
high salt; cell wall debris, denatured proteins] golysaccharides were removed by
extracting the aqueous phase with chloroform). Aiddé ml chloroform-
isoamylalcohol, then wrapped tube with aluminungpah (inverted) gently the tube
for 10 minutes continuously at room temperaturent@feiged by small table
centrifuger for 2 — 3 minutes at maximum speedritepto separate the sample into
two phases (organic/ aqueous). Transferred theoagughase (containing the DNA)
into new-labeled 2ml- Eppendorf tube, without tsaced the other phases (pipette
slowly helps with this); incubated on ice; filledp wolume with water to 1 ml.
Repeated these steps 3-5 times to remove completglitaminants. Added 0.7 ml
Isopropanol to precipitate DNA, immediately inverteibe several times, incubated at
-20°C for 10 minutes (optimally, DNA-flakes shouié visible). Centrifuged the tube
at 15300 rpm for 5 — 10 minutes by cooled deskfdfege at 4°C (Sigma 2K15),



discarded supernatant very carefully (colorlestepalas usually visible). Added 1 ml
of cold 70 — 80% Ethanol (- 20°C), inverted genthen incubated for 5 min (-20°C).
Centrifuged again, discarded the supernatant; someet the DNA-pellet was no
longer firmly attached, and swam somewhere. Opé&metube and dried the pellet at a
clean place at room temperature, 30 minutes topzlket had to be dried (no traces of

ethanol).

Added 1 ml TE-buffer to dilute total genomic DNA @vking on ice 4°C), transferred
to new free-DNA Eppendorf tube (if necessary; miXed some time). Applied
RNase-I (Ribonulcease A type I-A from bovine paasteSigma-Aldrich, R4875) to
destroy unnecessary RNA (final concentration shbeld Oug/ml), then incubated for
30 minutes to 1 h at 37°C, mixed gently during tbaction. Transferred the solution
to a new free-DNA 5ml Falcon tube before added Zammonium acetate 2.5 M and
2.5 ml cold (4°C) absolute ethanol; mixed well and incubdaggain for 1 — 2h or
overnight at -20 °C. Longer time would tend to gliehore DNA, but also more
contaminants. Centrifuged at 1009Cor 10 minutes, 4 °C. Discarded carefully the
supernatant and washed by 80% ethanol (cold) fomirfutes; transferred to new
sterile 2 ml tube; centrifuged again for 5 minua&40000g 4 °C. Discarded carefully
the supernatant; dried 30 — 60 minutes at the ad@rarAdded 1 ml TE buffer, mixed
by pipette gently then stored at - 20 °C until use.

The DNA concentration was determinate by monitoabgorbance at 260 and 280 nm

in a UV spectrophotometer (Eppendorf).

CTAB buffer for 1l:

100 mi of 1 M Tris, pH 8.0

280 ml of 5 M NaCl

40 ml of 0.5 M EDTA

209 of CTAB (Cetyltrimethyl ammonium bromide)
Ethanol:

Absolute



Cold 90%, 80% and 70% (store at - 20 °C)
Cl Chloroform-lsoamylalcohol (24:1 v/v)

Chloroform 24 ml

Isoamylalcohol 1 mi

store at 4°C in dark glass bottle.
Ammoniumacetate 2.5 M

250 ml of Ammoniumacetate 10 M

TE buffer for 1l use:
10 ml of 1 M Tris, pH 8.0

2 mlof 0.5 M EDTA

1 M Tris, pH 8.0 for 1 I
121.1 g Tris

700 ml ddHO dissolve Tris and bring to 900 ml.

pH to 8.0 with concentrated HCI (will need ~50mt)d bring to 1 I.
0.5 M EDTA pH 8.0for 1l:

186.12 g of EDTA

750 ml ddHO add about 20 g of NaOH pellets

slowly add more NaOH until pH is 8.0,

EDTA will not dissolve until the pH is near 8.0
5 M NaCl for 1l

292.2 g of NaCl

700 ml ddHO dissolve and bringto 1 L.
Ammoniumacetate 10 M

Ammonium acetate 7709
Glacial acetic acid 800 ml

Add distilled HO to make a final volume of 1 liter.




2.5 Amplify the plastid rbcL gene of Cryptomonasstrains by
BioTherm™ Taq DNA Polymerase and read their DNA
compositions by SequiTherm EXCEL™ Il DNA Sequencing
Kit-LC and Li-Cor 4200L bidirectional sequencer

At the first stage of the project, the CryptophptastidrbcL gene was chosen to read

its nucleotide composition prior phylogenetic aisaly.

2.5.1 Construct primers

The rhodophyte/cryptophyte-specifibbcL primers were constructed manually by
comparing and looking for highly conserved domaofisaround 100bcL genes of
cryptophytes, rhodophytes and chlorophytes obtaififech the EMBL/GeneBank
database and were purchased from Metabion (Germdmg PCR products and
length of sequenced products were expected arouhdoll.4 kb. The names and

approximate positions of those primers were givehable 2.5.1.1 and Fig. 2.5.1.1.
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Fig. 2.5.1.1:Approximate positions of the PCR (above) and sexogrprimers
(below). The positions had been aligned followimg $equence @. theta

(AF041468).



Table 2.5.1.1 PCR and sequencing primers for amplifying and
sequencing cryptophytdclL gene

PCR PRIMERS
Name SEQUENCE (5’ to 3))

CRYPbCL1F CAA GGA GGA AWA YAT GTC TCA ATC
CRYPrbcL2F

AGG AGG AAW AYA TGT CTC CTC AAT CCG
CRYPrbcL3F

GAA TCT TCA ACA GCA ACW TGG AC
CRYPrbcL1Rbiot o

5'biotin-TCA GCT GTA TCW GTA GAA GC

SEQUENCING PRIMERS

CRrbcL1R-700 IRD700-TCA GCT GTA TCW GTA GAA GC

CRrbcL1046R-700 | IRD700-ACC WGC CAT RCG CAT CCACTT AC

CRrbcL1300R-700 | IRD700-TCT ARA GCY GTY ZGA AGA GGW CCA

CRrbcL2F-800 IRD800-AGG AGG AAW AYA TGT CTC AAT CCG
CRrbcL31F-800 IRD800-CTA AAT CCG TWG AAW CRC GGA CTCG
CRrbcL60F-800 IRD800-AAC GAA CGT TAT GAATCA GGY G
CRrbcL728-800 IRD800-CTC CAR CCW TTY ATG AGA TGG

Note: CRYBL1Rbiot was labelled at its 5’-terminus with biotimd all sequencing
primers were labelled with the 700 nm (reverse prsh or 800 nm (forward primer)

IR-fluorescent dye.



2.5.2 Set up conditions for PCR running

Component for each PCR reaction:

Reverse primer (10 pmol/ul): 0,25
Forward primer (10 pmol/ul): 0,25
dNTP (2mM) : 2,5
Buffer 10X: 2,5
Water: 17,5
BioTherm™ Taq DNA Polymerase (5Ul/ul): 0,5
DNA template (50-100 ng/ul) 1.5

Reactions were run in an MWG biotech thermal cyfdéowing by THD-PCRS3 or
THD-PCRS5 program:

THD-PCR3

Initially denature the template: 95 for 3’
Followed 30 cycles:

Denature at 95C for 2’

Anneal at 45C for 2’

Extend at 68C for 3’
Ended with 68C for 3’

THD-PCR4

Initially denature the template: 96 for 3’
Followed 30 cycles:
Denature at 95C for 1’
Anneal at 52C for 2’
Extend at 68C for 3’
Ended with 68C for 5
After amplification, the samples might be kept 8C4overnight.




2.5.3 Purify PCR products by use streptavidin-coated dpeads M-280
system

After the first PCR reaction using biotinylated rpars, the amplified biotinylated
DNA fragments were isolated by apply Dynabead M-2Z8@tem (Dynal, Olso,
Norway). Took 5 | of streptavidin-coated dynabeads solution forCRPproduct. Put
on magnetic field for 1-2 minutes, removed supemiatompletely, and did not touch
precipitate. Added 5| washing buffer, mixed gently and put on magnégtd again,
discarded supernatant as before. Repeated wasteépgsseveral times. Took PCR
products (at least 5I) and mixed with washed streptavidin-coated dymaalse Mixed
well and laid on the table for 45 minutes for hiesitreptavidin reaction to take place.
Mixed several times during this process to avoidtiglareaction between PCR

products and streptavidin-coated dynabeads.

2.5.4 Prepare Pre-Mix and Mix for PCR-based sequencing

Labelled 200 I-PCR tubes with C, A, T, G for ddCTP, ddATP, ddTTRIGTP,
respectively. Put 11 of each dNTP into correspond tube.

Prepared Pre-Mix for each reaction:

Water: 3,675 |;
SequiTherm EXCEL Il Sequencing Buffer: 3,825
SequiTherm EXCEL Il DNA Polymerase (5 U/ul): 0.5
Primer Forward or Primer reverse(1.0 pmad)/ 11
Total volume: 9 1

Mixed well, put on ice and in dark light conditiontil use.

See Table 2.5.1.1 for the detail the names, comiposi and binding sites of

sequencing primers.

After reaction between PCR products and streptasmdated dynabeads had been

completed, the precipitated complex was washedefsrd with washing-buffer 3-5



times. The washing-buffer was removed by addind) & denionized water to the last
precipitate then mixed well and poured out watemgletely. Pre-Mix was added
immediately poured and pipette carefully. The kdution was Mix; it was already
for use. One point eightl of Mix was then distributed into each of labellB€R tube
containing 1 | of NTP. These tubes were laid immediately 8€%efore applied to
PCR machine.

Program the thermal cycler for sequencing

KHE-SEQ1

Initially denature the template: 86 for 2’
Followed 30 cycles:

Denature at 94C for 30”

Anneal at 46C for 30"

Extend at 70C for 1’
Ended with 69C for 5’

Reactions were run in an MWG biotech thermal cycsdter completion of PCR-
sequencing, applied 1.3 of red buffer into each PCR tube to kill enzyrSéored at -
20°C before reading sequences.

2.5.5 Read the nucleotide compositions

Double-stranded sequences were determined withe8aeguencing techniques using
SequiTherm EXCEL™ [l DNA Sequencing Kit-LC for 661qels according to
manufacturer’s protocol (Epicenter Technologieg) ari-Cor 4200L bidirectional

sequencer (Li-Cor Biosciences, Bad Homburg, Germany

Electrophoresis conditions were set up Voltage @000; Current (mA): 35; Power
(W): 50; Temperature’C): 45; Time remaining: 30 minutes. The gel hadnbpee-
running for 30 minutes, while the samples were areg in denaturation step by
putting them into heat lock at 8€ for 10-15 seconds. When denaturation step had



finished, the red buffer was applied for the sanffldtube). Run progress was taken

place for 18 hours.

2.5.6 Proofread newly sequenceathcL gene

The AlignIR 2.0 (Licor-Biotechnology, Germany) pragh was used to assemble and
proofread the sequences obtained. The multi sequafignment editor SeaView

(Galtieret al,, 1996) was applied for the manual alignmentbat. gene.

2.5.7 Deposit the sequence data

The newly Cryptophyta plastidcL sequences were submitted to gene bank to obtain

the accession numbers by Dr. Kerstin Hoef-Emden.

2.6 Amplify the the cryptophyte plastome 16S rRNA¥rbcL
fragments by MasterAmpTM Extra-long PCR kit and read
their DNA sequences by BigDye Terminator v1.1 Cycle
sequencing kit and automated ABI3730 sequencer

In the second stage of the project, the long fradsa between 16S rRNA amdcL
genes (around 7 kb) of 22 cryptophytes were se@qekefor some further phylogenetic
analyses. At first, the long fragments were anguifby using MasterAmf§ Extra-
long PCR kit. The long PCR products were then reldimd by BioTherm™ Taq
DNA Polymerase to produce the two short overlapdmagments (around 4 — 4.5
kb/fragment each) that would be used as the teegfar reading the DNA sequences
by automated ABI3730 system.

The 16S rRNAfbcL fragment was chosen as potential object becausatisfied

following criterions:

Having some essential gene categories accorditigeiofunctions: There are 4
gene families observed in the 16S rRNBeL fragments ofG. thetaand R.

salina plastome: genes family for translational machindgS rRNA andps4



gene); gene coding for photosynthetic apparapssiM); genes participate in
biosynthetic proces<lill andrbcL); hypothetical or miscellaneous gene family
(ycf26, ORF403); and tRNA genes. Having some essagdia families allows

later analyzing make more sense.

Allowing to design universal primers for long-ranggCR conveniently:
Database of nucleotide sequences 23S rRNA, 16S rBhAbcL gene for
Cryptophyta are now available in many gene banksetHEmdenet al, 2002;
Hoef-Emden & Melkonian, 2003; Hoef-Emdest al, 2005; Hoef-Emden,

2005a). They are excellent resources for desigtmagprimers for long-PCR.

2.6.1 Design the primers for long-PCR

To amplify the long fragment, primers for long P@Rout 25 — 30 bp long were
requested. They were constructed according to stamelard considerations (Palumbi,
1990):

- Hit to highly conserved domains of ribosomal RNranisfer RNA and protein-

coding genes;

- Contain some G/C at their 3’ terminus to enhance phmer — template

annealing step at those positions.

To design the universal long primers binding attrgasn end ofbcL gene, thebcL
gene database of genGsyptomonasharvested from the first part of the project was
utilized; the primers were named CRYEL2R and CRYIPbcL3R, accordingly.

To construct the conserved primer starting from ERNA gene, the initial sequence
database of cryptophyte ribosomal gene was nedaedllfill this requirement, five
Cryptomonasstrains — CCACP 977/2a, M1634 (colorless stral§AC 0031, CCAC
0109 and CCAC 0006 — were randomly chosen to seguarsmall section of plastid
23S rRNA gene. These obtained sequences were iegporto Dr. Birger Marin’s

plastid and Cyanobacterial ribosomal operon dawliasaligning. Two primers for



cryptophyte plastid rRNA operon were designed basedthe highly conversed
regions: domain C-D and helix G20 in 23S rRNA. Tivegre named ptlRlong and
G20Rlong, respectively.

Approximately positions, lengths and synthetic ci@ns of long-primers were listed
and illustrated in Table 2.6.1.1 and Fig. 2.6.1.1.

Table 2.6.1.1 Primers for long-range PCR to amplify the
cryptophyte plastid 23S rRNAscL fragments

ptlRlong:
GCCACTRCCTAYAAGTCGCCGGCTCATTCTTCAAC

from 585" to 620" position ofG. thetaplatid 23S rRNA gene
G20Rlong
CTCTARCGCCTRCACCGGATATGGACCGAACTGTC
from 2574" to 2609 position ofG. thetaplatid 23S rRNA gene

CRYPrbcL2R
ATCWGTAGAAGCRTARTTRAAHGTDATRTCTTTCC

end ofrbcL; overlapping with CRYFocL1Rbiot (Hoef-Emdenet al,
2005)

CRYPrbcL3R
GCTTGRATACCRTCWGGRTGWCCWATWGTACCMCCACC

about 100 nucleotides from the star point of pren@RYRbcL2R
(Hoef-Emderet al, 2005).
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Fig. 2.6.1.1:Illustration the approximately positions, mannendanations of long
PCR primers and the expected long PCR productg@irithetaplastome as

reference.



2.6.2 Optimize the long-range PCR protocol and screen ghréners

Even though long-PCR approach has been using widelymization still needed to
be done, at least in this study. MasterAMExtra-long PCR kit (Epicentre) was
already prepared with 9 different Master Premixnibered PreMix 1 to PreMix 9)
containing a buffered salt solution with nucleosidMg* and enhancer (with betaine).
To handle the kit, two rounds of reactions hadeaaum: the first round for searching
the appropriate buffer(s) and the second one famagng PCR conditions. The
component for one reaction was set up as the metoués's recommend but slightly

modified.

For this purpose, total genomic DNA of strain CCBQ31 was used as template; four
couples of primers were employed from the combametiof two long forward primers

and two long reverse primers:

G20RIlong — CRYBCL2R, expected size: 10.3 kb
G20RIlong — CRYHCL3R, expected size: 10.3 kb
ptlRlong — CRYPCL2R, expected size: 8.3 kb
ptlRlong — CRYPuCcL3R; expected size: 8.3 kb

Two different PCR programs were set up, one of tvhias 20 cycles and the other has
30 cycles of amplification (LONGPCR-20 and LONGPG®- programs,
respectively). For each program, four sets of PC&ewdone for four couples of
primers. In each set, nine different buffers wexsdd. The size of PCR products was

expected around 8 — 10 kb depended on primer paibmation.

The testing results showed that buffer 1, 4 angrimers G20RIlong, ptlRlong and
CRYPrbcL2R performed better than others in both PCR progra

Buffer 4, primer pair ptlRlong — CRYBCL2R, and PCR program with 20 cycles
(LONGPCR-20 program) were chosen as the optimatquore and be used for

further works.



Component for each PCR reaction:

Forward primer (100 pmol/ul) 1.5 ul

Reverse primer (100 pmol/ul) 1.5 pl

DNA template (100-150 ng/ul) 2-2.5 ul

MasterAmp Extrac-long DNA polymerase Mix: 0.5 pl

MasterAmp Extrac-long DNA 2X PreMix (buffer) 12.5

Water up to 25 ul
LONGPCR-20

Initially denature the template: % for 1’
Followed 20 cycles:
Denature at ~ 98C for 20”
Anneal at 56C for 1’
Extend at 69C for 9’
Ended with 69C for 5’

LONGPCR-30

Initially denature the template: % for 1’
Followed 30 cycles:
Denature at  9&C for 20”
Anneal at 56C for1’
Extend at 69C for 9
Ended with 69C for 5’

Reactions were run in an MWG biotech thermal cyaleat kept at 4C overnight after
amplification. The long PCR products were purifld DNeasy plant Mini Kit (250)

according to manufacturer’s guide and stored irpaeédd until use.

2.6.3 Verify the PCR products

Four cryptophyte strains CCAP 977/2a, CCAC 0113AC®M109, CCAC 0031 were
sampled randomly to amplify the 10 kb fragment lestv23S rRNA antbcL gene as



done for CCAC 0031 in previous step. The resultsv&d that the length of fragments
vary from 8 kb to 10 kb as expected.

To verify the PCR products, two sequencing prini€40R-700 (personal information
from Dr. Birger Marin) and 1046R-700 (Hoef-Emdeinal. (2005)) that were specific

for 16S rRNA andbcL gene, respectively, were employed to read these.

The sequencing results confirmed that the 10 kbnfients were actually comprised
16S rRNA andbcL gene in at each ends.

2.6.4 Amplify the plastid 233RNA-rbcL fragment by optimal long-
range PCR protocol

Twenty-two cryptophyte strains, including 4 hetesphic strains and 18 autotrophic
strains in which four strains were not geriiryptomonasas out-group, were sampled
to amplify the plastid 23S rRNAbcL fragments by optimal PCR protocols obtained
above. Because the fate mificL gene in colorless strain M1634 was unclear, strai
M1634 was delayed untips4 gene in cryptophyte group to be read; then th® 16
rRNA —rps4 fragment was amplified instead of the 23S rRIN&L fragment as its

sisters

Even thought the long PCR protocol was optimizédyas still needed some minor
modification when applied each examined strainsnipancreasing or decreasing the
DNA concentration and choosing the appropriatedy(g). As expected, these PCRs

ran successfully in all examined cryptophyte algae.

The PCR products were purified by elution from gelarose electrophoresis and

stored in -20°C until use.

2.6.5 Produce the smaller segment BjoTherm™ Taq DNA Polymerase

Ten kb fragments of 21 cryptophytes harvested flamg-range PCR above could be

applied directly in reading the sequences. Howewsing only MasterAmp' Extra-



long PCR kit to produce a huge amount of mateneds considered not efficient
economically. It was necessary to amplify smallegments by BioTherm™ Taq

DNA Polymerase.

Two overlapping fragments, one from 23S rRNA to fiRN (called fragment 1) and
the other from tRNA-R +bcL (called fragment 2), were amplified using intediae
primers. For designing the intermediate primerg tRNA-R (UCU) and tRNA-T
(UGU) genes, located near the central of 23S rRNAck fragment according t6&.

thetaplastome map, were chosen and named R_Rev and,TreBpectively.

Fragment 1 (around 4.5 kb) was produced by a caatibm of ptlRlong and T_For
run by PCR program set up named THD_PCR®6 whilenfixg 2 (around 4 kb) was
from combination of R_Rev and CRWL2RIong primers run by THD-PCR4

program (see THD_PCR4 parameters as above).

As transcribed direction of both tRNA-R and tRNA be opposite witlbcL gene,
R_Rev, though its name, they worked fasward primer when combined with
CRYPrbcL2R and similarly, T_For played its role asverseprimers when paired

with ptlRlong or/and G20Rlong primers (see Fig.25H.

The short PCR products were selected by visuat@ain agarose with ethilium

bromide, then purified by QiaGene kit and storeelid°C until use.

THD-PCR6

Initially denature the template: 9% for 3’
Followed 30 cycles:

Denature at 95C for 1’

Anneal at 52C for 2’

Extend at 68C for 4’
Ended with 68C for 5’
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Fig. 2.6.5.1:1llustration the approximately positions, mannendanations of PCR
primers and the expected short PCR products uSintpetaplastome as reference



2.6.6 Sequence the short PCR products (4kb) by primer-firady
approach and using automated ABI3730 sequencer

To sequence double strands of the short PCR predithined just above, BigDye
Terminator v1.1 Cycle sequecing kit 1000 reactionis/(Applied Biosystems, Cat. N
=4337451) and ABI3730 automated sequencer werdéogeth

The lab-workings were begun at two ends of eaajnient. In fragment 1, sequencing
primer 16SH4Rev, a newly constructed primer thaimobto the helix 4 domain of 16S
rRNA, and primer T_For were used. Similarly, in €ad fragment 2, R_Rev primer
and primerrbcLStart Rev, a newly designed sequencing primer thaind at

approximate 120 position ofG. thetarbcL, were employed.

The reactions were taken place on 96-well platé$, @ompositions for 1 reaction:

BigDye Buffer (5X): 0.5m

Primer (10 pmolfL): 0.2n

Template: xm (to enough 150-300 ng DNA)
Water: y ml to enough 2% in total volume

Seq-ABI1 program for sequencing

Initially denature the template: 98 for 2’
Followed 30 cycles:

Denature at 94C for 2’

Anneal at 40C for 30”

Extend at 6C for 1'30”
Ended with 6C°C for 6’

Reactions were run in an MWG biotech thermal cychdter completion of PCR-
sequencing, each of wells was applied for 1715f water before sent them to
Sequencing Facility (Cologne Center for Genomicsiversity of Cologne) for

reading by automated ABI 3730 system.



The draft sequences of the PCR products were imgpdot ChromasPro® version 1.41

(Technelysium Pty Ltd.) for proof-calling. The rid@ sequences were assembled into
contigs using SeaView (Galtiet al, 1996). The contigs from at least five examined
cryptophytes were then collected for aligning tdfthe conserved domains near two

ends of samples that would be employed to desighssguencing primers.

In most case, the sequencing primers were univetdalvever, in fact, some
sequencing primers were inapplicable to, for exanmyuf26, ORF403 genes in several
Cryptophyta strains anchll gene in all colorless strains. Thef26 gene was detected
in R. salinaplastome but not irs. thetachloroplast genome; and it had not been
planned to be sequenced in phylum Cryptophytaenetirly state of the project since
R. salinaplastome had not been published. To overcome tbblgms, individual
sequencing primers for specific cases were requifé@ universal and individual
specific sequencing primers were listed and exptaim detail in Table 2.6.6.1 and
2.6.6.2.



Table 2.6.6.1 The universal sequencing primers for cryptoplipféstomes
16S rRNAfbcL fragments

NAME COMPOSITIONS POSITION DIRECTION
1 16SH14Rev CGYAGGAGTCTGGGCCGTGTCTCAG from the 200™ to 314" position G. theta plastid 165 rRNA gene. Ry
2 16SH4Rev CGA CTT GCA TGT GTT AAG CAT ACC from the 41™ to 314™ position G. thesa plastid 16S rRNA gene ¥
3 psaMF YTRGCNATTMGWYTAGGAAC from the 57™ to 77" position of G. theta plastid pseM gene F
4 psaMR GCAACRAAWATTTGWGTRTCRCTAATC from the 3 to 20™ position of G. fhefa plastid psaM gene R
5 chllF AAGACCTCARYTWYTRGATMGATTTGG from the 603™ to 630™ position of G. theta plastid chil gene ¥
[ chliR1 CATHCCAAATCKATC YARWARYTGAGG from the 607™ to 633" position of G. theta plastid ch/I gene R
7 chl1R2 GCKGCRTREGCTYTMGAAGCTC from the 882" to 908™ position of G. fheta plastid cAf gene R
8 R_For GTC TAA KGG ATC AGG ACA GRR ACC TTC from the 3™ to 35 position of G. theta plastid tRNA-R gene ¥
9 R Rev GGA TTC GAA CCT ACA TTA GAG ACT TAG from the 35™ to 61™ position of G. thetu plastid (RNA-R gene F
10 V_For AGCGGTAGAGCGCCTGCCTTAC from the 13™ to 34™ position of G. theta plastid (RNA-V gene R
11 T_For GCT CAA TTG GTA GAG CAA CTG ATT TG from the 8™ to 33™ pasition of G. dteta plastid tRNA-T gene R
12 T_for2 GCT CAA TTG GTA GAG CAA CTG ATT TGT from the 8® to 34™ position of G. #heta plastid (RNA-T gene R
13 T _Rev GGA CTT GAA CCC GYA ACC KAC TGA TTA C from the 33™ to 60™ position of G. theta plastid tRNA-T gene ¥
14 rpsdF ATGTCYAGATAYAGAGGWGC from the 1% to 20™ position of G. fheta plastid zps4 gene F
15 psdFor2 GGA YAA TAT TGT DTT TAG RYT WGG NAT GGC | from the 276™ to 305™ position of G. fhet plastid rps4 gene ¥
16 ps4_For3 AAWGGNRTYATWGAAAGAGADTGGG from the 529" to 553™ position of G. dheta plastid rps4 gene ¥
17 psdR CGRCGMACKATYCTYAAYACKGCWCC from the 16™ to 41 position of G. theta plastid rpsd gene R
18 rpsdRev2 GCN GGT ATW GTR GGN GCC ATN CC from the 298™ to 320" position of G. fhetn plastid rpsd gene R
18 ps4Rev3 CCN GTR GAW CCT TTW ATT CTT CTW GC from the 217" to 242 position of G. dheta plastid rps4 gene R
20 rps4_Revd CCTTTRCGWGARWARTRYTCHACWAC from the 580 to 605™ position of G. thete plastid rpsd gene R
21 unknForl DRTRTADATNGGRKTTCCYTG from the 430" to 450™ position of CCAC 0086 plastid ORF403 ¥
2 unknRev1 TKKTTYCARGGAAMYCC from the 440™ to 456" position of CCAC 0086 plastid ORF403 R
23 rbeL_140R TTTGAGGHGTCATACGGAACATWGC from the 861" to 108" position of G. fheta plastid rbcL gene R
24 rheLStart Rev | GYT RTA RTCMGC ATC CCARTARCCC from the 78™ to 106™ position of G. fheta plastid rbcL gene R

(") F : Forward Jrom 16S rRNA to rbeL
(2" ) R: Reverse Jrom rbcL to 16S rRNA




Table 2.6.6.2:The specific sequencing primers for some Cryptaplsytains to read
the plastomes 16S rRN#ocL fragments
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Table 2.6.6.2(continued): The specific sequencing primers tones Cryptophyta

strains to read the plastomes 16S rRiNAE fragments
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Table 2.6.6.2(continued): The specific sequencing primers tone Cryptophyta

strains to read the plastomes 16S rRNWE fragments
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Table 2.6.6.2(continued): The specific sequencing primers tone Cryptophyta

strains to read the plastomes 16S rRNWE fragments
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Table 2.6.6.2(continued): The specific sequencing primers tone Cryptophyta

strains to read the plastomes 16S rRNWE fragments
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2.7 Annotate the genes

The nucleotide sequences of the 16S rRNbE fragment of each examined
cryptophyte strains were transferred separatelydctor NTI (Invitrogene). Genetic

code was set as Bacterial and Plant Plastid Coé €earch was run in all six
possible reading frames. Putative ORFs were trathleo protein sequences for a

PHI-BLAST search Ittp://www.ncbi.nlm.nih.gov/blast/Blast.dgwith non-redundant

protein sequences search set and then was anntiabedh comparison to thos&
thetaor/andR. salinaCCMP 1319plastome (Douglas & Penny, 1999; Khanal,
2007b). The tRNA genes were pointed out by usingABcan-SE search server at
http://lowelab.ucsc.edu/tRNAscan-SE/

2.8 Search for homologous protein by SMART server

The deduced protein sequence of each gene or ORBwhanitted directly to SMART
server (http://smart.embl-heidelberg.de/) to amalythe conserved domains and

calculate E-value.

2.9 Align based on codon

The sequence collections were pre-aligned with $=a\(Galtieret al, 1996), they
then were imported to Selecton server for codoredasalignments
(http://selecton.tau.ac.il/). Then, positions wadbdon-gaps in any of the sequences

were omitted manually prior any phylogenies.

2.10 Analyze the phylogenetic issues

As first, the nucleotides or/and protein data setge determined the most appropriate
model of sequence evolution to use according taected Akaike Information
Criterion (AICc) framework by jModeltest 0.1 andoPrest1.4 with deactivated "+F"
option, respectively (Posada, 2008; Posada & Ciar{¥1).



2.10.1 For nucleotide data sets

To construct the maximum likelihood trees, the dais were uploaded to PhyML 3.0
(Guindon & Gascuel, 2003) using the proposed ewwiaty model obtained from
jModeltest 0.1.

Distances analyses were done by PAUP* 4.0b10 (Snahff 2003), in which
maximum likelihood parameter copied from jModeltési and under minimum
evolution. In case of data sets with heterogendmase frequencies, the LogDet
transformation was added into the phylogenetic ggecThe trees obtained from both

these runs were inferred with neighbor-joining aildpon.

The PAUP* 4.0b10 was also employed to search fareighted maximum parsimony
trees using 10 random addition replicates in coatmn with heuristic tree search

algorithm.
All of these runs, 1000 bootstrapped replicateseveatculated.

For posterior probability analyses, MrBayes 3.IRdr{quist & Huelsenbeck, 20P3
was used with highly recommended settings suchiashi2t distribution for relative
substitution rates and base frequencies, boundéarnmndistribution for proportion of
invariable sites and gamma shape parameter fodigtabution of among site rate
variation, uniform distribution for topologies, amaponential distribution for branch
lengths; 1.000.000 generations (due to the limiR€dpower) with one cold and three
heated chains; trees saving every 100 generatiows bairn-in was determined
manually according to the sum-plot displayed in $kesen. In case of the combined
data set, the analyses were performed with a jpaei model approach i.e. the

appropriate parameters were calculated separateatch DNA partitions.

2.10.2 For amino acid sequences

After obtained the suitable evolutionary model, phetein data sets were subjected to

the phylogenies like those of nucleotide data sets.



The PhyML 3.0 was used again for constructing theximum likelihood trees in

which CpRev model (Adaclat al, 2000) was applied in all cases.

The neighbor-joining trees were done by MEGA 4 (kwrat al, 2008) with JTT
(Jones-Taylor Thornton) matrix, gamma shape setorrgsults of ProtTest, and 1000

replicates.

Like the nucleotide sequences, un-weighted maxirparaimony trees for protein data
sets were done by the PAUP* 4.0b10 using 10 randcaldition replicates in
combination with heuristic tree search algorithm.

Bayesian analyzes for protein sequences were mfetewith MrBayes 3.1.2 with
basic parameters like those of nucleotide dat@xsetption for amino acid model was

set to CpRev model ((aamodel=fixed(cpRevV)).

All phylogenetic trees were displayed by TREEVIERAe, 1996).



3.RESULTS



3.1 Search and sequence the Cryptophyta plastomrecL gene

Eight-teen newly sequences of el gene ofCryptomonasstrains were obtained in
the first part of the project were presented inTable 3.1.1. Of these, four sequences
were from heterotrophic (colorless) strains and themaining was from

photoautotrophic (pigmented) strains.

Five strains of three different colorless lineagesre examined in this study: the
colorless strain M1634 represented one lineagainstCAC 0056, CCAP 977/1,
M2180 and M2452 represented the other; and stra® $77-2f represented the last.

Unfortunately, the strain SAG 977-2f did not sueviduring this study and some PCR
attempts using the available frozen total DNA tgpéfy its rbcL were unsuccessful.
Therefore, strain SAG 977-2f was rejected fromstugly.

PCR amplifications of thebcL gene were successful in most colorless strains, b
strain M1634 repeatedly gave negative results. Asite explanation for the
unsuccessful PCR in strain M1634 was PCR primeatsndt fit. The reason may be
thatrbcL was highly diverged, was a pseudo-gene or wastately lost. Therefore,
the existence ofbcL in the colorless M1634 was unclear. The actualasion of the
rbcL gene of colorless strain M1634 should be studmedetail by another suitable

strategy such as sequencing its whole plastid genom



Table 3.1.1:List of Cryptomonasstrains were reacbclL sequence

Strain Accession Numbers
01 | C. oobovoide&LCAC 0031 (M1094) AMO051221
02 | C oobovoidedCAP 979/46 AMO051223
03 | C. curvataCCAC 0006 (M0420) AM051204
04 | C. borealisCCAC 0113 (M1083) AM051202
05 | C. borealisSCCAP K-0063 AMO051203
06 C. gyropyrenoidosap.nov.CCAC 0108 (M1079) AMO051206
07 | C. lundiiCCAC 0107 (M0850) AM051207
08 | C. marssonilCCAC 0086 AM051208
09 C. marssoniCCAC 0103 (M1475) AM051209
10 C. paramaeciunCCAP 977/1 AM051213
11 C. paramaeciunCCAC 0056 (M1303) AM051212
12 C. paramaeciuniv2452 AM051215
13 C. paramaeciun2180 AM051214
14 C. pyrenoidiferaCCAP 977/61 AM051216
15 C. pyrenoidiferaCCMP 0152 AM051217
16 C. pyrenoidiferavil077 AM051218
17 C. tetrapyrenoidos#1092 AM051219
18 C. tetrapyrenoidosNIES 279 AM051220




3.2 Phylogenetic analyses based one the cryptophyte ptal rbclL
gene

Eighteen newly sequences of thxlL genes ofCryptomonasstrains read in the first
stage of the project were then combined with ofiver newly sequencetbclL genes
(done by Dr. Kerstin Hoef-Emden) that also belom@typtomomador phylogenies.
The results of phylogenetic analyses were comparigal those of nuclear rDNA
(concatenated SSU rDNA, ITS2 and partial LSU rDNall nucleomorph SSU rDNA
to infer the evolutionary history of gen@syptomonasTherbcL sequences also were
subjected to examine the codon usage of two-folgederate NNY codons to deduce
the differences of functional constraints and eggi@n levels in this gene in the genus

Cryptomonagthese works were done by Dr. Kerstin Hoef-Emden).

The results showed that thacL gene in the colorless @arameciumand their closely
relative photosynthetic Cryptomonas had increased their evolutionary rates
significantly. The shift from NNC to NNU in two-fdldegenerate NNY codon ibcL
gene was recorded in the heterotroplicyptomonasand their closely relative
photosyntheticCryptomonas The loss of photosynthetic activities in the clalss
Cryptomonagparamaeciunstrains were explained by some possibilities. Detaults

and discussion were published BNERolutionary Biology20055:56.

In the second stage of the project, five newly seqgedrbcL gene (M2488,
CCAO0018, SAG 2013, M1480 and SCCAP K416) were hstece They then were
added into the previouslgbcL data set for re-run phylogenies. The newly rooted
maximum likelihood tree of cryptophymdcL sequences (51 taxa of 972 positions)
was congruent with the tree published previousé teka of 990 positions). The new
addingC. phaseolu$SAG 2013 grouped witle. curvataCCAC 0006 and CCAC 0080
but not always supported. Meanwhi&, loricata M2088 attached witic. commutata
CCACO0109 with moderate support (53/56/70/55/0.96; 8.2.1).
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Fig. 3.2.1 Rooted maximum-likelihood tree inferred fromL gene sequences (51
taxa of 972 positions). The evolutionary model (ZHAG), - In L= 16097.8824)
were proposed by jModelTest 0.1 base.d on the Akafarmation criterion. From left
to right: maximum likelihood bootstrap/maximum parsny bootstrap/neighbor-
joining bootstrap/logdet transformation bootstrapgperior probabilities (Bayesian
analysis). Names in bold: newly sequendzdl obtained in the second stage of the
project; scale bar: substitution per site.



3.3 Annotate the 16S rRNA~bcL fragments

In 22 Cryptophyte strains examined, 15 strains weea from 16S rRNA taobcL

without gap; and seven strains contain gaps dtieettack of time.

3.3.1 Gene contents

As mentioned in the previous part, theL gene of colorless strain M1634 was not
obtained, the attempts applying couple of primet$Rfpng and CRYRCL2R,
therefore, were unsuccessful repeatedly. Fortunateing other couples of primers
ptlRlong with T_For and R_Rev wittps4Rev4 to amplify the 16S rRNA-tRNA-T
and tRNA-R+ps4 fragments released two overlapping short fragmetitat
subsequently to be sequenced; hence, M1634 wadroeadne-third end ofhll gene

to end ofrps4. Using G. thetaand R. salina CCMP 1319 plastome as reliable
references, the gene contents and gene orderseofi@8 rRNA+bcL fragments

obtained above were annotated.

16S rRNA geneis a non-coding RNA gene translating the genetic

information held in DNA to make the component o€ temall prokaryotic
ribosomal subunit (30S). The conservation of rRNé&nes (including 16S
rRNA) are extremely high in all cells, thereforeyhhave been used widely in
investigating the phylogeny such as to identifyoaganism's taxonomic group,
calculate related groups, and estimate rates ofiepalivergence (Hillis &
Dixon 1991; Harriset al, 1994). Except for M1634, CCAC 0107 and CCAC
0108 strains had not been read the 16S rRNA gdinexamined cryptophytes
were sequenced the 5'-terminus region of 16S rRNif ihe numbers of
nucleotides obtained from 116 to 557. The initiggrang showed they were
strictly conserved as expected. Therefore, theyeagpected to be a convincible
resource that someone can utilize in future prajeletted to 16S rRNA gene of

Cryptophyta algae.



psaM geneis a small gene coding for a peripheral, membramegral
subunits about 3.5 kDa involving the formation tilde Photosystem | (PSI)
trimers that found in Cyanobacteria (Naithahial, 2000). The roles gbsaM
in the PSI complex of eukaryotic algae and higHants have not been well-
established as well as no paper reports findirgyghotein in PSI, despite being
present in the chloroplast genome (Frometeal, 2001; Nelson & Yocum,
2006). In cryptophytes, alpsaM genes are 93 bp in size with only one
exception for 90 bp in M1092. The absence®d\M from colorless strains is a

new finding.

chll gene(synonym:bchll for bacteriacchlorophyl) is a gene encoding for
a soluble proteinchll protein) with molecular weights of 38 — 45 kDahi§
protein combines with other two close relativelynpmnents ¢hID andchiH)
forming the multisubunit Mg-chelatase that catadysee insertion of Mg into
protoporphyrin IX in the first unique step of thielarophyll synthesis (Suzuki
et al, 1997; Valentinet al, 1998; Bollivar, 2006). Recent studies also
demonstrated that the accumulation of Mg-protopgriphl X product was both
necessary and sufficient for regulation by retrdgrasignaling of a large
number of nuclear genes encoding plastid produrisiérmel, 2001Strandet
al., 2003;Nott et al, 2006). Like those db. thetaandR. salina the start codon
of examined Cryptophytehll gene is GTG, but changing to ATG triplet in case
of CCACO0113 and three colorless strains. Thé gene in most cryptophyte
species are 1062 bp long but fall down to 1002,0182d 1041bp in all three
colorless CCAP 977/2a, M2452 and CCAC 0056, respsygt

tRNA genes include tRNA-R (UCU), tRNA-V(UAC) and tRNA-
T(UGU), the lengths of which are identical in altasns, 73, 72 and 73 bp
respectively. Only a minor difference observedtmaia CCMP 0704 of which
tRNA-T is 74 bp in size instead of 73 kb as usA#lithree tRNA genes form a
cluster inG. thetaplastomes but they are separated/&f26 in between tRNA-
V and tRNA-T inR. salinaplastomes. At least twG. erosaCCAC 0018and



C. oobovoideaCCAC 0031 containing the ycf26 gene inserted ifROIA-V
and tRNA-T is reported in this study.

rps4 _geneis a gene encoding protein 4 of the small plasbdsomal
(Douglas & Durnford, 1990; Harrist al, 1994). Exception for M1634 lacking
five last nucleotides because of the sequenciray,all ofrps4 genes obtained
are uniform in length, 609 bp. The predicted prigehave 203 amino acid
residues. The start and stop codons are ATG and TAAMoOst case,
respectively; some strains such as M1092, CCMP 0TZ2AC 0108 and
CCACO0006 terminated by TAG triplet.

yci26 is a gene that encodes a hypothetical sensor-lftaline kinase
(Douglas & Penny, 1999; Khaet al, 2007b). The presences of ycf26 (n
erosaCCAC 0018 C. obovoidea CCAC 003And non€ryptomonasstrains

are unexpected.

ORF403 is a gene encoding Tic-22-like protein, one ofefiprotein
families involving to the pre-protein translocatiat the inner envelope
membrane of chloroplasts (Kouran@t al, 1998; Reumannet al, 2005).
Unlike ycf26, this ORF403 presents in all cryptophytes. Hawewoth
cryptophyteyc26 and ORF403 are highly divergent in size and euice
compositions, making the universal sequencing psngesigned to read them
useless. That was the reason why more specie-gppaihers had been newly
constructed to full-fill theycf26 and ORF403.

rbcL is a gene that encodes ribulose-1,5-biphosphate
carboxylase/oxygenase with a very important roléha photosynthetic Calvin
cycle as the carbon dioxide fixating enzyme. Timzyene catalyzes at least two
reactions, the carboxylation of D-ribulose 1,5-bisgphate and the oxidative
fragmentation of the pentose substrate. The forimehe primary event in
photosynthetic carbon dioxide fixation and the dagein the photorespiration

process. In the chloroplasts, both reactions wonkulkaneously and



competitively at the same active site. ThelL is a much-conserved gene and it
has been used extensively by phylogenetists tovehthe phylogenetic history
of plants (Kellogg and Juliano, 1997; Spreitzer &vaicci 2002) as well as
algae (Melkoniaret al, 1995). Exception for M1634 and SAG 977-2f, all

examined cryptophytes were read thel genes.

In overall view, all cryptophyte strains which 16®NA—bcL fragment were
sequenced in this study can be divided into threallsgroups following their gene

contents:

Group 1: including mostCryptomonasstrains such as CCAC 0109, M2088,
CCAC 0006, CCAC 00113, CCAC 0086 (Fig. 3.3.1), SA® 3, CCMP 0152
and M1092, with the gene contents, gene orderstrandcribed direction like

those ofG. thetaplastome.

Group 2: comprising all colorless strains CCAP 977/2A, Ma24(Fig. 3.3.2)
and CCAC 0056 which are similar to those of grodjuilack ofpsavl gene.

Group 3: containing twoCryptomonasstrains CCAC0018, CCAC 0031 (Fig.
3.3.3) and five noiCryptomonasstrains SAG 980-1, CCMP 0443, CCMP
0704, M1480 and SCCAP K-416 that have an additigo6 gene in between
tRNA-V and tRNA-T gene as observed R. salina CCMP1319 plastid

genome.

Strain M1634 can be put into group two as its dekw sisters; strains CCAC 00107,
CCAC 0108 have not been grouped yet due to lackfofmation. Even though its
ORF403 was not read, strain SAG 980-1 could betiites to group 1 in an
assumption that ORF403 always exists in all crypytg algae. The illustrations of the
gene contents and gene order for the 16S rRNA-—fragment in these groups were in

Appendix 1 to Appendix 20.



Fig. 3.3.1:lllustration the gene content, gene order of th& tBNA—bcL fragment
in C. marssoniCCAC 0086 plastome



Fig. 3.3.2:lllustration the gene contents, gene orders oft68rRNA-rbcL fragment
in C. paramaeciunvi2452 plastome



Fig. 3.3.3:lllustration the gene content, gene order of th& IBNA—bcL fragment
in C. obovoideaCCAC 0031 plastome



3.3.2 Overlapping genes

The overlapping gene was recorded in the last 4®3fqps4 gene and ORF403 in
colorless CCAC 0056. The overlapping phenomenom @liserved iR. salinaandG.
thetaplastomes such as between the pairatpD — atpF genesypl4 —rpl23 genes,
rpl16 —rpl29 and ORF142 — ORF146 (Khat al, 2007b). Theps4 and ORF403
overlapped together is newly finding. The abserfgesaVvl as well as the overlapping
gene ofrps4 and ORF403 found in colorless strains relate thgically to the plastid

genome reduction in colorle€syptomonas

3.3.3 Compare the lengths of the fragments

Because the un-identical sizes of partial 16S rRighes, the distance from the
starting points of 16S rRNA to those dicL genes were chosen and calculated to
compare the 16S rRNAbcL fragment sizes among studied cryptophytes. Olshou
the presence or absenceyaf26 from the fragments was one of the reasons #r th
difference in lengths among examined cryptophyldse lack ofycf26 andpsaM
genes in the 16S rRNAscL fragments of the colorless group caused thegpgrfeats

to be the shortest: 3667, 3748 and 4564 bp in sikeSCAP 977/2a, M2452 and
CCAC 0056, respectively. In the contrary, the dantty longer 16S rRNArbcL
fragments were in no@ryptomonasand CCC 0018 and CCAC 0031 strains as they
containycf26 genes. Surprisingly, two strains CCAC 0018 a@AC 0031 hold the
longest fragments: 6111 and 6074 bp in sizes, otispy. The differential value
between CCAP 977/2a and CCAC 0018 were around 4%f6. suggests that CCAP
977/2a and its colorless sisters possesses profhebgmallest plastomes while CCAC
0018 and CCAC 0031 carried the largest plastomemgraryptophyte algae. Another
suggestion is that the future whole plastome sexjngnprojects should focus in
colorless CCAC 977/2a, M2452 and CCAC 0056 strams photoautotrophic CCAC
0018 and CCAC 0031 strains together with anotheirstbelongs to group 2 to
compare the shortest, medium and longest plastamesg cryptophytes. See Table

3.2.3.1 for gene sizes in the fragments 16S rRiWAL-of studied cryptophytes.



Table 3.3.1:Gene sizes in the cryptophyte plastome 16S rRié--fragments.



Table 3.2.3.1(continued)Gene sizes in the cryptophyte plastome
16S rRNA-+bcL fragments



Sequenced lengtls total length to be read in certain fragmeotmparative lengths

the length of the distance from the starting p@hfl6S rRNA genes to thoserbéL
genes(-) the region was not readNA) the gene was not detected in the fragments;
(*") The number of base pairs were reatl) @ll 16S rRNA gene were read partial
only at 3" terminus(®)) Only partial ORF403 was read?®’) rbd_ gene sequences was
readand submitted to GenBank to get accession numbiheifirst stage of this study
(Hoef-Emderet al, 2005);theywere then full-filled the upstream gap afterwaf(tt)

rbcL genes are available in the GenBartkey were re-read and full-filled the
upstream gapn the second part of the studf’) Strain CCAC 0113 has a unread
region in noncoding space between ORF403 rmtl gene; () one-third end othll

gene was read.



3.4 AT content and Identity characteristics

3.4.1 AT content

The AT contents were calculated for every genesaich strain (Table 3.4.1). Because
the whole plastomes of examined strains are notayailable, the AT% of the 16S
rRNA-rbcL fragments was used instead. The non-coding regaiso were extracted
for AT% content calculation. On the overall, the%Tof each genes in the colourless
strains were not significantly different to the mmponding genes in the
photosynthetic sisters. ThdcL, rps4, chll and three tRNA genes held lower AT
percentage than the whole fragments, while thosaeypsaM, yc26 and ORF genes
were higher; for example these values in strain CQA18 are 57.5, 62.1, 62.8, 40.3,
66.7, 68.3 and 67.5% in comparison with its whobgment AT% — 65.3%. These
observations of AT% contents suggest thatpbaM, ycf26 and ORF403 genes were
being directed toward the genome compositional bggroach more strongly than
rbcL, rps4, chil and three tRNA genes.

3.4.2 Identity characteristics

The identity degree of nucleotide or/and proteimguemces is one of the basic
parameters to estimate the evolutionary distanegwden close relatives strains.
Genes located in 16S rRNAseL fragment were calculated the mean degree of

sequence identity (Table 3.4.2).

For preparing the data set prior to analysis, cobbas of eaclpsaM, chll, rps4, yci26,
ORF403 andrbcL genes were done. The collection consisted of nbely read
sequences plus those Gf. thetaand R. salinaas references. Each collection was
submitted separately to Selection server for caal@mment. Then, positions with

triplet-gaps in any of the sequences were omittadually.



The data set gisaM gene contained 90 nucleotide positions of 18 taxae of which
was colorless. In case ahll gene, strain M1634 was rejected from the identity
analysis because it composed only the last ond-tifichll sequence in length. The
chll dataset contained 21 taxa, three of them wererless, and the sequence length
was 963 nucleotide positions. Three tRNA genes wambined as one unit,
consisting of 22 taxa of 217 characters. Strain®AC®117 and CCAC 0118 were
absent from these three collections as they wetreeaal from theps4 to 16S-rRNA.
Four colorless strains jointed with 20 photosyntheiryptophytes to produce a
collection ofrps4 genes with 597 nucleotide characters. The ORIE&@&base had 20
strains and 345 nucleotide positions mainly distield in the C-terminus, strains
CCACO0107, CCACO0109 were out of the analysis duethwmir partial sequence
readings. The largest collection wasleéL, 30 strains of 972 nucleotide positions but
only 3 colorless present while the shortest calkectvas ofycf26, only 8 strains and

462 nucleotides.

Then, the data sets were transferred to Vector $Nilte for calculating the identity
values. The analyses were done in both nucleotidk protein characters with and

without colorless strains.

The overall result showed that the identity valwese very high in photosynthetic
strains but they fell down when the non-photosytthstrains were added to the

comparison.

The lowest conservation was detecteg¢f26 and ORF403 genes at both nucleotide
and protein data sets in which their amplitudedetity values were very high: min
value at 18% to 31% while max value at 77%. In OBF-4ase, the identity values
between photo and non-photosynthetic groups were significantly different.
Unsurprisingly, the three tRNA genes displayed thighest identity values in
nucleotide data sets whifessaM andrbcL proteins revealed the most conservation in
protein comparison. Furthermore, the largest difiee between colorless and non-

colorless dataset was founddhll gene.



Table 3.4.1 AT content of genes located between 16S rRNAraond genes in
examined Cryptophyta strains



Table 3.4.1(continued) AT content of genes located between 16S rRNAraod
genes in examined Cryptophyta strains

(p): the genes were read partially, thus AT corgemére not calculated

(-) The genes were not read or not presented



Table 3.4.2:Comparison of identity values in non-photosynthatid photosynthetic
groups at both nucleotide and protein databasgsrtds in the Cryptophyta plastome
16S rRNA-+bcL fragments

Number | Number Nucleotide sequences Protein sequences
of Taxa of
Nucleotide
Positions without with without with
colorless | colorless | colorless | colorless

psaM 18 90 68 — 88 % - 70 — 100% -
chll 21 960 71-88% 57-63% 84-95% 50-5P%
3tRNA 22 217 94 -100%| 89 —95%
ycf26 8 462 18 =57 % - 18 — 52% -
rps4 24 597 68—-88% 64-73% 74-96% 62 —-8RP%
ORF403 20 345 48 - 77% 45-50% 31-72% 31-6[%
rbcL 30 972 80-94% 77-85% 88-99% 86 —9D%

(-) not calculated due to the lack of these genemlorless strains



3.5 Detect Shine-Dalgarno sequence, -35 and -10 boxégenes in
16S rRNA—~bcL fragments

In this part of study, the inter-space sequencdsetween 16S psaM, psavl — chll,
tRNA-T—psA4, rpsA—-ORF403 and ORF4083€L were isolated to search for the
transcriptional and translational regulation eletaeamong which focusing to Shine-
Dalgarno (SD) sequences, -35 box and -10 box asethlements play very important
roles in translational and transcriptional regwlatifor gene expression (Hirose &
Sugiura, 2004; Somanchi & Mayfield, 2004).

The results showed that the upstream regiorbof gene was the easiest alignable
region then followed by those of 16S rRN#saM and tRNT+ps4; the upstream of

chll gene was very high variant making it unalignafderough the aligning process,
the conserved domains in the upstream regions &t plootosynthetic strains were
easily recognizable while those of colourless, COAC7, CCAC0108 and CCAC113

strains were not.

Among the express regulating elements located enughstream, the SD sequences
were exposed obviously. They were found in therepsh region ofbcL, psav and
rps4 with AGGAG motif. Surprisingly, thehll genes consisted of no SD sequence but
with an adenine-rich cluster. The common core AGGA& also used to search for
SD sequence in ORF403 ayef26 but no results returned.

Douglaset al. (1990) pointed out the SD sequence — AGGAGG rbah of G. theta
In ourrbcL data set, this formula was found to be highly serwed. However, some
changings were observed in strain colourless and@Q113 — the first A altered to C

or G or T and the second A changed to G.

While the conservation of SD block iibcL genes was very strict, the situatiornrps4
genes was relax. The SD core sequencepsdfwere formulated as GGAGAA. The
SD clusters in two colourless strain CCAP 977/2d 1624, again, showed the

difference in comparison with their sister — fisstinterrupted A and ended with GTT.



The SD clusters of two strains CCMP 0152 and M1@82 recored with four or five
G then ended with one A while those of strain CCBUD6 and CCAC0086 ended
with four A.

The lost ofpsaM gene as well as the compress of the genomeslanless strains
caused their inter-space between 16S rRNA @sdil/chll became shorter. The SD
sequences and other express regulation sitesfdheravere probably lost as well. In
the remain photosynthetic strains, a conservedkbloc front of psaM genes -
A(C)GGA(T)G(A)A(T/G) - can be assigned as SD se@esn

The identification of -35 and -10 boxes fiacL dataset were based on the description
from Douglaset al. (1990). The -10 box sequences displayed a highlasity in
photosynthetic strains but not in colourless, CCACQ CCAC0108 and CCAC0113
strains. Douglaset al. (1990), pointed out the -35 box @. thetarbcL gene
(TTGAGT) was around 19 nucleotides distance tob&®, however, the non coding
regions in the upstream dicL in this study showed that this cluster could hexact.
Instead, at least two high-conserved clusters cbaldnarked as potential -35 boxes.
The conclusion of exactly position of these twoulag elements is expected to be

done by reverse genetics or any experiments ifutiee.

Due to the lack of information of the regulationxbe ofrps4, psaVl, yc26, ORF403
and 16S rRNA genes for cryptophytes, the sequeotegerested regular elements
were identified by scanning the conserved blockshm upstream regions of these
genes by eyes. Two blocks, around 110 nucleotw® Start triplet ofG. theta,were
assigned as prospect -35 and -10 boxesriieft genes. Three conserved blocks
emerged as potential regulation sequences in theoding region opsav while one
unknown-function conserved domain was found inupstream region of 16S rRNA.

The finding for regulatory elements in ORF403 gn6 were unsuccessful.

Detail of conserved block, -35 box, -10 box and &iguences in non-coding regions
of 16S rRNA,psaM, chll, rps4 andrbcL genes were illustrated in Fig. 3.5.1 to Fig
3.5.5, respectively.



Fig. 3.5.1:Alignment for 16S rRNA upstream region, one unknafumotion conserved
was found



Fig. 3.5.2:The non-coding region @sav gene, one SD sequences and three potential
regulation sequences were illustrated



Fig. 3.5.3:The upstream part @hll gene, no SD sequence or regulation elements was
detected, but an adenine-rich block emerged



Fig. 3.5.4:Alignment for upstream region gis4 gene, the -35, -10 boxes and SD
sequences were recognized



Fig. 3.5.4(continued): Alignment for upstream region of rggehe, the -35, -10 boxes
and SD sequences were recognized.



Fig. 3.5.5 The non-coding region ebcL gene, the SD sequences, -35 box and -10
box (marked with *) pointed out by Dougleisal. (1990) beside two new potential -35
boxes.



3.6 ycf26 — Unexpected protein irC. erosaCCAC 0018 andC.
ovoideaCCAC 0031

3.6.1 The distribution ofycf26 in photosynthetic organisms

The sequencing and annotating results showed liesie tare ORFs lying between
tRNAt and tRNA-V in the 16S rRNAbBcL fragments of several cryptophytes such as
C. erosa CCAC 0018, C. obovoideaCCAC 0031, ProteomonasCCMP 0704,
Hemiselmis tepidaCCMP 0443 TeleaulaxSCCAP K-416 Rhodomona$/1 1480 and
ChroomonasSAG 980-1. These ORFs were submitted to NCBI tacéeéor the
homologies; all the results obtained showed thas¢hORFs were similar wiycf26

of R. salinaCCMP 1319. Surprisingly, thgc26 gene was detected R. salina
plastome but not 5. thetachloroplast genome; and it had not been planneaketo
sequenced in phylum Cryptophyta in the early stdtéhe project sinceR. salina
plastome had not been published. The presencesz6 yn C. erosaCCAC 0018,C.

obovoideaCCAC 0031 and no&ryptomonasstrains are unexpected.

Theycf26 was originally named for a hypothetical chloesgtlORF with 1968 bp long
that was found at first time iR.purpureaplastome (Reith & Munholland, 1993). It
then was discovered in all genomes of Cyanobacterthin some red-line plastomes
such as rhodophyte, haptophyte, raphidophyte, towas absent totally in green-line
chloroplasts. The finding ofcf26 in only two straingC. erosaCCAC 0018 andC.
obovoideaCCAC 0031 in this study also showed its non-universal disifidn in
species level. Thgcf26 has been called under different names suchkas lisensor-
like histidine kinase), chk33, yc26 (hypothetical chloroplast protein), dfr
(dihydrofolate reductase), dspAdfug sensorprotein A), nblS fion-bleaching mutant
Sensor), tsglt(anscriptionakensorgene 1) depending on the pioneer researchers who
gave the names (Ashby & Houmard, 2006); from nowof26 will be used for short.
Summary of distribution ofcf26 is in Table 3.6.1.



3.6.2 Describe the functional structure ofcf26 protein

Due to the major critical roles in biological adties of bacteriaycf26 drew much
attention from researchers. Tlyef26 gene encodes a sensor-like histidine kinase
(Hik), which functions were deeply investigatedbiacteria, including Cyanobacteria.
The sensor-like histidine kinase (Hik) is the conmmmame for a protein super-class
that perceive the extracellular environmental shininen transfer these signals to their
partners (calledResponseregulator — Rre) subsequently regulate a wide varadty
cellular processes to response to these streseessénsor and regulator form a so-
called two-component signal transduction systent thavitally important for cell
survival and growth. Briefly, the cyanobaterial B& has been proved as a “multi-
stress” sensor, receiving many extracellular sgrelch as strong light, nutrient,
chemical, temperature and osmotic stresses (Stibak, 2000; Suzuki, 2000; Mikami
et al, 2002; van Waasberget al., 2002; Mikamiet al., 2003; Morrisoret al, 2005;
Ashby & Houmard, 2006; Moriat al, 2006; Kanesalet al; 2007).

Unfortunately, almost nothing has demonstratecetpression signals gtf26 in both
MRNA and protein levels in algae. Duplessitsal. (2007) planned to locate the
position of ycf26 protein in chloroplast oHeterosigma akashiwdy monoclonal
antibody, but no results have been published . The analysis foycf26 in this
part, therefore were based on the described cyateria yc26 (Morrisonet al,
2005). For convenience, the functional domainSwfiechocysti®CC 6803ycf26 is
described here before steps forward in next parts.

The predicted/cf26 structure irSynechocysti®CC 6803 comprises 663 amino acids
building seven functional domains. Two potential FIMegions {ransmembrane
helical) at 33 — 55 and 201 — 223 positions help pinetein integrate into cell
membrane. Inserted between two TMH regions is adamho acid long segment (at
58 — 197 positions). This strictly conserved regianall cyanobacterialycf26 is
assumed to be putativeeriplasmic sensordomain (PSD), playing the role of a
periplasmic sensor. Overlapping with the second Tislthe HAMP regionHlistidine

kinases,Adenylyl cyclasesMethyl binding proteinsPhosphatase) located at 200 —



269 positions which plays the role of transmitter transfer the extracellular signal
from PSD domain to into Hik33 cytoplasmic regioBgside the HAMP is the PAS
domain Per, Arnt, Smi or period protein, aryl hydrocarbon receptor nuclear
translocator protein anmsingle-mined protein) positioned at 283 — 349. Asuasption

is that the combination of PSD and PAS domains lesaltve capability ofcf26 to
receive a wide variety of extracellular stimuli. eTkbwo most important regions are
HIKA (422 — 490 positions) and HATPase_c (535 — §66itions) domains nearly the
C-terminus of Hik33 polypeptides. The HIiKA is reggible for dimerisation and
ATP-dependent autophosphorylation of the histidesdue and subsequently transfer
the phosphoryl group from the kinase to an aspartgidue of the response regulator
by the catalysis of HATPase c¢ domain. Scatteretriloligion in both HiKA and
HATPase _c domains are highly conversed boxes nated, F, G1, G2 and G3
following the main amino acids located in thesedsox'he H box near the N-terminus
contains the consensus amino acid array HELRT (4336 positions) in which the
histidine residue is phosphorylation site and tayato be considered as indicators for
classifying of sensor kinases. The N (NLIGNS), G2O(TGI), F (IEFREYR), G2
(GTGL) and G3 (only G) boxes are found closer te @terminus in a catalytic
domain responsible for M§and ATP binding at position 546 — 551, 586 — 51, —
607, 617 — 620 and 645 positions, respectively.

3.6.3 Search the functional domainef red-line plastidycf26

Fifteen ycf26 protein sequences, including eight new crypttplygf26, six other
plastids and one from CyanobacteriudynechocysticPCC6803, were submitted

separately to SMART server for searching the fumai domains.

The results obtained from SMART server showed thvatplastidycf26 could be
grouped into two clades. Clade A included fgaf26 from Rhodophyta and one from
HaptophytaEmiliania huxleyiin which their functional domain numbers were $ami
to those of Cyanobacteria. Clade B comprised esgiins of Cryptophyta and one of

Heterokontophyta in which the average length wasiraat 316 residues, nearly a half



of those of primary plastids, containing mostly H&A and HATPase_c domains

only.

SMART identified a very high accuracy (95% to 100%)almost the functional
domains of Cyanobacteria (PCC68§8R26 with except for PSD. It is possible that the
PSD has not been archived in the SMART database.dbimains correspond to the
PSD in strains of clade A were reported as thénisitt disorder regions; they therefore
were annotated based on the aligned proteins @atafrom Selecton server and
according to description from Morriscet al. (2005). Observation the PSD p¢f26
proteins from plastids showed that they actuallyem@ot as conserved gsf26 from
Cyanobacteria. These suggested the regions thetidarlike periplasmic sensors for
the environmental signals seemed to be changeer édhreceive other specific stimuli

for plastids or to degenerate their functions.

Five other putative functional domains were assigioe ycf26 from primary plastids

andE. huxleyiwith the support e-value were similar to thos@®6IC 6803.

In the opposite, the two trans-membrane helicalMfPAand PAS regions were not
found in theycf26 protein sequences of the truncaye®6 clade; only HiKa and
HATPase c domains existed but very weak E-valueABM also pointed out so
many intrinsic disorder domains distributed acribgsycf26 protein sequences of this

clade.

The presence of the array HELRT in the conservedok helped to verify that the
plastidycf26 proteins actually belong to type one sensor. Agrihe conserved boxes,
the H and N boxes were highly conserved while th&E, G2 and G3 were relaxed.
The G1, G2, and F boxes were collapsed completetgrain CCAC 0031. The F box
was nearly not recognized in strain CCAC 0018 aridi8 because of the strongly

amino acid composition altering in these boxes.

Details of starting and ending points of each fiomal domain and E-values obtained
from SMART server for 14-plastigcf26 and one Cyanobacterium were listed in the
Table 3.6.2.



Observing theycf26 genes from CCACO0031 and CCACO0018 revealed arsuatu
difference in length (831 versus 1329) and statboo(CTG instead of ATG). It was
doubtful that there was a relic 9tf26 exepctely in the upstream part of current
CCACO0031ycf26. ORF detection for the upstream region of CCAG10yc26 was
done again. Fortunately, a small ORF (257 nucles)idn the beginning of current
CCAC 0031ycf26 was found. This additional ORF was transferred\NCBI for
BALSTX search. Surprisingly, it matched with a miat of Tetrahymena thermophila
SB210 (gene ID 4512514) containing protein kinassman. Meanwhile, the
translated ORFs (+1, +2 and +3) were put into SMAd®Tver to detect functional
domains. Again, it was interesting that two of #hésanslated ORFs contained one

or/and two trans-membrane regions without E-vaWleide the other one held nothing.

The functional domains ofcf26 protein of cryptophytes and some random chosen

Cyanobacterium were illustrated in Fig.3.6.1.

3.6.4 Reconstruct the phylogenetic trees

For the first view of the evolutionary history, tpaylogenetic trees were conducted.
To increase the number of taxon sampling, 14 neel-dlgae and 45 Cyanobacteria
ycf26 sequences were jointed for a large dataset ¢eespb9 taxa (see Appendix 22
for detail of names and accession numbers of Cyastela). Theycf26 collection

was then submitted to Selecton server for codamnalent. Alignable condon-based

regions in nucleotides or/and protein sequences @xracted prior phylogenies.

The jModelTest 0.1 and ProtTest 1.4 proposed TVI@ + | and JTT + G (Posada,

2003) as the best fitting evolutionary for nucldetand protein data set, respectively.

The red-lineycf26 always formed a separated clade in phylogenmedes (Fig. 3.6.2
and 3.6.3). In both trees, their evolutionary ratese extremely high, of which the
most significantly increased waSeleaulax sp. SCCAP K-416. There was a
competition for the basal position in red-line @a#. huxleyioccupied this place in
the gene tree while twBorphyrastrains replaced in the protein tree. The crypytgsh

formed a separated clade in both protein and gees but not support.



Table 3.6.1:The distribution ofycf26 in photosynthetic plastomes

Coppied and enriched from Duplessisal.(2007).



Table 3.6.2:The positions and E-values of functional domaars f
cryptophytes/cf26 protein

(-) E-values are not supported on SMART server*)(fhe positions were identified
based on the codon alignment by SMART server angh@aoson withSynechocystis
sp. PCC 6803, thus E-values were not available; tgrbpxes, unavailable sequences
in the genome, thus SMART cannot identify.



Fig. 3.6.1: Alignment forycf26 proteins of cryptophytes and some random chosen
Cyanobacteria.



Fig. 3.6.1(continued): Alignment for ycf26 proteins of cryptophytes ancthe@dandom

chosen Cyanobacteria.



Fig. 3.6.1(continued): Alignment for ycf26 proteins of cryphtgtes and some random

chosen Cyanobacteria.



Cyanobacteria

— C. erosa CCAC 0018 :| 100/88/79/1.0
L—— C. bovoidea CCAC 0031

——  Hemiselmis tepida CCMP 044§|
74/83/89/0.99
Chroomonas sp. SAG 980-1

Teleaulax sp. SCCAP K-416
Proteomonas sp. CCMP 0704

| —— Rhodomonas sp. M1480 L00/93/79/1.0
—— Rhodomonas salina CCMP 1319 (YP_001293515

Heterosigma akashiwo strain CCMP 452 (YP_001936324)
Cyanidium caldarium (NP_045190)

Gracilaria tenuistipitata var. liui (YP_063707)
93/69/59/1.0 — | '“————— Emiliania huxleyi (YP_277392)
Porphyra purpurea (NP_054002)
Porphyra yezoensis (YP_537073)

98/99/84/1.0

|_|
0.2

Fig. 3.6.2 Rooted maximume-likelihood tree inferred fromya®26 protein sequences
(154 characters)The evolutionary model (JTT+I+G, - In L= 8192.52¢m selected
according to the results of the corrected Akaik&rdmation Criterion (AICc) in
ProtTest 1.4 without “+F” option. Bootstrap valuegere assigned from left to right:
maximum likelihood/maximum parsimony/neighbor-jogAposterior probabilities.
Names in bold faces: newly sequengef26 in this study; scale bar = substitution per
site.



Cyanobacteria

—— C. Obovoidea CCAC 0031
| —— Hemiselmis tepida CCMP 0443
68/77/81/68/0.98

— C. erosa CCAC 0018
100/98/89/81/1.0

Chroomonas sp. SAG 980-1
B Teleaulax sp. SCCAP K-416

Proteomonas sp. CCMP 0704

I —— Rhodomonas sp. M1480
51| 100/99/77/90/1.0

— Rhodomonas salina CCMP 1319 (YP_00129351

— Porphyra purpurea (NP_054002)
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Cyanidium caldarium (NP_045190)
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H
0.2

Fig. 3.6.3: Rooted maximum-likelihood tree reconstructed basadycf26 gene

sequences (59 taxa of 462 positions). The evolmyomodel (TVM+I+G, - In L=

17953.7167) were proposed by jModelTest 0.1 basedthe corrected Akaike
Information Criterion (AlICc). From left to right: aximum likelihood

bootstrap/maximum parsimony  bootstrap/neighborifmn  bootstrap/logdet
transformation bootstrap/posterior probabilities. aldes in bold faces: newly
sequencegcf26 in this study; scale bar = substitution per site



3.7 ORF403

As described above, lying betwegrs4 andrbcL genes of Cryptophyta 16S rRNA—
rbcL fragments were un-uniform sized ORFs. ORFs thatupy similar genomic
location in theG. thetaand/orR. salinaplastomes are called ORF282 and/or ORF403
because putative proteins of these ORFs considté82 or/and 403 amino acids,
respectively (Douglas & Penny, 1999; Khatral, 2007a). Its structure and function in
chloroplast ofPisum sativunvar. Green Arrow were uncovered at first by Koanan

& Schnell (1997) and Kouranaat al. (1998). The authors described Tic22 protein as a
22-kD largely hydrophilic protein with no predictéinsmembrane domains that was
located in the intermembrane space between the antkinner envelope membranes
and was peripherally associated with the outer fatehe inner membrane. The
authors also proposed Tic22 acted as a recept@réoursor proteins as they emerged
from the Toc complextfanslocon at theuter envelope membrane dfloroplasts), or
mediate the association of Toc and Tic complexesglocon at thénner envelope
membrane o€hloroplasts) at contact sites. However, Tic22 heenbdess well defined

in algae. In this part of study, Tic22 and ORF4G8&wsed alternatively.

3.7.1 Verify the translated ORF403 of cryptophytes as Z&protein

All of Cryptophyta translated ORF403 nucleotidesravput into SMART server to
explore domain architectures and confidences. SMAEBgnized some Cryptophyta
putative ORF403 proteins as Tic22 but very wealkakres (see Table 3.7.1). ORF403
of strains CCAC 0107, CCAC0109 CCAC0108, CCACO0148 toree colourless were
not identified as Tic22 protein homologies. Howevtrey were still kept in the

ORF403 collection for some analyses in the nexisste

3.7.2 The distribution of Tic22 in host genomes

Using the Protein search function in NCBI databagé Tic22 as the keyword, the
finding showed interesting results of the distribntof the putative Tic22 proteins

from Cyanobacteria to land-plants (Table 3.7.2).



At least one copy of the gene encoding for Tic2Z& \peesent in almost completed
sequenced cyanobacterial genomes and plastomémadphytes, cryptophytes such
as those oP. purpurea, P. yezoens(S. tenuistipitatavar. liui, Cyanidium caldarium,
Cyanidioschyzon merolae, G. theta, R. sgli@syptomonassp. (this study)etc One
copy of this gene also was found in one haptoppiastome E. huxleyi,but nothing
within chloroplast genomes of heterokont. The thstion of Tic22 was not limited in
the plastomes; it also located in the other genetachines such as nucleomorph
or/and main nucleus. For example, the completefpseced nucleomorph genomes of
two cryptophyteG. thetaandH. anderseniicontain versions of Tic22 (Douglas$ al,
2001; Lane & Archibald, 2006a). In genome Gkanidioschyzon merolaethe
investigators identified the genes encode for Tia@@ Tic22-like proteins (CMJ105C
and CMC181C) while an EST (expression sign tags)Tc22 was found in the
nucleus ofG. theta(Matsuzakiet al, 2004; Gouldet al, 2006). Interestingly, the
Tic22 encoding gene was not located in the apicastplbut in nucleus of

apicomplexarPlasmodium falciparum\Waller et al.,2005.

While searching the documents for this part, areregting paper published by
Kalanon & McFadden in 2008 involving the chloroplgsrotein translocation
complexes in plant, green algae and red algae fwarel According to this report, the
copy of Tic22 encoding genes seemed to be more dmenin land-plants. For
example, the genomes of vascular plarabidopsis thalianaand non-vascular plant
Physcomitrella patentdhiad two Tic22 paralogs while other vascular pl&mum
sativumcontained one Tic22 gene. Whereas, only one coplyiogene was found in
the main nucleus d@hlamydomonas reinhardtand no trace of Tic22 encoding gene
was detected in other green algastreococcus lucimarinusndO. tauri. The authors
also argued the existence of Tic22 in the chlostpgenome ofCyanidioschyzon
merolae;and did not include at least two copiesQrfyza sativaTic22 proteins into
their database. Therefore, in this part of stubdgsé abandon sequences were accepted
for analyses. EST in genomes of some being seqdemganisms also verified the
existences of Tic22. Hence, nuclear-encoded Tic2sion of non-photosynthetic

green algaPrototheca wickerhamiwas recognized (Borzet al, 2005). Moreover,



the EST database in NCBI supported ti@icine max, Nicotina benthamiana,
Avicennia marian, Gossypium hirsutum, Solanum tod@metc consisted of nuclear-
encoded Tic22 genes; unfortunately, these EST goftinthese Tic22 contained so

many sequencing errors, so they were ignored sahalysis.

3.7.3 Reconstruct the phylogenetic trees

To take a closer look at the evolution of Tic22temipts to reconstruct the
phylogenetic trees based on the protein and nudesequences were done. Most
available Tic22 sequences in the NCBI data bankevekrwnloaded and combined
with newly sequenced Cryptophyta Tic22 to produdarge Tic22 data set of which
28 were Cyanobacteria, two were green algae, eaghtland-plants, three were
apicomplexan and 27 are red-line algae. Strains CO207 and CCAC0109 were not

participated in this investigating because of tipairtial sequences.

The raw data set was submitted to Selecton seovecddon-based alignment. Then,
the alignable codon positions in both nucleotidesl amino acid samples were
extracted prior phylogenies. The nucleotide databamnsisted of 306 positions in
length correspond with 102 amino acids. For nudeodata set, jModeltest proposed
GTR + G + | (General time reversible model with amsite substitution rate
variation plus proportion of invariable sites) whiProtTest chose the CpREV + G

(general time reversible model for plastid-enconexiel gene) for protein data set.

Although the numbers of positions contained in dsgés offered in phylogenetic
analyses were not so long, the trees built on tieéejm and/or nucleotide database
opened the first look about the evolution of Ti¢ERy. 3.7.1 and 3.7.2).

In overall view, the sequences of Tic22 proteimfed four main clades: the first clade
was all Cyanobacteria, the second clade was thioseddine plastids, the third clade
contained the Tic22 sequences that positioned in malear genomes of green-algae
(Chlorophyta) and land-plants (Magnoliophyta), thast clade comprised

chromalveolate non-plastid Tic22 proteins (nuclegshar/and nuclei genomes).



However, in the Tic22 gene tree, the branch patbeich some changes. The red-line
and green-line Tic22 sequences were still presesitlb the Cyanobacteria clade, but
the non-plastid clade was divided into two smalbups: one contained all

Plasmodiunsequences and one was those of red-line nonglais2?2.

The bootstrap values for red-line Tic22 clade westained only in the protein but not
in gene tree. In both treeS, borealisCCAC0113,C. erosaCCAC 0108 and thre€.
paramaeciumwere always found in theCryptomonasclade. The CCACO0113
displayed a significantly accelerated evolutionargte than those of other
Cryptomonasor even though of red-line ORF403. In the gene,ttaree Tic22 of
rhodophytes formed a clade at the basal positiohthiey were replaced by cluster of

E. huxleyiandCyanidium caldariunRK1 in the protein tree.

Like the red-line ORF430 sequences, the greendiin22 formed a separated clade
with support values for both phylogenies trees (7B%%/79%/0.84 and 94%/83%/-/-
/0.99 for protein and nucleotide trees, respeatjvehterestingly, non-photosynthetic
P. wickerhamiiand photosyntheti€. reinhardtii were always occupied at the basal

positions in both phylogenetic trees.

The forming of chromalveote non-plastid genome Zictade in the protein tree but
not always support was an attractive result. Ttades however, was dispersed in the
gene tree. The cluster contained nucl€ganidioschyzon merola@ucleomorphH.
andersenii nucleomorphG. thetaand cluster contained thre@lasmodiumstrains
seemed to be relative while nucle&. theta sequences was inserted into
Cyanobacteria clade.

All Cyanobacterial Tic22 sequences grouped togedlea super-clade but not always
supported in the protein tree. They still formesuger clade in the gene tree but there
were some strains jumped out of the Cyanobacteluater to insert into other clades.
Surprisingly, the second version 6f merolaeTic22 (assigned Tic22-like protein -

CMC181C) was always belong to Cyanobacteria clad®th phylogenetic trees.



3.7.4 Search for the conserved domains

The amino acid alignment showed that the alignaddgons distributed mainly in the
C-termini rather than in N-termini. These regionsrev considered to determine the
conserved motifs. Unfortunately, the identificatwithin these regions was not strict
across all taxa. Thus, no region was assignedeasahserved motifThis contradicts
to the report of Kalanon & McFadden (2008) that wemserved motifs were found in
Tic22 proteins at 104 — 119 and 186 — 200 residespectively, according tG.
reinhardtii. The explanation may be due to the limited numlfense sequences) of
taxa distributed in nuclei genome in their surveysus the extended Tic22 collection
of 70 sequences distributed in many kinds of gersomehis study. Incidentally, the
annotation in the Figure 4 in their report had aonimistake in that the sequences that
were noted as PpTic22-1, PpTic22-2, AtTic22-111,Tie22, CrTic22, CmTic22 and
CmTic22-like have to chance to AtTic22-1ll, PpTiec22 PpTic22-2, CrTic22,
CmTic22.

3.7.5 Classify the Tic22 proteins

Base on the multi-alignment by Selecton server e & the protein tree, the Tic22

protein sequences were divided into four groups.

The first group consisted of all Tic22 from Cyanobacteria. Thisouy was
characterized by the alignable N-terminus and pa@aidue rich C-terminus.
Exception forSynechococcusp. PCC7002, all members of this class displayeiia
homologous. Th&€yanidioschyzon merolagic22-like protein was assigned into this

group as its position the protein and gene treesalmays in the Cyanobacteria clade.

The second groupcomposed of Tic22 proteins located in non-plagghomes of
chromalveote (nucleomorph or/and nuclear genomésljke group 1, the N-termini

region of this group was high variant.

The third group contained Tic22 that positioned in nuclear genowiegreen algae

(Chlorophyta) and land-plants (Magnoliophyta). Theon-photosynthetic P.



wickerhamiialso belonged to this group. Like group 2, the Nniai region of group 3

was unalignable.

The fourth groupincluded all Tic22 proteins originated from reddiplastids. This
group was characterized by a specific conservesterlicontaining 27 amino-acids and
laying at about 125 residues from start Methionimeyas illustrated in Fig. 3.7.3
under the name “red-line plastid cluster”. Moregwetception forG. theta C. lundii
CCAC 0107,C. borealisCCAC 0113 and three colourless, the cryptophyts &
strictly identical block of about 25 amino-acids #te C-terminus — called

“Cryptophyte tall.

The partial Tic22 sequences of CCAC 0107 and CCAQ90showed that their C-
termini regions were alignable with other red-lihie22 proteins. Especially, strain
CCAC 0109 presented itsyptophyte tail Strains CCAC 0113 and three colorless had
no “cryptophyte tail but possessed the red-line plastid cluster inrteequences.
These verify that the putative translated ORF4Qfuseces of strains CCAC 0107,
CCAC 0109, CCACO0113 and three colourless are dygtliad22 proteins.

As mentioned above, the translated sequence OR&40B/ptomonasolourless and
CCAC 0113 were not recognized as the Tic22 proteyn SMART server, the
phylogenetic analyses in both protein and nucleatiata sets always showed that they
actually belong to Cryptophyta clade with high-decs#ted evolutionary rates.
Moreover, three colorless always displayed a strattgchment to each other in a

single group.

These result, again, confirmed that ORF403 of CAO/M) CCAC0109 CCACO0108,
CCACO0113 and colourless strains was obviously lietonrORF 403 family despite of
the refutation of SMART server.



Table 3.7.1:E-values supported by SMART server for identify

the Cryptophyta Tic22 proteins

Strain E values
CCA C0086 6.00€
CCAC 0056 not recognized
CCAC 0018 2.80¢
CCAC 0107 not recognized
CCAC 0108 2.108"
CCAC 0109 not recognized
CCAC 0113 not recognized
CCAC0031 1.20€

CCAP 977/2a

not recognized

CCMP 0443 1.90&
CCMP 0152 7.708
CCMP 0704 4.70%
G. theta- nucleomorph 5.408°
G. theta- plastid 7.10&
H. andersenii nucleomorph 2.36%
M 1092 4.508?
M 1480 1.90&*
M 2088 6.608"
M 2452 not recognized
R. salinaCCMP 1319 8.60&
SAG 2013 3.408
SCCAP K416 3.90¢'




Table 3.7.2:The number and location of Tic22 genes in algae
and land plant genomes
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Gloeobacter violaceus PCC 7421 (N 924700.1%
Synechococcus sp. JA-2-3B'a(2-13Tg( P_477208)
Synechococcus sp. JA-3-3Ab (YP_476160)
1 Synechococcus elongatus PCC 6301 (YP_172942
nechococcus elongatus .
' Synech / PCC 7942 (YP_400879
Acaryochloris marina MBIC11017 (YP_001518624
— Synechococcus sp. PCC 7002 (YP_001734844)
Trichodesmium erythraeum IMS101 (YP_721388.1)

Lyngbya SE’. CC 8106 (ZP_01622032.1) 1
Lyngbya'sp. PCC 8106 (ZP_07620708.1
Anabaena variabilis ATCC 29413 (YP_322001.1)
Nostoc sp. PCC 7120 (NP_484158.1

Nodularia spumigena CCY 9414 (ZP_01628729)
Nodularia spumigena CCY 9414 (ZP” 01628729.1)
Nostoc punctiforme PCC 73102 (YP_001867184.1)
Microcystis aertéqmosa NIES-843 ;YF’ 001658852.1)
Cyanothéece sp. PCC 7424 sZP 02975542.1
Cyanothece sp. PCC 880 %ZP 02942371.1)

Cyanothece sp. PCC 8807 (ZP. 02942370.12)
Cyanothece sp. ATCC 51142 (YP_001805087.1)
) Cyanothece sp. CCY 0110 (ZP_01728398.1)
Synechocystis sp. PCC 6803 (N 442405.1&
éanothece sp. ATCC 51142£YP_0018050 6.1)

anothece sp. CCY 0110 (. . %
rocosphaera watsonii WH 8501 (ZP_00519125.1) —
nuclear Cyanidioschyzon merolae Sg: JT05C
nucleomorph Guillardia theta (XP_001713539.1) 95/99/97/1.0
nucleomorph Hemiselmis andersenii (XP_001712614.1)
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Proteomonas sp. CCMP 0704
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C. loricata M2088
C. erosaCCAC 0018
Hemiselmis tepida CCMP 0443
C. bovoidea CCAC 0031
C. phaseolus SAG 2013
C. marssonii CCAC 0086
C. ptvrenmdlfera CCMP 0152
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Fig. 3.7.1: Rooted maximum-likelihood tree reconstructed basad68 ORF403
protein sequence$l02 characters).The evolutionary model (CpRev+G, - In L=
11324.68) were selected according to the resulth@fcorrected Akaike Information
Criterion (AlICc) in ProtTest 1.4 without “+F” optin. Bootstrap values were assigned
from left to right: maximum likelihood/maximum pamsny/neighbor-
joining/posterior probabilities; names in bold facenewly sequenced ORF403 in this
study; scale bar = substitution per site; (1): cydacterial genomes; (2)
chromalveote non-plastid genomes; (3) Chloroplasd avlagnoliophyta nuclear
genomes; (4)red-line plastomes.
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Fig. 3.7.2: Rooted maximume-likelihood tree inferred from ORF4@he sequences
(68 taxa of 306 positions).he evolutionary model (TVM+I+G, - In L= 19876.3352
were proposed by jModelTest 0.1 based on the cmdetkaike Information Criterion
(AICc). From left to right: maximum likelihood battap/maximum parsimony
bootstrap/neighbor-joining  bootstrap/logdet transf@tion bootstrap/posterior
probabilities. Names in bold faces: newly sequer@Bd403in this study; scale bar =

substitution per site.



Fig. 3.7.3 Alignment of Tic22 protein sequences originatednfred-line plastids.



Fig. 3.7.3(continued): Alignment of Tic22 protein sequencagimated from red-line

plastids.



Fig. 3.7.3(continued): Alignment of Tic22 protein sequencagimated from red-line

plastids.



3.8 Cluster of psaM and chll gene andphylogenetic analyses
based one the cryptophyte plastia¢hll gene

3.8.6 psaM and chll as a conserved cluster in red-line plastid genane

Protein cluster analysis in NCBI server showed thsdM and chll genes grouped
together as a conserved cluster in some red-linaégge such a®dontella sinensis,
Phaeodactylum tricornutum, Thalassiosira pseudonaaad Porphyra purpurea,
Porphyra yezoensis, Guillardia theta, Rhodomondsaaand Gracilaria tenuistipitata
var. liui (Fig. 3.8.1).

The absence gbsaM genes from the fragments of 16S rRNBeL of three colorless
strains (M2452, CCAC 0056 and CCAP 977/2a) examinethis study is unexpected.
Due to the lack of nucleotide information of theSLERNA—chll fragments of colorless

strain M1634, the presence or absengesaM from M1634 is therefore questionable.

3.8.7 Annotate the conserved domains cill protein

The structural and functional information p§aM in algae chloroplast have not been
documented. Therefore, only the conservationcbfi protein was considered by
observation the functional and conserved domaiwsdd that, the previously produced
data sets were added by 11 red-lineage algae amganobacterium; the M163xll,

though was sequenced one third at C terminal owlgs also added to have the

preliminary view of its structure in compared wither cryptophytes.

The codon-alignment results showeddlll predicted protein sequences contained four
highly conserved regions at the positions of 117;-196 — 212, 280 — 306 and 318 — 338
as described fochll of C. phi(previous name o&. thetg (Nakajamaet al, 1995 ). The
conservation of these regions was very strict ilotgéynthetic algae but relaxed in
colorless strains. Moreover, the divergencecbll protein sequences in heterotrophic

Cryptomonaseemed to be very great in the last 140 amincsacid

The first conserved region contained an ATP/GT Riipig site (GDRGTGKST) located at
45 — 53 positions o6. thetachll. The second region also held other ATP/GTP-biding



motif (ILYVDEVN) in between of 147 — 154 positiomd G. thetachll. Unsurprisingly,
all plastid chll proteins displayed a significant conservationbwth ATP/GTP-binding
motifs in which the second motif was completely senved in allchll proteins and the
first motif had several minor changes in thosehoé¢ colorless strains. Strain M 1634
was not read for the N-termini part of &bkll gene, so the first ATP/GTP-binding motif

has to be waited until thihll gene was read fully.

The codon-alignment also displayed two variantaegiin all ofchll protein sequences
that located between the first and second and é¢kensl and third conserved regions,
respectively. The first variant region was equinal® the insertion region 1, while the
second one was correspond to helices *6 and *7 Kselge et al., 2001 for more detail
about three-dimension structureabfll protein). In this study, a deletion of around 106-
amino acid residues in the first variant region feasd in colorless strains CCAC 0056
and CCAP 977/2a, respectively. Other point, tdl protein of photosynthetidH.
akashiwoCCMP 0452 also was suffered a cluster of 14 ammidsain this region. All
four leukoplast-bearingCryptomonasstrains showed a significantly alteration in the

second variant region.

Valentineet al. (1998) analyzed the N-termini ohll protein to assume the localization of
this protein in the cell. According to their infoation, the signal sequences were
presented in the N-termini ¢hll proteins. The first hydrophilic region with vaniglength
contained basic residue such as K and R, the seeguh was hydrophobic with 10 — 11
amino acid residues, and the third hydrophiliceagtomprised five residues. The protein
alignment result showed that the loss of 15 — 1hamcid residues in two colourless
strain M2452 and CCAP 977/2a were correspond ttydeophilic region.

The relaxation in the last 140 amino acid resicaresthe divergence in the second variant
region seemed to be the main factor caused theireglof the identity degree of colorless

chll in comparison with those of photosynthetic crygtgtes

3.8.8 Reconstruct phylogenetic trees

To build in the phylogenetic trees based on ¢hk sequences, the partial sequence of

colorless M1634 was rejected whie purpurea P. yezonensiandG. tenuistipitatavar.



liui were chosen as the out-group. The alignment, fibverecontained 24 taxa of 963
positions. The constant, variable and parsimongrinative were counted and showed in
the Table 3.8.1.

The number of variable sites at the third codontjmmswas most extensive, nearly 100%;
however, dropped down to 67.3% and 44.4% for th& ind second codon positions,
respectively. Moreover, almost all variation ardhcodon positions was phylogenetically
informative (98.7% of variable sites) while the giarony informative sites at the first and
second codon positions occurred at 63.8% and 78.7&8pectively. These suggested that
many of the sense changes were concentrated aktteme terminal node of the tree(s).
The high number of A and T (TA % = 77.7) at thadhtodon position indicated that a

marked bias towards codons ending in TA.

The pruned data set with only cryptophytes showet the number of variable and

parsimony informative site nearly the same withahse of full data set.

When all taxa were included, the chi-square teshahogeneity of base frequencies
results in significant P-values (Chi-square = 99281, df=69, P = 0.00988196) until
CCAP 977/2a was deleted from the data set (Chireqea58.192941, df=51, P =
0.22766298).

The full data set was retested for the homogemveity the first, the second position and
the first two-codon positions (Chi-square = 57.1246df=69, P = 0.84581378; Chi-
square = 9.423643, df=69, P = 1.00000000 and Qlareq= 37.471928, df=69, P =
0.99930335, respectively).

To test what sequence(s) in the cryptophytes catisedias, the collection of only
cryptophytes was introduced to PAUP* to calculdte P-value again. As expected, the
full cryptophyte data failed the test (Chi-squaré&6:584238, df=60, P = 0.01395624).
The extreme sequences (maxima and minima) in thacleotide content were removed
one by one before searching the P-values. Thectidlfestill failed the test (P<0.05) when
CCACO0109 , CCACO0064, SCCAP K-416, CCMP 0443 endhetawere deleted but the
P-value increased to 0.13014625 when colorless QIDAE excluded (Chi-square =
52.417327, df=42), and it jumped to 0.69342256 wllem second colorless strain
CCAP977/2a was removed from the data set (Chi-equ&4.083432, df=39). Exclusion



of the last colorless strains M2452 lead the slygimcreased in the P-values (Chi-square
=28.270793, df=36, P = 0.81741040). That suggesedolourless strains were the main

factor affecting the homogeneity of base compasitiothe cryptophyte clade.

The jModeltest 0.1.1 proposed GTR+I+G as the h#stg evolutionary model fochll

gene data set; and accompanied relative paranveseeslisted below.

Model = GTR+I+G
partition = 012345
-InL = 14241.4952
K =56

fregA = 0.4091
freqC = 0.1250
freqG = 0.1359
freqT = 0.3301

R(a) [AC] =6.1772
R(b) [AG] = 8.5566
R(c) [AT] = 0.0167
R(d) [CG] = 3.2582
R(e) [CT] =21.6152
R(f) [GT] = 1.0000
p-inv = 0.0460
gamma shape = 0.2570

Meanwhile, the amino acid data set was importdératTest 1.4 to search for the suitable

model without F option. The CpREV+G model was psgzbforchll protein data set.

The maximum likelihood tree othll gene obtained by PhyML revealed some un-
expected points. The first point was the very haglielerated evolutionary rate of
colorless strains — M2452, CCAC 0056 and CCAP %¥#ih comparison with other taxa
in entire data set. The second point was that teeyrred at the basal position in the

Cryptomonaglade without close relative.

Unfortunately, the strain CCAC0107 and CCACO0108emeot presented in trehll data
set, their positions in the evolutionary tree, #fiere, were not able to be determined.
However, the current position of CCAC0113 and cdkss strains in thehll gene tree

suggested that the LB clade foundlacL gene tree seemed to be dispersed strongly.

The branching foCryptomonasn thechll gene tree was incongruent with thosetafL
gene tree (Hoef-Emdeet al, 2005) and concatenated nuclear partial LSU rDNA a
nucleomorph SSU rDNA gene tree (Hoef-Emden, 2088keption for colorless clade



with very high support values, there were only savelusters obtained the support values
such as CCACO0006-M1092 (77%/63%/63%/79%/0.66, Bi§.3), CCAC0109-M2088
(94%/76%/79%/73%/1.0) and CCACO0031- CCAC0109-M2088
(71%/57%/59%/55%/0.98).

The branching othll protein tree, otherwise, was conflict with thengdree (Fig. 3.8.4).
The basal position in th€ryptomonasclade belonged to CCACCO0113 while the three
colorless strains moved inside grouping with clad®12088-CCAC0109
(76%/60%/57%/0.87) to form a moderate clade witlsaypport.

3.8.9 Codon usage

Observation the codon usage of amino acids codedNby codon (two-fold degenerate
codon) inchll gene found that NNU codon was preferred over cothiNC in all
cryptophytes. Also, there was a shift in codon assgm RNN to YNN codons in three
heterotrophic strains. In autotrophic cryptophytds® numbers of RNN codon were
always around 99 — 108 and those of YNN codon veeoeind 213 — 222 while these
numbers significantly increased or/and decreasetthrige colourless strains (123 — 133
and 188 — 198 for RNN and YNN codon, respectively).



Table 3.8.1 Base composition and variability ofill sequences



Table 3.8.2 Codon usage of RNN, YNN and NNY codon in cryptgiglschll gene

Thechll data set used in phylogenetic analysis was useddunting RNN, YNN and NNY
codon per 321 codon (963 nucleotide positions)dbate values indicate some exception
in which NNC over NNT codon.



Fig. 3.8.1: The Genome ProtMap (NCBI) searching results shothedpsav-chll
clusters in some red-lineage algae such @dontella sinensis, Phaeodactylum
tricornutum, Thalassiosira pseudonaarad Porphyra purpurea, Porphyra yezoensis,
Guillardia theta, Rhodomonas saliaad Gracilaria tenuistipitatarar. liui. The light
arrows in the boxes arehll genes and the gray smaller arrows just behind ahi
are psaM genes.



Fig. 3.8.2: The annotating for the conserved regions and hykitigpand hydrophobic
regions of chll protein were based on codon-alignment of sequentem
cryptophytes, Cyanobacteria and some red-line jaast



Fig.3.8.2 (continued): The annotating for the conserved ragi@and hydrophilic and
hydrophobic regions o€hll protein were based on codon-alignment of sequetfican

cryptophytes, Cyanobacteria and some red-line ast



Fig. 3.8.2(continued): The annotating for the conserved ragiand hydrophilic and
hydrophobic regions afhll protein were based on codon-alignment of sequefroen

cryptophytes, Cyanobacteria and some red-line ulast



Gracilaria tenuistipitata var. Liui (NC_006137)
Porphyra purpurea (NC_000925)
100/100/100/100/1.0
Porphyra yezoensis (NC_007932)
Teleaulax sp. SCCAP K-416

Rhodomonas sp. M1480
97/86/85/99/1.0
Rhodomonas salina CCMP 1319 (NC_009573)

96/76/76/86/1.0

Guillardia theta (NC_000926)

Proteomonas sp. CCMP 0704

Hemiselmis tepida CCMP 0443

11172/50/51/82/1.0
Chroomonas sp. SAG 980-1

C. paramaecium CCAC 0056
100/100/100/100/1.0

C. paramaecium CCAP 977/2a

m C. paramaecium M2452

—— C. marssonii CCAC 0086

C. ovata CCAC 0064

/ C. phaseolus SAG 2013

85/-/-/70/0.98

C. pyrenoidifera CCMP 0152

C. curvata CCAC 0006

77/63/63/79/0.66
C. tetrapyrenoidosa M1092

C. borealis CCAC 0113

C. erosa CCAC 0018

C. bovoidea CCAC 0031 74/-/-159/0.76

C. loricata M2088 71/57/59/53/0.98

94/76/79/73/1.0
C. commutata CCAC 0109

Fig. 3.8.3: Rooted maximum-likelihood tree inferred frazhll gene sequences (24
taxa of 963 positions)lhe evolutionary model (GTR+I+G, - In L= 14241.495%%re
proposed by jModelTest 0.1 based on the correctegikd Information Criterion
(AICc). From left to right: maximum likelihood bestriap/maximum parsimony
bootstrap/neighbor-joining  bootstrap/logdet transf@tion bootstrap/posterior
probabilities. Names without accession number: gesdquenceahll in this study;
scale bar = substitution per site.



Gracilaria tenuistipitata var. Liui (NC_006137)

— Porphyra purpurea (NC_000925)
100/100/100/1.0
'— Porphyra yezoensis (NC_007932)

Guillardia theta (NC_000926)
Teleaulax sp. SCCAP K-416
Hemiselmis tepida CCMP 0443

77/66/-/1.0 /1.0
Chroomonas sp. SAG 980-1

Proteomonas sp. CCMP 0704

Rhodomonas sp. M1480

95/86/91/1.0 84/83/97/1.0
Rhodomonas salina CCMP 1319 (NC_009573)

C. borealis CCAC 0113

r C. erosa CCAC 0018

—

C. loricata M2088
56/-/61/0.89 {

76/60/57/0.87
C. commutata CCAC 0109

C. paramaecium CCAC 0056
-/-151/0.76 100/100/100/1.0

C. paramaecium CCAP 977/2a

74/58/86/0.99
——— C. paramaecium M2452

— C. bovoidea CCAC 0031
C. ovata CCAC 0064

C. marssonii CCAC 0086

C. phaseolus SAG 2013

C. pyrenoidifera CCMP 0152

C. cuvata CCAC 0006
69/50/55/0.99 51/-/57/0.98
2

C. tetrapyrenoidosa M109

Fig. 3.8.4:Rooted maximum-likelihood tree reconstructed based4 chll protein
sequenceg321 characters)The evolutionary model (CpRev+G, - In L=5069.26)ave
selected according to the results of the corredkdike Information Criterion (AICc)
in ProtTest 1.4 without “+F” option. Bootstrap valis were assigned from left to
right: maximum likelihood/maximum parsimony/neighjmning/posterior
probabilities. Names without accession number: gesdquenceahll in this study;
scale bar = substitution per site.



3.9 Analyses based one the cryptophyte plastighs4 gene

3.9.1 Annotate conserved domains

To evaluate the conservation of the functional domaf rps4 protein, the data set
mentioned above was extended to 36 taxa with tdéiadal 12 taxa same as those in

chll database.

The result revealed the strictly conservation afoselary structure ofps4 protein
regardless of photosynthetic or non-photosynth&tiains (Fig. 3.9.1). Moreover, the
number and order of-helices and -sheets in red-line algae were not altered in
comparison withrps4 of green algae or land-plafidavieset al, 1998 and Markust

al., 1998). The amino acid residues involving in thgortant functions ofps4 such

as putative RNA-binding, hydrophobic coet¢. seemed to be significantly constraint.
However, the surprise came fromps4 protein of Cyanidioschyzon merolaand H.
akashiwoCCMP 0152: therps4 from the primary plastid lost completely th& and a
part of 3/10 helix while the latter did not contdie loop 10 between6 and -4.

3.9.2 Reconstruct the phylogenetic trees

Like thechll data set for phylogenies, three rhodophyispupureaP. yezoensiand
G. tenuistipitatavar. liui) were kept as out-group. Codon-gaps at any positiwere
excluded prior any analyzes. The modified datars®t had 597 nucleotide or/and 199

amino acid positions.

Table 3.9.1 showed the results of base compositaeculating for entire taxa as well
as the clusters of cryptophytes. In the entire data the third codon position got a
high values of AT content (78.1%) while the firsidasecond position contained a
moderate values (52.2% and 60.7% respectively) esigd that the codons ending
with AT would be dominant in theps4 amino acid population. Likehll gene

observed aboveps4 gene had extremely high variable site numbenhathird codon

positions, then followed by the first and secondifens (196/199, 131/199 and

83/199, respectively). The large portion of parsijmenformative sites in all codon



positions (84%, 61.4% and 99% of variable sitesfii@t, second and third codon
positions, respectively) indicated that all positicontributed to sense substitutions.
These values were nearly the same when three oupgtrains were removed from

the data set.

Despite of the high abundant of AT content at thiedtcodon position, the result of
test for stationarity of base composition with tBai-square test implemented in
PAUP* v4.0 showed that the data set passed théGastsquare = 47.698593, df=78,
P = 0.99731159).

To select the best-fitting evolutionary model fps4 gene andps4 protein database
proposed, jModeltest 0.1.1 and ProtTest 1.4 werpl@md. The TIM3+G and

cpRev+G model were proposed as the selected madstectively.

Model selected:

Model = TIM3+G
partition = 012032
-InL = 9696.0158
K=59

freqA = 0.4048
freqC = 0.1218
freqG = 0.1331
freqT = 0.3403

R(a) [AC] =11.0136
R(b) [AG] = 23.6176
R(c) [AT] = 1.0000
R(d) [CG] =11.0136
R(e) [CT] =32.7261
R(f) [GT] = 1.0000
gamma shape = 0.2700

In the rooted maximum likelihood tree igfs4 nucleotide sequences, tGeyptomonas

strains separated into two main clades without stffig. 3.9.2).

The first main clade contains the colorless M1634 £CAC0018, CCACO0031,
CACO0109 and M2088 in which the colorless strainupied at the early divergence
position with slight increased evolutionary ratdeTcluster CCAC0109-M2088 had
the support values from moderate to high (71%/68%/®.94) while the cluster



CCACO0108-CCAC0031 got the bootstrap values from imar likelihood and
posterior probability analyzes only (62%/-/-/0.98).

The remainingCryptomonasstrains were pushed into the second main cladehioh
they were further subdivided into two small cladBse three colorless strains grouped
with CCAC0107, CCACO0108, CCAC0113 and SAG 2013dmT a clade that was
nearly the same with long-branch clade observatiembcL gene tree. However, the
cluster CCAC0107-CCAC0108 became the closest velat three colorless in the
rps4 gene tree instead of CCAC0113 in thel gene tree.

Unlike thechll protein phylogenetic tree, the maximum likelihdoele ofrps4 protein
sequences was nearly congruent wigs4 nucleotide sequence tree (Fig. 3.9.3).
Generally, allCryptomonasstrains were distributed into two main halves helaad the
same terminal nodes with those rp4 gene tree. However, the positions of some
strains were changed. For example, the colorles83¥ bffered the basal position to
strain M2088; while strain SAG 2013 split out of &C0013 to become close sister

with three colorless (but without support).

Observation the evolutionary rate of colorlessdmes showed that they had a slightly
accelerated evolutionary rates in tipgd gene trees while these rate were significantly

increased in the protein trees.

3.9.3 Codon usage

Table 3.9.2 displayed the dominant numbers of NNldampassion to NNC in two-
fold degenerate NNY codon of cryptophytes4 gene.



Table 3.9.1 Base composition and variability ggs4 sequences



Table 3.9.2:Codon usage of NNC and NNY codon in cryptophypesg gene

The rps4 data set used in phylogenetic analysisusas for counting NNY codon per
199 codon (597 nucleotide positions); bold faceugal indicate some exception in
which NNC over NNT codon.



Fig. 3.9.Xx Codon-alignment ofrps4 protein sequences from cryptophytes,
Cyanobacterium and some red-line plastids showed nihmbers and order of-
helices and -sheets.



Fig. 3.9.1(continued): Codon-alignment gbs4 protein sequences from cryptophytes,
Cyanobacterium and some re-line plastids showedhtimebers and order of-helices
and -sheets.



Gracilaria tenuistipitata var. liui (NC_006137)

100/88/80/1.0

Porphyra purpurea (NC_000925)
73/99/100/0.87
Porphyra yezoensis (NC_007932)

Proteomonas sp. CCMP 0704

1 Guillardia theta (NC_000926)

Rhodomonas sp. M1480
—@0/99/0.97
Rhodomonas salina CCMP 1319 (NC_009573)
Hemiselmis tepida CCMP 0443
4‘ 100/76/72/1.0
Chroomonas sp. SAG 980-1

Teleaulax sp. SCCAP K-416

C. sp. M1634

C. erosa CCAC 0018

62/--/0.98 .
C. bovoidea CCAC 0031

87/-/50/0.98
C. commutata CCAC 0109
71/64/53/0.94 )
C. loricata M2088
f C. curvata CCAC 0006
95/-/72/0.99

C. ovata CCAC 0064

C. pyrenoidifera CCMP 0152
80/53/55/0.96

C. tetrapyrenoidosa M1092

C. marssonii CCAC 0086

C. borealis CCAC 0113

64/-1-/0.71
C. phaseolus SAG 2013

C. lundii CCAC 0107

74/61/62/0.86
C. gyropyrenoidosa CCAC 0108

C. paramaecium CCAP 977/2a

100/97/100/1.0

C. paramaecium CCAC 0056

90/77/92/1.0
C. paramaecium M2452

Fig. 3.9.2 Rooted maximum-likelihood tree inferred fraps4 gene sequences (27
taxa of 597 positions)The evolutionary model (TIM3+G, - In L= 9696.0158¢re
proposed by jModelTest 0.1 based on the correctegikd Information Criterion
(AICc). From left to right: maximum likelihood bettap/maximum parsimony
bootstrap/neighbor-joining  bootstrap/posterior  pedblities. Names  without
accession number: newly sequencpg! in this study; scale bar = substitution per
site.



Gracilaria tenuistipitata var. Liui (NC_006137)
Porphyra yezoensis (NC_007932)
4@96/97/ 1.0
Porphyra purpurea (NC_000925)
Hemiselmis tepida CCMP 0443

90/87/96/1.0
Chroomonas sp. SAG 980-1

Guillardia theta (NC_000926)

Rhodomonas sp. M1480
79/78/99/1.0
Rhodomonas salina CCMP 1319 (NC_009573)

100/98/99/1.0

Proteomonas sp. CCMP 0704
Teleaulax sp. SCCAP K-416
C. loricata M2088

l C. erosa CCAC 0018
50/-150/0.99 | 554,65/0_68
C. bovoidea CCAC 0031

—— C. commutata CCAC 0109

— C. sp. M1634

C. ovata CCAC 0064

C. curvata CCAC 0006

C. pyrenoidifera CCMP 0152

-I-164/-
C. tetrapyrenoidosa M1092

C. marssonii CCAC 0086
C. phaseolus SAG 2013
C. lundii CCAC 0107

70/59/68/0.99
C. gyropyrenoidosa CCAC 0108

C. borealis CCAC 0113

C. paramaecium CCAP 977/2a

97/94/99/1.0
C. paramaecium CCAC 0056

4‘ 62/70/62/0.79
C. paramaecium M2452

0.1

Fig. 3.9.3 Rooted maximume-likelihood tree reconstructed base®7 rps4 protein
sequence$l199 characters)The evolutionary model (CpRev+I+G, - In L=3250.31)
were selected according to the results of the aiee Akaike Information Criterion
(AICc) in ProtTest 1.4 without “+F” option. Bootstp values were assigned from left
to rightt maximum likelihood/maximum parsimony/idigr-joining/posterior
probabilities. Names without accession number: gesdquencedps4 in this study;
scale bar = substitution per site.



3.10 Analyses based on the concatenated data setxbfl, rps4
andrbcL genes

3.10.1 Reconstruct phylogenetic trees

Base on the separated data sets that have donegphids in previously sections, a
concatenated data set was established inatidlegene (963 nucleotide positions),
rps4 gene (597 nucleotide positions) aritl gene (972 nucleotide positiond).
pupurea P. yezoensiand G. tenuistipitatavar. liui still involved as out-group while
strains M1634, CCAC0107 are CCACO0108 did not piaie in as they lack one or

two genes above.

The entire concatenated data set was not passethitsguares test for homogeneity
of base frequencies across taxa (Chi-square = 3863B, df=69, P = 0.00036474).
However, the P-value increased to 0.99938197 wherthird co don positions were
removed (Chi-square = 37.206271 df=69, P = 0.9993B1This was congruent with
chll andrbcL data sets as they only passed the chi-squareaftes exclusion of the

third codon positions.

As did for smaller database, the combined datavastsubjected to jModeltest 0.1.1
and ProtTest 1.4 to detect the best-fitting evohdary model. Two models TIM3+I+G

and CpREV+I+G were selected for nucleotide andginagequences, respectively.

Model selected:
Model = TIM3+1+G
partition = 012032
-InL = 32546.6433
K=54

freqA = 0.3828
freqC = 0.1222
freqG = 0.1397
freqT = 0.3553
R(a) [AC] =4.2253
R(b) [AG] =8.2980
R(c) [AT] =1.0000
R(d) [CG] =4.2253
R(e) [CT] =18.1463
R(f) [GT] = 1.0000



p-inv = 0.1960

gamma shape = 0.3500

The rooted maximum likelihood tree showed thatGngptomonastrains divided into
two main halves (Fig. 3.10.1 and Fig. 3.10.2). Tih& clade contained CCAC 0018,
CCAC 0031, CCAC 0109 and M2088 with high bootstrapalues
(99%/89%/92%/99%/1.0) while the second clade cosepril0 remaining strains
without bootstrap support in which CCAC 0013 ane¢hheterotrophic strains formed
a separated clade with moderate bootstrap valu#s/{FB%/85%/75%/0.77). Due to
the lack of strains CCAC 0107 and CCACO0108 in ttusicatenated data set, the
presence of long-branch was still questionable. él@w, the evolutionary rates of 3
colorless and CCAC 0113 were higher than otlEyptomonas.Three strains
CCACO0006, M1092 and CCMP0152 again displayed thaclatent to each other
even though the bootstrap value was not so highb(62%/57%/92%/0.73).

In the amino acid translated data set, the thre®lessCryptomonasstill displayed an
accelerated evolutionary rate as well as earlyrdemt position irCryptomonaslade
(Fig. 3.10.3). Strain CCAC 0113 also had a highl#ianary rate but not grouped
with three colorless as seen in nucleotide tregthiérwise located at the basal position
of one of two main clades without support. The otlstrain, includes non-

Cryptomonasstrains, branched similar to those of nucleotidg@genetic trees.

3.10.2 Calculate distance genetics

Maximum likelihood distances between strain CCMEDEnd other cryptophytes
were calculated in each genddl, rps4 andrbcL. They then were transferred to chart
diagram (Fig. 3.10.3). Obviously, the maximum likebd distance increased
significantly in three colorless strains in all aasets, especially, extremely high
substitution rate irchll data set was observed. Apparently, the evolutiprates

increased frombcL to rps4 andchll genes in cryptophyte strains.



Gracilaria tenuistipitata var. liui (NC_006137)

100/100/100/100/1.0

Porphyra purpurea (NC_000925)
100/100/100/1.0
Porphyra yezoensis (NC_007932)

Proteomonas sp. CCMP 0704

—— 49/67/-/-/1.0

Teleaulax sp. SCCAP K-416

Hemiselmis tepida CCMP 0443
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Rhodomonas sp. M1480

C. erosa CCAC 0018

99/89/92/99/1.0
C. bovoidea CCAC 0031

—— C. commutata CCAC 0109
100/99/99/98/1.0
C. loricata M2088

C. borealis CCAC 0113

/

97/73/100/67/1.0 52/78/85/75/0.77 C. paramaecium CCAC 0056
100/100/100/100/1.0

C. paramaecium CCAP 977/2a

60/55/57/61/0.79

C. paramaecium M2452

C. marssonii CCAC 0086

C. phaseolus SAG 2013

C. ovata CCAC 0064

C. pyrenoidifera CCMP 0152

61/72/57/92/0.73
C. curvata CCAC 0006

67/58/-/55/0.71
C. tetrapyrenoidosa M1092

0.1

Fig. 3.10.1:Rooted maximume-likelihood tree inferred from coroatedplastid chll,
rps4 andrbcl gene sequences (24 taxa of 2532 positiohisg evolutionary model
(TIM3+I+G, - In L= 32546.6433) were proposed by jMeiTest 0.1 based on the
corrected Akaike Information Criterion (AICc). Frorteft to right: maximum
likelihood bootstrap/maximum parsimony bootstraghbor-joining bootstrap/logdet
transformation bootstrap/posterior probabilitiessade bar = substitution per site.



Gracilaria tenuistipitata var. liui (NC_006137)
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u C. paramaecium CCAC 0056
100/100/100/1.0

C. paramaecium CCAP 977/2a

70/55/81/0.98

C. paramaecium M2452

C. erosa CCAC 0018

C. bovoidea CCAC 0031
98/65/99/1.0 80/66/96/1.0
C. commutata CCAC 0109
80/86/79/1.0
C. loricata M2088

C. borealis CCAC 0113

—— C. marssonii CCAC 0086

——— C. phaseolus SAG 2013
C. ovata CCAC 0064
C. pyrenoidifera CCMP 0152

C. curvata CCAC 0006 57/-186/1.0

65/65/61/0.99
C. tetrapyrenoidosa M1092

0.1

Fig. 3.10.2 Rooted maximum-likelihood tree reconstructed based concatenation
of chll, rps4 andrbclL protein sequencg®4 taxa of 844 charactersyhe evolutionary
model (CpRev+I+G, - In L=10619.92) were selectedading to the results of the
corrected Akaike Information Criterion (AICc) in &tTest 1.4 without “+F” option.
Bootstrap values were assigned from left to rigmaximum likelihood/maximum
parsimony/neighbor-joining/posterior probabilitiesgcale bar = substitution per site.
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4. DISCUSSIONS



4.1 Advantages and disadvantages of long-range PCR and
primer-walking sequencing combination

Though there were some gaps in several strains taebd full-filled, the long-range
PCR combined with primer-walking methods applieghtwify and read the nucleotide
compositions of the 16S rRNAbcL fragments of wide range cryptophyte strains

simultaneously was successful.

The 23S rRNAfbcL fragment was chosen for reading as it comprisgbdsomal
operon, transfer RNA and protein coding genes, lwiiave very high conservative
degrees, satisfying the strictly criterions for swacting the primers for long-range
PCR. Alternatively, the designing for primers fong-range PCR was facilitated by
the published plastid ribosomal operon abd. sequence database as well as newly
readings. Therefore, all primers for long-range P@&re universal and were expected

to be applied successfully for other cryptophytes.

The long-range PCR was almost successful for aimeed strains thanks to the
carefully prepared optimization of PCR protocolcept for the colorless M1634 strain

that only the fragment from 16S rRNAps4 gene was amplified.

The most advantage of the used approach was thabrnoany initial DNA materials
were required; about 10 to 25 ng of DNA template watisfied for one reaction. This
helped to save time and cost in preparation of DiNéterial. Unlike the isolation
chloroplast by ultracentrifugation, dozens of gramhdresh biomass were needed to
obtain the total DNA and subsequently to segmestggnomes into separately bands
in two or three days. In fact, the colorless st@iBSAG 977-2f was one of the favorite
choices for searching and reading ribxL as well as 16S rRNAdbcL fragments.
Unfortunately, the strain always died after few Wsearrived from SAG collection;
and the available frozen total DNA was not enoughréinning analysis. The success
of amplification a plastome large fragment by Maatep™ Extra-long PCR kiwill
open an opportunity to be back for continuing timeampleted lab-workings on this

interesting strain.



The utilizing set of 45 genes retained in all pthgfenomes for designing universal
primers then combining them in many optimal mannerproduce large fragments is
like using endonuclease restriction enzymes tecl@siqto cut genome into small
pieces, subsequently mapping and reading wholetoptees However, less initial

material was required as mentioned above and ne timoe is spent to read and infer

the plastid map based on cut segments.

The shotgun approach seems to be the best choiemdags for large-scale
sequencing projects; but more time, cost, labortagh-tech instruments are required
to apply this trend. The primer-walking strategy, the contrary, requires standard
molecular biology facilities only (Sterky & Lundeigg 2000).

The ultracentrifugation methods, as Dougksal (2001) conceded, also caused the
contamination of mitochondria genome into otherdsaby many factors. Amplifying
the larger fragments of plastid genome by long-re@R avoided this unendurable

issue.

The lab-workings of this project were done in halfyear could be considered

beneficial in comparison with other methods.
Inspire of these advantages, there are some udpreguproblems:

- The yc26 gene and ORF403 in all strains were highly djeat in both
nucleotide compositions, sizes caused the sequgpcimers for ORF403, and
yc26 genes were nearly useless. Several specie4dspsmijuencing primers for

these two genes had to be done to full-fill thesgap

- The absence opsav as well as the substantial sequence divergendbeat

upstream portion afhll gene in colorless lineages caused the same pngble
These disadvantages seemed not to be major praolkdewhsvere overcome easily.

In summary, the combination of long-range PCR wpitimer-walking approaches is
reliable in the future not only to get the sequedabase of the same fragments from
another cryptophyte strains but also to be ableextent for whole plastome of
examinedCryptomonas The approach actually opened an ability to hdrese

amount of inter-species plastid genome informagjoickly and economically.



4.2 psaM and chll formed a cluster in red-line plastids.

An attractive finding from NCBI Genome Map searabinped thatpsav and chll
genes formed a tightly cluster in almost red-liteesppmes. The clustering of genes in
the plastome is not new phenomena. In the earlgestd genome era, when the
biological data from genomes of chloroplast or/angtleus were still limited, the
researchers had based on the clusters of genegnieed in relative examined
genomes as one of the most important feature taadethe origin and evolutionary
history of these genomes (Otghal, 1997). Observing from cyanobacterial genomes
to plastid geomes, the researchers also discotkatdome genes widely distributed
in Cyanobacteria genomes but they would fused tenfolusters in some plastid
genomes from several lineages after the endosymbpoecess had taken place, for
example ribosomal protein cluster, the rRNA cissraherpoBC/atpA cluster, and the
psBTNH cluster (Douglas & Penny, 1999). Another examplat tihesearcher
successful exploited the phylogenetic informatioonf gene clusters in chloroplast
genomes was thaB. theta plastome directly originated from red-lineage pths
thought out the comparison of the distributionaagements of gene clusters in full-
sequenced plastont. theta P. pupureaC. paradoxa This hypothesis afterward had
been supplemented, developed and accepted widedn wine abundant biological
information easy obtained from plastomes as wethasassistance of more powerful
analyze tools (Reith & Munholland, 1993).

As mentioned above, thgsaV functions have not been established as well as th
signal of its protein and mMRNA have not yet beeovpd (Nelson & Yocum, 2006).
Scanning the 5’ non-coding region p$avl or/andchll showed that most regulation
sites such as SD sequences, boxes -10 and -35auerck in front ofpsavl gene while
nothing was detected in the upstream padhiifgene except for an adenine-rich block
(Fig. 3.5.2 and Fig. 3.5.3). This suggested thatghsMehll cluster seemed to be a
co-transcriptional unit (di-cistronic unit) but theanslational regulation fazhll gene

could be directed by another pathway in which agemich region to be involved.



4.3 The first evidence of reduced size of cryptophyteelkoplast
genomes

Surprisingly, nopsaM gene was found in the colorless lineage of CCAH/®a,
M2452 and CCAC 0056. There are two possibilitiejumdge the fate opsaM in
leukoplast-bearing cryptophytes: the gene must haen lost completely or relocated
to somewhere in their plastomes. It was assumeddhbaranslocating ghsavl, had it
happened in colorlesSryptomonasstrains, should be coupled with its partokl. In
this casechll would not be found in between 16S rRNA and tRNAg&hes. In fact,
chll gene was found in the 16S rRN#belL fragments of colorless plastomes.

Therefore, the possibility gfsaM translocation seems not to be persuasive.

Moreover, unlike the main genetic machinery locatednucleus, the chloroplast
genomes are non-recombination and uniparentalitahee, hence the translocation of
certain gene(s) in plastome(s) of interspecies almost not occurring. The
evolutionary routine of colorless plastids prefetedreject unnecessary genes and
compressed their plastomes rather than rearrariggd denes (Sato, 2006). These
hypothesis supported the assumption fiseM was lost completely in heterotrophic
cryptophytes instead of being transported to amgtbsition in leukoplast genome of

C. paramaecium

Even thought whole plastid genome sequencing airlgds cryptophyte strains have
not yet been done completely to compare with otl@stosynthetic relatives, the
comparison of 16S rRNAbcL fragment sizes showed that the leukoplast plastid
cryptophytes seemed to reduce their genome sizehwlas evinced not only in the
gene lossgsaM, yc26 gene) but also in the curtailment of the noniogdegions and
overlapped genes. The result is preliminary evidetitat strongly support the
hypothesis of plastome size reduction in colorl€ygptomonaslineages that was
revealed by Hoef-Emden (2005a).



4.4 First overviews lock about ORF403

Still now, the biological role of Tic22 (ORF403)gbein in protein import apparatus at
the chloroplast membrane was affirmed evidentlgdme published papers. However,
most of them only issued the recognized biologiokd of that protein; no more papers
have presented the deeply investigation of relatignbetween structure and function

of Tic22 or phylogenies of this interesting object.

The paper of Kalanon & McFadden (2008), in a corensive bioinformatic
examination of the chloroplast protein translocaticomplex, pointed out some
characteristics of Tic22 protein, however, onlygieen algae, land plants and some

Cyanobacteria.

This study, not only published some newly sequen@iRF403 of cryptophyte

plastomes but also built an extended Tic22 colbecthf 70 sequences distributed in
many kinds of genomes, opened the first look altbetevolution of Tic22 protein

after it diverged from its Cyanobacterial ancestdrise codon- alignment of Ti22

amino acid sequences revealed several specifiactesistics that only were found in
cryptophyte and red-line plastids.

4.5 ycf26 in cryptophyte plastids seems to be a pseudogethan
alters function

Martin et al. (1998), Ashbyet al. (2002) and Martiret al. (2002) showed that the
ycf26 gene was deleted from all green-line plastomeeny early stage of evolution
history of these organisms while this gene wad &iind in some red-lineage
plastomes such as Rhodophyta, Haptophyta and Hetgxaphyta. The finding of
yc26 several Cryptophyta species as well as in S0rgptomonasstrains in this study
showed that the non-universal distribution of thene was not only at the phylum

level but also in species and lineage level

Analyzing the functional domain of currep¢f26 pointed out that thgcf26 proteins

were divided into two groups in which they werefeliént in the numbers of the



domains recognized in theef26 proteins. The first group (mostly red-algae aneé

representative for haptophyte) held the numbertieétional domains like those of
Cyanobacteria while the second group (Cryptophyta &aphidophyta) mostly
contained the HiKa and HATPase_c domains in whicdemce for the degradation of

the HATPase_c domains were emerged.

Whether the truncategkef26 proteins in Cryptophyta as well as Raphidoplstith
have had the functions like those of fyit26 protein in Cyanobacteria or their
biological functions were altered to compatible hwiheir current structures or they

were relic of fullycf26 on the going to become pseudogenes?

In the activity model ofc26 deeply investigated in Cyanobaceria (Steckl, 2000;
Suzukiet al, 2000; Mikamiet al, 2002; van Waasbergexn al., 2002; Mikamiet al.,
2003; Morrisonet al, 2005; Ashby & Houmard, 2006; Moriet al, 2006; Kanesaki
et al; 2007), the PSD domain was assigned as the doraegponsible for receiving
the extracellular stimuli, the cooperation betw@&D and PAS domains was assumed
to enableycf26 to sense a wide variety of stress conditionslentiie HAPTase_c
played a very important role in the support enexgg catalyze the signal transmission

from sensory histidine protein kinase to the respargulator protein.

The truncatedic26 in Cryptophyta and Heterokontophyta lost conghjetthe
stimulus receiving domains (PSD and PAS) as welhasng degraded the catalyze
HATPase_c domain. Therefore, it is hardly to answ@v truncated«ci26 can play its

function with only the HiKA domain?

Lerat & Ochman (2005)emonstrated that one of the feature of pseudogbaeshey
have the moderate AT% values in comparison witlttional genes and non-coding
regions. The calculate the AT% for non-coding ragiothe cryptophyte 16S rRNA —
rbcL fragments containingcf26 showed that the AT% ofcf26 complied with this
rule (Table 3.4.1). The extended calculation yof26 occupied in full sequenced
plastid genomes also obtained the same results\TB& contents of thesgcf26 were
always higher than AT% content of their plastonmascontract, most AT% contents
of ycf26 in cyanobacterial genomes were lower than A Téntent of their host

genomes (see Appendix 22). Obviously, the incrgasim% content over the AT %



content of its plastomes could be considered inidiedor genome compositional bias

as well as th@seudogenezation

Duplessiset al., (2007) assumed that tlgef26 gene oH. akashiwoCCMP 0152 was

split into several small parts. However, it was sigpported by detailed analysis of the
completely sequencdd. akashiwdCCMP 0452chloroplast genome. In the same way,
the traces of trans-membranes, sensor and HAMP idem&ere not detected in the

full sequenced plastome Bf salinaandG. theta

Even thought there has been nothing to know abweitfull-detail mechanisms for
regulation ofycf26 gene expression, an attempt to search for sitedve to gene
regulation such as SD sequences, - 35 boxes andoxEs that were usually found in
the upstream part of functional genes was doneottlnfately, nothing was detected.
Unexpected, the relics of trans-membrane regiong ¥eeind in front of currengcf26

of CCAC 0031.

The phylogenetic tree displayed a very high evohdry rate of non-Cyanobacterium
ycf26 in both protein and nucleotide levels in whibbk tryptophyte clade showed the
longest branch.

From these evidences, it is possible to assumethiratruncatedci26 genes without
trans-membranes, sensor and HAMP domains in Cripgtapas well as Raphidophyta
lost their functions and on the way to become psgedes. Moreover, the degradation
pathway seemed to be favorite starting at the Ritars rather than at C-terminus; it
means they lost the trans-membrane, the sensorin®nad the N-terminus then
continued with HATPase_c at the C-terminus. Indtireer word, the mutation pressure

in ycf26 gene allowed the appearing of start codon tedseer than stop codon.

Duplessiset al, (2007) also implied that theef26 protein that lacked trans-membrane
regions would be a soluble protein and most likelysent in the stroma. To verify the
location of this protein in the cell, the authoeported that studies were underway
using a Tsglycf26) peptide antibody. However, this assumption sekmot to be
matched with observation concerning the domairritdigion of algaeyci26 analyzed

in this study.



4.6 The evolutionary pathway ofchll seems to difference with
those of SSU, LSUrps4 andrbcL

Based on the nucleotide and amino acid sequence®sdf and chll genes, the
phylogenetic trees of cryptophytes were display¢olvever, the obvious differences

in substitution rates among the differences cladesgenes examined were observed.

Unlike the unacceptable protein treerbtL amino acid sequences which failed to
recover specific clades that were solved in othdlADsequences data sets (Hoef-
Emden et al, 2005), the protein sequence is4 gene revealed an acceptable
phylogenic tree in scheme of the branching patéterminal clades in comparison to
nucleotide trees obtained from itself or with otH@KA trees (Hoef-Emdert al,
2005; Hoef-Emden, 2008). Fortunately, thps4 sequences of the second colorless
lineage (presented by M1634) was read; thus, tk#&ipo of this colorless strain in the
rps4 phylogenetic trees was observed and confronted @ther previously results
(Hoef-Emdenet al, 2005; Hoef-Emden, 2008). This result again coméid that two

colorless lineages differenced in their evolutignaistory.

The phylogenetic trees that were reconstructed footh nucleotide and proteahll
data sets, however, resolved the positions of @ngptomonasstrains in a total
different pattern in comparison with all other ésuThe LB clade, that was formed
by the colorless group (M2452, CCAC 0056 and CCAH/8a) with other close
relative autotrophicC. lundii CCAC 0107,C. gyropyrenoidosaCCAC 0108, C.
borealis CCAC 0113 named by their accelerated substitutetes and terminally
diverging of colorless lineage, was broken up chll trees. Moreover, the
heterotrophic strains now located at the basalpg twvithout close relatives with
extremely high evolutionary rates. The calculatezhedic distances pointed out
dominantly accelerated evolutionary rateslof in comparison with those ops4 and
rbcL. Thus, it was the reason resulted in unusual topelogies. Due to the lack of
M1634 chll sequence, the position of the second colorless med archived in this

study.



These observations suggested ttlalt gene increased their substitution rate earlier
thanrps4 andrbcL genes as well as the elevated evolutionary rates ordered by
chll > rps4 >rbcL. The other thing was noted that the differentletronary way of

chll gene in comparison with other genes.

Although having moderate size (609 bpps4 has an evolution rate neither as high as
in chll gene nor as low as irbcL gene, producing acceptable phylogenetic trees for
both nucleotide and protein levels. Therefore,egras to be more suitable protein-

enoding plastid gene maker for phylogenies thasisterschll andrbcL genes.

4.7 The colorless group (M2452, CCAC0056, CCAP 977/2a)
diverged early or late depended on the gene surveye

As mentioned in the previously results, the cokslstrains always occupied at the
terminally position regardless of gene markers ehos nucleus, nucleomorph or
plastid. However, in thehll phylogenies, its position was changed signifigamo
basally tip. These results suggested that at leastgene group in the leucoplast
genome represented kghll had increased rapidly its rate at the very eaty
Cryptomonasvolutionary history while the other gene includp&4, rbcL, SSU and
LSU just speeded in recently. Thhll tree also implied that the colorless group spilt
out of its pigmented ancestor in the early stag€myptomonasevolutionary history

while the other surveyed gene supported the casdeoup just diverged in recently.

4.8 Hypothetical scenario for the evolutionary historyof colorless
Cryptomonas

In previously study, Hoef-Emdeet al, (2005) released several potential caused for
lineage-specific rates in correlating with the ladsphotosynthesis in the colorless

CryptomonasThis study supported some new evidence.

Some genes directly relative to photosyntheticesystfor exampleghll gene of three-
subunit enzyme Mg-chelatase of chlorophyll biosgsth) had increased their

substitution rate at the very early stageQyptomonasevolutionary history. The



elevation, especially, was extremely strong in tmdorless strains with unknown

reasons resulted in the less or loss of functi@oastraints on gene products. The
photosynthetic process, in compelling conditionsisvaffected dramatically so that
they became inactive. The loss of photosynthests tiva premise of emergence of at
least three independently colorless lineages inug@&@ryptomonas The successful

changing from autotrophic to heterotrophic lifestydecame the second premise for
reducing size of plastid genomes in which many gdree/e been lost or dramatically

altered;rbcL gene was a notorious example.

4.9 The shift from NNC to NNT in two-fold degenerate NN
codon seems not relative to the relaxation of theifictional
constraints of plastome protein-coding genes.

In the previously analyzes (Hoef-Emdenal, 2005), the ratio of NNC/NNU in two-
fold degenerate NNY codon calculated fbocL gene showed that this ratio was below
1 in the colorless strains and some close pigme@tggtomonasstrains while this
value was always above 1 in otl@ryptomonas The functional constraints obcL
gene in colorles€ryptomonastherefore, was assigned to have been relaxirvgetls

as the gene expression level was on the way ta@eedu

Continuing with this analysis, the numbers of NN@ &NNU again were counted for
chll, rps4 genes of all examined cryptophytes and sevemalyngequencedbclL gene

of autotrophic norEryptomonasstrains. The results in the Appendix 21 showed tha
most ratios of NNC/NNU imbcL gene of norcryptomonasstrains were higher one

but this ratio dropped down below one in casesAC{&AU codon (aspartate).

Surprisingly, the NNU codons were always prefeiwedr the NNC codon irps4 and

chll genes in all cryptophytes regardless of photoaarphotosynthetic strains (Table
3.9.2 and Table 3.10.2). From these results, howéve notion of relaxed functional
constraints could not be revealed fps4 andchll concerning to their functions in the

biological activities of the cells.

Being considered as a well-conserved protein irkgamgotes and eukaryotes, which

suggests strong functional constraints on structevalution, rps4 gene was used



widely for evolutionary reconstruction in many pbgénies. With the essential role in
protein biosynthetic system in the celigs4 gene with other genes coding for
components of the plastid translational apparaheyefore, have been preferentially
retained in some the reduced leukoplast genomeasRtototheca, Astila... Thus, it
was hard to make a linking between the shift frofiGNto NNU in two-fold
degenerate NNY codon mps4 gene with its decreasing selective constraintsadso

expression level in cryptophyte plastid. Similapkxation was applied fahll gene.

4.10 The usage of NNU codons over the NNC in two-fold
degenerate NNY codon seems to be controlled by neait
mutation pressure rather than by selection followedy the
gradually acceleration of evolutionary rate.

As mentioned above, the order of accelerated aoolarty rate can be followerdbcL,
rps4 andchll in which those ofrps4 andchll were dominantly higher tharbcL.
Obviously, the shift from NNC to NNU did not emerge most autotrophic
Cryptomonasstrains where the evolutionary rate mifcL was lowest. The NNU
increased the numbers over the numbers of NNC lorless strains in LB clade and
some close relative strains in which their substiturates were higher. The using of
NNU spread in all strains @ryptomonagand non€ryptomonakin case ofps4 and
chll of which their rates were surpassing. Therefahe, shift from NNC to NNU
codon in the two-fold degenerate NNY codon seentetbe controlled by neutral
mutation pressure in order to increase the AT cuniather than by selection; and it
was followed by the gradient of accelerated evohdry rate. The other thing was that

the codon GAC/GAU could be considered at the firstim of this changing pressure.

Besides the shift from NNC to NNU was recognizéat, tisage of YNN codons over
the RNN codons also was found ohll gene of colorlessCryptomonas The
acceleration of YNN codons meant increasing thesappg probability of stop codons
(UAG, UAA and UGA) somewhere in thahll gene.



5.PERSPECTIVES



The readings for full-length genomes are alwaysitiexc projects. Nowadays, the
improvements in strategies and DNA sequencing t@olgy have assisted the genome
projects to be done for more efficiently, quickbgstly, etc This study, sequencing
fragments of cryptophyte plastomes by combinatibtong-range PCR and primer-
walking sequencing strategies, revealed the basidts of a long journey to discovery
full-length cryptophyte plastomes. It is reliable the future not only to get the
sequence database of the same fragments from amoyiptophyte strains but also to
be able to extent for whole plastor@eyptomonasexamined. The approach actually
opens an ability to harvest huge amount of intecsgs plastid genome information
quickly and economically. As mentioned in the poasly part, the three colorless
lineages should be the first chosen for complaiedplast genome reading; stra&n
erosaCCAC 0018 and/o€. obovoideaCCAC 0031 also to be paid more attention as
they are able to possess the biggest platomes amhasg ofCryptomonas Some
plastomes in which their size at the moderate lswmlh as CCAC 0064 also are

interesting objects for next stages of the project.

Borzaet al. (2005) demonstrated that tleéll was still expressed after removed to
nucleus in colorles®rotothecawickerhamii The authors assumed that ttfél gene
product was still functional in the communicatinggulation between nucleus and
plastid genomes. In the heterotropRiyptomonasthechll gene product, obviously,
has not been participated in the chlorophyll bidlsgtic system; however, whether it
has been still employed to form the Mg-chelates thvolves in the regulation for
plastid-to-nucleus retrograde signals? As pointet] the shift from NNC to NNU in
two-fold degenerate NNY codons a@hll gene were happened in all examined
cryptophytes, the predicting fahll function in colorless strains, therefore, canbet
discussed. Several additive evidences such asetaration in 140 last amino acid
residues as well as divergence strongly in therggeariant region (Fig. 3.9.2) or/and
the increased numbers of YNN codon (Table 3.9.23madncreasing the probability
of stop codon appearing in colorledsll can be considered as the signals to suggest

that thechll gene in colorless to be relaxed the functionalstints and/or on the



way to be pseudo-gene. More works and knowledgleeariuture, however, are needed
to get the suitable answer for the relationshifp@tween the present structure and
function(s) ofchll protein in heterotrophi€ryptomonaslineages. Besides that, the

same questions can be questioned alyof®b and ORF403.

The evolutionary history of colorle€¥yptomonass one of the main objects that have
been attracting the attention of many moleculatesyatic investigators. The potential
causing of the forming of these lineages as welkhas relationship between loss
photosynthesis and increased substitution rateg weblished recently. This study,
also, discussed one of hypothetical scenario tdaexphe extremely acceleration of
photosynthetic genes with correlating with the ahiag from autotrophic to

heterotrophic lifestyle of colorless lineages tagito be the main factor affects the
increasing evolutionary rate of other genes. Asrawy hypothesis, it will be accepted

or rejected if new lines of evidence will be avhi&@in the future.



6. APPENDIX



Appendix 1: lllustration the gene contents, gertes of the 16S rRNAbcL
fragment inRhodomonasp. M1480 plastome

IGS/I’RNA psaM QNA—R tRNA-V tRNA-T
& )ompS vees  {EEP owes EETTEE)

1 k b

———

Appendix 2: lllustration the gene contents, gertems of the 16S rRNAbCL
fragment inTeleaulaxsp. SCAP K-416 plastome

16S rRNA saM tRNA-R tRNA-V tRNA-T

@/ Mms ﬁ/ ng} orf403 -m

Appendix 3: lllustration the gene content, genesoaf the 16S rRNArbcL fragment
in C. commutat&CCAC 0109 plastome

16S rRNA./DsaM tRNA—R\ftRNA-V tRNA-T 'I)/non-sequenced region

1 kb

I

Appendix 4: lllustration the gene content, genesomf the 16S rRNArbcL fragment
in C. loricataM 2088 plastome

16S rIRNA _psaM tRNA- tRNA-V _tRNA-T
v Iy omes  mEmmEp

1 kb

—

Appendix 5: lllustration the gene content, genesomf the 16S rRNArbcL fragment
in C. erosaCCAC 0018 plastome

16§’RNA psaM tRNA-R  tRNA-V tRNA—T\
& ) ey s EEpower . T

1 k b

I

Appendix 6: lllustration the gene content, genesomf the 16S rRNArbcL fragment
in C. loricataM 2088 plastome

16S rRNA _psaM tRNA- tRNA-V _tRNA-T
P T mE) oomos  mETeE)



Appendix 7: lllustration the gene content, genesoaf the 16S rRNArbcL fragment
in C. curvataCCAC 0006 plastome

16S rRNA _psaM tRNA-R, tRNA-V _tRNA-T
&F ) mmp Ep e

1 kb

I

Appendix 8: lllustration the gene content, genesomf the 16S rRNArbcL fragment
in C. borealisCCAC 0113 plastome

16SrRNA psaM tRNA-R, tRNA-V_tRNA-T non-sequenced region

1 kb

I

Appendix 9: lllustration the gene content, genesoxf therps4 —rbcL fragment
in C. gyropyrenoidosap.nov. CCAC 0108 plastome

m} orf403 -E-

1 kb

—

Appendix 10: lllustration the gene content, gerdeoof therps4—+bcL fragment
in C. lundiiCCAC 0107 plastome
orf4g3 /Non—sequenced region
= | .

—

Appendix 11: lllustration the gene content, gerdeoof the 16S rRNACL
fragment inC. ovataCCAC 0064 plastome

16SrRNA psaM tRNA-R & tRNAV tRNA-T non-sequenced region

§ ) |y e m—




Appendix 12: lllustration the gene contents, gerters of the 16S rRNAbcL
fragment inC. paramaeciunCCAP 977/2a plastome

16S rRNA tRNA-R tRNA-V tRNA-T

@5 MW oriaos | EETTE)

1 kb

I

Appendix 13: lllustration the gene content, gerdeonf the 16S rRNArbCL
fragment inC. paramaeciun€CCAC 0056 plastome

tRNA-R  tRNA-V

orf403

Appendix 14: lllustration the gene content, gergeoof thechll-rps4 fragment

in C. M1634 plastome
tRNA-R tRNA-YV

I

tRNA-T ‘ 1 kb ‘

Appendix 15: lllustration the gene content, gerdeoof the 16S rRNACL
fragmentin C. phaseoluSAG 2013 plastome

16S rRN tRNA-V___tRNA-T

@ ‘A/W%B/ ﬂﬁ orf403 -m‘

Appendix 16: lllustration the gene content, geradeonf the 16S rRNArbCL
fragment inC. pyrenoidiferaCCMP 0152 plastome

1 kb

I

16S rRNA psaM tRNA-R tRNA-V tRNA-T

e V-mlbéﬁ‘/ @ oriaoz D

1 kb

I

Appendix 17: lllustration the gene content, gergeoof the 16S rRNACL
fragment inC. tetrapyrenoidos® 1092plastome

16S rRNA psaM tRNA-R tRNA-V tRNA-T

&= ) e EEp < ouos T



Appendix 18: lllustration the gene contents, gerters of the 16S rRNAbcCL
fragment inChroomonasp. SAG 980-Jlastome

16S rRNA psaM tRNA-R tRNA-V tRNA—T Non-sequenced region

G ) e

Appendix 19: lllustration the gene contents, gerters of the 16S rRNAbcL
fragment inHemiselmigepidaCCMP 0443 plastome

1 kb

I

16SrRNA psaM tRNA-R  tRNA-V IRNA-T

‘m\é{ ycf26w =)  owos )

1 k b

I

Appendix 20: lllustration the gene contents, gerters of the 16S rRNAbcCL
fragment inProteomonasp. CCMP 0704 plastome

168 rRNA psaM tRN tRNA-V tRNAT
yci26 \ orf403 EEITEEEp



Appendix 21: NNC and NNU codon numberglitL gene of some no@ryptomonas
strains



Appendix 22: Accession numbers of Cyanobatgcid6; AT% of the cyanobacterial
genomes angcf26 genes
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