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Abstract

The phylumRhodophytacomprises the red algae, which are morphologically diverse
organisms present in marine and freshwater environments. In addition to the economic
importance of these organisms, fossil records of red algal species dating 1.2 aillion years
confirm the evolutionary importance of this group. Studies of plastid evolution have shown that
Rhodophyta have their plastid derived from the first endosymbiotic event, having a common
ancestor with green algae and glaucophyte. Red plgstids have also played a crucial role in
secondary endosymbiotic events, being responsible for the emergence of other algal plastid
lineages. The red algae order, Bangiales, is an ancient lineage and molecular studies have
focused on elucidating thghylogenetic relationships and differentiating species within this
group, which is complicated by their known phenotypic plasticity.

The genuBangia(Bangiales) has been observed in both marine coastal environments
and in freshwater, and for many yearwas thought that the organisms in these habitats were
conspecific. Studies showed that the species could acclimate well when transitioning from one
habitat to another, with preservation of morphology. Molecular research, however, has shown
that the specgare not conspecific, and that the freshwater spd@aegjiaatropurpurea
(Mertens ex Roth) C. Agardlis more closely related to species from the gétarphyrathan to
the marineBangia This discovery points out other curiosities ad®uatropurpureait is the
only known freshwater Bangiales, it is considered an invasive species of the Great Lakes, is
strictly asexual, and has a filamentous thallus while its closest relative has a foliose thallus. To
understand the similarities and difference8 cdtropurpureawhen compared to other
Rhodophyta genomedis thesis investigatehe specieat agenomiclevel using high
throughput sequencing and bioinformatic approaches.

Metagenomic sequencing allows hitiiroughput analysis of DNA from environmental
samples, which is relevant when analysing organisms that are difficult to grow in lab conditions,
such adB. atropurpurea In this thesis, | used metagenomic techniques to sequence and
assemble fragments of a mixed pool of short DNA sequences. Dueawailability of existing
reference Bangiales genomes, and the presence of large conserved orthologous regions across the
genomes of red algae, it was possible to ide®ifatropurpweacontigs from the metagenome

and assemble a high quality draft chldesgh genome with 97% coverage (Chapter 2). Given the



evolutionary importance the red algae chloroplast, the chloroplast gen@natodpurpurea

was then used to calculate the rates of substitution in 74 chloroplast genes, allowing the
identification of @olutionary patterns that provide insights into selective forces on genes that

may have contributed to the invasion of the Great Lakes (Chapter 3). Chloroplast gene sequences
were compared with genes from 29 Rhodophyta species originally isolated frame mari

freshwater, salt marshes and hot springs. This extensive analysis revealed trends in substitution
rates according to taxonomic groups but also by habitat, where the Bangiales exhibited the most
diverse rates for thatp, psa rps andrpl gene familiesMoreover, the substitution rates indicated

that within the Bangiale®. atropurpureais the most distinct species, with rates that contradict

the trend observed in the other Bangiales species.

Continued analysis of metagenomic data allowed conserved nuclear gen&s from
atropurpureato be identified and retrieved. Curiously, several gemere identified that are
related to meiosis (Chapter 8. atropurpureds known for being an asexual organism, but its
reproduction is not well studied as other Bangiales species, which are known for havizfy 22
meiotic genes. With the use of theldauyotic Meiotic Toolkit asreference, 13 genes required
for meiosis machinery were detected in Bhatropurpureadraft genome, and a phylogenetic
analysis was performed, providing new insights about the evolutiBnaifopurpurea
Although it is stil unclear if these genes are functional, it is interesting that the species has
sexual genes and is still suspected of only undergoing asexual reproduction.

The research conducted in this thesis demonstrates the utility of metagenomic sequencing
and assmbly approaches in the analysis of red algae species, and theadierogical and
evolutionary insights that can be gained from this information. The chloroplast gen8me of
atropurpurearepresents the first chloroplast genome of a freshwater Rhodophyta retrieved using
this methodology. The chloroplast genome is consistent with other Bangiales genomes regarding
gene order and content, serving as a basis for future research @atigeaand Bangiales
species. This study also provides the most detailed information to date about the rates of
substitution among chloroplast genes in Rhodophyta species, emphasizing the importance of the
use of individual gene analyses when performing swastigationsLastly, this thesis
identified meiotic related genes i atropurpureaamplifying the overall understanding of the

organism and opening doors for future investigations.
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Chapter 1

General Introduction
1.1Phylum Rhodophyta

The red algae (Phylum Rhodophyta) are an important evolutionary lineage observed in
both freshwater and marine environments and are important primary producers in these habitats.
This phylum includes about 7000 specidsit range in morphologyom singlecelled
organisms to large and multicellularganismgGuiry & Guiry, 2017).The morphological
characteristics that define this phylum are the presence of phycobilins, inclugioaeplthrin,
which gives the characteristic red colour to this group (Wray, 1977), the absence of flagellated
cells at any time during the life cycle, and triphasic isomorphic life history with a tetrasporophyte
(most species in Clag3orideophyceadeor bphasic heteromorphic life history (other classes)
(Gabrielson et al., 1990; Grahanhal 2000; Yoon et al., 2006).

Membersof this phylum arémportantfood sources and have considerable economic
importance [e.g.Chondrus crispuglrish moss)Porphyra& Pyropia(nori)]. The substantial
economic value afhesehighlights the great importance of phycological studies on this group.

For example, species BbrphyraandPyropia yezoensi€lass Bangiophyceae) are of
considerable economic importance amountm US$1.3 billion per year in cultivation fields in
China, Japan and Korea (Sutherland et al., 2011; Blouin et al., 2011). This contributes greatly to
the economies of these countries (Yang et al., 2017). Another example is the seaweed
KappaphycugClassFlorideophyceag, which isfarmed extensively in the Philippinesdused
around the globe by the food industaynd for its pharmaceutical and nutraceutical properties
(Hayashi& Reiss 2012; Hurtado et al., 2014). Moreo¥&npndrus crispugClass

Florideophyceae), farmed and processethmUnited States, Philippines, Indonesia, China,
Ireland and Canada (Chopin et al., 1999; Gao et al., 2016), has great economic and medicinal
importance, due to the high levels of carrageenan that are studied for their tumour and virus
inhibition, hypertension prevention, control of hyperglycemia, immunity enhancement,
antibacterial and anthflammatory activities (Gliven et al., 1991; Zhou et 2004; Kalitnik et

al., 2015; Gao et al., 2016). In addition, the Rhodopasgaxtremely diverse in secondary



metabolites andreconsidered the most important source of biologically active metabolites
when compared to other algal groups (Kasanah,2@l5).

The classification of red algae has changed extensively over the past few decades due to
advances in various techniqupsrticularlygene sequence analysexl phylogeneticgig. 1.1).
Before molecular studies, other characteristics wereestudiclassiffmembers othe group,
such as the absence of flagellar cells, the presence ofméwdbrane plastid with unstacked
thylakoids without the presence of chlorophybr c, and the presence of pit plu@@ueschel &
Cole, 1982Garbaryand Gabrielson, 1990; Bhattacha&aedlin, 1995; Miller et al., 2010).
The first cladistic analysis of the red algae was performed by Gabrielson et al. (1985), which
made use of morphologic traits to compare the species and determine the -atesestdant
relationships to an ordinal rank, such as ultrastructure and life history. As a result, the red algae
species were classified part of one class, the Rhodophyceaaih two subclasses: the
Bangiophycidae and the Florideophycidaeaddition, it wasuggested thdhe Porphyridiales
werepolyphyleticwithin the Bangiophycidadue to differences in the species life cycle and
ultrastructurgGabrielson et al., 1985)ater, Bidoux andMagne (1989) proposed a
classification based on characteristicshaf thallus and reproductive cells, as result,
Rhodophyceae was divided into three subclasses: Archaeorhodophycidae, with a single order
Porphyridiales; Metarhodophycidae, including the orders Erythropeltidales, Rhodochaetales, and
Compsopogonales; and Eodophycidae, including the order Bangiales and all the orders of the
former Florideophycidae.

In 1994, Ragan et al. was the first study to sequrenauclearsmall subunitibosomal
rRNA (SSU RNA) to clarify therelationships among thred algaaising nolecular
phylogereticsand suggested that the Bangiophycidae were paraphyletic and the basal
rhodophyte line consisted of at least three distinct lineages. Following this, Oliveira and
Bhattacharya (2000) compared Bangiophycidae to Florideophycidae |8&fidDNA coding
regions; they demonstrated thia¢ Porphyridiales forradthree different lineages; they also
confirmed that Bangiales and Florideophycidae are a gjsbeip as suggested Bydoux and
Magne (1989), and, that Cyanidialesikely an indgpendent order. Mdiller et al. (2001b) were
the first researchers to study a considerable number of samples from the Bangiophycidae using
the nuclear SSU rDNA gene and confirmed that the subclass Bangiophycidae is a paraphyletic

group. In 2004, Saunders aHdmmersand proposed four classes: the Bangiophyceae,



Composopogonophyceae, Florideophyceae, and Rhodellophyceae. Also, they recognize the
subphylum Rhodophytina, comprising all classes with exception of the Cyanidiophyceae which
is included on the new subyla Cyanidiophytina. Analyzing the existent literature, it is evident

the need for modern genomic research on red algae to elucidate taxonomic relationships and
mechanisms of evolution, especially regarding Bangiophyceae. As a result of these studies, the
taxonomy of this group has greatly changed since the work of Gabrielson et al. (1985).

The class Florideophyceae comprise morphologically complex species, being a
monophyletic group, and a sister group of Bangiophyceae (Garbary and Gabrielson, 1980; Raga
et al., 1994; Saunders and Kraft 1997; Mdller et al., B@®H 2010; Saunders and
Hommersand, 2004; Yoon et al., 2006). The Bangiophyceae is commonly represented by
morphologically simple organisms when compared to the algal group Florideophyceae, and
phylogenetic studies show that the groupnsestral of all red algae (Ragan et al. 1994;
Freshwater et al., 1994; Yoon et al., 2006; Muller et al., 2001b, 2010; Lynch et al., 2008;
Sutherland et al., 2011). The species within this class are in majtaithed to substrata, in
intertidal and upper subtidal zones in both temperate and tropical oceans €&Oedth1984;

Mdiller et al., 1998, 2010), comprising species with varied morphology (unicellular to
multicellular filaments uniseriate or multiseria, branched or unbranchedr sheetike thalli),
and habitats (Garbary et al., 1980).

Currently, the most accepted classification is according to Yoon et al. (2006), who
examined sequences of tAbotosystem IRS) P700 chbroplastd p r o t psaA)nRuBisiCo (
large subunitrpclL) coding regions and 18S gene. As result, the Phylum Rhodophyta includes
six classes: Bangiophyceae, Florideophyceae, Rhodellophyceae, Porphyridiophyceae,
Compsopogonophyceae and Stylonematophyceae (Fipguree. class Cyanidiophyceae, after
intensive investigations and changes regarding taxonomy (Merola et al., 1981; Seckbach, 1991,
Ott & Seckbach, 1994), was classified as phylum by Saunders and Hommersand (2004) and is
now considered to be part of the shiplpom Cyanidiophytina, since it appears to have diverged
first in red algal evolution and is clearly separated from the other red algal lineages (Yoon et al.,
2006) (Fig 1.1).
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1.2 Red algal fossils

Fossil record data from the Proterozoic Era, around 2.5 billion yeaBay@re crucial
to understanidg the evolution of eukaryotes, especially through the analysis of various
microfossils (Butterfield, 2005). Microfossils are microscopic fossils grouped according to their
size, with bacteria and protists being the most numeronisibutors, along with plants (Signor
& Lipps, 1992). Despite the extensive distribution of organisms during the Precambrian Era
(from 4.6 Ba to 544 million years agomicrofossils are sparsely distributed, limiting
taxonomical and environmental findm@Butterfield, 1988). In addition, unicellular microfossils
are challenging to characterize due to the lack of distinctive attributes that can be linked to an
extant taxon, and are, most of the time, considered to be part of extant protist groups or
cyandacteria, even when they may have had a eukaryotic derivation (Butterfield, 2005; Yoon
2010).

Although the geological record indicates that eukaryotes evolved by.4.Ba their
early evolution is poorly resolved taxonomically and chronologic@tye 1.2 Ba micrdossil of
thered algaBangiomorphgubescensa multicellular filamentous fossil, discovered in Canada,
has provided a key time point in the evolution of red algae (Butterfield, 1990; Muller, 1998,
2001; Butterfield, 2000)The microfossiis the only recognized eukaryote older thanEBa8nd
marksthe earliest known expression of extant forms of multicellularity and eukaryotic
photosynthesisButterfield, 1990 Gibson et al., 2018 he good preservation &. pubescens
microfossils and the pattern of cell division and morphology allowed the igagsti of
characteristics that lead to the identification of the organism, which can be compared to the
gametophytic generation of the modern red algal gBangia(Butterfield, 1990; 2000

Red algal ntrofossilsfrom the Neoproterozoic Era (1 Ba to 94i@) werealso
discovered in Chinayith a simple pseudoparenchymatous thalli, implying a multiphasic life
cycle; and a complex pseudoparenchymatous thalli, witeakophycaandParameciashow
similarities to the coralline algae, part of the Florideophgogiao et al., 2004). Inraore
recent discovery, welpreserved fossils part of the phylum Rhodophytae described by
Bengtson et al2017) One of theefound in Vindhyan, central India, has uniserial rows of large
cells, rhomboidal disks recognized a pyrenoid, septa between cells which may represent pit

connections and pit plug#Assembling these and other characteristics, the authors identified the



fossil to be the filamentous form Bfafatazmiachitrakootensisa possibldangiophycean. In
addition, the lobate sessiRamathallus lobatusyhich hasa pseudoparenchymatous thallus, and
apical growthwasidentified as part of thElorideophycean grou@lthough these two
microfossils are still under examination for possiblégyuity, thefindings possibly represent
the origin of multicellular rhodophytes, being 4B older tharBangiomorphadating 1.6 Ba
(Bengtson et al2017).

Examples ofed algaemicrofossilsthatare unambiguousclude thefossilized
conchocelis stagef Porphyra found in Poland, recorded as dating to #2%(Campbell, 1980;
Butterfield et al., 1990)0n the other hand, thenicellular microfossil$Huronisporaand
Eosphaera tylerifound in Canada, and dating rllion years old Ma), were designateas
blue-green algae (Barghoo#a Tyler, 1965); however, after analyses of reproduction,
morphology, habitat and life cyclas was suggested that geefossilsverelikely Porphyridium
purpureg a eukaryotic red alga (Tappan, 1976). Another exampihe itcrofossilTappania
plana found in Australia, dating 1.49@a (Javauxet al., 2001), and considered to be fungi due
to the branching pattern and cell fusion, yet, both characteristics are found in red alga species
(Butterfield, 2005; Porter, 2006). These are only two examples of many inaccurately classified
organisms, revealg the importance of continuous studies of fossils in the field to disclose the

potential identity of the samples.

1.3 Plastid evolution in the red algae and related groups

Resolving the tree of life using nuclear, mitochondrial and plastid sgegle
phylogenies and phylogenomic investigations is essential to understand the evolution of
photosynthetic phyla, including the red algae (AdI et al., 2B@yesPietro et al.2007; Burki,
2014; Spang et al., 2015). This is particularly important to cehgrd the diversity of
photosynthetic life on this planet. Despite the challenge of understanding how and when plastids
entered eukaryotic cells, endosymbiosis and serial endosymbisgiapad a major rolen the
diversity of species cohabiting the pdariPalmer et al, 1993; Bhattacharya & Medlin, 1995;
Reyes et al., 2007; McFadden, 2014; Burki, 2014; Rockwell é&1Cdl4).A putative member of
the Bangiophyceae played a central role in the eukaryote tree of life as a donor through a single



or more likely multiple secondargnd tertiaryplastid endosymbiosis that gave rise to

chlorophylkc containing groups, such as diatoms, dinoflagellates, haptophytes, and cryptophytes
(Ragaret al.,1994Yoon etal. 2004 Chanetal. 2011 Bhattachary&tal. 2013 Yangetal.,

2017) With still many questions to investigate, understand and attempt to rebelve
phylogenomimf the chloroplast ofed alg& can provide insightsto the early eukaryotic

evolution (Adl et al., 2005; Reydetrq 2007;Burki, 2014; Spang et al., 2015).

Hypothetically, eukaryotes are considered as having originated from a universal ancestor,
from the Arclaea group, théokiarchaeotaSpang et al., 2015), and branched into six
supergroups: Opisthokonta, Amoebozoa, Arclestjigla (Plantae), Chromalveolata, Rhizaria,
and Excavata (Adl et al., 2005, 2012; Keeling et al., 2005; Reyoet al., 2007). The study
by Spang et al. (2015), proposed thekiarchaeotas the identity of the putative archaeal
ancestor for eukaryes. According to phylogenomic analyses, the group is monophyletic with
eukaryotesand ha proteins that arassociated with membrane deformation and cell shape
formation, including phagocytosis. These findings indicate that the origin of complex cells
hagened before the mitochondrial endosymbiosis. Nevertheless, the possible ancestor of
eukaryotes had phagocyte ability, which could have enabled the invagination of the
mitochondrial progenitor (Spang et al., 2015). From the supergroup Archaeplastidgatae Pl
emerged green algae and plants, the red algae and the glaacigagt(Adl et al., 2005; Reyes
Pietroet al., 2007; Bhattacharya et al., 2004, 2013; Burki, 2(Hig) 1.2).

Universal ancestor
Archaea

Archaeplastida Opisthokonta Amoebozoa Rhizaria Excavata
3 ¥ _,'.}) "

Chlorophyte Rhodophyta Glaucophyte
2038 Sy |
| g .w‘iﬁ S |
b SAY @@
o Wy

Figure 1.2 Simplified nap of dloroplast evolutionfrom the common ancestoan Archea organiso the three main algae
branching: Chlorophgt Rhodophyta and Glaucoplayt



Along with the endosymbiosis that gave rise to mitochondria, the origin of plastids is one
of the most importanthenomena in the evolution of the eukaryotic cell, culminating in all
phototrophic eukaryote lives (ArchibagdKeeling, 2002) Themost accepted theory about the
origin of plastids through endosymbiosis is the shugli origin of all plastids, where gétids
are derivedrom anengulfedphotosynthetic cyanobactem by a norphotosynthetic host
(protist) (Archibald and Keeling, 2002; Pond®ledo et al., 2017; Martin et al., 201(Fig. 1.3)

This eventhappened in the common ancestor ofghgergroup Archaeplastidgiving riseto the
green, red and Glaucophyte ald&say, 199; Adl et al., 2005, 2012; BhattachargaMedlin,

1995; Bhattacharya et al., 2013; Rockwell et al. 2014; Gould, 2015; Hotedo et al., 2017)
(Figurel.3). In a seondary endosymbiosis event, a eukaryote obtained a plastid by engulfing a
phototrophic eukaryote with a primary plastid, obtained in the primary endosymgiess, red

or Glaucophyte)The digestion of the cyanobacteria did not happen, instead, it becam
endosymbiont (Archibal& Keeling, 2002).

The secondary endosymbiosis led to the origin of plastidthgrimportant algal groups,
suchas dinoflagellates, heterokonts, cryptomonads, and parasites suclpstmplexa
(Douglas& Penny, 1999; Miilleet al., 2001b; van Dooren et al., 2001; Olivér&8hattacharya,
2000; Gould et al., 2015). In addition, the secondary endosymbiosis is responsible for
endosymbiotic gene transfer (EGT), in which red algal plastid genes are treahsfehe
nucleus of ther photosynthetic organisms (Dougésl, 2001; van Dooren et al., 2001;
Bhattacharya et al., 2013; Gould, 2015). With time, the endosymbiotic organism was reduced, by
gene transfer to the nucleus, to a double memHbvanad plastid, and verticallyansmitted to
following generations (Archibal& Keeling, 2002; Bhattacharya et al., 2004; Relyedroet al.,
2007; Gould, 2015). (Figure3). To understand the magnitude of these events for the eukaryotic
life, it is fundamental to discover whiggal lineages arose from the same endosymbiotic
association and which arose independently (Delwdhialmer, 1997; Cavalie€smith 1999;
Oliveira& Bhattacharya, 2000; Archiba&l Keeling, 2002)Since it isdefinitive that red algae
are an early branchgnwithin eukaryotes, and, therefore, play a very important role in algal
evolution, they are excellent models for new investigations regarding plastid evolution (Gray,
1999; Bhattacharya & Medlin, 1995; Palmer et al., 2003; Bhattacharya et al., 2004;MRelyes
et al., 2007).
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Figure 13 Diagram depicting the evolution of plastids deriving from primary and secondary endosymbidbis. first
endosymbiosigventinvolved the incorporation of a cyanobacterium into a Aamtosynthetic eukaryote cell. After this single
primary endosymbiotic event, the now phototrophic eukaryote diverged and eddilvebe red, green andslaucophyta(not
shownin the figure)algal lines. In the secondary endosymbiasient, a phototrophic eukary® was incorporated into a nen
photosynthetic eukaryote. Adaptl from Douglas et al. (2001) and van Dooren et al. (200hjs diagram doedepict tertiary
endosymbiosis.

1.4 Class Bangiophyceae

The class Bangiophyce&eone of the seven classes within the phylum Rhodophyta
(Yoon et al. 2006; Sutherland et al., 2011) (Eid). The phenotypic plasticity of the Bangiales
speciedhas led many researchers to conduct studies in the interest of resolving the classification
of the classThe thallus morphology can change significantly during different stages of
reproduction, characteristic that resulted in misleading taxonomy-impiecular studies
(Sutherland et al., 20).1The life history of species within the Bangioglges diverse and
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biphasic, which includes a macroscopic gametophyte and a microscopic conchocelis phase
(Sheath& Cole, 1984; Garbarg Gabrielson, 1990; Miller et al., 2005 and 2010; Yoon et al.,
2010). (Fig 1.4). Sexual reproduction is often visuadzby marine members of the
Bangiophyceae and uncommon in other classes (Mdiller et al., 2010). One example of
Bangiophyceae member that presents both reproductive pathways is within the gganysa
which exhibis a heteromorphic life historfDrew, 1949; Blouinet al., 201 From the sheet

like haploid gametothallygertilization happens between spermatium and carpogonium,
generating a carposporangium (diploid) which will rise to a microscopicIstvetlg conchocelis
phase. In some species, the spores developed during the conchocelis phase can undergo meiosis,
forming haploid spores (Mitma& Meer, 1994; Brodi& Irvine, 2003). Sexual reproduction,
however, has not yet been described for some members of thisaoldfdlow an asexual route
where the gametothallus releases a spore (haploid) and the spore wilhigramew
gametothallugGarbary et al., 1980; Gabrielson et al., 1990, Mdller et al., 1998, 2005).

Carposporanglum
(2n)

Carpogonium Carpospore (2n)

(1n)
\ @
* Asexual Spore

(1n)

Fertilization

Asexual Spore

(1n)

AL Immature Gametothallus
B. atropurpurea gametothallus \
.. G @1 OSIS Conchocelis Phase

(1n)

Figure 14 Possible reproduction routes for Bangiophyceae membAsexual reproductiorg orange arrows is only reported
for species oB. atropurpurea Species of the geni®rphyra however, have been reporte exhibit both asexual and sexual
reproduction.
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1.5 Order Bangiales

Before molecular phylogenetic analysé® class Bangiophyceaeswdivided into four
distinctive orders: Bangiales, Porphyridiales, Compsogonales and Rhodochaetales (Gabrielson et
al., 1990; Garbarg Gabrielson 1990, Ragan et al. 1994). Currently, the clasemprisel of
only the order Bangles (Mdlller et al., 2001b; 2018utherland et al., 2011The order
Bangiales isalsorecognized as the starting point of divergencdtfeother algal orders
comprising morphologically simple red alg@cluding also the florideophyte@Ragan et a|
1994; Saunder& Kraft, 1997 Butterfield et al., 2000)Currently, the order comprises 15
genera, inluding the gener&orphyraandPyropia which are the most highly valdseaweed
crops in the world (Yoon et al., 2006; Miiller et al., 2005 and 20d®e8and et al., 2011
Guiry & Guiry, 2017, and the ancient gendBangiomorphandBangia(Butterfield, 2000).
However, the taxonomy of the Bangiales is not yet fully understood with genera still missing
molecular information and phylogetic analysis.

The most indepth study of the order and its genera to date was conducted by Sutherland
et al. (2011). The authors made usa ofst number of samples from collections distributed
worldwide andperformedananalysis ofboththe nuclearsmall subunitRNA (SSU rRNA)gene
and the plastidbcL gene This study hasxtensively modified the number of genera in the Qrde
with several wellsupported claddseingresolved within the order, aridof thel5 genera within
the order being monotypic. This infortian could clarify the selection of species, breeding and
cultivation to the aquaculture industry, who were possibly comparing members of different
genera until therAlthoughfour of the seven filamentous genera hestablished nameand
taxonomic posibn (Bangia, Dione, MinervandPseudobangig new studies are necessary to
clarify the filamentous members of tBangiales that are still not investigatddiler et al.,

2005; Nelson et al., 280 Sutherland et al., 2011)

1.5.1 Genus Bangia

The gens Bangiawas first described in 1819 by Lyngbye asd@éommonly observed in

freshwater within the Laurentian Great Lakes and in marine coasts of North America (Sheath &
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Cole, 1984; Miiller et al., 2003n an algal vegetation study in a laketwe Netherands, den
Hartog (1972) concluded thBangiaspecies in the Ysselmeeraybe derived from the marine
species. This prediction led to studies that analyzed the gradual adapt&iatropurpurean
saltwater, and. fuscopurpurean freshwater (Geesini,973).The studydemonstrated the
ability of acclimation of both species, concluding that they are conspecific. The acclimation was
confirmed by Sheath and Cole (1980), by experiments that analyzed the growth and
photosynthetic rated gamples oB. atropurpuredrom the Laurentian Great Lakes,
correspondi ng wi . .tAlstudg eoedscied by SleeatipandQole € 384) aimed to
identify different species dangiausing morphological charactsticssuch as filament
diameter, legth and pigmentatioThe authors noted that there was a nedhth trend in
increasing filament diameter which suggdle presence of more than one species in the Pacific;
moreover, the Atlantic populatiom®uldrepresent a single speci&s,atropurpurea(Roth) C.
Agardh;lastly, the freshwater population®grea variety ofB. atropurpurea

In 1998 Miiller et al. made use of th8SU rRNA andbcL gene sequencés establish
the difference between the two species, which correspond to the study byskatole (1984),
where thefeshwater collections @angiawere distinct from marine collectionSloreover,
Muller et al. (1998 noted that the sequence divergence among inland samples from North
America and Europis very low, suggesting that the fresaterBangiamay be a separate
lineage.The authors also observed that th@ineBangiapopulationsvereheterogeneous
Later, Miiller et al. (2003) performed a karyological study \Bi#imgiaspecies collected ithe
freshwater and marirenvironment. Bagkon the DNA sequence and phylogenetic analyses, the
freshwater collections d@angiawere positioned on a separate and agafpported branch, thus
the nameB. atropurpureashould represent this lineage. All marine collectionBarfigiadid not
cluster together in gene trees, indicating a mix of different species, and until further

identification, should be recognizedBsfuscopurpuredMiiller et al., 2003).

1.5.2. Distribution, invasion patterns and adaptation of Bangia atropurpurea

The first record of freshwater populationsBa#ngiawas described by Roth (1806) as
Conferva atropurpurean 1824, C. Agardh included the species in the g8angjiaasB.

12



atropurpurealater, due to the ability to acclimate from marine to freshwater environments,
species oBangiawere conspecific (Geesink 1973; She&tiCole, 1980). More recently,
molecular data contributed a better understanding of the species, since freshwaters lineages
cluster in a different group of marine species (Muller et al., 1998 and 2003). In CBnada,
atropurpureawas observed for the first time in Lake Erie, part of the Laurentian Great Lakes, in
1964 (Lin & Blum, 1977). Damann (1979) stated thahgiaexpandedhrough Lake Ontario to
Hamlin Beach Park. Jackson (1985) ame&h (1987 notedthatBangiahadspread througbut
al of the Great Lakesxcept forLake Superiorln the Great Laked€angiacan be observed 5
15 cm above species Gfadophora glomeratélL.) Kitz, or above the waterline i{€ath& Cole,
1980, 1984)Thesestudies acknowledge thite Bangiapopulation from the Great Lakes
likely derived from freshwater in Europe (Muller et al., 1998; Shed, 2014). The sudden
appearance @. atropupureain Lake Erie and subsequent spread to the other lekespt for
Lake Superior, demonstrates how effective the adaptation mechanisms and invasios qatter
be, being able to spread quickly and permanentbutihout the Great Lakes.

Consideringthe fast growth and high reproductive yielcthis specie$Sheath, 1987;
Sheath& Cole, 1980; Sheath et al., 198B),atropurpureas treated as opportunistic (Muller et
al., 2003). Muller et al. (1998) concluded that the unexpected appeardhcaropurpureain
the Laurentian Great Lakes is probably due to veas$sisted transport, indicating a single
invasion of the Great Lakes (Sheath, 1984). This hypothesis is supported by the disjunctive
distribution ofBangiain the Great Lakes and moleculata (Muller et al., 1998). The ability to
acclimate to both fresh and marine water provBi@ngiawith even more unigueness since
species tend to be specific to one habitat and only survive when all the optimal conditions are
available. The use of seaweed models to test salinity acclimation is extensive. Several authors are
intrigued by the abilityo survivein such contrasting environments, with emphasis on intertidal
species, such @&angia The successful salinity acclimation®éngia(Geesink, 1973; Sheath
and Cole, 1980) could have contributed to the establishment of the species in diffetatg,habi
however there are no studies to clarify and understand how the acclimation takesmpkace
molecular basis. The fundamental mechanism of salinity tolerance is osmotic acclimation, which
will preserve intracellular homeostasis (Kirs890).Many rel algal aweed have a two-step

process when exposed to salinity changes: first, there is a rapid change in turgor due to the water
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flux in or out of the cells, and secondly, there is an osmotic acclimation with the regulation of the
intracellular concemations (Karsten et al., 2012).

In addition to the acclimation to different salinitiegesies oB. atropurpureacan
survive in low temperatures22°C) and have great tolerance to many environmental factors, a
possible consequence of their high metabitexibility (Bischoff-Basmanr& Wiencke 1996;
Karsten& West 2000)However, h comparison to green algstudies, theres little information
regarding the ecophysiology of tBeatropurpurea,and more study is needed to fully
understand the survivadechanisms of the speci@grst, 1990; Karsten et al., 199Wiencke
2007).In addition, pecies oB. atropurpureds observed in the upper intertidal zone, being out
of water for long periods, therefore experiencing a broad variation in salinity apdregore,
which leads to desiccation and exposure to different ultraviolet s¢lgesten& West, 2000).
Russel (1985) explained that since intertidal species regularly experience wide fluctuations in
salinity, they can be preadapted to higher salinitglebecause of their genetic plasticity.
Moreover, Pearson et al. (2000ptedthat species in intertidal zones may have special
mechanisms to tolerate simultaneously freezing, desiccation, and precipitation stresses. Taking
into consideration the webstablished knowledge about the adaptation mechanisms which green
and brown algae express when facing abiotic stresses, it is important to build the same
understanding ispecies of red algak addition,make use omodern moleculatechniquego
compareggene regulation andirther ourunderstanishg of how B. atropurpureacan acclimated
and adapt to such harsh environmental condigmuscompare these mechanisms with other

seaweeds.

1.6 Molecular studies of Red Alga

With the advance of technology and techniques that evolved over the 20th century,
molecular studies became essential in phycological investigationsisayggovide insights
into characteristics never studied before, from morphology differentiatiomtogiofthe origin
of species. Following the course of many animal molecular studies, algal systematicsesso rel
on molecular tools to resolve and identify species (Saunders et al., 2005ydviest

information is contained inuclear DNA, however,lastids and mitochondria also contain DNA,
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andeach has special characteristasgprovides unique insights intalifferent aspects dlgal
evolution and biologyFor the purpose of this study, | will be focusing on the nuclear and

chloroplast genomes.

Nuclear genes

The nucleaDNA of red algae will vary between one or more copiegenes due to gene
duplication in the copiesnumerous tandem repeats of the same sequence can be observed; in
the same region is the sequence that codes for the ribosomal RNA (rRNA) (C&leaudfh
1991). The rRNA consist of a small subunit (SSU, or 18S rRNA gene lange subunit (LSU
or 28S rRA gene), the gene 5.8S rRNA, which has internal transcribed spacers (ITS1 and ITS2)
and intergenic spacers (IGS), timtomposed by a nemmanscribed spacer and an external
transcribed spacer (ETS), which separate continuous transcription units suels&sJ, 5.8S
rDNA, and LSU (Colema#. Goff 1991; Harpe®& Saunders, 2001; Xu et al., Z)1Within
Bangiales, the ITQ and ITS2 have served as genetic markers for population genetic anaflysis
Porphyra(Kunimoto et al. 1999) and speciedentification(Broom et al. 2002). In additioa,
group | intronshavealso benidentifiedin the SSU rDNA of collections dangiaand
Porphyra(Stiller & Waaland 1993; Oliveir& Ragan, 1994; Miiller et al. 1998, 2001a;
Kunimoto et al. 1999), inthe helix51 atthe3 end of the gene (Kbein et
of intronshave also been used molecular markers for genus recognition (Oliveira & Ragan
1994; Kunimoto et al. 1999), for phylogenetic analysis (Muller et al. 2001) and species
differentiation (Broormret al. 2002). However, the lengths of these introns can vary significantly
within species; in Bangiales for example, the sequence and structural elements of the introns
differ from each other and other intron sequences available (Mdiller et al., 2004iprdethe
phylogenetic properties and effectiveness as a marker are unclear (Muller et at. 1998, 2001).

Studies have confirmed the relevance of the SSU rDNA gene in phylogenetic studies,
since it is present in all eukaryotes and hesreservedtructureand function, evolvingita
stable rate and, therefore, can bedussa molecular clock to obtain divergence times between
species (Van de Peer, 1993; Oliveira et al., 1995; Mdller et al., 1998 and 2001; Broom et al.,
1999; Milstein& Oliveira, 2005; Yuwet al., 2010; Xu et al., 20L Among Bangiales, the SSU
rDNA was sequenced f&torphyraphylogeny (Oliveiral993; Oliveira et a).1995; Broom et
al. 1999, Milstein& Oliveira, 2005), forthedistinctionamongPorphyraspecies (Broom et al.
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1999; Kunimob et al. 1999; Nelson et al. 2001; Klein et al. 2003), and biogeographic and

systematic oBangia(Mduiller et al, 1998and2003). The SSU rDNA of red algaeshanexpected

high levels of sequence variation (15%) when compared with higher plants and green algae (Bird

et al ., 1992). The gene regions that are used
to 19, and the middle of the gene, from helix2I®(Bird et al., 1992; Klein et al., 2003),

however, has relevant variability between species.

Chloroplast genes

Chloroplasts are organelles present in plants that are responsible for the process of
photosynthesis, participating in the biosynthesis aharacids, nucleotides, lipids and starch
(Sugiura, 1992; Alberts et al., 1994). As mentioned previdastgction 1.3, redlgalplastids
have characteristics in common with cyanobacteria, such gsabence ophycobiliproteins
and the thylakoid arrgement (Kostrzewa et al., 1990; Muller et al., 200hE application of
molecular markers has provided insights into the taxonomy of Rhodophyta, and several
chloroplast genes are currently used as markersgenphylogenetic reconstruction (Lim et al.,
2017).TheRubiscoenzyme for example, widh is responsible fothe CO» fixation step in
photosynthesishas a smallrpcS) and a large subunitocL), and both are encoded by plastid
genes (Kostrzewa et al., 1990; Freshwater et al, 198éybcL gene ishe most studied
chloroplast marker gene ahdsbeen demuostratedto bereliable when used to assess
relationships between red algal taxa at species, familial and ordinal levels (Hommersand et al.,
1994; Freshwater et al., 1990n the other handtudies indicate thahegene isnot asuseful
for species differentiation when the species have low levels of divergence (Freshwater et al.,
1994). Thebcl gene and intergenic spacers were also studied to discrinflogtayraand
Pyropiaspecies (Brodi et al. 1996, 1998; Neefus et 2000; Teasdale et a002; Klein et al.
2003; Milstein& Oliveira, 2005 Choi et al., 2019; Meynard et al., 20E well as for
phylogeny, biogeography and systematic analysiBaoigia(Muller et al. 1998, 2003) and
Porphyra(Teasdale et al. 2@)Klein et al. 2003; Lindstrom & Fredericq 2003; Milsté&in
Oliveira, 2005).
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1.7Genomic studies in the Red Alga

With the advance of molecular tools, genomic studies of red algae involvingnucle
mitochondrial and plastidomplete sequences can be accomplished faster and with more details
than sequencing just part of the organisgenetic materialGenome sequencing provides
insightsinto adaptability, stress resistance, invasion mechanisms and metabolism. With still
many questions to investigate regarding red algae evolutiothaimdinique biologicatraits,
continuous research is extremely important to understand the relationshigs speoies
molecular changes that can result in adaptability in different hapitdk®t al., 2005; Reyes
Pietrg 2007; Burki, 2014; Archibald, 2015; Spang et al., 2015, Hu et al., 2016). Completed
genomes are available fargrowing number ddlgal spe@s, offeringanew understanding
regarding comparative evolution, molecular biology, biochemistry, physiology, and
developmental biology (Waaland et al., 2004).

Because of the small size, prokaryotic genomes have beereriensively sequenced
and compagd, resulting irmore tharforty thousandacteria genongand more than 200
Archaea fjttps://www.ncbi.nlm.nih.gov/genome/?term=Bactenal
https://www.ncbi.nlm.nih.gov/genome/?term=Archpaéa the lasfew decadesalthough
genome sequencing studiesse becomenore popular, complete algal gena@aee still limited
and are largely restricted tmicellular organisms, such as the green microaltidemydomonas
(Shrager et al2003) and the unicellular red alg@ganidioschyzon merold&latsuzaki et a.
2004),Galdieria sulphuraria(Schénknecht et al., 2013) aRdrphyridium purpureum
(Bhattacharya et al., 2013artial sequencefuclear, plastid or mitochondrial DNAS) of algal
samplesare much more abundahtan the list of complete genome sequences. Since whole
genome sequencing is stllrelatively recentechnology, the total number of genomics studies
of macroalgaés still insufficient to answefundamentafjuestions regarding these important
organismsTo datepnly Ectocarpus siliculosu€Cock et al., 2010)Chondrus crispugCollén et
al., 2013) Pyropia yezoensi@Nakamura et al., 2013) ambrphyra umbilicaligBrawley et al.,
2017)have been completely sequen¢&dble 11).
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Table 1.1 List of algae species with complete genome available at NCBI*

Subdivision Species Habitat Genome lengh (Mb) Morphology Assembly Number Reference

Rhodophyta Chondrus crispus Marine Intertidal 104.981 Macroalga bush talli GCA_000350225.2 Collén et al., 2013
Rhodophyta Cyanidioschyzon merolae Hot springs 16.547 Unicellular ASM9120v1 Matsuzaki et al., 2004
Rhodophyta Galdieria sulphuraria Hot springs 13.712 Unicellular ASM34128v1 Barbier et al., 2005
Rhodophyta Porphyra umbilicalis Marine Intertidal 87.767 Macroalga sheet thalli ~ GCA_002049455.2 Brawley et al.,2017
Rhodophyta Porphyridium purpureum Marine and soil 22.193 Unicellular GCA_008690995.1 Bhattacharya, et al., 2013
Chlorophyta Auxenochlorella protothecoides Soil 22.925 Unicellular ASM73321vl  Darienko & Proschold, 2015
Chlorophyta Bathycoccus prasinos Marine 15.075 Non-motile picoplanktonic GCF_002220235.1 Moreau et al., 2012
Chlorophyta Chlorella variabilis Freshwater and soil 46.160 Unicellular GCF_000147415.1 Junej et al., 2016
Chlorophyta Coccomyxa subellipsoidea Marine 48.827 Unicellular GCF_000258705.1 Blanc et al., 2012
Chlorophyta Micromonas commoda Marine 21.110 Unicellular GCF_000090985.2 Worden et al., 2009
Chlorophyta Micromonas pusilla Marine 21.959 Picoplanktonic GCF_000151265.2 Cottrell & Suttle, 1991
Chlorophyta Ostreococcus lucimarinus Marine 13.205 Unicellular GCF_000092065.1 Palenik et al., 2007
Chlorophyta Ostreococcus tauri Marine 13.668 Unicellular GCA_000214015.2 Derelle et al., 2006
Chlorophyta  Volvox carteri f. nagariensis Freshwater 137.685 Spherical multicellular ~ GCF_000143455.1 Smith & Lee, 2010
Phaeophyta Ectocarpus siliculosus Rocky shorelines 195.812 Macroalga filamentous =~ GCA_000310025.1 Delaroque et al., 2001

*Genomes available to date.

Chloroplast genomes
Red algakhloroplastgenomes are considered ancestral and evolutionarily stabl® due
the gene content and highly compact genomic organization éKah)y 2009; Lang& Nedelcy
2012; Janougkovec et al., 2013), <carrying cha
plastid genome of all photosynthetic eukaryotes (L&rgedelcy 2 012; Janougkovec
2013; MufiozGomez et al., 2017). According to Lee et al. @QRhodophytahloroplast
genomegontain the largest collection of plastid genes ever described, inglgdires specific
for red algae, such as regulatory proteins, membrane transporters and biosynthetic enzymes (Kim
et al, 2009; Mufioz Gémez et al., 2017). The map of a complete plastid circhlmmosome
was firstcharacterizeth 1979 (Bedbrook Kolodne), since then the organization and
expression of chloroplast genontes/e beemxtensively studied in plant molecular biology,
especially in higher plants and green algae (Sugiura, 1992 hitv@plastgenomesave
distinguished inverted repeats (IR@parated bynelarge and one small singt®py region, and
can be organized into three groupistoroplasitgenomesvithout IRs,chloroplastgenomes
containing IRs, andhloroplastgenomesvith tandem repeats (Sugiura, 1992). Since red algae
are the earlist divergence point of eukaryotes, phylogenetic studiesalitiroplastgenomes
are very common to understand the evolution, relationships and changes tratduaxed
throughout history.
As previously mentioned, after SSU RNA ahdL genesequencing anatgs Bangiales

was restructured, to include seven filamentous and eight foliose genera (Sutherland et al., 2011).
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One unexpected fimag within the analyses was the reassignment of species to the genera
Wildemaniade Toni, and to confirm, Hughey (2016) didanplete plastid genome study with
the algae. As result, tlehloroplastgenomeslisplay similar organization and content to other
Bangiaceae, however, the commonly present 16S and 23S gBhekepeas are lacking.
Moreover, a mitogenome of thdildemaniaschizophyllavas made (Silv& Hughey, 2016),
resulting in a smaller genome diaghe lack of large intronic Open Reading Frartf@RF3,

that are present in other species of Bangi@es. tothese differences, a phylogenetic analysis
strongly supportdie resurgence of the gen&kldemania positioned betweeRorphyraC.
Agardh andPyropiaJ. Agardh; in additionrRorphyraandWildemaniaspecies argiewed as
distinct (Hughey, 2016; Silv& Hughey, 2016). These unpredictable observations about
Wildemaniaspecies emphasize the importance of continuous analyses within species of the
family Bangiales.

More recent investigatiortsave performedompletechloroplastgenomesequencing of
the red alg&yropia endiviifolia,revealinga compact genome organization in comparison to
otherPyropiaspecies, probably due to the different copy numbeRN# operons in the
chloroplasigenomegXu et al., 2017). Moreover, the complete genomBaphyra umbilicalis
was published (Brawley et.a2017),facilitating comparison with thgenomes of other red
algae (Table 1). The 8#Mbp haploidPorphyragenome wasequenced using a combination of
PacBioand Illluminawhole-genome shotgun sequencif®urm et al., 2013; Brawley et al.,
2017). Theauthors agrethatgenomic reductiohas happeneit the red algal ancestor since
some pathways and genes freorphyraare absent, such as flagellar and autophagy proteins.
Since the majority of bangiophytes survive severe intertidal conditions, one robtt
important discoveeswasthe 11 genes that are essential for photoacclimation and cell viability
when the plant underggsstress.

Moreover,Porphyraexhibits different pathways to protect themselves from the intense
UV radiation, being one of thethe biosynthesis of mycosporifike amino acidswhich act as
photoprotectors in living organism&roéninger et al., 199 onde et al., 200@Brawley et al.,
2017). Analyzing samples, Brawley et @017)concluded thaPorphyrahas genes that encode
the MAAs catalystgroteins MysA and MysB, which are also found in dinoflagellates. The
exisence of these proteins in an ancestral lineage, suebrabyrg agres that dinoflagellates

possibly acquired these genes from red algae through secondary endosymbiosis (Waller et al.,
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2006; Brawley et al., 2017). Due to the similarities in lineage evolution, morphological
differences and many other questions that remaind®at species d?orphyraandBangia and
the possibility of discoveries to understand the relationship between them, a genomad study
Bangiais necessary.

Although the origin and evolution of the red algaediaeenstudied for decades, the
relationshipamong species and the molecular pathways that red algae possess, which might have
facilitated their survival throughout time and in different habitats, are examples of unanswered
guestions which potentially can be explained by new molecular studiesesStidi had focused
on the pathways of evolution and adaptation to survival, such as Keeling and Palmer (2008),
conclude that all photosynthetic eukaryotes had an extensive foreign gene transfer, with
emphasis on the plastid donor throwgtdosymbiotigere transfer (EGT). Moreover, the genes
of these organisms also underwent a horizontal gene transfer (HGT) when receiving genes from
nontcyanobacterial prokaryotes (Qiu et al., 2013). When analyzing the gendtoepbfridium
purpureumthe authors were abte identify that ancient red algéikely had mediated transfers
of ~300 prokaryotic genes into chromalveolates, recognizing red algaelesant source ci
genetic novelty among photosynthetic eukaryotes. Furthermore, Qiu et al. (2013 and 2015)
suggst that Rhodophyta have an important ioleukaryote genome evolution due to the ability
to assemble and to be the source of foreign genes through HGT and endosymbiosis. These
observations have led to new investigations regarding the gene reductidraigae (Qiu et al.,
2015).

It is hypothesized that the red algal ancestor likely had an initbrgenome, and was
able to invade regions with extreme conditions, such as high temperature and acidic
environments; and following this invasidhe genoméecame greatly reduced (Collén, 2013;

Qiu et al., 2013, 2015; Csuros et al., 2011). This genome reduction likely happened during the
first stages of red algae evolution, becaersaronmental pressuséhigh temperature and low

pH) induced a genome reduction, with loss of 25% of genes and flagella (Yoon et al., 2004;
Csuros et al., 2011; Collén et al., 2013; Qiu et al., 20102015). Observations made by Collén

et al. (2013) when analyzirtge Chondrus crispusgenome indicate the presence of the gene
mannosylglycerate syntha@dGS), which is very similar to the gene found in marine bacteria
andarchaea. The gene encada enzyme responsible for thermal adaptation in thermophilic

microorganisms is faud in other red algae, but absent in green, glaucophytes and land plants
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(Martins et al., 1999; Collén et al., 2013). This unusual metabolic feature in addition to the
evolutionary characteristics @f. crispus such as the compact structussgvidence hat the red
alga experienced an evolutionary bottleneck (Collén et al., 2013). Only then did red algae
conquer freshwaters and marine environments, having their genome expandeddtiyitiief
transposable elements and evolving to what we know as Bamgieae and Florideophyceae
(Collén, 2013).

1.8 Rates of substitution

Natural genetic variation among species is the raw material for evolutionary processes
(Gillespie, 199; Thompson, 1999; Whitehead & Crawford, 2006; Badi et al., 2018se
variations, or mutations, can be caused by genetic or environmental variations, or a mix of the
two. They are usually linked with the adaptation of a trait or characteristic thasasrthe
fithess of an organism, as a result of natural selediarly studies suggested that variation in
regulatory norcoding DNA rather than in proteinoding geneswaslikely animportant source
of adaptive variationKing & Wilson 1975. Following, studiedocused on determining the
relative roles of nucleotide mutation, drift, and natural selection affecting protein variation
(Gillespie 199). The number of mutations is expected to be minimal between genetically
identical organisms and to increase among more distantly related species (Whitehead &
Crawford, 2006)Tests for selection pressures are applied to betterstaddhow species
evolve and adapt to their environment. For these tests, the accepted theory is that parts of the
genome that are responsible for adaptive phenotypic changes evolve faster than other parts
(Nowick et al., 2019). Therefore, the chloroplast genes can help ekigidestions about
species evolution and adaptation, since changes or mutatfengngchloroplast gene
expression can quickly alter the plant phenotype.

The observations and calculations on sequence mutations began in the 60s, with the rise
of the fieldof molecular evolution (Zuckerkandl & Pauling,1965; Kimura,1968).sésaudies
suggested that there are three types of mutation/seledtimg on sequenceseutral, positive,
and purifying.Neutral selection can be explaingctording tdhe Neutral Tieory of Molecular
Evolution (Kimura, 1968 and 1983; King & Jukes, 1969; Ohta, 1973 and 1992; Yang et al.,
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2000), whichstates that most evolutionary changes at the molecular level are caused by random
genetic drift of selectively neutral or nearly neutraltations rather than by natural selection.

the absence of selection, the rates of nuclestbstitutions that change the corresponding

amino acid should be equabt affectingthe fitness of the organism (Kimura, 1968; Ohta, 1973;
Bush,2001).The neutral theory has been widely accejted is the guiding principle for

studying evolutionary changes, whéres usually used as a null hypothesis (Nei et al., 2010).

The use of statistical methottsdetect deviations from this neutral mogelthereforeable to

detect other phenomena includipgsitive and purifying selection (Yang et al., 2000; Nei et al.,
2010).

Positive selection perturbs patterns of genetic variation relative to what is expected under
the standard neutral theory (Biasv& Akey, 2006)The latest review on statistical methods for
selection detection states that positive mutations are often lost to drift while still in low
frequency, but otherwise tend to rise to fixation by natural seleatiorgasing the fitness in a
population (Hejase et al., 2020). Identifying signatures of positive selection is important since
they indicate regions of the genome that are functionally important (Biswas & Akey, 2006).
Positive selection is erucial source of evolutionary innovaticaand after many decades of
debates, it is now accepted that both neutral drift and positive selection play major roles in
evolutionary change (Kosiol, et al., 2008). Lastly, purifying or deleterious mutations, which are
present among all populations, aesponsible for genomic sequence conservation across long
evolutionary timescal es ( Cv.iTHeywendtdbe elimnatedby, 201
natural selectiorhavingfewercontributions to molecular evolution, and there is evidence for
reducing genetic diversity at sites under direct selection and at linked neutraCsitesrpn
2014 Elyashivetal., 2016 Cv i j ai al.j2018). It is important to note, however, that purifying
mutationsappear less likely to lead to strong effects on diversity in natural populations having a
small absolute effect on fitness but can be substantial if a large portion of individtiads i
population acquire the mutations in every generatdu ( j ov i | .Bdspitahlelarge 2 01 8)
number of DNA sequences available, positive, and purifying selectednelea understudied and
is poorly understoodY@an & Bielawski, 2000Cvi j ovi | et al ., 2018). To
evolution, it is important to study the evolution of proteading genes and gemnegulatory
elementsn the context of their structure and molecular interactidwasuns et al., 2017), as well

as theirdevelopnental and physiological processes (Nei et al., 2010). Nevertheless, much

22



remains to be learned about the types of selection acting on genes and genomes, even within

proteincoding regions.

1.9The Eukaryotic Meiosis Toolbox

The origins of meiosis in earBukaryotic history remain elusive and it is considered one
of the most difficult evolutionary problems yet to be resoh&uaiith& MaynardSmith,1978
Hamilton& Hamilton,1999Wilkins & Holliday, 2009). However, the study of the evolution of
meiosis based on cytology and genetics shows evidence for meiosis to have evolved from mitosis
(Simchen & Hugerat, 199&avalierSmith,2002. The similarity between the events in mitosis
and meiais (Tablel.?) argue for a close evolutionary relationship between them, and the greater
complexity of meiosis indicates that it is the derived process (Wilkins & Holliday, 2009).
Comparative evidence suggests that meiosis arose early in eukaryotistoeyl Ramestetal.,

2005 Schurko & Logsdon2008, and its high degree of similarity in different taxonomic groups
suggests that happened once in the eukaryotic histdtaihilton& Hamilton,1999Ramestet

al., 2009. Four main eventdifferentiate mitosis and meiosis: the acquisition of homolog

pairing, the occurrence of efficient intergenic recombination between homologs during pairing,
the suppression of sistehromatid separation in the first division, and the absence of S phase a
the start of the second division (Wilkins & Holliday, 2009) (Table 1).

Meiotic celldivision consists of a single DNA replication followed by two rounds of
chromosome segregation (meiosis | and meiosis Il), which splits the chromosome number to
ultimatdy produce haploid gameteddversat et al., 202T,akemoto et al., 2020%everal
highly conserved genese active during eadtage of meiosjsand together they are referred
as the Miotic Toolkit (Malik et al., 2008 Schurko & Logsdon2008).Accordingto areview
doneby Hofstatter et al. (2020), there are a total of 12 meigegific proteins identified in
eukaryote model organisms that will work alongside other proteins that although not specific to
meiosis, have an essential ralaneiosis succes$@p2, spdll, rec8, hopl, pch2, dmcl, mndL,
hop2, mer3, msht, mstd andzipd). A previous reviewvasdone by Malik et al. (2008yhich
mentiors thatthe eukaryotic meiosis toolkitas29 genes in total, being 9 of them meiesis
specific imcl, hopl, hop2, mer3, mdril, msht, mskb, rec8 andspdll). Much of the discussion
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about the maintenance of sex and meiosis has been done using model organisms, particularly in

animals, and desnot analyze the phylogeny of these genes. Since animals are a group of

organisms that arose long after meiosis originated (Wilkins & Holliday, 2009), it is interesting to

consider and study organisms that are early eukaryotes evolution such as red algae.
Unfortunately, there is a lack of genetic information regarding the meiotic genes of

Rhodophyta species. Only recently, transcriptome studies of red algae speciesl$uwbas

hispida(Nan et al., 2020) anBostrychia moritziangShim et al., 2021) inctle more details

about possible meiotic genesaation. Previous studies do identify the presericome

meioticrelated genes, but noh an-depth understanding dow the red algal meiotic toolbox

looks like if the meiotic machinery among these orgasigonserved, or about the

phylogenetic relationship of the meiotic genes among the different taxonomic groapapter

4 of this thesis, | will analyze the meiotic genes present in Rhodophyta species, using the meiosis

toolbox of Arabidopsis thalianasareference Malik et al., 2008) From this toolbox| analyzed

atotal of 6 gene groups were analyzed phylogeneticstigt 1; rad51 anddmcl; mndl and

ho2; smcgene family;mut., mlh gene family anggmsl; mutS andmshgene family.These

results, in addition to theew sequencingf thechloroplast genome, anldedetailed analysis of

the rates of substitution of 74 chloroplast genes among 30 red algae spdictee@nthe

understandingf themolecular structure, arttierelationshipof B. atropurpureao other red

algae species.
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Table 1.2 Comparison of mitotic and meiosis stayes

Mitotic stage Result Meiotic stage Result

. C Chromatid duplication;
S phase Chromatid duplication S phase, | DNA breaks introduce:

Chromosome
Chromosome

Prophase . Prophase, | condensationhomolog
condensation - o
pairing, recombination
Chromosome alignmer Alignment of homologs
Metaphase ;. enter of spindie bod MEAPNASE: 1 onter of spindle bod
Separation of homolog:
Anaphase Centromere splitting; Anaphase, | with independent
chromatids separated assortmentcentromere
splitting suppressed
Chromayd Partial or complete
decondensation; two .
daughter nuclei with chromatid
Telophase 9 Telophase, | decondensation; two

mother-cell ploidy,
single-chromatid
chromosomes

haploid nuclei with
replicated chromatids

No S phase
Prophase, I chromosome
condensation
Alignment of replicatec
chromatids
Centromere splitting;
Anaphase, Il separation of
chromatids

Metaphase, Il

Chromatid
decondensation; four
haploid nuclei, single-

chromatid chromosome

Telophase, II

*Table based on Wilkins & Holliday009.The four novel events of meiosis anelicated by italics and red.
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1.10 Thesis objectives

This thesis aims to address the following objectives in order to understand the similarities

and differences dBangia atropurpureavhen compared to other Rhodophyta genomes:
Chapter 2:

- To sequencgeassemblandanalyzea draftgenomeof the B. atropurpurea
chloroplast.

- To provide a detailed comparison of the first freshwater chloroplast genome of the

Bangiales ordeto pertinent species.

Chapter 3:

- Toestimatehe rates of substitutions of the chloroplast gérea Rhodophyta
speciespointing tosimilarities and differencewatcould have contributetb the
survival ofB. atropurpurean the Great Lakes.

Chapter 4:

- To investigate the presenoeabsencef specific genes related toeiosisin Bangia
atropurpurea whichmay provide information on thevolution of this species.
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Chapter 2

The chloroplast genome of the sole freshwater species, Bangia
atropurpurea, in the Bangiales (Rhodophyta), using metagenomic
sequencing
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2.1 Introduction

Studiesrevolvingaroundchloroplasigenesandgenomesn redalgaearebiologically
relevantsincetheseorganellesetainuniquegenegshattell usthehistory of the evolutionof
photosynthetiorganismon Earth.Becausef the numberof molecularevidenceproducedn
thelastdecadethe hypothesioof a monophyleticorigin of all chloroplastss broadlyaccepted
(BhattacharyandMedlin, 1995;Turneretal., 1999; SimpsonandStern,2002;Palmer,2000;
Qiu etal.,2013;Kim etal., 2014;Rockwelletal., 2014. Theuniversalancestofor the
Eukaryotedelongsto the Archaeagroup,the LokiarchaeotaSpangetal., 2015),which
branchednto six supergroupsOpisthokontaAmoebozoaArchaeplastidgPlantae),
ChromalveolataRhizaria,andExcavata(Adl etal., 2005,2012;Keelingetal., 2005;Reyes
Prietoetal., 2007).Fromthe supergroupArchaeplastid@mergedyreenalgaeandplants,thered
algaeandtheglaucophytealgae(Adl etal., 2005;ReyesPrietoetal., 2007;Bhattacharyatal.,
2004,2013;Burki, 2014).Theendosymbiotieventsthataresupportedy recentresearch
provideevidencehatthe primaryendosymbiosigvolvedfrom a cyanobactetim thatcanbe
comparedvith the moderncyanobactetim Gloeomargaritdithophora, whichis presenin
freshwaterandmicrobialmats(PonceToledo,2017;de Vries andArchibald,2017).

Thesecondargndosymbiosited to the origin of plastidsin importantalgalgroups,such
asdinoflagellatesheterokontsgryptomonadsandparasitesuchasthe apicomplexgDouglas
andPenny,1999;Mdller etal., 2001b;vanDoorenetal., 2001;OliveiraandBhattacharya2000;
SimpsonandStern,2002;Gouldetal., 2015).Sinceit is settledthatredalgaeareanearly
branchingwithin eukaryotesand thereforeplay a veryimportantrole in algalevolution,they
continueto be excellentmodelsfor newinvestigationgegardingplastidevolution(Gray, 1993;
Bhattachary& Medlin, 1995;Palmeretal., 2003;Bhattacharyatal., 2004;ReyesPrietoetal.,
2007).During the procesf endosymbiosigpartof the genecontentof the original organism
wastransferredo the nucleusof the host,andpartwasmaintainedn thechloroplasto keepthe
organellemachineryactive,mostlyinvolvedin photosynthesiandproteinsneededor building
ribosomegGlockneretal., 2000;Zhangetal., 2020) In addition,the chloroplasigenomehasa
completeindependensetof tRNA, rRNA andconsequentlyexclusivegeneexpressior{Martin
etal., 1998;Zhangetal., 2020)
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TheorderBangialegBangiophyceaencludesbothfoliose andfilamentousformsand
thelatterhavebeenreportedn thefossil recorddatingl.2 MA and1.6 BYA (Butterfield,2000;
Bengtsoretal. 2017). Somefoliose memberswithin thegenusPyropiaandPorphyrahave
considerableconomiamportanceasnori andaregenerallywell studied,(Broometal., 2002;
Chanetal., 2011;Sutherlancktal., 2011;Xie etal., 2013;Brawleyetal.,2017;Yangetal.,
2017);however Jessis knownaboutthefilamentousformsexceptseveraphylogeneticstudies
usingmarkergenegMduller etal. 1998,2003,2005) Membersof this orderprimarily occupy
marineenvironmentgNelson,2006;Moenneetal., 2016;Kogameetal., 2017)exceptBangia
atropurpurea initially describedrom theWeserRiverin Germany(Roth,1806),and
subsequentlyeportedn otherEuropearakesandriversandalsoin Asia (DenHartog,1972;
Reed,1980;Kumano,1980;Mduller etal., 2003and2005).In addition,this speciess aknown
invaderto the LaurentianGreatLakes,likely theresultof ballastwaterdischarggMdiller etal.,
2003;Sheaetal.,2014). This speciesvasfirst observedn LakeEriein 1964(Lin andBlum,
1977)andhasspreado all the LaurentianGreatLakesexceptLake Superior(Sheath1987;Shea
etal.,2014). Phylogenetianalyse®f chloroplastandnucleargenemarkershavenotedthatthe
populationsn the GreatLakesareall geneticallyidenticalto eachotherandclosel relatedto
freshwatepopulationdrom Europe(Mdiller etal., 1998;Mdller etal., 2003;Sheaetal., 2014).
More recently therearereportsof this speciesn the FingerLakesin New York State(Muller et
al. unpublished).

The mostextendedaxonomicrevisionof theo r dBangialeusingmolecularmarkers
(nuclearSSUrRNA andrbcL geneswasdoneby Sutherlancetal. (2011)wherel57Bangiales
speciesvereanalyzedThis studyresultedn 15generao f B a n g i racbgmizedobvehichn g
7 arefilamentous- four previouslydescribedandthreenewly recognized and8 arefoliose.
Accordingto their findingsandthosenotedin Muller etal. (1998,2003,2 0 0 5 )species,h e
B atropurpureais phylogeneticallyaffiliated with two foliose generaClymeneandPorphyra
However thisrelationshipivasonly moderatelysupportedandthe positionof B. atropurpureais
still unresolvedDespitethe extensivewvork on the phylogenyof membersf the Bangialesusing
variousmarkergenestherearestill few nuclearandorganellalgenomesvailablefor members
of thisgroup. Thereis only onechloroplastgenomerom a Bangiaspeciesgollectedfrom an
estuaryin China(Caoetal., 2018),thatgroupswith marinecollectionsin thefi B a n 2y @laae

notedin Sutrerlandetal. (2011)andis phylogeneticallydistantfrom Bangiaatropurpurea
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Eventhoughseveralgenomegnuclearandchloroplastwveresequencedbr foliose
memberof the Bangialesknowledges lackingfor filamentousspecies.Giventhelong
evolutionaryhistory of filamentousBangialesn thefossil record(Butterfield, 1990;2000, and
thatthe speciedBangiaatropurpureais the solefreshwateispeciesvithin the order, in addition,
to being aknowninvaderinto North Americanlakes,this speciesis idealfor genomic
sequencinglsolatingandgrowingalgal speciesor genomicanalysess oftenchallengingdueto
aninability to growin culture,slow growth,or contaminationsinceobtaininganaxenicculture
of algaetendsto be moredifficult thanfor higherplants(PolneFuller, 1988;Fries,1980and
1985;Bawejaetal., 2009).Although B. atropurpureais fairly easyto isolate,growthis very
slow (~9 mm/month)andhenceobtainingenoughbiomasgor DNA extractionfor genomic
sequencings difficult. Hence the presenstudymappedadraft of thefirst chloroplasigenome
(97%coveragefrom environmentametagenomidatain the only freshwateispeciesn the
orderBangialesNot only doesthis studyprovideclarity regardingthe relationshp of this
specieswithin theorderBangialeshutit alsohighlightsa methodby which chloroplastgenomes

canbeobtainedirom environmentasamplef smallmacroalgae.

2.2 Materials and Methods

To overcomeheslow-growingin vitro challengesywe employeda strategyinvolving the
following steps:1) collectionof filamentsfrom alocationin the LaurentianGreatLakes;2)
metagenomisequencin@f the environmentasample;and3) isolationandassemblyof thered

algalchloroplastgenomehroughatargetedvioinformaticsworkflow (Fig. 2.1).

2.2.1Samplepreparation and sequencing:

Sampleof the multicellularfilamentousred algaB. atropurpureawerecollectedfrom
rockson the Lake Ontarioshaeline,in thecity of Burlington,Ontario,Canadg43°19'12"N
79°47'59"W)onJuly 17", 2017.Thefilamentsweremanuallycleanedf macroscopic
epiphytesmicro-algae,Cladophorasp.filamentsandsedimenundera dissectingnicroscope
andrinsedtwice with sterileautoclavedakewaterandfrozenat-20°C until DNA extraction

(Fig. 2.1-1). To extractDNA, thefilamentsweregroundusinga cleanmortarandpestleand
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liquid nitrogenuntil thematerialwasafine powder.The SoxDNA isolationkit (MetagenonBio
Inc., Waterloo,CanadaAppendixA) wasthenusedto extractDNA with the following
modification: After adding100 mg of groundcellsandbuffer Sox1to a beadtube,the mixture
wasincubatedat 70°C for 10 min. CellswerethenhomogenizedisingFastPreg24 (MP
Biomedicals)at 6M/secondor 40 secondsThequality of genomicDNA wasevaluatedvith
0.8%TAE agaroseayel. Thefinal DNA prepwasquantifiedusingthe dsDNA HS Assa Kit
(ThermoFisheranddilutedto 0.25ng/ml. Thegenomicsequencindibrary wasconstructed
usingtheNexteraXT kit (Illumina) basedonthes u p p Iguide.mdessequencefb,
GTACTGAC;i7, TCATGAGC)wereincorporatednto PCRprimers.Library DNA was
evaluatedvith 2% TAE agaroseyel andquantifiedwith thedsDNAHS AssayKit (Fig.1-2a).
The DNA of 0.4kb to 1 kb wasdenaturedandpooledwith othersequencingmplicons.
Sequencingvasperformedfor 2x250cyclesusingthe MiSeqplatform(lllumina). After

trimming off adaptesequence€)NA sequencewereassembledFig. 2.1-2b).

2.2.2 Assembly, alignment, and annotation:

Themixedpool of shortDNA sequencegairedendreads(250bp) from threerunsof
the samesample werecombinedandweretheinput for the ATLAS framework(v1.0.31;White
etal.,2017)with defaultparametersisingSPAdeqv3.11.0;Bankevichetal., 2012) asthe
assemblytool. Readsweretrimmed,filtered, errorcorrectedandnormalizedprior to assembly
with SPAdesTo separatalgalchloroplastderivedcontigsfrom nonalgal (e.g.,bacterial Fig.
2.1-3) contigs,all contigswerealignedto referencechloroplastgenoms (Porphyrapurpurea
accessiomumberNC_000925andPorphyraumbilicalis, accessiomumber
NC_035573.1usingBWA-MEM (Li andDurbin, 2010)with defaultparametersReadsvere
alignedbackontothereorderectontigsto visualizereadcoverageusingBowtie2 (Langmead
andSalzberg2012)(with defaultparameters)TheresultingBAM file andcontig FASTA file
weremanipulatedwvith in-housescriptsandthe shinyCircosk packaggYu etal., 2018)to
producea Circosplot (Fig. 2.1-5b andFig. 2.2 in details)havingthe Porphyrapurpurea
chloroplastgenomeasreference The contigswerethenreorderedo producea scaffold(Fig. 1-
4) usingMeDuSa(Bosietal., 2015).GeneannotatiorwasthenperformedusingGeSeqTillich
etal., 2017),refinedmanuallyusingGeneioud’rime,andvisualizedusingOGDRAW

(http://ogdraw.mpimggolm.mpg.de)Finally, severalassembhartifacts(insertionsof likely
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bacterialorigin) wereremovedrom the scaffoldandreplacedwith gaps.Thefinal B.

atropurpureaassemblywvasdepositednto the NCBI (GenBankaccessiomumberMN484624)

2.2.3 Synteny and phylogeny

TheB. atropurpureachloroplasigenomeorganizationvasanalyzedhroughsyntenic
comparisorto relatedred algalchloroplastausingProgressivéMauve (Darling etal., 2010)
which generated syntenymapandidentified conservearthologoushlocks(Fig. 2.1-5aand
Fig. 2.5 in details).The concatenatedlignmentof orthologouschloroplasigenesvasthen
analyzedandthe orthologousggenesvereextractedrom the outputfile with anin-housescript

thatwasuploadedo GitHub (https://github.com/doxeylab/labScripts/tree/master/mauveExtract

Thedatawasthenusedfor the phylogeneticanalysesvith other20 chloroplastgenomegTable
2.1), performedusingMEGA 10 (Kumaretal., 2016)with the evolutionaryhistoryinferredby
usingthe MaximumLikelihood Methodusingthe GeneralTime Reversiblet G model(Posada
andCrandall,1998)(Fig.2.1-6 andFig. 2.6 in details).
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Table 2.1. Chloroplast genomes of Rhodophyta species available at NCBI database

Species Phylum Class Order G.enome GC% Coding rRNA tRNA Accession number References
size (bp) genes

|chgia atropurpurea * Rhodophyta Bangiophyceae Bangiales 186.840 329 207 3 35 MNA84624 This study|
Bangia fuscopurpurea * Rhodophyta Bangiophyceae Bangiales 196.913 335 205 6 37 KP714733 Cao et al., 2018
Porphyra purpurea * Rhodophyta Bangiophyceae Bangiales 191.028 33 250 2 35 NC_000825 Reith and Munholland, 1995
Porphyra umbilicalis * Rhodophyta Bangiophyceae Bangiales 189.933 329 209 6 37 JQ408795 Smith et al., 2012
Pyropia dentata Rhodophyta Bangiophyceae Bangiales 192.266 32.6 92 12 44 LC521919.1 Choi et al., 2020
Pyropia perforata * Rhodophyta Bangiophyceae Bangiales 189.788 329 209 3 35 KF515973 Hughey et al., 2014
Pyropia haitanensis * Rhodophyta Bangiophyceae Bangiales 195.597 3298 213 6 37 NC_021189 Wang L, 2013
Pyropia kanakaensis * Rhodophyta  Bangiophyceae Bangiales 194,631 32.0 ND ND ND KI776836 Hughey et al., 2014
Pyropia endiviifolia * Rhodophyta Bangiophyceae Bangiales 195.784 333 210 6 37 KT716756 Xu et al., 2018
Pyropia fucicola * Rhodophyta Bangiophyceae Bangiales 191.982 32.7 ND ND ND KI776837 Hughey et al., 2014
Pyropia yezoensis * Rhodophyta  Bangiophyceae Bangiales 191.975 32.09 213 6 37 KC517072 Wang L, 2013
Wildemania schizophylla *  Rhodophyta  Bangicphyceae Bangiales 193.008 34.4 211 4 34 NC_029576 Hughey et al., 2016
Cyanidioschyzon merolae *  Rhodophyta Cyanidiophyceae  Cyanidiales 149.987 37.6 243 3 31 AB002583 Otha et al., 2003
Cumathamnion serrulatum  Rhodophyta Florideophyceae  Ceramiales 174192 27.2 193 3 29 MW292565.1 Kim et al., 2021
Corallina officinalis Rhodophyta Florideophyceae  Corallinales  178.183 30.2 205 3 31 MT211887.1 Yesson et al., 2020
Chondrus crispus * Rhodophyta Florideophyceae  Gigartinales 180.09 28.7 204 3 24 NC_020795 Collen et al., 2013
Betaphycus gelatinus Rhodophyta Florideophyceae  Gigartinales  178.394 2893 240 3 30 MN240356 Zhang et al., 2020
Eucheuma denticulatum Rhodophyta Florideophyceae  Gigartinales  177.003 29.61 240 3 30 MN240357 Zhang et al., 2020
Kappaphycus striatus Rhodophyta Florideophyceae  Gigartinales  176.763 2935 238 3 30 MN240358 Zhang et al., 2020
Kappaphycus alvarezii Rhodophyta Florideophyceae  Gigartinales 178,205 29.6 238 3 30 KU892652 Liu et al., 2019
Gracilaria bailiniae Rhodophyta Florideophyceae  Gracilariales  185.129 27.9 193 3 29 NC_038100.1 Liu et al., 2019
Palmaria palmata * Rhodophyta Florideophyceae  Palmariales 192960 339 204 2 22 NC_031147 Choetal., 2018
Porphyridium purpureum *  Rhodophyta Porphyridiaceae Porphyridiales  217.69  30.3 224 6 29 NC_023133.1 Tajima et al., 2014
Gloeochaete wittrockiana ¥ Glaucophyta Gloeochaetaceae Gloeochaetales 143.343 29.6 129 3 31 MF167426 Reyes-Pietro et al., 2018
Glaucocystis sp. * Glaucophyta Gloeochaetaceae Gloeochaetales 130.276 33.4 137 3 32 MF167424 Reyes-Pietro et al., 2018
Glaucocystis incassata * Glaucophyta Gloeochaetaceae Gloeochaetales 137.017 33.6 137 3 31 MF167425 Reyes-Pietro et al., 2018
Rhodomonas salina * Cryptophyta Pyrenomonadace Pyrenomonadal 135.854 34 183 ND 31 EF508371.1 Khan et al., 2016
Guillardia theta * Cryptophyta Geminigeraceae Pyrenomonadal 121.524 33 ND 8 30 NC_000926.1 Douglas and Penny, 1999

Availablechloroplastgenomesuntil the momentthis studywasconducted ND=not determined/noton NCBI.
* Speciesisedfor phylogeneticanalysisTheremainof speciesvere not availableduringthe analysisascompletechloroplastgenomes.
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Figure 21. Bioinformatic workflow for assembling the chloroplast genomeBofatropurpureafrom metagenome data. An
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(2a) and sequenced using thHeuinina MiSeq platform (2b). A mixed pool of assembled contigs (2b) was then separated into
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Figure 2.5. Conserved, orthologous blocks were concatenated into a wtllleroplastgenome multiple sequence alignment

1 —
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(5a), and onc¢he coverage was obtained (97%), the chloroplast genome was annotated to produce a gene nfaguieh2.2
The concatenated alignment was used to produce a whhleroplastgenome phylogeny (@igure2.6).
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2.3 Results

2.3.1 Sequence analysis

Usingametagenomi@assemblypipeline,| wasableto successfullypin andassemble
high-quality draft chloroplastgenomeof B. atropurpurea(Fig. 2.2). Theassemblys 186,840bp
in length,hasa G+C contentof 32.9%,andhasestimatedcoverageof 97% (Table2.1;Fig. 2.2).
Thedepthof coverageacrosghefull circle genomewasvisualizedby a Circosplot, which
showsvariationin coveragedistributedacrossl 3 total contigs.We inspectedegionsof high
coverageo rule outthe possibility of spuriousor non-specificreadalignmentsrom other
speciesandfoundthattheseregionsweregenomicallyconservedvithin the classBangiophyceae
(Leeetal., 2016),anddistinctfrom greenalgaeandbacerial DNA presenin theoriginal

environmentamaterial.

35



Batro. 479 Batro15: =
2 A
i i g .

Batro_o
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manipulated using scrips and shinyCircos R package to create this circular plot. The name of this aomiigd the outercircle.
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between contigs accousfor 3% ofthe chloroplast genome.
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2.3.2 Genome organization

The chloroplast genome Bf atropurpureaFig. 2.3) encodes a core set of220rotein
coding sequences (CIPS35 tRNAs and3 rRNAs, and despite the 3%stimatedyapcontentin
the chloroplast genome sequebesed on alignment to the reference gendhese numbers are
similar with whathas beembserved in chloroplast genomes from related red algal species such
asP. purpureaP. umbilicalisandB. fuscopurpuredTable2.1) (Reith and MunhollandL995;
Brawley et al., 2017; Cao et al., 2018). The rRNA and tRNA content are more variable than the
proteincoding genes, with thB. atropurpureaassembly lacking both copies of tineL tRNA
andtrnA tRNA genes Theseare present in botRorphyraspeces, andheyare known to occur
inside of the repeated rRNA operons (Reith and Munholland, 1995; Brawley et al., 2017;
DePriest et al., 2013). The same geted_(andtrnA) are present iB. fuscopurpuredut not
duplicated. The similarity between the gatontent of chloroplast genomes from closely related
Bangiales species am] atropurpureas visualized by a/enn Diagram (Fig2.4 and Table 2,
revealing that there are no exclusive or novel genes in our assembly. Plus, the 207 genes are
shared betweeall species, and only 11 genes sereommon with PU and PP but not with BF,
and 11 other genes are shared with PP and BF and not with PU. Interestingly, there are 11 genes
shared exclusively with PP, and no exclusive genes are shared with BF. Thelablongp of
the same four species presents high similarity in terms of translation diré®imthe only
chloroplast genome with a significant difference in directihen comparing the gene content
of B. atropurpureachloroplast genome with other Bangiales and Rhodophyta species (Appendix
B), a few genes are missing from the assembly, keasgnt irP. umbilicalisandB.
atropurpurea but present in most of the other Bangiales and Rhodophyta species used for
compari®n in this studypetN, ycR7, orf38, orf68, ftrC, badl, sufC, ccdA, psbyY. Moreover,
there are genes absenfHnumbilicalisbut present if8. atropurpureaand other red algae
speciesorf27, orfl11, orfl14, orfl99, orf287, orf382 orf621, preA andrpl29 (Table2.2 and
AppendixB).
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Figure 24 Venn diagram of genes shared among four closely related Bangiophyceae chloroplast genorBesti®furpurea
(accession number: MN484624); PRbrphyra umbilicaligaccession number: JQ408795);: PBrphyra purpuregaccession
number:NC_000925); BBangia fuscopurpuregaccession number:KP71473337). PU and PP chloroplast genomes were used as
reference genomes in this study. BF is the only oBeangiaspecies witta complete chloroplast genome aiable to date.
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Table 22 Gene content oB. atropurpuredn comparison to the most common chloroplast encoded genes of other red algae species.

Group of Genes Gene name Putative gene role Reference
Catalyzes the light-driven synthesis of ATP.
Atpisynthasa atpA atpB atpD algE atpF atpG atpH atpl Is activated in the light and inactivated in the dark by redox-modulation through the thioredoxin system. Kohzumalstial:;2017
ClpP clpC Controls the availability of short-lived regulatory proteins and in removing abnormal or damaged proteins. Shikanai et al., 2001
Part of the chloroplast thylakoids three main complexes involved in electron transfers, along with  Hope, 1993
Cytochrome b f complex petA petB petD petF petG petN Photosystem | and Photosystem il. P
ycf3 ycf4 ycf7 ycf12 ycf16 ycf17 ycf18 ycf19
i cf20 cf21 cf22 cf23 cf24 cf26 cf27 cf28
Hypo:jhetw;al Chlomp!fas' Y Y Y Y Y ¥ Y Y Conserved hypothetical chloroplast open reading frame. Hallick and Bairoch, 1994
reading frames (ycf)  yef29  yef31  yef32  yef33  yef34  yof3s  yef36  yof37
ycf38 ycf39 ycf46 ycf59 ycf61 ycf65
orf27 orf38 orf58 orfe5 orf68 orf71 orf71a  orf74
orf75 orf107  orf108  orf110 orf110a orf111  orf114  orf121
ORFs orf148  orfl49  orf174  orf198  o0rf199  orf203  orf238  orf24Q  Conserved open reading frames among plants, and often plants, algae, and cyanobacteria, Hallick and Bairoch, 1994
functions are unknown.
orf263  orf263a orf287  orf288  orf320  orf327  orf382  orf383
orf450  orf565  orf621
Photosystem | psa psaB psaC psaD psak psaF psal psaK Mediates the light-driven electron transportfrom plastocyanin to ferredoxin. Scheller et al., 2001
psalL psaM psal
psbA psbhB psbC pshD pshE psbF pshl psbJ
Photosystem I1 psbK psbL psbH psbN psbT psbV psbw psbX First protein complex in the light-dependent reactions of oxygenic photosynthesis; Baker, 1991
Primary site of photoinhibition
psbY psbZ
pl1 pl2 pl3 rpl4 rpl5 plé pl9 rpl11
Ribosomal proteins w12 i1a pitd miie s mi19 mig et Protein biosynthesis and translational regulation Stelzl et al., 2001
(50S) pl22 rpl23 rpl24 rpl27 rpl29 pl28 pl31 pl32
pl33 rpl34 rpl35 rpl36
ps1 rps2 ps3 rps4 rps5 ps6 ps7 ps8
Ribosomal proteins rps9 rps10 rps11 rps12 rps13 ps14 rps16 rps17  Protein biosynthesis and translational regulation Stelzl et al., 2001
(30S)
rps18 rps19 rps20
RNA polymerase rpoA rpoB rpoC1 rpoC2 Transcription initiation Roeder, 1996
RubisCO rbel rbcS rbcR First major step of carbon fixation Feller at al., 2008
accA accB accD acpP apcA apcB apcD apcE
apcF argB carA cbbX ccs CCsA cemA chiB
chiL chiN CpcA cpcB cpcG cpeA cpeB dnaB
Other genes dnaK fabH ftrB ftsH ginB gitB groEL  ilvB
ivH infB odpA odpB PgmA  pbsA me secA
secY tatC thiG trpA trxA tsf tufA syfB
syh chll petJ trpG infC preA bas1 sufC

Genes present in B. atropurpurea and absent in P. umbilicalis

.Genes absent from B. atropurpurea and P. umbilicalis, present in most of the other red algae
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2.3.3 Synteny and Phylogeny

In the syntenyanalysisof 12 redalgalchloroplastgenomegFig. 2.5), B. atropurpurea
exhibitsextensiveconservatiorwith P. purpurea P. umbilicalisandotherBangialesspeciesin
generalall theBangialesspecieavea highly conservedathloroplastgenomeand,thereforea
high degreeof identity, which canbeverified whencomparinghe genomesgainstPalmaria
palmatg aredalgathatbelongsto the classFlorideophyceaeyrderPalmarialesandshow
differentdegree®f rearrangementhe Maximum Likelihood treeconstructedrom 17 species
of 5 differentclasse®f Rhodophytaorganismsvasusedto estimateherelationshipof B.
atropurpureawithin the BangialeqFig. 2.6). Thetreeexhibit 100%supportfor the placemenbf
B. atropurpurea beingcloserto the marinespeciePorphyraspecieshanto the marinespecies
with the samegenusB. fuscopurpurea

41



10000 20000 30000 40000 50000 60000 70000 80000 90000 100000 110000 120000 130000 140000 150000 160000 170000 180000
-

Bangia atropurpurea
% \
» \ \ \ \ N\ \
10060 20000 | 3000 40boo 50000 603 70000 80000 90600  #00000 110000 120060 130000 § 140000 350000, \ 160000 170000 180000 {}9g0
Porphyra purpurea | -
= [ [ | ‘
R | I , \
( | | | |
i ‘ ‘ I A i} ; 1’ "‘\
10000 20000 30d00 40000 50000 6000 70000 80000 90000 100000 {10000 120000 130000 | 140000 0p0] | 160000 170000 180000
Porphyra umbilicalis i |
- [ [ [ { UJ
R \ N\ N 4l ¥
¥ \ \ h \ W\ N\ A
\ \ \ \ X 4 / N
10001 20000 | 30000 40000 50000 60000 70000 80000 90000 100800 110900 120000 °, 130000 1000 ° 1$008D| ° 160060 170000 180000 / 19000,
Bangia fuscopurpurea # e il
R / / J t 8
¥ / / \ —1

.I / \
/ / / |
10060 20000 /30080 40000 50000 60000, 70000 20000 90000 100000 110009120000

170000 / 190000 190y
Wildemania schizophylla # |

R
v

i

10000 20000 30000 40000 50000 60000 70000 80000 90000 00 110000 120000, 130000 J4pooo/ [ 150000\ — 0 170000
[ |

Pyropia yezoensis #

R
v

[ /] /
10090 20000 30800 40b00 50000 60000 70000 80000 90000 100000 110000  120000| 130000  [140000 30090/ 160000 175000
Pyropia fucicola % =]

R ], 1 '\.\- /|

v \ | \ \ \
u i / >
10000 20000 3080 40000 50000 60000 70000 30000 90000 100000 110000 120000 | 130000 000§ | 150000, . 160000 170000 . 180000  19GROR.
Pyropia endiivifolia # | i1}

R

| 1 4 Yy )
w f / ‘ _a; // :

180000

166000

120000 | 130000

80000 90000 7 L X 160000 170000180000 130000
Eod | e—
Palmaria palmata —

R

Figure 25 Synteny based on the chlgutast genomes of red algae species closely relate. tatropurpureaand one member of the Florideophyciddglmaria palmataThe
orthologous blocks shown here provided the concatenated alignment used for the phylogenetic analysis.

42



[ Florideophyceae
Bangiophyceae

I Porphyridiaceae

Il Cryptophyta

B Cyanidiophyceae
Glaucocyphyta

B Marine
Freshwater

Il Ubiquitous
Extremophiles

® 100% bootstrap support

Chondrus crispus

99

£

Wildemania schizophylla
Bangia fuscopurpurea
} R Fllamentous
Bangia atropurpurea %
Porphyra purpurea 1.
Bangia atropurpurea Porphyra umbilicalis

Pyropia perforata
Pyropia haitanensis
Pyropia kanakaensis
Pyropia endiviifolia
Pyropia fucicola
Pyropia yezoensis

Porphyra umbilicalis

—

_|

[ Glaucocystis sp.

o |
0.10

L——— Glaucocystis incassata

Gloeochaete wittrockiana

Palmaria palmata

Sheet-like

I Sheetlike | b4

Unicellular

&

Glaucocystis sp.

Figure 26. Phylogenetic tree based aaconcatenated35,032 bpmultiple alignment ofortholog blocks, placing thB. atropurpureachloroplast genome within the Bangiales
species. The pictures that exemplifietdifferent types of thalli were retrievedfrom the AlgaeBase databagbttp://www.algaebase.org)

43



2.4 Discussion

Thedraft chloroplastgenome

This thesispresentdsor thefirst time a pipelinecreatedo retrievea completedraft of the
chloroplastgenomeusinganenvironmentasampleandMiSeqtechnology. Thefocusfor this
pipelinewasontheonly freshwatemandinvasivespeciesvithin the orderBangiaks,Bangia
atropurpurea | validatedthe useof this newmethodto obtainanorganellegenomerom an
organisnthatis difficult to grow or to grow enoughin abundancéor othertypesof genome
sequencing Becausehe sequencingvasbasedn anenvironmentakamplethe DNA
sequenceffom otherorganismsincludingarchaeabactera andothereukaryotesyerealso
generated.Theidentificationof the B. atropurpureacontigswaspossibledueto thelarge
conservativéblockspresenin otherRhodophytaspeciesthatactedasreferencegenomesThese
blocksalsoworkedasreferencegor thealignmentandgenomeorganizationTheexcellent
genomecoveragebtainedn this processallowedfurtherinvestigationinto geneidentification
in thechloroplastof B. atropurpurea However,novel anduniguegenesn the chloroplast
genomewerenot detectedandthis may beassociateavith the methodologyused establishing
thealignment,annotatiorandgeneidentificationof B. atropurpureaexclusivelybasedn the

availabledata,leavingnovelgenesyetto bediscovered.

Chloroplastgenomesn Rhodophyta

Thegenecontentof chloroplastsn Rhodophytacanbe groupedby functionor synthases
into Photosystenh, Photosystentl, the cytochromeb6f complexandATP synthas€Appendix
B). Theavailablechloroplastgenome®f RhodophytaspeciegTable2.1) arerepresentetly a
circularDNA moleculewith asizevaryingfrom 149to 217 kb, with GC% from 28 to 38%,
rRNA genes from 2 to 6nd22i 37 tRNA genesln addition,the codinggeneghatare
responsibldor thetranslationof all aminoacidsnecessarto fulfill thechloroplastfunctionsin
Rhodophytacanvary from 209to 250. Thegenomeof B. atropurpureafollows in betweerthe
samevalues. Agreeingwith previousliterature(Kessleretal., 1992;Green,2011),all the
Rhodophytaspeciesincluding B. atropurpurea alsohavefour subunitsof a prokaryotictype
RNA polymeras€rpoA, B, C1andC2). Althoughchloroplastgenomesn Rhodophytare

knownfor havinglargeconservedlocksamongspeciegllhaetal.,2018;Yessonretal., 2020),
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with genecontent andgenomeorganizatiorwell understoodsomeredalgal speciesave
specificgeneghatvary evenwithin the sametaxonomicfamily or genug(Martin etal., 1998).
This varianceis observednainly in the ORFsandycfé genegAppendixA), wheretheycf gene
family encodesonservegroteinsequencethatarestill identifiedasuncharacterizegrotein,
thereforeJackingin-depthinformationfor mostof them,especiallyregardingtheir role. Because
of this lack of information it is difficult to concludehow thesedifferenceswithin thegenomes
canaltertheorganellefunctionality andevolutionof eachspeciesr family. The habitatthatan
algaoccupiedss oneexplanatiorfor thevariancen the chloroplasigenecontentsince the
differencedn the environmenis strongevolutionarypressurdor all algalorganismqGléckner
etal.,200Q Choetal.,2018. Theratesof substitutionof chloroplastgenegakinginto

consideratiorthe habitatof the algalspeciesill beaddresedin Chapter3 of this thesis.

Chloroplastgenomesn Bangiales

All Bangialesspeciesincludingthe newB. atropurpureadatapresentshe samegenome
organizatiorandgenecontent: 8 ATPaseproteins,11 for photosysten, 18 for the photosystem
ll, 6 photosyntheti@lectrontransporiproteins- Cytochromeb6f complex bothribulosel,5-
bisphosphatearboxylas€Rubisco)subunitsand5 phycobilisomepolypeptidegapcgene
family) (Table2.2). Theirgenomesizevariesfrom 186to 195kbp, with anaverageGC content
of 33%,andanaverageof 215proteincodinggenesThe numberof rRNAs variesfrom 2 to 6
andtRNAsfrom 34to 37. Thesimilaritiesof thegenomesrealsoshownin the syntenyplot
(Fig. 2.5), whereonly minor or norearrangementarepresentvithin the Bangialesspecies.
However,to understandhow the chloroplastsn Bangialesspeciesevolvedandits mechanism$o
strivein bothmarineandfreshwateenvironmentsthe differenceswithin thegenomesnustbe
considered.

WhenBangialeggenomesrecomparedn their genecontentbasis the variancebetween
thespeciedecomesnoreevident.Like in the Rhodophytacomparisontheycf genefamily is
inconsistenthroughouthe BangialespeciesThegeneycf27, for exampleis absenin B.
atropurpurea,P. umbilicalis, B. fuscopurpureaPy.yezoensisy. perforata,Py. endiviifolia, Py.
fucicolaandW. schizophyllaThis geneis homologougo anOmpRlike gene(Kessleretal.,
1992;Martin etal., 1998;Ashbyetal., 2002;PuthiyaveetiindAllen, 2009),which hasa
prokaryoticorigin (AshbyandMullineaux,1999;PuthiyaveetilindAllen, 2009 andis knownto
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beresponsibldor atwo-componensensontransductiorpathwaythatregulateshe couplingof
phycobilisomedo the Photosystenh (PSIl)andPhotosystentl (PSIl) (HakenbeclkandStock,
1996;AshbyandMullineaux,1999;Martin etal., 1998;Ashbyetal, 2002). The homologous
chloroplastgenewasfirst describedn theunicellularred algaespeciedPorphyridium
aerugineunandCyanidiumcaldarium(Kessleret al., 1992),butis alsoknownto bepresenin
severaldifferenttaxa,suchasin haptophytecryptophyte glaucophytecharophyteand
cyanophye (Duplessisetal. 2007). A studywith cyanobacterigpecieghatanalyzedyenelossin
chloroplastsequenced)asshownthattheycf27 genewaslostin chloroplasgenome®n two
occasionghroughouthe evolutionof the chloroplastpossiblybeingtranderredto the
nucleug(Martin, 1998. Curiously,a secondchloroplastresponseegulatorwasidentifiedasa
by-productof chloroplastgenomesequencingtheycf29 gene(Maris etal., 2002 Puthiyaveetil
andAllen, 2009. Theycf29 geneis phylogeneticallydistributedamongthe non-greenalgae
(Duplessist al., 2007),andis presenin B. atropurpureaandall otherBangialeswith exception
of Pyropia yezoensisandPorphyridiumpurpureum It hasbeenhypothesizedhatthelossof the
ycf27 andycf29 genesarecorrelatedwith thelossof phycobilisomegAshbyetal., 2002),
however the samegenesverefoundin generahatneverhadphycobilisomesthereforethe
genesarenotlinked exclusivelyto the phycobilisomegegulation(Duplessisetal., 2007,
PuthiyaveetilandAllen, 2009).The presencef theycf29 genein B. atropurpureamay suggest
thattheregulatoryfunctionof theycf27geneis beingdoneby theycf29 gene buttherearestill
no answeron how Py. yezoensisspecieswvithout both copies,doesits regulatoryfunction,and
if thereareothertargetsfor thesegenesn thechloroplast.

Anothergenethatis missingin B. atropurpurea,P. umbilicalis,P. purpurea,Py.
haitanensisPy.yezoensiand Por. purpureumis the 2-Cys peroxiredoxinggene(basl). This
geneis knownfor its role in cell protectionagainstoxidativestressactingin the developing
shootandphotosynthesizinggavesof plants(Broin etal., 2002).Otherstudiessuggesthatthe
chloroplasthasl geneis as®ciatedwith ahpC gene(alkyl hydroperoxideeductase)a
homodimerrelatedto the stromalsurfaceof thethylakoids(BaierandDietz, 1999).Both genes
actto protectthe photosyntheti@pparatusgainstoxidativedamageduringleaf development
(BaierandDietz, 1999)andareanintegralpartof the organellarantioxidantnetwork(Baier et

al., 2000).Regardlessf theimportanceof thioredoxingproteinsin oxidativestresgesponses
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plants,theirroleis largelyunexploredBroin et al., 2002)andthereis no literature connecting
this proteinwith anyfunctionin Rhodophytaor Bangiales.

In additionto theycf27 andbasl genesthepsby geneis absenin thechloroplast
genome®f B. atropurpurea,P. umbilicalis,P. purpurea,Pyropia. haitanensisand Pyropia
yezoensisThepshbY geneis partof the PSIl (Debus 1992 Gauetal., 1995 Ke 2001, Neufeldet
al., 2004;BiswasandEaton,2018),alongwith severalgenesonthe samefamily. In
cyanobacterigpecieghereare26 psbgeneqpshA 1 Z) (Neufeldetal., 2004),while in
Bangialesspecieghereare18 commonlysharedpsbgeneqpresenstudy i AppendixA) with
only psby geneis missingfrom theabovementionedspeciesA studyfocusedonthe pshY gene
observedhatthe proteinis presenin cyanobacteridastherole of preventingphotodamagéo
PSII (BiswasandEaton,2018),while in redalgaespeciesthereis no definedrole, butthegene
responsibldor the proteintranslationwastheycf32gene(Gauetal., 1995 Gauetal., 1998.
Curiously,theycf32 gene homologougo the psbY gene,s encodedn the chloroplastby B.
atropurpurea,P. umbilicalis, Py. haitanensisandP. purpurea.Sincethe psbYgeneplaysan
importantrole in optimizingthe procesof wateroxidation(Meetametal., 1999;Neufeldetal.,
2004)it is peculiarthat Py. yezoensisloesnot presentitherpsbYor ycf32genesBecausghe
psbYgeneis knownto be nuclearencodedn ViridaeplantagPlochingeretal., 2016) it is
possiblethata geneduplicationeventmay haveoccurredandthe genewastranslocatedrom the
organelleto thenucleugGauetal., 1998 Thompsoretal., 1999. Eventhoughtherole of the
PSIlin thephotosynthetiprocesss well understoodtheindividual role of manylow molecular
weightproteinsthatform the PSII remairs elusive with researctbeingalmostexclusiveto
cyanobacterigKashinoetal., 2002;Neufeldetal., 2004;Schwenkeretal., 2007).

Lastly,agenenotobservedn theB. atropurpureachloroplastgenomebut presenin all
theotherBangialespeciesvasthe petN gene.This geneis locatedin the PSlandencodeghe
Cytochromebsf (Cyt bef) complexsubunit8 protein(Kurisu etal., 2003;Schwenkeretal., 2007;
Mohantaetal., 2019).Along with othersubunitsof partof the Cyt bef complex(petGandpetL),
thepeiN geneis thesmallestin the plastidgenomeandencodes low molecularweightprotein
(Schwenkeretal., 2007).The proteincomplexactswithin thethylakoid membranesnore
specifically,providingthe electronicconnectiorbetweerPSlandPSIlin oxygenic
photosynthesigKurisu etal., 2003;Allen, 2004;0Oliver etal., 2010).Theresearctdone

exclusivelyaroundthe petN genefunctionsis with Viridiplantaespecieswhereit showsto have
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acrucialrolein theassemblyandstability of the cytochromecomplex(Schwenkergtal., 2007,
Oliver etal., 2010;Mohantaetal., 2019)andsomecaseshe genehasbeentransferredo the
nucleug(Parketal., 2018).In cyanobacterighe petN geneis presentn all studiedspecies
(Oliver etal., 2010)andin micro andmacrogreenalgaethereis agenelossin severakpecies
(Mohantaetal., 2019).Dueto the high importancerole of the pefN geneconcerningdesiccation
tolerancgOliver etal., 2010)andwith Cyt bef complexiit is likely thatthegeneis presenin B.
atropurpureachloroplasigenomebutit wasnot coveredby the sequencingpossiblydueto its
smallsize.To verify the possibility of translocatiorto the nucleargenomea BLAST search
usingthe petN genenucleotidesequencewasperformedagainstB. atropurpureacompletedata,
butwith no matchingresults.Furtherassemblywill be neededo determinethe presencer

detectthe genelossof the petN genein B. atropurpurea

Bangialestaxonomy

The class Bangialdsashad many changes in taxonomy throughout the years due to the
morphological plasticity of species and the lack of molecular data, wiagles it difficult to
understand the relationship and evolution of the grAsshown in Fig. 3here is significant
conservation of gene order and laggale synteny between all the Bangiales chloroplasts
genomesThis provides additional support for the high quality of our draft genome and assembly
method. Despite strong synteny overall, it isevled that th@®. atropurpureachloroplast
exhibits stronger similarity to the chloroplast genome fRapurpureaandP. umbilicalisthan
from the same genus specisfuscopurpurean this study, the phylogenetic analyses were
done based on the conaadée ortholog blocks produced in the synteny plot, produced with
whole chloroplast genomes data. The use of ortholog blocks for the phylogeny analyzes was a
great alternative since ttge atropurpureachloroplast genome still contained small aon
sequencedaps, and the blocks optimize the array of the analysis.to the amount of
phylogenetic information present in the whglenome alignment, Maximum Likelihood analysis
was capable of resolving the phylogeny with significant confidence (i.e., most rubikesea
100% bootstrap support). Thpéacement of organisms in tpéylogeny (Fig. 6)s consistent
with previous literature. The chloroplast genome fi®dnatropurpureagrouped with a clade
includingPorphyraspecies an®. fuscopurpureaAccording to the tree, the chloroplast genome

from B. atropurpureashares a more recent common ancestry with the chloroplast genome from
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P. purpureaandP. umbilicalisthan toB. fuscopurpureaThis is consistent with the patterns of
synteny observed iRig. 5and supports earlier work done by Miiller et al. (1998, 2001a, 2001b)
and Sutherland et al. (2011), studies based on phylogenetic analyses of retbkdgalar
markers (nuclear SSU rRNA angcL. genes)

It is noteworthythatthe orderBangialeshave a heteromorphidife history,alternating
macroscopigametophyt@ndmicroscopicsporophytgconchocelistage)Nelsonetal., 1999;
Blouin etal.,2011);in addition,therearesignificantdifferencesn the morphologyof mature
thallus,whereB. atropurpureais a distally multiseriatefilament, while therelatedPorphyra
speciehavea sheetlike thallus(SheatrandCole,1984;LindstromandCole, 1992 Stiller and
Waaland.1993;Brodieetal., 1996;Woolcottetal., 1998;OliveiraandBhattachaya, 2000;
Muller etal.,2003;Broometal., 2004;Brawleyetal., 2017).A summaryof sheetlike and
filamentousthalluswithin Bangialesspeciess presenin Fig 6. Moreover,thespecieB.
maximadiffers from B. atropurpureaandPorphyraby its long filamentsanda multiseriatetube
like growthform (Lynch etal., 2008),which displaysa morphologythatappeardo be
intermediatédbetweerfilamentousandsheetlike thallus.FuturemolecularanalysesusingB.
maximaandcomparingthemto otherBangialesspeciess neededo shedlight on thethallus
morphologicakransitionsin this order.Giventhatancientrelatedred algal speciesalsopossesa
filamentousform (Butterfieldetal., 1990and2000;Bengtsoretal., 2017),thisimplies
evolutionarytranstionsin morphologicaform (Haydenetal., 2003;Lynch etal., 2008),thatdo
not simply mirror patternsof speciatiormandgenomedivergence.

Additional investigationof the geneghatmight contributeto the changan morphology
of thethallusin Bangides (Stiller andWaaland, 1993;Asamizuetal., 2003;Lynch etal., 2008)
canhopefullybeansweredvith furtheranalyse®f the nucleargenomeof B. atropurpurea also
retrievedin this study(PolettoBorgeset al. unpublished)Also of interest,is thatB.
fuscopurpureandPorphyraspeciesarebothmarineredalgal specie{Geesink,1973;Woolcott
etal.,1998;Caoetal., 2018),while B. atropurpureais observedn freshwaterLin & Blum,
1977;Jackson1985;Seath,1987;Muller etal., 1998;Sheaatal., 2014;Mdller etal., 2003;
KuceraandSaunders2012).Thisimpliesanevolutionarytransitionfrom anancestramarine
speciegelatedto P. purpureaandto thefreshwateroccupyinglineagethatgaveriseto B.
atropurpurea(denHartog,1972;Sheathand Cole,1980;Mduller etal. 1998,2001b) and
ultimately a freshwatelinvasivespecieof the GreatLakes(SheatrandCole,1984;Miiller etal.
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1998,2001b;Sheaatal., 2014). This raisesaninterestingquestionasto whetheror notthe
transitionto afilamentousorm happenegbrior to or aftertheancestramarineorganismmoved

to freshwatehabitat.

2.5 Conclusion

Thepresenstudysuggests newway to retrievemoleculardatafrom difficult-to-culture
organismgrom metagenomiclatg not only retrieverandomor highly conservedjenesbuta
completechloroplastdraft genomeTheorganizatiorof B. atropurpureachloroplasigenome
exhibitssimilar genecontent,orderandtranslationorientationwhencomparedvith other
availablechloroplastgenomedrom the Bangialesanda very strongsimilarity with Porphyra
speciesOverall,the phylogenetianalysisn this chaptercreatecbasedn all the conservative
blocksof completegenome®f Bangialespeciesagreedwith theliterature(Sutherlancet al.
2011;Mdller etal. 1998,2003,2005),which wasdonebasedn markergenesThematching
resultsindicatethatthe useof traditionalmethodof sequencing few conseredgenessuchas
rbcL, SSUandcopiesof PSAcomplex,cangenerateelatablephylogenyfor redalgae which
canbeusefulfor studiestowardstherelationshipbetweerspeciesHowever,otherin-depth
seqiencingandanalysisjike theoneperformedn this chapteywill helpanswerquestions
relatedto the evolutionaryhistory betweerthe speciessuchassharedcommonancestoand
genecontentvariation.

It is interestingto confirm the closerelationshipbetweerB. atropurpureaP. purpurea
andP. umbilicalis, afreshwateffilamentousspeciesandtwo marinewith foliosethallusspecies.
Althoughthereis no confirmationon the morphologyof thethallusof their commonancestorit
is importantto remembethatPorphyraspeciegpasshrougha filamentousstageduringtheir
lifecycle, andperhapghe ancestrathallusform wasalsoa filamentthatdevelopshefoliose
thallus,maybeto survivein amarineenvronment.Curiously,B. atropurpureais the only
filamentousBangialespecieghatmigratedto freshwaterjnvadingthe GreatLakesandstriving
throughboth harshwinter andsummer.The metagenomicataobtainedn this studyprovided
substantiatiatafor furtherresearcho characterize¢heremaininggenomege.g.,nuclearand

mitochondrial)of B. atropurpureawhich canrevealspecificgenegains/lossessubstitutionspr
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genomicrearrangementhatcoincidewith thechangesn morphology.Furthermoreadditional
analysisof the macroalgalmicrobiome contentof the B. atropurpureametagenomevill be
importantto uncoveradditionalfactorsresponsibldor its adaptatiorto a newecologicalniche
(Eganetal., 2013;Hollantsetal., 2013;Singh& Reddy,2014;Sahaetal., 2016;Brawleyetal.,
2017;lhuaetal., 2019) Thesedatamay revealpotentialsymbioticrelationsanduncovera
broadempangenomdor B. atropurpureathatbetterreflectsits metabolicandfunctional

dependenciegapabilitiesandits adaptatiorto freshwatethabitas.
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Chapter 3

Analysis of substitution rates of the chloroplast genes in Rhodophyta species
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3.1 Introduction

To examinghe possible selective pressures acting at the protesipeciestests of rates
of substitutions among genesganomes are applied. Several tests are available to date, but the
most common test consistsfdhe analysis of the synonymoussfl&nd norsynonymous
substitutions (K), or Ksand Kamut at i ons, an dKJ (Kimura, 1983aGhta,o s ( ¥ = |
1993;Yang & Bielawski, 2000; De la Fuente et al., 2003; Yang et al., 2005; Han et al., 2021).
The Ks substitutions are generally considered silent since they are usually in the third position of
the codon where substitutions do not cause changes in the amlirsequences, hence not acted
by natural selection (Akashi, 1995; Han et al., 20B%pn the other hand, often occur in the
first or second position of the codon, altering the amino acid and, consequently, the protein
product (Yang et al., 2000; Yangadt, 2005; DorofFaigenboim & Pupko, 2007). Traditionally,
the model used to study rates of substitution follows the Miyata & Yasunaga (1980)
met hodol ogy, wh(el)iendi ¢tawes phwrainfying selecti ol
neutralselectiona nd ¥ hi ¢Hyindicatels poritivelselection. Although some authors
have expressed concern about the number of faigéying results that can be generated by the
Miyata & Yasunaga method, and suggested different methods to ethélole theaccuracyof
the results precise (Yang et al., 2000; Yang & Nielsen, 2002; Filip & Mundy, 2004; Moury,
2004; Wong et al., 2004), this method is a valid test to perfioran overview of the possible
rates of selection.

TheRhodophytaarean ancientineage, being one of the primary plastimsaring hosts,
and the origin of plastids for the secondary and tertiary endosymbiosis (Yoon et al., 2002; Nan et
al., 2017;,Chapter2 of this Thesis). Species within the Rhodophyta are primarily marine, and
only a small proportion, around 3%, is observed in freshwater (Sheath VW884det al., 2015;
Nan et al., 2017; Fangru et al., 2020; Han et al., 2021). The probable origin of freshwater red
algae is still debated, with little molecular evidence to detesnfi the species are migrants from
the sea or have arisen from original inhabitants of inland waters (3R38; Nan et al., 2017).
Freshwater red algae species are an important constituent of stream floras, usually striving in
clean water with a lowdemperature than those in the ocean, they are benthic and macroscopic,
but smaller than marine speci&hgéath& Hambrook,1990; Kumanqg 2002; Han et al., 2019).

Red algae species living in different environments are under different stress factorgtiomth b
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and abiotic. The abiotic factors can influence the spesgee nome wi de rate of m
evolution (Mitterboeck et al., 2016). One example of an abiotic factor is light exposure, which
includes changes in quality, intensity and photoperiod, eekey factor affecting the
distribution and successful survival of the species (Sheath & Hambrook, 1990). This correlation
happens because illumination affects algal growth via photosynthesis (Sheath & Vis, 2015).
Thereforejt is expected that gene groueated tahe photosynthetic activity will have
differences at a molecular level that corresponds to the habitat where the species is observed, and
the stresses that are upon the organisms will also reflect in differences in the rates of substitution.
The specieBangia atropurpureas the only freshwater species of the Bangiales
(Rhodophyta}hatinvaded the Laurentian Great Lakes and is likely derived &fmeshwater
species in Europe (Mller et al., 1998; Shea et al., 2014). The unexpected appetBan
atropurpureain the Great Lakes is probably due to ve@ssisted transport from Europe,
indicating a single invasion of the Great Lakes (Sheath, 1984; Mdller et al., 1998). This
hypothesis is supported by the disjunctive distribution of Bamgilae Great Lakes and
molecular data (Muller et al., 1998). Phylogenetic studies confirm a closer relationship to the
marinePorphyraspecies than to theame genuspeciesB. fuscopurpureawhich indicates a
marine common ancestor (Chapter 2 of this thelsi®restingly, howeveB. atropurpureaand
B. fuscopurpureaave the same filamentous thallus morphology. Fbhyraspecies have
foliose thallus but pass through a filamentous plasig the early stage of their life cycle. In
addition,B. atropurpureas known for being an asexual species, while all the other species of
the Bangiales are known to reproduce sexualesecharacteristics makB. atropurpureaan
excellent model forates of substitution studiéscusingon habitat adaptatioand resproductive
strategies
Studies about the adaptative evolution of the chloroplast genes among Rhodophyta that
inhabit different environments are neristent. The availabléerature that mentions gene
evolution typically focuses on a few chloroplast genes, mostly the ones used as gene markers in
phylogenetic studies (Moreno & Spreitzer, 1999; Mitterboeck et al., 2016; Xu et al., 2018; Han
et al., 2021), excluding all thehwr genes that are part of the chloroplast genome resulting in a
large gap of knovedge about these genes. Hence, examining the rates of substitution of the
chloroplast genomes of red algae, making use of a large dataset of chloroplast genes is needed.

With the chloroplast data of the only freshwater species within the Band@alasqpurpurea
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Chapter 2 of this thesis) the analysis will provide an opportunity to examine the potential impact
of habitat on the evolution of photosynthetic genes within Rplmda orders. Since little has
been done to examine the selection pressures on chloroplast genes within the red algae, this is
also an opportunity to examine the differences among various taxonomic lineages.

Chloroplast genomes of red algae have high gene capacity and compact structure (Yoon
et al., 2006, a n o u ¢etalo, 20&3¢Wangetal., 2013;Brawleyetal.,2017;Nanetal., 2017),
beingatool to resolvephylogenetiaelationshipsn deepterminalbranchesyeflectingthe
evolutionaryhistoryamongRhodophytaspeciegTajimaetal., 2014;Leeetal., 2016).
Moreover the chloroplastgenome®f red algaecanbe usefulfor genomeevolutionstudiesdue
to thelow variability in genecontentandhigh similarity in genearrangementCostaetal.,
2016).The presenthapteraims to investigate how the chloroplast genes of Rhodophyta species
vary regarding rates of substitution, and to elucidate these differences among the species based
on their habitat and xanomy. The substitution rates df Zhloroplast genes of 30 Rhodophyta
species are organized and compared not only by their taxonomic position but also by the habitat
where the species are usually found. Due to the lack of res@aselection pressusamong
Rhodophyta species, our results will help the understanding of the chloroplast evolution process
of red algae, possible molecular pathways used for adaptatiliiferent environmental

pressures, and the relationship between nucleotides and the molecular mechanism of evolution.

55



3.2 Material and Methods

3.2.1 Sequence data

The sequence of the chloroplast genomBarfgia atropurpureavas retrieved as
mentioned in Chapter 2 and analyzed amongst 30 other Rhodophyta species with complete
chloroplast genomes available on NCBI, and one Chlorophyta spBoyepsis plumosérable
1). Once all the chloroplast genomes were retrieved, alhgagnes were plotted in a table
(AppendixD1, E1, F1G1land H) to verify the presence or absence of each gene in every
genomeTraditionally, tie chloroplast genese separatedtio 12 groups accading to their
function(Chapter 2), and this study fe&edon eightof thesegroups: ATP synthase (8 genes),
Photosystem | and 1l (11 and 17 genes), Ribosomal proteins LSU and SSU (&7 garnks),
RNA polymerase (4 genes) and RubisCO (Du et al., 2016). The nucleotide sequences of each
gene were retrieved maally andcombined into fasta files for alignmeperformedusing

ClustalW (Thompson etl., 1994 within the Geneious Prime softwamgww.geneious.com

Gene sequences frof atropurpureahat were considerably smaller than the sequences from
other Rhodophyta species were not selected to avoid false results and/or extrem&values.
alignedsequencewerethen analyzedor substitution rates using DnaSP 6 (Rozial.,2017),
usingthe chloroplast data formaptionand assigned coding regions for tiie 2'¥ and 3
positions.To estimate the balance between neutral mutations, positive or purifying selection
acting on the chloroplasts genes, the values afitiheynonymous subsitiionsper non
synonymous site (¥ and the synonymous substitutigres synonymous site gKwere

calculated and itsratiol() compar ed.

3.2.2 Analysis with DnaSP

Once the DNA sequences were aligned, they were imported to DnaSP software and
analyzed with the command Substitution Ratealysis This command estimates Knd Ksfor
any pair of sequences, using the Nei and Gojobori (1986, equat®)risdnchmethodobgy.
The software can also estimate the substitution rates on noncoding protein regions, but this

feature was not used in our final analysis. For computinanid Kssites, DnaSP excludall
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pathways that go through stop codoAishough DnaSP allows thgser to choose the input data

format for chloroplast datahere areno pre-defined genetic codes specific for chloroplasis]

the universal nuclear code was chosen. Sites (or codons) with alignment gaps or missing data are
not used, being completely exclud@the substitution analysis is done by calculating @lerage

number of nucleotide differences per site betweenammoresequences, or nucleotide diversity

(Nei 1987, equations 10.5 or 1Q.8)th additional correctionsing the Jukes and Cantor (1969)
(Lynch and Crease 1990, equatior2)l The correctioms performed in each pairwise

comparison of twar moresequences\ei and Gojobori 1986, equations3)

It is important to note that the software calculates the average of differences, or
mutations, in the whole sequence, not providing atejpth analysis of the number of
substitutions per site. Therefore, the restithey r &K&HKs)as an average of all the
substitutions present in the gene, which can be positive, purifying, and neutral at the same time.
Since this is the first research work looking into rates of substitution of a significant number of
chloroplast genes (¥ in total) in Rhodophyta species, the analysis with DnaSP is a good option
because it provides an overviewtbe mutation rates. The results obtained here are the grounds
for future studies, poimtg out genes that can be evolutionary intengstor in-depth analysis
and to verify the presence of selection forces. For that, other software that cae traly
substitutions per site, methodologies that compare the specific sites among sequences, and
different tests for verifying false positivesuch as PAML, are possibly more appropriate (Yang,
2007).

The wellstudied specie€yanidiozchyzon merolagas selected as the reference genome,
allowing the comparison d8. atropurpurean the context of its own group. Therefore, all genes
of all species were first compared with merolag and all the rates of substitution values are a
reflection of this comparison. The spedizsmerolaebelongs to the Cyanidiales order, a

paraphyletiggroup to the Bangiales and is found in hot springs.

3.2.3 Data comparison

To understand if selective pressures are acting on the chloroplast génes of
atropurpureaand other red algae specitde chloroplast genes ef/ery species werfest
analyzed for higlfy > 1.25), neutral(y from 0.75 to 1.25pr low ¥ ratios(y¥ < 0.75).
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Afterwards the samer ratio dataset was arranged in two different ways for comparison. First,

the species were arranged according to the habitats where they are usually found, and the average

¥ r a eaclohabitdt was compared. For tthapter 4 different habitats were sefed:

freshwater, salt marshes, hot springs and marine. This comparison can provide iimtsidfines

impact that different habitat constrerhave on chloroplast genes by pointioghe

group/habitat with more differences/mutations in the genes. Sgctimel species were

rearranged according to the phylogenetic position (taxonomy) they are yuctassified, and

the samer ratio dataset from DnaSkas used to compare the average rate of substitution on

each taxonomic class or order. In this study, 6 classes and 12 orders are compared:

Bangiophyceae (Bangiales), Florideophyceae (Thoreales, Batrachospermales, Palmariales,

Gigartinales, Caramiales ré&ilariales, HildenbrandialgsPorphyridiaceae (Porphyridiales),

Compsopogonophyceae (Compsopogonales), Cyanidiophyceae (Cyanidiales) and Ulvophyceae

(Bryopsidales)To confirm the phylogenetic position of the specieference phylogenetic trees

were sed (Yoon et al., 2006; Sutherland et al., 2011) and a new phylogenetic tree was built

based on thebcL gene sequences from the species used in this stud3(EigThe

evolutionary analyses of tlibcL gene were conducted in MEGA (Kumar et al., 20183nd the

evolutionary history was inferred by using the Maximum Likelihood method and General Time

Reversiblet G +1 asthe evolutionary model (Posada & Crandall, 1998t & Kumar, 2000).

The bootstrap consensus inferred was 1000 replicates (Felseh885nhBy comparing the

average substitutiom ratio among differenphylogenetic groups it is possible to detect and

observe trends a&election forces acting on chloroplast genes of specific taxonomic groups
Because thebcL gene is known to be a conserved gene among Rhodophyta and used

extensively for phylogenetic studies, the other gene families present in this study most likely will

not exhibit the same phylogenetic tree patterns. To observe the phylogeny of each dgne fami

the complete gene sequences that were retrieved manually were concatenated and aligned using

ClustalW (Thompson &tl. 1994 within the Geneious Prime softwangww.geneious.com The

alignedsequencewerethen analyzeavith Seaview (version 4, Gouy et al., 2010) and gblocks

of conserved areas were selected. The gblocks were used to build phylogenetic trees of each gene
family onMEGA X (Kumar et al., 2018)T'he evolutionary history was inferrég using the

Maximum Likelihood method and General Time Reversib(& +1 asthe evolutionary model

(Posada & Crandall, 1998tei & Kumar, 2000. The bootstrap consensus inferred was 1000
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replicates (Felsenstein, 198%)e trees resutig from this analysis are in the Appendix section
of this chapterAppendixFiguresD3, E5 and F5)

3.2.3 Substitution rates interpretation

To determingyossiblepurifying, neutral opositiveselection forces acting oneh
selectedyenss, they ratios calculatedusing the DnaSRere plotted irMicrosoft Excelfor
statistical analysisThe traditionalinterpretation of the ratio states tlaat ratio equal to or
around 1 representeutral selectiony < 1 represents purifying selection andy> 1 indicates
positiveselection Yang, 2007. However, the ratio results are in most cases very subjective and
cangreatly vary from O upyith valuesaround 1in many cases, leading to questions on how
strict the value of 1 should lbaken into considet@an to validate an evolutionary selection type.
Because of the ratio variation, this study will follow a couple of more rgudilicationsthat
better interpret the ratizalues andpecify a cuff value fory ratios(Wang et al., 2011,
Hussain & Rasdp2017), wherey with values fromD.75to 1.25as neutral selectiory; >

1.25as positive selectioandy < 0.75aspurifying selection.

3.2.3 Statistical analyzes and data visualization

Once ther ratios were calculated, the rat#ssubstitutionvere testeavith the
Kolmogorov+Smirnov test (KS test) fanormal distribution. If the data followeddnormal
distribution, the value of the KS would be 0 and a parametric test would be perférmediue
thresholdof 0.05 wasused to determine whether the difference is significant to reject the null
hypothesigHo), which assumea normal distribution. If the walue was> 0.05, the distribution
is not normal (H) (Massey, 1951). Because most of the residtained by the normality test
rejected the null hypothesis, a Rparametric test, the Krusk®Vallis teg (h-test), was chosen to
verify significant differencewithin they ratios TheodorssoiNorheim, 198% for both
phylogenetic position and habitat comparisons.

For theh-test, the His that the rates of substitution will not have statistical differences
among the species. The data analysis will be verified byvetue that is lower than the critical

value, or a pvalue< 0.05 indicating significant differences among twmpared group©n the
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other hand, if the4value is higher than the critical value, or thegtue> 0.05, there iot
support for significant differences among the compgredps(H1). As a noRrparametric test, it
is worth noting that the+estperfams a statistical comparison of ranks instead of comparing the
actual values of thebservationsGiven the nature of thetiest analysis, it is important to note
thatif the rates of substitution agree with, the different groups will & flagged a®aving
differences, but not pointing out specifically which species are different. The observations that
point out which group is different from the otheenepossible due to the data arrangement into
the habitats or phylogenetic groups, but no additistaistical analysis was performed to detect
the significance of these differences. Following moghefates of substitution studies
previously publishethe pvalue of 0.05 is satisfactory for an overall perspective of possible
selection pressures agj on a genelhe complete list of the-test and pralues obtained in this
analysis aren AppendixJ.

To minimize falsepositive selection results a Bonferroni correction was initially
performed however, the correction test was excessively conservative and, the accuracy appeared
to be altered when the different habitats were compatezlBonferroni correctiors usually
appliedin experiments that compare different groups at basefidstudy the relationship
between variableStreiner & Norman, 201DDmitrienko& D6 Ag o s t).However, 2 0 1 3
despitethet e st 6 s th@rputine ase of thig test has been criticized as deleterious to sound
statistical judgment, testing the wrong bytpesis(Armstrong, 2014)A similar result for the
Bonferroni correction was obtained by Hartmann & Golding (1998), and other authors share the
same opinion regarding the extreme conservative results from this test (Narun5200er&
Norman, 2011)Due to these undesirable propertibe Bonferroni method of correction was
not performed furtheiGraphs reflecting the ratios of each chloroplast gene for both habitat
and phylogenetic position arrangements were generated on Excel and edited on Adobe

[llustrator.
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Table 31. Chloroplast genomes of Rhamphyta and Chlorophyta species used in this study.

Species Class Order Morphology ngome GC% Coding Accession References
size (bp) genes number
Bangia atropurpurea Bangiophyceae Bangiales Filament 186.84 32.9 207 MN484624 This studl
Porphyra umbilicalis Bangiophyceae Bangiales Foliose 190.173 32.9 207 NC_035573 Brawley et al., 201
Porphyra purpurea Bangiophyceae Bangiales Foliose 191.028 33 250 NC_000925 Reith and Munholland, 19¢
Bangia fuscopurpurea Bangiophyceae Bangiales Filament 196.913 335 205 KP714733 Cao etal., 201
Pyropia fucicola Bangiophyceae Bangiales Foliose 191.982 32.7 206 KJ776837 Hughey et al., 201
Pyropia endiviifolia Bangiophyceae Bangiales Foliose 195.784 33.3 210 KT716756 Xu et al., 201!
Pyropia haitanensis Bangiophyceae Bangiales Foliose 195.597 32.98 213 NC_021189 Wang L, 201
Pyropia kanakaensis Bangiophyceae Bangiales Foliose 194.631 32 209 KJ776836 Hughey et al., 201
Pyropia perforata Bangiophyceae Bangiales Foliose 189.788 32.9 209 KF515973 Hughey et al., 201
Pyropia yezoensis Bangiophyceae Bangiales Foliose 191.975 32.09 213 KC517072 Wang L, 201
Wildemania schizophylla Bangiophyceae Bangiales Foliose 193.008 344 211 NC_029576 Hughey et al., 201
Thorea hispida Florideophyceae Thoreales Filament 175.193 28.3 194 NC_031171.1 Cho et al., 201
Palmaria palmata Florideophyceae Palmariales Flat fronds 192.961 33.9 203 NC_031147 Cho etal., 201
Chondrus crispus Florideophyceae Gigartinales Flat fronds 180.09 28.7 204 NC_020795 Collen et al., 201
Caloglossa beccarii Florideophyceae Ceramiales Foliose 165.038 26.9 201 NC_035269.1 S5NIFETmel LIA L
Caloglossa intermedia Florideophyceae Ceramiales strap-like 166.397 31 209 NC_035265.1 SNFET mel LIA L
Kumanoa americana Florideophyceae Batrachospermale Pedicilate 184.026 29.3 201 NC_031178.1 Cho et al., 201
Sheathia arcuata Florideophyceae Batrachospermale Branched 187.354 29.9 187 NC_035231.1 Paiano etal., 201
Hildenbrandia rubra Florideophyceae Hildenbrandiales Crust 180.141 314 191 NC_031146 Lee etal., 201
Hildenbrandia rivularis Florideophyceae Hildenbrandiales Crust 189.725 324 186 NC_031177 Lee etal., 201
Gracilaria changii Florideophyceae Gracilariales Branched 183.555 28.1 201 NC_038051 Ho et al., 201¢
Gracilaria chorda Florideophyceae Gracilariales Branched 182.459 27.4 203 NC_031149 Lee etal., 201
Gracilaria edulis Florideophyceae Gracilariales Branched MT ¢pPn mn30 201 NC_046041 Liu et al., 201!
Gracilaria ferox Florideophyceae Gracilariales Branched 180.255 274 204 NC_039140 Ilha et al., 201¢
Gracilaria salicornia Florideophyceae Gracilariales  Solid cylindrical 179.757 28.8 206 NC_023785 Campbell et al., 201
Porphyridium purpureum Porphyridiaceae Porphyridiales Unicellular 217.69 30.3 224 NC_023133.1 Tajima etal., 201
Compsopogon caeruleus Compsopogonacead€compsopogonales  Filament 221.013 29.9 195 NC_035350.1 Nan et al., 201
Cyanidioschyzon merolae  Cyanidiophyceae Cyanidiales Unicellular 149.987 37.6 243 AB002583 Otha et al., 200:
Cyanidium caldarium Cyanidiophyceae Cyanidiales Unicellular 164.921 32.7 197 NC_001840.1 Glockner et al., 200
Galdieria sulphuraria Cyanidiophyceae Cyanidiales Unicellular 167.741 28.5 182 NC_024665.1 Jain etal., 201
Bryopsis plumosa Bryopsidaceae Bryopsidales Sinophonus 106.859 30.8 115 NC_026795.1 Leliaert & Lopez-Bautista, 20

The highlighted species are found in freshwater.
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Table 32. Chloroplast gees encoded in Rhodophyta species that were used for the substitutioncateparison study.

Gene name Group of Genes Gene name Group of Genes
atpA rpl1
atpB rpl2
atpD ol3
:Z;E ATP synthase ;Z;g
atpG pl6
atpH mpl9

atpl i 11
psaA mpl12
psaB mi13
psaC pl14
psaD pl16
psaE pl18
f)iaalj SISO ;z; ;g Ribosomal proteins(LSU)
psaK pl21
psalL mpl22
psaM pl23
psal pl24
psbA mpl27
psbB pi29
psbC pi28
psbD pi31
psbE pl32
psbF pl33
psbl pl 34
psbd pl 35
psbK Photosystem I ULl
pERL rbel RubisCO
psbH
psbN
psbT
psbV
psbW
psbX
psbY
psbZ
s
rps 10
rps 11
rps12
rps13
rps 14
rps 16
rps17
rps18
rps 19 Ribosomal proteins(SSU)
rps 20
ms2
ms3
ms4
mss
ps6
ps7
ps8
ms9
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Figure 31. Maximum likelihood phylogenetic tree based on thmEL gene sequences. All sequences, with exceptioB.of
atropurpureg were retrievedrom the NCBI database.
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3.3 Results and Discussion

Theinvestigation of the rates of substitution dfchloroplast genes among Rhodophyta
speciess presented in thishapter As a preview of the detailed data analysis of each gene, Fig.
3.2 shovg a summary of the result of the averageatiosobserved in every gene and the
comparison among the species habitats as well as the phylogenetic position comparison. The
detailed analysis of each comparison is described &axte they ratios are the sae for both
comparisons, the difference between the analysis is due to the rearrangement of these values.
Examination of Fig. 3.2, reveals tldifferent habitats and taxonomic relationships act on the
molecular evolution of the chloroplast genes whichiakklifferent patterns of rates of
substitution

When the species ratioswereaveraged androupedby habitatthe comparison shows
that most genes are under similar selection pressures, but some genes with divergent ratios are
also detectedn speciesobserved irhot spring, theatpH gene appeaito be under strong
positiveselection pressure which is different from Hedection pressure ovetherspecies
habitats Also, the habitat comparison dfeatp genes shosithat species observedsalt
marshes and freshwater are under similar selection forces fatpthgene, being different from
the selection forces over species observdwirspringsandthe marineenvironmentMoreover,
thecomparsonby habitatshows thattie psbgeneshavedifferent selection pressigever the
psi andpsk. genes, with emphasis on the salt marshes species which are under strong positive
selection forces. Thesa rpl, andrps genes are under similar selection pressure among species
independently of the héhts they are found. Althoughe graphs seem to show thiéferent
habitat constraints have little impact the rates of substitution overéitig. 3.2) the statistical
analysisshows that 24f the 71 genes analyzed exhilgignificanty different paterns of
selection forces among the speciesalue < 0.05h-test)

Following the result obtained by thiecL tree(Fig 3.1), hespeciess ratioswere also
averaged androupedby taxonomicalbrders.Like in the habitat comparison, the graphs show
evidence that different taxonomic orders have specific selection forces patterns acting over their
chloroplast genes (Fig. 3.2). All six orders exh@different ratef substitution for thetpB
gene andthe greeralgae orderBryopsdale, hasthe highestatio which indicatepositive

selection. A similar scenario shown ortheatpH gene, butvith the Cyanidialeshavingthe
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highest average rate. The Bangiales on the other hand is the orderviivélst averages and is
considered under purifying selection for titpH gene.The psagenes exhibit a very different
pattern from the habitat comparison when the species are compared by their phylogenetic
position. Where the rate of each ordeemgo follow a particular trend. The exception is the
psd gene, where all Rhodophyta ordareunder strong positive selection. Interestingly, the
average of the Bangiales species is again the lowest among the orderp$argiree family.
Thepsbgenesareagain the gene family with more uniform average of rates of substitution.
For thepslF, however, the Bangiales exhibit the highest rate, and along with the
Florideophyceae and Cyanidales are under strong positive selectigusiIrendpsbl genes
exhibit high substitution rates and the Porphyridiala® the highestate indicating strong
positive selectionTherpl andrps geneshaveasimilar averag®f substitution ratioemong the
orders yet, the Bangialegontrast with the othearders by having thieighest (pl11, rpl13,
rpsl4) and lowest ratioggsb, rpslO, rpsl8) rates of substitutiofor several gene#\lthough
these are the genes that visually have differences, the statistical astabysssthat 31 of thel7
chloroplast gees have significant differencasthe rates of substitutiqp-value < 0.05h-test)
Undoubtedly different selective forces aeeting on the chloroplast genes of the
Rhodophyta species based on their taxonomy, aremgspecies within the sanoeders The
same is observed among different habitats, even when spbaiea similar environment.
Nonethelessacomprehensive analysis of the rates of substitubdesery species needed to
answer if there are exclusive trends of mutation in anlie® species and to determine which
habitat has more impact over the molecular changes. @desailed and complete analysigl

be presented next.
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3.3.1 Rubisco (rbcL) gene

TherbcL gene, which encodes the large subunit of ribuldgebisphosphate
carboxylase oxygenase (RubisCO), has been widely sequenced from numerous plant taxa,
resulting in a large database that has been applied to several plant phylogeny studies (Palmer et
al. 1988; Clegg and Zurawski 1991; Chase et al. 1808ljy & Taberlet, 1994). Since this gene
is known for being conserved, the sequences wsed in this study asreference for the
substitution rates among the species of the different phylogenetic gholpg. 1, the
phylogenetic tree matches the trees useareference, supporting the methodology chosen for
data retrieval and for the analgthat wasperformed for all the other genes.

When observing ratios of therlbcL gene on the species indivally, most are under
possible positive selectior (L.25). Only 6 of the @species have values that support neutral
selection (0.75 to 1.25R. atropurpurea, S. arcuat&hondrus crispus, Pyropikanakaensis,
Porphyra purpureand the green algaryopsis plumosadnce the data was organized by the
phylogenetic order based on the tree on Fig. 1, statistical support for significant differences
between the phylogenetic groups was confirmedalpe = 0.01), and the higher ratiosne
observedor Florideophyceae species, with emphasis orGtaeilaria genus (Fig. 2). The class
has a ratio average of 1.43 which is indicative of positive selection. The highest ratidoicLthe
gene, however, belongs to the Cyanidiales sp&addieria sulphuraria(1.68), which is a
species found in hot springs andBaong support for positive selection. The Bangiales species
have an average of 1.3 and agree with the literature that states that Bangiales species have a
highly conservedbcL gene therefore, with low rates of mutation (Mlleral., 1998;

Sutherland et al., 2011; Xu et al., 2018). There were no ratios below tbf calue £ 0.75),
therefore, no species hatrerbcL gene under purifying selectiowhenspeciesre arranged
baed onhabitat, ther ratios do not have statistical support for significant differences between

the groups (AppendikigureCl).
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phylogenetic position. The phylogenetic position of each species followbthegene tree.

3.3.1.1 Rubisco (rbcL) gene - Discussion

TherbcL gene encodes the Rubisco protein, which is within the chloroplast matrix of
plants and is a crucial enzyme involved in plant photosynthesis (Young et al. F2002; et
al., 2020; Han et al., 2021A large amount of Rubisco protein is needed to miairikee normal
metabolic process of cells, and as result, is the most abundant protein in plant cells, accounting
for about 50% of the total soluble protein (Kapralov et al., 2007). Due to the critical role of the
protein,it is often postulated that Rub@scs a highly conserved enzynigata availability about
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adaptive evolutiomf therbcL geneis mostly in Viridiplantae species, such as in feeet
wormwood and small trees species (Zhang et al., 20a@t al. 2010; Zhou et al.,2011; Xiong
et al. 204). These studiedetected multiple positive selection loci, that are essential to the
functionality of therbcL gene. Despite the importance of tiheL, there are only a few studies
on the adaptive evolution of this gene in Rhodophyta species.

Young etal. (2012) investigated the history of evolution adaptation of Rubisco protein in
red and Chromista algae and observed that there was no signal of positive selection in recent
lineagesand the positive selection that did occur intiel. gene happened prior to the
divergence of large algal taxonomic groups, but not within the Rhodophyta and Chromista
species. However, other studies that focused on red algae species disagree vathahe pr
statement and noted adaptive positive evolution onbitiegene in species within the order
Batrachospermales (Gong et al., 2017), ardatdieria species (Han et a021).The sites in
the sequence that exhibited positive selection agree witresults, where th@. sulphuraria
represents the highest substitution rates among all the other 29 Rhodophyta species analyzed.
The highy rates inGaldieriacan be explained by the unique characteristics ofleeies, such
as the extreme environmeimmswhich they are observed, typically hitggmperature and high
acid hotspring (Pinto et al., 2007; Ciniglia et al., 2014hd nucleotide substitutions related to
Rubiscobds function are | i ke ltheirdsestbelatonshiptad t o
the biological fitness of the specidéozaki & Morita, 2002).

Another study examining the adaptive evolution ofrtiet. gene in Rhodophyta focused
on Hildenbrandiaspecies (Fangru et al., 2020). In this study, positive seledteswgere not
detected, implying that thdcL gene inHildenbrandiaspecies evolved neutrally. This genus
includes the freshwater specldsrivularis, and the marine specieks rubra, and both species
were part of our dataset as well. However, our sglabws conflicting results, wheegositive
selection was detected in thH&L gene of both species. One explanation for the different results
is the lack of representation of other Rhodophyta species in the Fangru et al. (2020) analyses,
where the evolutin rates were compared only withiildenbrandiaspecies. Therefore, among
Hildenbrandiaspecies thebcL gene can be evolving neutrally, yet, when the species rates are
compared among other Rhodophyta, they are under positive selection. This emphasizes th
importance of integrating as many species as possible in a comparison study and fire need

more literature around the adaptive evolution in Rhodophyta.
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Investigations about the connection betweerrloce gene evolution in response to the
freshwater habitat in comparison to species found in the ocean notedvimahmental stresses
such as oxidative stress and osmotic stress affect the activity of Rudis@n & Spreitzer,
1999). This theory was canhed byMitterboeck et al. (2016Which hypothesized that
freshwater species hat@her evolutionary rates within protecoding genes when compared
with marine relativesAlthough the theory is not based on algal species, it states tifé¢rent
evdutionary rate is expected when thxeL gene of species found in freshwatecompared to
the ones found in the ocean.

Contradicting the above literature, other studies that exclusively analyzed red algae genes
argue that freshwater species, in mostgasave no signal of adaptive evolution and/or are
under strong negative selection pressure (Gong et al., 2019; Han et al., 2021). In our data 6 of the
8 freshwater species have ¥ that support posi
B. aropurpureaandS. arcuatashowed no signal of positive adaptive evolution forrtie
gene, insteadhowngy t hat s u gefedonMoreoeey mastafthe marine species
used in our study also show wetrlyatsissugdpar ty pgao
compared with the freshwater speci€se incongruence of results regarding the evolution of the
rbcL gene can be explained by several important points, such as the sample size, sequence
guality, method of analyses, and most intaotly the species being compared. Reinforcing the
importance of more data analysis including Rhodophyta species with a focus on the adaptive
evolution of its genes.

Rates of substitutions that support positive selection indicate beneficial chandpes for t
species and can be reflecting different impact factors and underlying variables that result in
higher mutation rates. One of these factors can be the population size. Moreover, the substitution
values ar@naverage, and although there is support for positive selection, a combination of
neutral and purifying selection can be acting on different gene sites. Another point to be
considered given the high substitution rates ofliite gene for Rhodophyta specisssequence
saturationGiven thecommon use of thebcL gene in phylogenetic analysis of red algaes
important to verify foisequence saturatipsinceif confirmed,mightnot reflect the true

relationships among species.

70



3.3.2 atpgenes

There are8 genes present in tlagp gene familyand for the present studseverwere
analyzedor its ¥ ratios in Rhodophyta and Chlorophyta specsA, atpB, atpE, atpF, atpG,
atpH andatpl. The green algae speciBsplumosaloes not have a copy of tagD andatpG
genes (Appendix Tablel), therefore wreexcluded from thatp gene familyanalysis.

The individual species ratio analysis shows that all 30 species have atdgagefies
with low ratios, with exception dheC. caeruleuswhich haonly 2 low ratio geneslhese
genes vary according to the species. Howemery tratiosof atpA andatpE genesarelower
thanthe cutoff value (0.75) in all the species, which is strong support for purifséhgction
(AppendixFig. D1 andD2). The number o&tp genes with high and neutral ratios are similar
throughout the species, while the number of genes with low ratios vary. Curiously, the Bpecies
atropurpureadoes not have argtp genes with high ratios, but yet has most of its genes under
low and neutraValues.The highests ratio from theatp gene family is represented By
sulphurariafor theatpH gene (Fig3.3), and the lowest ratio is representedyschizophylla
for theatpE gene.

3.3.2.1 atpgenes i Habitat

The comparison of ratios by species and their ecological habitat show that 5 of the 7
genes had statistical supp@tpB, atpE, atpH, atpG andatpl (AppendixFig. C2. Of the 19
marine species with a copy of tagB gene, 15 species haveaatios above..25, resulting in a
group ratio average of 1.86, indicating possible positive selection in the marine species. This
result contrasts with the values for the freshwater species, where the ratio average is 1.2,
representing a possible neutral selectiom.tReatpE gene, the difference is not that evident
when examining the graph (Appendiig. C2, where all the species have low ratios and express
strong evidence for this gene to be under purifying selection. However, the data shows
significant differences in the ratios for the compared habitats. The salt marshesBpecies
purpureumpwith a 0.36ratio, is significantly different than the freshwater and hot spring species,
which have an equal average of 0.26. The marine species, ftpkhgene, represents the

lowest values of the group, with an average of 0.24.afp® gene, similarly to thatpB gene,
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has a mix of high and neutral ratios among the species (AppEigdi€2. The higher ratio in
this gene is observed in the species found in hot sp&gaylphuraria(1.51), followed by the
species in the marine environment, which have a soginfly lower average of 1.35. In addition,
the ratio for species inhabiting salt marshes is also above the maximoifi valte (1.26) and

in all these three habitats, the high average supports a possible positive selectiatp@® the
gene of these spes. On the other hand, the species found in fresh\water araverage ratio is
below the maximum cubff value (1.22), and it is possibunder neutral selection.

Two atp genes stand out when observing thetios of the species, tlagpH andatpl
genes TheatpH gene has high ratios (L.25) in most of the species and across all the observed
habitats (Fig3.3A), which indicates that positive selection forces are acting in most of the
species. Moreover, theratio of G. sulphurariain theatpH gene represents the highetio in
the entireatp gene family (4.19), being strong support for positive selectiare$orAlthough the
ratios are very similar throughout the species, therdaigyadifferencefrom the average ratio
in this gene among all species,1.81Bt@tropurpureaatio, 0.29. This extremely low ratio is
strong support of purifying selection forces action and represents the lowest ratio of the gene.
When observing the other freshwater species, the averegg® is 2.33, and the only species
thatindicatea possilkg neutral selection id. rivularis (1.14) which is still a high rate when
comparing it tdB. atropurpurea Theatpl gene expressed ratios that are the opposite aftght
gene ratios. All the species in different habitats have ratios below the minintafi calue
(0.75), with an average of 0.55 which is strong support for purifying selectiorB(B®). The
atpl gene ratios oB. atropurpureaandC. caeruleushowever, are different from the rest of the

species, having neutral values, which is indiebtf neutral selection.
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3.3.2.2 atpgenes i Phylogeny

The dataset for this analysis reflects thetiosof theatp genes compared by the species
phylogenetic positions. Different genes to the ones mentioned aipghabitat comparison had
statistical significance {palue< 0.05), theatpA, atpB, atpE, atpF andatpH (AppendixFig.

D1). Thev ratiosof theatpA gene indicate a possible purifying selection acting in all species
since all species gene had ratios below the minimurof€walue (0.75). The members of the

class Florideophyceae, along with the order Porphyridiales, Compsopogonales and Cyanidiales
are either identical or have a very similar lawatio awerage (0.54, 0.56, 0.54 and 0.52

respectiely). The species within the orders Bangiales (0.61) and Bryopsidales (0.69), represent
the highestr of theatpA gene analysis. There is also strong evidéaceurifying selectionn

theatpE gene, where the Bangiales and Compsopogonales have the satineaverages

(0.21), being the lowest ratios of thtpE gene.

However, compared to the abenentioned genes, tlepB gene shows evidence of
neutral selection forces acting on the Compsopogonales and Cyanidiales (0.92 and 1&00), and
indication of positive selection for Bangiales, Florideophyceae, Porphyridiales and Bryopsidales
(1.75, 1.5, 2.46, 3.85 respedly). The highest average ratio for tagF gene belongs to the
Bryopsidales species (1.5), which is strong evidence for positive selection. The species in the
class Florideophyceae (1.22) and the orders Compsopogonales (1.13), Porphyridiales (1.03),
Bangialeq0.98) and Cyanidiales (0.94) show evidence of being under neutral selection forces
(Fig. 35). For theatpH gene, all lineages have ratios that support positive selection with
exception of the Bangiales, which average (1.24) is evidence of neutrélose{Eq. 35). It is
important to note thahe concatenateatp gene sequences phylogeny (Appendix, Figure D.3)
shows thaB. atropurpureagenes are closely relatedRorphyraspecies, but is represented in a

long branch.
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Overall, thespeciess ratios comparison by phylogenetic position complemented the

observations on the specresomparison by habitat, where 42% of the ratios are o {5),

being strong evidence of purifying selection for #tyggene family. The ratios support purifying

selection for thatpA, atpE andatpl genes. Possible positive selection is observed iatfhté¢

gene, since it has high averaged (25) for all lineages, with exception of Bangiales, which

have a neutral averadl.24). High average ratios are also in most lineages fatpBegene.

For theatpF gene, all lineages are neutral with exception of the Bryopsidales widen,has a

high average (1.5). Lastly, tla¢pG gene has high averages in the Bangiales,ddophyceae

and Cyanidiales, which are indicative of positive selection.
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3.3.2.3 atpgenes i Discussion

The statistical support {palue< 0.05) for 5 of the &Atp genes confirms that different
habitats have an impact on these genes and that diffslection forces are acting on the
species based on the habitat they are usually fouddhe species observed in salt marskes,
intermediaandP. purpureumexhibit the highest averageswfatiosfor theatpB, atpEand
atpH genes. These high ratios are strong evidence for positive selection and can be linked to the
light and water level variations the salt marshes species experience in their habitat. For example,
Pomeroy (1959) noted that algal species inhabiting salt nehstve different photosynthetic
rates according to the season (optimal during summer and spring, below optimal during winter
and fall), tide (high is optimal) and light availability. Therefore, mutatiartheatp genes are
passed to other generationsattapt to their habitat and obtain better fitness.

TheatpB andatpG geness ratiosfor the freshwater species are considered neutral. This
indicates that neutral selection forces are acting on these genes in freshwater species and that
mutations that haveccurred are not affecting the fitness of these species (Duret, 2008). There is
strong evidence of purifying selection for @l gene, where all species exhibit low ratios
except for two freshwater speci@s:atropurpureaandC. caeruleusThese two species have
ratios that indicate neutral selection. It is difficult to interpret at present hostghgene and its
protein affect red algae chloroplast function and the reason for it to be under different selection
forces in different spees since theris no research about the specific role of the gene in
Rhodophyta, and no research studies that confirm or refute the adaptive molecular evolution for
this gene to be purifying.

The ratios of the species arranged by phylogenetic posiésulted in fatp genes with
statistical support. For thapA gene, the Chlorophyta speci@s/opsis plumoshas the highest
¥ ratio (positive selection) and all Rhodophyta lineages hdow ratio average (purifying
selection). The same pattern in radigerages from green and red species was observed in the
atpB andatpF genes. The difference between the substitution ratios between the chloroplast
genes of green and red algagsexpected since there is a large evolutionary distance between
Chlorophyta ad Rhodophyta lineages (Parfrey et al., 20¥hcB8ezBaracaldo et al., 2017,

Gibson et al., 2018; Tang et al., 2020). However, the class Florideophyceae and the order
Bangiales are sister groupdiller et al., 2001 and 2010; Saunders Aminmersand, 2004
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Yoon et al., 2006)and because of the closeness of these lineages, it was expectedithat the
ratios would be similar when compared to the other lineages. Yet, the Bangiales exhibit a
different trend when compared to not only the Florideophyceae hiltttee other Rhodophyta
orders. For example, the BangiaddépB gene has an average ratio of 1.75, whereas the ratio in
the Florideophyceae is 1.5, which indicates that this gene is evolving under different selection
pressures in the different lineagéiheatpB gene codes the beta (b) su
enzyme and is vastly used as a sequence mark@on many occasions is analyzed together
with rbcL and 18S rRNA genes to help resolve phylogenetic relationships (Hoot et al., 1995;
Chiang et al., 1998; Magee et al., 20hal etal., 2019;Savolaineretal., 2000. The evolution
rate of theatpB gene is known for being similar to thecL rate (Hootet al., 1995), and our data
corroborates this conclusion.

Within the Bangiales species, differences in evolution rates were also noted, as in the
atpH gene. The specids atropurpureshadanextremely lowy ratio, indicating being under
purifying selectio, while the other Bangiales species have ratios that support being under neutral
or, in most species, positive selection. In addition, the evolutionary trend in Rhodophyta species
observed for thatpH gene indicates that most of the Florideophyceae ydrpales,
Compsopogonales, Cyanidiales and Bryopsidales species are under positive selection forces as
well. Like theatpl gene, there is no research aboutdtpt gene and its rolsn Rhodophyta, nor
in any of the orders compared in the present stQdy.results show th&. atropurpureads the
only species that has kept a conseragti gene, enforcing a stasis in terms of sequence and
function of the protein (Prztycka et al., 2008). Other Rhodophyta species, from the Bangiales or
different orders, fesshwater or marine, had a fast evolution of the gene. More investigation about
this specific gene is necessary to conclindereason fothe contrasting results.

As described in the first chapter of this thesis, during the evolution of chloroplasts from
cyanobacteria prokaryotic ancestors, the gene clusters and main arrangements of the genes
remain mostly unchanged. It is known that a couptpfenes were transferred to the nucleus
in the course of evolution, ttepC for example is a nuclear gene dnodophyta species such as
Porphyra purpuregReith & Munholland, 1995) and in Glaucophytes (Stirewalt et al. 1995). In
Viridiplantae species, thetpD andatpG are also known to be found in the nucleus (Herrmann et
al. 1985;Leliaert & LopezBautista, 2015 which agrees with the retrieved data from the green

alga used in this analysBryopsis plumosa
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When the substitution rates of thg genes are compared, thegecieB. atropurpurea
stands out for exhibiting the lowest values and/or having a vdegyetit trend in terms of ratio
values, being the opposite of most species. The only ratio thiatilar to the other species is on
theatpB gene, and the lower ratios can be observed oatfie atpG andatpH genesNeutral
ratios areobservedor theaptl gene, however, all the other species with exceptidd. of
caeruleusexhibit low ratios. These results are supported by the ML phylogenetic tree of the
concatenatedtp geneswhich showsB. atropurpureawithin the Bangiales, but in a very long
branch.Long branches represent a large number of evolutionary changes (Parks & Goldman,
2014), and thereforé@ow many mutations occurred in the evolutionary time between kseag
As mentionedn Chapter 1 of tlsi thesis, the population Bf atropurpureamost likely derived
from freshwaters in Europe, and due to an excellent adaptation mechanism invaded successfully
into the Laurentian Great Lakediller et al., 1998; Sheet al., 2014). Because the ATP
complexis responsible for the photosynthetic electron transgltth@m & Boynton,1986
Groth & Stromann, 1999), it can be relevant for the adaptati@n atfropurpureanto new
freshwater habitats, since a photosynthetic mechanism change must have occurred to survive in
suchadifferent environment.

During the evolution of chloroplasts from cyanobacteria prokaryotic ancestors, the gene
clusters and main arrangementsha genes have remained mostly unchanged (Groth &
Stromann, 1999). There is evidence that some dadtfhgenes were transferred to the nucleus in
the course of evolution, trepC for example, is a nuclear gene on Rhodophyta species such as
Porphyra purpuea (Reith & Munholland, 1995) and in Glaucophytes (Stirewalt et al. 1995),
justifying the absence of tlepC gene on this study. In Viridiplantae species atp® andatpG
are alsdound in the nucleus (Herrmann et al., 1985), which agrees with theveetidata from
the green alga used in this analyBigjopsis plumosa

When the substitution rates of thg genes are compared, thgecieB. atropurpurea
stands out for exhibiting the lowest values and/or having a very different trend in terms of ratio
values, being the opposite of most species. The only ratio thiatilar to the other species is on
theatpB gene, and the lower ratios can be observeiti®@atpE, atpG andatpH genes. Neutral
ratios areobservedor theaptl gene, however, all the other species with exceptidd. of
caeruleusexhibit low ratios. These results are supported by the ML phylogenetic tree of the

concatenatedtp geneswhich showsB. atropurpureawithin the Bangiales, but in a very long
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branch.Long branches represent a large number of evolutionary changes (Parks & Goldman,
2014), and therefor&@ow many mutations occurred in the evolutionary time between lindages.
is important to consider that for the analysis performed in this chapter, all the substitution rates
are a resulof the comparison of the species gene sequence aGaimsrolagas detailed in the
material and methods). ®htogether with the longranches observed in the concatenated
sequence phylogengust be taken into consideratigiven the unique characteristics@©f

merolae such as the known accelerated evolutloa to the extremophile habitat the organism is
observedKuroiwa, 1998 Kobayashi et al., 2014ntoshvili et al., 2019 Interestingly previous
observations of thBangiaspecies in long branchagere noted bysutherland eal. (2011) with

the use of the marker gendelL and SSU rRNAO create the phylogenetic analydife long
branches and the discrepancy onrtites ofsubstitutionof B. atropurpureaatp genes, could be

an indication of fast evolution or sequence saturaaod should be investigated furthas
mentionedn Chapter 1 of this thesis, the populatiorBoatropurpureamost likely derived from
freshwaters in Europe, and due to an excellent adaptation mechanism invaded successfully into
the Great Lakes in Canadd(fller et al., 1998; Shest al., 2014). Becaugbe ATP complex is
responsible for the photosynthetic electron transgaitth@m & Boynton,1986 Groth &

Stromann, 1999), it can be relevant for the adaptati@ afropurpureanto Canadian waters,
since a photosynthetic mechanism change must havered to survive in such different

environment.
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3.3.4 psa genes

Thepsagenes are part of the Photosystem | complex (PSI), built byatge subunits
(ps&A andpsaB) andsome lowmolecularweight polypeptidespsar, psd., ps, psas, psd,
psal, andpsaM), that are integral membrane proteins with transmembrane domains (Shimada
and Sugiura, 1991; Chitnis, 1996). Moreover,gbeC, pseD, pseE, andpsaH are peripheral
proteins on the reducing side of PSI, whergse\ associates with tHeminal side (Chitnis,

1996). The functions of the small PSI proteins have been studigtkfolbiochemical

mechanisms, such as thgaG psal, andpsaJ that make up the protein P780d are responsible
for the cyclic electron flow around in the thyta# membranesArnon etal., 1954;Shimada and
Sugiura, 1991); thpsaD, is part of the photosynthesis reaction center (Bolle et al., T398jis
etal., 1996; thepseE act on stabilizing the interaction betwgeseC andpsd (Sonoike, et al.,
1993) thepsdF is essential for the thylakoid viability and part of the electron transfer (Xu et al.,
1994;Farah et al., 199%ippler et al., 1997); thpsd. is responsible fomRNA binding

(Chitnis et al., 1993Schluchtertal., 1996);thepsaM is involved in the coordination of some
antenna pigments and stabilization of PSI trimers (Naithani et al.,.ZD0&e are no studies
regarding the role of the protein produced bypbal gene, but it is a recognized part of the PSI
(Chitnis, 1996) The PSI issential for photosynthesis because it contributes to the ATP
synthesis and regulates the ATP: NADPH ralim(ekageetal., 2004) which is crucial for
preventingstroma overeduction Backhausertal., 200Q Krameretal., 2004 Munekageet

al., 2004;Gao & Wang, 201 In addition, studies demonstrated that the PSl is a key element in
plant responses to drought or desiccation stiéss/éithetal., 2000 GoldingandJohnson,

2003 Gaoetal., 2011 Gao & Wang, 2012).

Although this pathway is known to be present in Viridiplantae, cyanobacteria and
eukaryotic algae, research around the PSI functionalitg feeused on model organisms such
Arabidopsisthaliana, Chlamydomonageinhardtii, and tobaccoHorvathetal., 200Q Jcét etal.,

2001, 2002 Munekageetal., 2002 2004 DalCorsoetal., 2008 Iwai etal., 2010. The main

difference between the photosynthetic apparatus of green algae and Viridiplantae species to
Rhodophyta is the presence of phycobilisomes instead of chlorophyll a/b complexes in red algae
species (Gantt, 1980). Unfortunately, there is only dlsaamaunt of literature available about

the PSI complex in Rhodophyta and most studies use only marine species, focusing on the
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cycling electron flow and photosynthesis analyzes of the red species undergoing stress (Levy &
Gantt, 1990; Marquardt & Rehm, 99; Sagert & Schubert, 1995; Figueroa et al., 1995; Lin et
al., 2009;Gao & Wang, 2012). Therefore, the knowledge about the PSI and the evadigisn
on each PSA gene in Rhodophyta is very limited.

For thepsagene family, 11 genes were analyzedtfair ¥ ratios in Rhodophyta and
Chlorophyta speciegsaA, psaB, psaC, psaD, pseE, psaF, psd, psal, psaK, psa. andpsaM.
The green algaBryopsis plumosdoes not hava copy of theseC, psa, psé&, psal, ps&K and
psd. genes. The freshwater specigscaeruleugCompsopogonales), lack tpeal andpsavi
genes. Another freshwater specigbeathia arcuatéBatrachopsermales), does not have the
psa andpsd genes (Appendix Tablel). The calculation error of thmumber ofsynonymous
substitutionger synonymous site gKnoted previously on thatpD gene, was also observed
with theps&K gene,in the following speciedildenbrandia rivularis, Cyanidium caldarium,
Caloglossa intermedia, Gracialarisalicornia, G. ferox, G. changii, G. edulis, Pyropia
yezoensis, P. fucicola, P. endiviifolia, Bangia fuscopurpurea, Porphyra umbilicalis and P.
purpurea.Hence, the analysis of tipsak gene was concluded without these species shrece
ratio of B. atropuipureawas not affected.

The ratios for the individual species show that 15 species have abtegstagene
with aratio below 0.75, which is indicative of purifying selection. The spegiedropurpurea
with 3 genes with low ratiopéeC, psd. andpsaM), has strong support for being under
purifying selection for th@sagenes. In additiorthe ratios oB. atropurpuwea are opposite to
the trend of the other species in fiseC, psa- andpsaVl genes. Of th&0 species analyzed.
rivularis, Kumanoa AmericanandThorea hispidal on 6t have any pgsaw rati o:
genes, having ratios that suggest neutral or pessielection only. The speci€s feroxhave 8
of the 15psagenes with high ratios>(1.25), being the species with the highest a v emdasg e
possibly under positive selection for theagenes. Neutral ratios (0.75 to 1.25) were mostly
observed in Cbeccarii,8 psagenesindicating these genes to be under neutral selection. Of the
whole analgis, the lowestr ratio is observed on thesaK of the specie®yropia haitanensis
(0.16), andhte highest ratits observed on thpsd of the specieKumanoa americané.95).
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3.3.4.1 psagenes i Habitat

The comparison of ratios by species and their ecological habitat show that four of the
eleven genes have statistical suppontdjue< 0.05), confirming significant evolutionary
differences in different environmentssa, psaD, psd. andpsav (AppendixFiguresEl and
E2). For thepsaA gene, all species b@. beccarii(freshwater) anéaldieria sulphuraria(hot
springs) have highy ratios These two species have ratios of 1.21 and 1.24 respectively, which
according to the followed methodology, are under neutral selection. All the other species fall
under possible positive selection ¥ 1.25). The species observed in the marine environment
have the highest average (1.42) forpiseA gene and are significantly different from the species
in freshwater (1.38) and the salt marshes group (1.35).

Among the different environments, the species have high and meuttabs for the
psaD gene. The graph (Fig. 5a) shows that the species observed in hot springs have the highest
ratio of thepsaD gene (1.94), being significantly different from the seehighest average, the
freshwater group (1.38). High ratios were also noted for the species observed in salt marshes,
with an average of 1.36. The high ratios forplseD gene in hot springs, freshwater and salt
marshes species indicate possible positalection forces occurring in these habitats. On the
other hand, the average ratio of the species observed in the marine environment (1.18), is the
lowest average of thesaD gene and indicates neutral selection.

Differently from thepsaA andpseD genes,tie ratios of thg@sd. gene are below the
minimum cutoff value € 0.75) in 23 species. The remaining 6 species have ratios that are
considered neutral (0.751.25) and are observéudfreshwater and salt marshes. The only
marine representative with nedtratios for thepsa. gene is the speci&angia fuscopurpurea
(Fig.5b). The species observed in hot springs and the marine habitat have an average of 0.7 and
0.63, the lowest ratios for thpsa. gene, which is strong evidence for purifying selection ferce
(Fig. 5b).

Lastly, thepsaVl gene has ratios that vary from high1(.25), neutral (0.75 to 1.25) and
low (< 0.75). The marine environment species concentrate the highest ratios observed, with an
average of 1.3 (Fig. 5¢). This high ratio suggests tlasplecies found in the marine
environment have positive selection forces acting ompsiail gene. The species observed in hot

springs and salt marshes have an average below the minimafi (u66 and 0.67), indicating
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possible purifying selection. Theecies found in freshwater are possibly under neutral selection,

with an average of 0.95.
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PSA genes
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3.3.4.2 psagenes i Phylogeny

The comparison of ratios by species and their phylogenetic position shows that 7 of the
11 PSA(psaB, pseC, pséE, psdF, psd, psal andpsaM) have statistical suppadiar different
selection forces acting on these genes according to the phylogenetic position of the species
confirming evolutionary differences among the lineages. FopsH® gene, the species exhibit a
mix of high & 1.25) and neutral ratios (0.75 to 1.25), with Bangiales species concentrating the
highest ratios (Fig. 6a). Therefore, the gene is pgssitider positive selection ithe Bangiales
species. All the other lineages have average ratios are under 1.25, indicating neutral selection.

For thepsaC gene, most species have highatios with only four species having neutral
ratios:Pyropiaperforata, Wildemania schizophylla, Porphyridium purpureamd
Compsopogon caeruleusigure 6b shows thée ratio ofB. atropurpuregBangiale$is 0.62,
which is below the minimum cdff value and the oppositd all the other species. This is
strongevidence for purifying selectioon thepsaC gene oB. atropurpureaHowever, all the
other Bangiales species have ratios that support positive selection,watbeaage of 1.35. The
Florideophyceae lineage $idne highest ratio for thesaC gene, andie group is considered to
be under positive selection as well, along with the Cyanidiales and Bryopsidales lineages.
Neutral ratios are observed for the Porphyridiales and Compsopogonales, suggesting that the
species of these lineages are under neutrattsah. Likewise, the compared species have high
and neutral substitution ratiosfor thepseE gene. The neutral ratios indicate possible neutral
selection forces acting on species of the Florideophyceae (1.29), Bangiales (1.19) and
Compsopogonales (0.8IThe Porphyridiales and Cyanidiales have high average ratios (1.45 and

1.95 respectively), indicating strong evidence for being under positive selection.
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PSA genes
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the phylogenetic position of each species. The phylogenetic position of each species follold thene tree.

There is aonsiderablalifference between the Bangiales and the other lineages on the
substitution rates of thesa gene (Fig. 7b), where 7 of the 11 species haverloatios €
0.75), suggesting strong evidence for purifying selection forces acting on these species. The
specieB. atropurpureaB. fuscopurpureaP. fucicolaandW. schizophylldave neutral ratios
for thepsaF gene and are possibly under neutral selection. The Porphyridiales is the only order
with average ratios higher than the maximumaféivalue (1.36) whichs support for positive
selection.

All 30 species, and consequently all lineages, have-higtiiosfor thepsd gene (Fig.
7a). Although all species have high ratios and have strong support for being under positive
selection, there amubstantiatlifferences between the lineages. The Bryopsidalestha
lowest ratio (1.4), followed by the Bangiales (2.22) and Porphyridiales (2.86). The ratios of
Cyanidiales, Compsopogonales and Florideophyceae (3.5, 3.74 and 3.84 respectively) represent

the highest of the gene.
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PSA genes
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the phylogenetic position of each species. The phylogenetic position of each species follobd thene tree. The green algae
B. plumoa does not have a copy of thgsaF gene and was not used in this analysis.

Of the 29 species that have a copy offie& gene, 23 have below the minimum cut
off ratios € 0.75), indicating being under purifying selection (Fig. 8a). The other species have
neutraly ratios and are possibly under neutral selection. The species with neutral ratios are
spread throughout the lineages, thereforeythatio averagef the lineags is low The
Compsopogonales and Florideophyceae have similar ratios (0.72 and 0.7), while Bangiales
represerdgthe lowest average of tipsa. gene (0.61).

The substitution ratios of thesaM gene are high, neutral and low. The Bangiales order is
the anly lineage with species expressing all three types of ratios (Fig. 8b), and despite the high
rati o of some of t he yvB#Homgeragelisd .49, sugpertng reewtral t he o
selection. Curiously, like on the ratio for thgaC geneB. atrgourpurea(0.52) has similar ratios
to the ones expressed by the Porphyridiales, Cyanidiales and Bryopsidales orders (0.43, 0.56,

0.62), and are possibly under purifying selection. The Florideophyce species have neutral and

high ratios, wher¢éhedominanceof high values is observed in t@acilaria andHildenbrandia
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species. Because of these high ratios, the Florideophyceae is the only lineageswiti@an

average above the maximum-ait (1.3), indicating positive selection for thedvl gene.
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the phylogenetic position of each species. The phylogenetic position of each species follotad thene tree. The green algae
B. plumosaloes not have a copy of thEsal gene and was not used in this analysis.

The compason ofy ratios by species and their phylogenetic position shows that 46% of
the ratios are considaithigh (¢ > 1.25), being strong evidence of positive selection forces
acting in almost half of the compared species. Highaverages are particularly ek for the
Florideophyceae, Porphyridiales and Cyanidiales lineages, each basagenes with ratios
above 1.25. The Bangiales species has a distipettern for thgsaB, psaD, psaF andpsaM,
where: it is high irpsaB while all the other lineages are neutral; neutrgdgeD while all the
other lineages are high; low psaF where all but Porphyridiales (which is high) are neutral; and
neutral inpsaM, where all lineages but Florideophyceae (high) are low.
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3.3.4.3 psagenes i Discussion

In our analysis, 4 of the Jdsagenes exhibit statistical support whematios are
compared by species and their ecological habithe species observed in the marine
environment have either the highgstgA andpsaM) or the lowes (pseD andpsd.) ¥ ratios.

There is no research about the substitution rates of these particular genes in Rhodophyta, but
because they are part of the PSI, we can speculate that the marine species haverdiffitosnt

for some of thggsagenegdue to environmental adapitan. The species used in the present study
are predominantly marine intertidal species (Reith & Munholland, 1995; Wang, 2013; Hughey et
al., 2014; Gao &Wang, 2012; Brawley et al., 2017; Cao et al., 2018; Xu et al., 2018). Marine
intertidal species must agt to the environment to survive desiccation during low tides,
hydration,and drought during high tid¢&ao & Wang, 2012)A study about the physiology of

the PSI in Rhodophyta was performed with the spd®yespia yezoensjsvhich has elevated

PSI dectron flow during desiccation, suggesting that the PSI has an importadtrivlg

desiccation and rhydration of its blades (Gao & Wang, 201®lore research about specifisa
genes is needed to conclude how the PSI in marine Rhodophyta evolvadyatiety are
connected to the adaptation mechanisms of the species.

Curiously, of the 8 freshwater speciBs,atropurpureghas a uniqueattern ofy ratios
pattern for th@@sagenes, having more genes under purifying selection than the other 29 species
being compared. More specifically, theaC, psa- andpsaM geneslt is worth noting the deficit
of literature around these genes #mgir evolution ratios even for Viridiplangespecies. Studies
focusingon Rhodophyta species are limited to desoglthe presence or absence of these genes
in their genomes. Since the PSl is a vital part of the photosyntheti€mthihe& Mathis,
2004)and plays an important roie response tetressl(in et al., 2009Gao & Wang, 2012),
one can hypothesize that atropurpureahas a different gene evolution pattern due to the
adaptation in freshwater. The speciethesonly freshwater within the Bangiales, and its
successful adaptation to fdéifent environments has been teste@igsink (1973) and Sheath &
Cole (1980). The studies show tiEatatropurpureacan quickly adapt from freshwater to
saltwater and viceersa reinforcing how peculiar the physiology and adaptation mechanisms of
this species are. Moreovehngty ratios ofB. atropurpureaare significantly different from the

ratios of other freshwater species, which indicatesBhatropurpureahas an exclusive
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substitutiorrates pattern, therefore, making use of its PSI caxntplevercome environmental
stress and strive in harsh environments such as the Laurentian Great Lakes.

The comparison of ratios by species and their phylogenetic position shows statistical
support in 7 of the 1fisagenes, indicating that different selection forces are acting on the
species based on their tadgppendixE3 and E4) The most distinctive results are for the
Bangiales order, where theratios are the opposite of all the other lineagespeatjenes:
psaB, psaD, psa andpsaM. ThepsaB gene is essential for the biogenesithmPSI since the
suppression of the gene resultshadisruption of the complex§mart & Mcintosh, 1993). This
gene is vastly used in phylogenetic studies, usually in additidsckoand other marker genes
(Tullberg et al., 2000; Cameron, 2004; Yoon et al., 2006; Saunders & Moore, 2013; Zhan et al.,
2020),is considered suitable for intrafamilial investigations within Viridiplapécies
(Nishiyama & Kato, 1999Graham & Olmstead, 2000; Sanderson et al., 2000

The higher average substitution ratio for giseB gene in Bangiales is due to the high
ratios of thePyropiaandBangiaspecies and is support for positselection. hePorphyra
specieshave t hat i ndicates neutral selection, whic
Curiously,PyropiaandBangiaspecies are more distant phylogenetically tBangiaand
Porphyraspecies, which share a common ancestor. MoreBveatropurpureas the only
freshwater species in this analysis with a high r a tpsd® gefieoTihe mutations occurring on
thepsaB genesf PyropiaandBangiaare accumulating faster than in the othigecies.

However, the gene is conserved and evolving at a neutral rate in most Rhodophyta, and can
continue being used for phylogenetic studies along with other marker genes.

The other genes with a different pat t e r n psdd, psBamdpsaviadressmall
protein subunits that are associated and assige functionality of the PSI complekromme&
Mathis, 2004).With exceptionof the psaF gene whichis knownfor its critical role onthe
thylakoid structureandviability (Xu et al., 1994Farah et al., 199%ippler et al., 199y there
arenot manystudiesaboutthe othergenedeside their mainroles.Unquestionablymore
research about these genes in Rhodophytdheiicevolution mechanismis necessary to better
understand how and why the evolutionary pattern of the PSI genes in Bangiales are so different

from the other orders, even among species that share thenahitsd.
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3.3.5 psb genes

The photosystem Il (PSII), located in the thylakoid membrane of algae, cyanobacteria,
and plants, is responsible for the photochemical and electron transport reaction of oxygenic
photosynthesis, performed along with the P$iochrome f complex and ATP synthase
(Whitmarsh & Govindjee, 1999; Freeman, 2006; Kern et al., 20iflysawa & Wada, 2012).

During photosynthesis, these organisms fix carbon dioxide)(id€@ carbohydrates, resulting in

the release of molecular oxygen into the atmosphere; this process is vital to support life on Earth
(Murata et al., 2007; Kern et al., 2010; Shevela et al., 20h2yefore, the production of oxygen

and the evolution abxidative respiration depends on this unique protein complex that is the

PSII. The structure and function of PSIlI in Viridiplantae species, algae and bacteria are
extremely similar (Kern et al., 2010). Sadekar et al. (2006), notes that the PSI and &6H rea
centres of bacterial, algae and land plants share several structural features, indicating ancient
evolutionary links. However, the antenna system, responsible for the light capture, will vary its
structure in different organisms, which indicates plétorigins alongvith the evolution of the
photosynthesis (Green et al., 2003; Kern et al., 2010).

The PSII is known as a multiprotein super complex which requires the production of over
30 proteins subunit8@endGonzalez & Aro, 2002; Minagawa & Takasdhi, 2004). It is also
known that part of the critical proteins of the PSIl is encoded not only in the chloroplast but also
in the nucleugBaena Gonzéalez & Aro, 2002)The PSIl is built by two types of proteins,
intrinsic and extrinsicThe intrinsic proeins are conserved in most photosynthetic organisms and
are commonly found in prokaryotic cyanobacteria and eukaryotic plants (Brickéag&otakis,

1996; Enami et al., 1998; Gardian et al., 2007). Tirgs@sic proteins are the D1/D2

heterodimer protesi encoded by thpsbA andpstD genes; the U and b sub
cytochrome b559 encoded by thpstE andpsk- genes; and thesd andpsb/V gene products
(Lorkovil et i@&dnzalez&ABI2B02; GRenetak, 2003). Other subunits include

the chlorophyHbinding proteins CP43 and CP47, which are encoded hysttiieandpskC

genes (Mullet et al., 1990; Bricker & Frankel, 2002; Minagawa & Takahashi, 2004). Research

shows that thenactivation of the genes responsible for the translation of the core subunits

proteins leads to a loss of normal PSII assembly and a loss of lihetal®volve oxygen (Kiss
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et al., 2012). Therefore, all photosynthetic organisms are expected to have a copy of these core
genes.

The extrinsic proteins are significantly different among the photosynthetic orgaRisms.
example, in green algal and \diplantae species, the PSlid&extrinsic proteins: 33, 23, and
17 kDa, which maintain the stability and activity of the oxygenlving complex (Enami et al.,
1998; Shen et al., 1995). These proteins are encoded pglbepskP, pskQ genes respectivyel
(Seidler, 1996; Ohta et al, 2003). In cyanobacteria, only the 33 kDa protein is present, along with
two different extrinsic proteins, the cytochromep@nd a 12 kDa, which have similar roles as
the 23 and 17 kDa proteins (Shen et al., 1992; Enami, di9818; Gardian et al., 2007), and are
encoded by thpshJ andpsbv genes respectively (Shen et al., 1993; Ohta et al., 2003). The
difference between the extrinsic proteins in cyanobacteria and Viridiplantae species elucidates
the evolutional process die¢ oxygerevolving complex from prokaryotes to eukaryotes (Enami
et al., 1998). Studies with the sped®sanidium caldariunfRhodophyta), show that red algae
have cyanobacteridype extrinsic proteinscytochrome goand the 12 kDa protein, in addition
to the 33 kDa protein (Enami et al., 1995; Enami et al., 1998; Ohta et al., 2003). This implies that
the red algae PSII is closely related to cyanobacterial PSIl and that the replacement of the two
extrinsic proteins by the 23 and 17 kDa proteins occuregdnd the development of red algae
(Enami et al., 1998; Ohta et al., 2003; Gardian et al., 2007; Busch et al., 2010; Tian et al., 2017).

In Rhodophyta, the PStlontains more than 25 subunits (code@bA-psk¥Z genes)
(Gardian et al., 2007put the functions of the majority of these subunits remain obscure (Kiss et
al., 2012). Research about the photosynthetic apparatus indicates how unique the red algae PSII
is. The red algae species have a novel extrinsic protein, the 20 kDa, whiclprissarit in
cyanobacterial nor Viridiplantae spec{&nhami et al., 1995; Ohta et al., 2003; Enami et al.,
2005; Zheng et al., 2020). Moreover, tight-harvesting antenna, which is distinct to
Rhodophyta, Cyanophyta, Glaucophyta and Cryptophyta, corftggopilisomes, similar to
those found in prokaryotic cyanobacterather than chlorophylls to capture light like in
Viridiplantae @ricker & Frankel, 2002; Green & Gantt 200&rn et al., 2010; Zheng et al.,
2020). However, the connection between tltkalgae PSI and PSII follows what is observed in
all the major groups of photosynthetic eukaryotes (Jansson, 1994; Wolfe et al., 1994; Scheller et

al., 2001; Yokono et al., 2011). There might be other peculiarities among the PSII genes of
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Rhodophyta specsgespecially regarding differences in evolution, but more research is needed
to have a conclusion.

In our study, a total of 15 genes part of pis&gene family were analyzedshA, psiB,
pskC, pstD, pskE, psbF, pshi, pskK, psi., pskN, psbr, psbv, psbW psbX andpskZ. The
marine specieRyropia fucicola, P. kanakaensis, P. perforatedWildemania schizophylla
have itspstB gene named gssigene. Other species lacked one or few copies of PSB genes:
Sheathia arcuatéackspsh. andpsbX genesKumanoa americanandCompsopogon caeruleus
lack psbTl gene;Chondrus crispu$ack psbV; Bryopsis plumos&ckspshv, psb/V andpshbX;
Cyanidium caldariunfackspsbX andpskZ (AppendixTableF1). A total of ten specieB(
atropurpurea, B. fuscopurpurea, Ricicola, P. yezoensis, P. haitanensis, P. kanakaensis, P.
perforata, P. endiviifolia, W. schizophyllandK. americana could not havéheir Ksvalue
calculated by the DNAsp software because the Jukes and Cantor (1969) cocadtiamotbe

computed fothe psh] gene, affecting the further analysis of the gene.

3.3.5.1 psbhgenes - Habitat

From the 15sbgenes, three had statistical support for significant differences in the
various habitat grouppskE, pskH andpstZ (p-value < 0.05)AppendixFiguresFl andF2). Of
the 7 gene families analyzed in this studyck, atp, psa psh rpl, rps, rpo), the comprison of
thepsbgenes of species in different habitats has the lower number of significant differences.
This reinforces that thesbgenes are conserved in most species independently of their habitats.

ThepstE gene has high ratios for all speciesyith a total average of 2.3, which is
strong evidence for positive selection (Figure 8a). Curioslpiropurpureas the only species
with a low ratio, 0.33, one of the lowest of the whpkbgene analysis, which is strong
support of purifying selection. When anztyg the habitats, the hot springs have the lowest ratio
of thepsltE gene (1.5), which is already above the maximurotfutl.25) being under positive
selection. Also, under poss#bpositive selection, the other groups have higher averages such as
the freshwater group, with an average of 2.18, followed by the marine (2.34) and salt marshes
(2.84) (Fig. 8).

Contrasting with the high ratios of thslE gene, theskH has a mix of la ratios
0.75) and average ratios (0.75 to 1.25) with a total average of 0.87. Although all habitats have
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ratios that suggest the gene to be under neutral selectionisthreree similarity between the

freshwater and marine groups (0.91 and 0.84) iedween salt marshes (1.03) and hot springs

(1.24) groups (Appendikl andF2). With more species with low¢hanaverage ratios, theslyZ

gene is probably under purifying selection. The difference between habitats is visible when

observing the graph in ¢i 8b, where all the freshwater species have ratios below the minimum

cut-off (0.57), as well as the hot springs (0.58) and salt marshes species (0.27). These ratios

indicate that th@slZ gene is possibly under purifying selection. The marine habita¢ isrtly

group with species with average ratios, but the group average is 0.68 which is still below the

minimum cutoff and suggestpurifying selection.
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habitat of each species.

3.3.5.2 pshgenes i Phylogeny
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The comparison of ratios by species and their phylogenetic position show 4 gettes wi
statistical supporipshA, psiB, pstK andpsbv (AppendixF4 andF5). It is important to note the
phylogeny of the concatenated sequeméds psbgenes: [jsbA, pskB, pskC, pstD, pstE, psiF,
psiH, pskK, psh., pskN, psbr, pskv, psbBV, psbX andpskz) shown on Appendix Figure F5
Although being located in the expected place in the phylogenetic tree, cléseptyra
species, the speci8s atropurpureas represented by a long branch.

Most species exhibit low ratios & 0.75) for thepsbA gene. Only 5 of the 30 compared
species have neutralratios (0.75 to 1.25), however, not all 5 are in the same lineage. The
Cyanidiales and Bangiales orders represent the losvettos of thepsbA gene (0.61 and 0.66),
with all species in these ordexgth ¥ ratios below 0.75, which is strong evidence of purifying
selection. The highest ratio was observed by the green algagopsis plumosaD.98,
indicating neutral selection (Fig. 9a). On the other hand, fqost# gene, many species exhibit
high ¥ ratios (Fig. 9b). However, the Bangiales is the only lineage with avereateos
supporting positive selection (1.27), while all the other lineages have aweraties supporting

neutral selection.
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by the phylogenetic position of each species. The phylogenetic position of each species folldvek tpene tree.

For thepsiK gene, thespecies have ratiosthat vary among the lineages. For example,

all the Bangiales species that are in the first clade of the phylogenetic tree have low ratios and

support purifying selection, while the other Bangiales species have neutral ratios and are

indicative of neutral selection (Fig. 10a). The first clade includes the sBe@&®purpurea, P.

umbilicalis, P. purpureandB. fuscopurpureaSimilarly, theGracilaria species, part of the

Florideophyceae, have neutratatios, while the other spesiexhibit low or even high ratios.

The ratio average of the Florideophyceae (0.89), suppextral selection as well.

The Bangiales species stands out foritsitios forthe psbv gene, whichis very

different from the other specieBigure 10b). Of the 29 species that have a copy of the gene, 4

Bangiales species exhibit highratios, allPyropia The highy ratios ¢ 1.25) indicate positive

selection forces acting on tpebv gene ofPyropiaspecies. AlthougtPyropiahas highy ratios
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the Bangiales as an order has an average of 1.21, indicative of possible neutral selection. All the

other lineages have lower averages but also fall under possible neutral selection.
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by the phylogenetic position of each species. The phylogenetic position of each species folloha thene tre. The green
algaeB. plumosaloes not have psbv gene copy, therefore, not used in this analysis.

The overall results of the substitution ratios for plsbgenes compared by phylogenetic
position shows that 37% of the averageatiosare low &€ 0.75), 34% are neutral (0.71525) and
28% are highX 1.25). This is a more linear distributionofatios than what was observed in the
atp andpsagenes. Moreover, the average results of the habitat comparison are congruent to the
phylogeny comparisonyhere a small number of genes have statistical support for differences
between species. TipskC, pskN andpsbV genes have low ratios among all the lineages, which
is strong evidence of purifying selection forces acting in all Rhodophyta species. Cathgary
psk- has high averages in all lineages, which confirms the positive selection of the gene in
Rhodophyta species.
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3.3.5.3 pshgenes i Discussion

Our analysis shows that 20% of {&bgenes of the compared species are under
selectionforces based on the habitat they are usually found, representeddsyEhpsiH and
pskZ. ThepstE andpskF genes transcribe the subunits of the cytochromelb and b pr ot e
respectively (Herrmanntal., 1984 Mor et al., 1995Kiss et al., 2012). In all photosynthetic
organisms studied up to datke psbEandpsbFgenes form a cluster with tipsbJandpsbL
genes, known gsskEFLJ operon (Swiateét al., 2003; Kiss et al., 2012). Studies suggest that
the cytochromedaois essential for the PSII assembliaé & Cramer,1992; Mor et al., 1995;
Swiatek et al., 2003andthe genes play a role in protecting the PSII from photoinhibition by
providing he PSII with an alternative cyclic route of electron flow (Thompson & Brudvig, 1988;
Nedbal et al., 1992lizadeh et al., 1994)Ve identified that th@skE gene in Rhodophyta
species is under positive selection and is highly conserved, vagpenof B. atropurpurea
which has a substitution rate that supports purifying selection. This implies thatth,er ot ei n o f
the cytochromedaois unique inB. atropurpureaand consequently, thpskEFLJ operon as well.
Thus,B. atropurpureahas a different repasystem for its PSII and consequently a distinct
mechanism to avoid photoinhibition.

Photoinhibitionis the decline in photosynthetic viability due to excessive illumination
and itoccurs in all oxygesevolving photosynthetic organisms exposed to |{@ldir et al.,
2003). The process is determined by the balance between the rate of photodamage to the PSII
and the rate of its repair (Murata et al., 2007). Environmental stress factors can enhance the
extent of photoinhibition, such as salinity, low tengtere, light levels and oxidative stress, by
inhibiting the repair of the PSII (Murata et al., 2008lfshiyama & Murata2014;Campbell &
Serddio, 202 The specieB. atropurpureas extremely adaptive, striving in niches where
many stress factors are present, such as different accessibilities of light, as well as variable
temperatures and salinity levels (Geesink, 1973; Sheath & Cole, Gédlam & Graham,
1987. The intertidal narine habitat, where all the closest related speciBs atropurpureaare
observed, is extremely different from the Great Lakes, therefore, the marine species face
different environmental stressors and different repair systems are needed to control
photdnhibition. Since purifying selection is a mechanism on which thergigging of
changes that cause deleterious impacts on the fitness of th&hdslir(g et al., 2005 the
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purifying selection inthe pstE geneof B. atropurpureamight be linked to the adaptations

needed to survive in the Great Lakes despite the environmental stress factors. Until now, there
were nostudies that help elucidate how does the photoacclimatiBn atropurpuredakes place

on a molecular basis. Although more research about this topic is needed, the purifying selection
forces on thgskE gene shed light on what can be a novel PSII mechanism connected to the
fitness ofB. atropurpurea

ThepsltH geneis located iranother highl conserved gene cluster includipgiB-pshr -
psiH-peB-peD, and the gene product is essential for the PSII asseiMbipgawa&
Takahashi2004;lwai et al., 2005 No literatureexplainsmoreabouttherole of the pstH gene
in RhodophytaOur datashowsthatall 30 Rhodophytaspeciesavea copy of this coregene,
with substitutionratesthathavea statisticaldifferencebetweerspeciegrom freshwaterand
marineenvironmento the speciesrom saltmarshesandhot spiings. Althoughthe statistical
supportthesubstitutionratiosindicatethatall speciehaveneutralselectionforcesactingonthe
pstH gene therefore gvolving neutrallythroughouthe species.

ThepslZ gene, first identified agcf9, encodes a protethatis part of the stabilization of
the PSII supercomplex (Swiatekal., 2001Minagawa& Takahashi2004) Our results show
that the substitution rates of thelz geneareunder purifying selection fa21 of the 29
compared species. The species from salt marshes have a significantly lowetmaigt50%
lower) than the species observed in other habitats. The spec@syridium purpureunhas
been a model organism since the 1980s for its systenaaticshotosynthetic apparatus (Gantt,
1980; Ley & Butler, 1980, Levy & Gantt, 1988; Levy & Gantt, 19%Qjt not much is known
about its rates of substitutionhe onlypsbgene analyzed iR. purpureumis thepstD gene
(Scherer et al., 1993). As well, tiegs little information about other species observed in salt
marshes used in our studyaloglossa intermediayhich the only substitution rate study made
use of only one genethe nuclearencodedargesubunitribosomalRNA (LSU rDNA- to help
determinghespeciephylogeny(Kamiyaetal., 2003).There are no specific studies about the
pskZ gene in Rhodophyta species to the present date, however, many substtatanaly®s
in Viridiplantaespecies agree with our results for purifying selection forces gostifegene
(Choi & Park, 2015Yu et al., 2019Du et al., 2020). Still, more investigation is needed to
determine how the purifying selection of & gene is connected to the statalion of the
PSII.
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The comparison of ratios by species and their phylogenetic position shows statistical
support in 27% opsbgenes, for th@sbA, psiB, pskK andpshv genes. For thpsbA gene,
Bangiales, Cyanidiales and Florideophycspecies have substitution ratios that indicate
purifying selection, whiclis significantly different from Porphyridiales and Compsopogonales.
ThepshA gene encodes the D1 protein, and together with the D2 prpwin gene), forrsthe
reaction center certhat binds most of the PSII electron transport components (Adir et al., 2003;
Bittner et al., 2011; Wegener et al., 201B3)e to its important role, thesbA gene has been
extensively studied among many organisms and is considered a marker geneliblt salve
phylogenetic relationship¥ éng & Boo, 2004Nelson et al., 2015). In Rhodophyta species, the
psbA gene is used simultaneously with fh&aA, rbcl and SSU genes in muliene sequences
analyzes for taxonomic studies. For example, iretldutionary history of theCorallina species
(Bittner et al., 2011; Brodie et al., 20219;identify lineages ofGriffithsia (Ceramiaceag)Yang
& Boo, 2004); and the divergence time and the evolution of major lineages in the
Florideophyceae (Yang et al., 2016; Yang et al., 2020).

Research about thesbA gene in Viridiplantae species has been done medejith, not
only for taxonomy but atsfor describing its nucleotide substitution rate pattern. According to
Wolfe et al. (1989), in a study on Solanaceae and Brassicaceae speqsbBA thene is
identified as a lowr ratio gene. A different study confirms that {h&A gene has the lowest
rate of synonymous substitution among plant chloroplast genes, suggesting that purifying
selection is acting on this gerddrton, 1997). In agreement, Li et al. (2016), which studied the
molecular evolution oferns show that th@sbA gene has a signifant 2 to 3-fold deceleration
in their substitution rate among species. A study with Cryptophyte algae species, done by Yang
et al. (2020), tested thpsbA gene for possible selection pressure, which resulted in a very low
synonymous substitution rate, dikhe results of our analyz&espite the extensive use of the
psbA gene in many taxonomic and evolutionary studiesliteraturefocus on the nucleotide
substitution rates of the gene in Rhodophyta.

For thepsIB gene, our results show that Rhodophyta species have high substitution
ratios, with Bangiales, Porphyridiales and Cyanidiales lineages supporting positive selection, and
the Florideophyceae and Bryopsidales exhibiting significantly lower ratios and supporting
neutral selectionThe pstB gene encodes the €F protein, a major intrinsic protein, which

constitutes an important operon along with tpslH, peB andpeD genes (Ghnson & Schmidt,
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1993; Bricker et al., 199&te Santana Lopes et al., 20k8attab et al., 2021). Many authors
describe th@skB gene as a highly conserved genbich allows adequate inference of
relationships at deep phylogenetic le@saham &Olmstead, 20005anderson et al., 2000
Magallon & Sanderson, 20pZHowever, ke thepsbA gene, not many substitution ratios
analyses were made with thetB gene especially with Rhodophyta speciésu et al. (2019)in

a study withChlaminomonales species (green algae), argues thaslBegene is under positive
selection, contradicting previous results that shovp#iB gene adeing the lowest
synonymous substitution r aOlesteach&PRalmer, 1994 ngl e
Moreover, de Santana Lopes et al. (2018) analyzed the selection forces on the macaw palm
(Acronomia acuealechloroplast genes, and also describedosi® gene as being under

positive selection. Other studies with Brassicaceae and grasses (both fitekdpecies) have
the same results of positive selection (Hu et al., 2015; Piot et al., 2017), and our results agree
with these studies. More analyses about the substitution ratespsiBigene in Rhodopophyta
species are needed to better understa@delective forces acting on the gene and to clarify why
sister groups like Bangiales and Florideophyceae have different substitution rates for a highly
conserved gene.

Our results for th@skK gene show that the Florideophyceae and Compsopogonales are
distinct from the other lineages for exhibiting highatios, indicating that the gene is under
positive selection for its species. The Porphyridiales, Cyanidiales and Bryopsidales have the
opposite trend, withr ratios supporting purifying selection. The Bangiales is the only lineage
that the average substitution ratio indicates neutral selection, although half of the analyzed
species ratios support purifying selectidhe available literature about thelK gere and its
low molecular weight protein is limited when compared top$i#\ andpsiB genes. It is known
that the gene is part of the structure assembly and stabilization of th&&i&d ét al., 1989;
Takahashet al., 1994Sugimoto & Takahashi 2008jinagawa& Takahashi2004), and
although the gene product is needed for optimal functions, it is not essential for the PSII activity
(Ikeuchi et al., 1991, Loffelhardt & Bohnert, 1994; Rochaix, 1997). Studies suggest that the
pskK gene is under positive s&ltion pressure in many different species, such as in palm
cultivars Enan & Ahmed, 2016), in the tree spedresbinia(Yu et al., 2019) and Calligonum
(Duan et al., 2020), and the flonechinacanthugGao et al., 2019). ThaskK gene is highly
conserved in some lineages and was proposaanasker gene to construct reliable phylogenetic
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trees (Enan & Ahmed, 2016j et al., 2018) Contradicting these results, o@Buercussp.) and

a leguminous specie¥itia sepiunm havetheir pskK under strong purifying selectioivif et al.,

2018; Li et al., 2020). Therefore, thselK gene in Viridiplantae has a similar patteorttie one
observed in Rhodophyta, with lineages varying between positive and purifying selection. There
are noreviews that indicate thestK gene as evolving neutrally as suggested by our results for
the Bangiales, and although the gene is conserved mepketoire of red algal chloroplast
genomes (Ng, et al., 2017), this is the first study that shows theeditfe of adaptive evolution

of the gene among the reds.

Our data reveal that thesbv is under neutral selection in all lineages, but there is a
considerabl@alifference between the Bangiales and the other orders. The extrinsic protein
encoded by thpsbv gene, also calledytochromecssg, is found in cyanobacteria and red algae,
with function linked to th@ptimization of oxygen evolution (Enami et al., 19@8ita et al.,

2003; Bricker et al., 2012T.he gene is not present in higher plants evolution (Briekat.,

2012), and our data shows that the green d@ggepsis plumosdoes not have a copy for the

gene as wellDespite the extensive structural analyses aboyighe gene from different
cyanobacteridFrazao et al., 2001; Sawaya et al., 2001; Kerfeld et al., 2003), there are no studies
that report the adaptive evolutiofithe gene. For Rhodophyta, a study done by Kimura et al.
(2002) demonstrates thidite removal of th@sbv gene fromPorphyraspecies results in

development failure to cellular thermotolerance when grown at moderately high temperatures.
This might be theeason why there are high substitution ratios in Porphyra species fisithe

gene.

It is known that the PSII reaction centre shares several structural features, indicating
ancient evolutionary links (Sadekar et al., 2006), and our analysis agreesisvitatement,
where most Rhodophyta species share the same genes. Furthermore, the substitution ratio
analyses of Rhodophyta species show that almost 50% of the PSII genes are under positive
selection pskB, pstE, pskF, psi., psbl andpsbX), contributingto the conservation of the
genesSimilarly to what was observed within thg gene family, thggsbconcatenatedequence
phylogeny shows8. atropurpuredan a long branchgorroborating with the possibility of the
organism to be under rapevolutionand/or sequence saturatidine available literaturabout
the photosynthetic apparatuses in red algae inskingespecie€yanidium caldariumC.

merolae, Galdieriasulphurarig Porphyridium cruentumandPyropia yezoensi@Volfe et al.,
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1994; Busch et al., 2010; Gardian et al., 2007; Thangaraj et al., 2011; Zheng et al., 2020); in
addition to a physiological studiiatfocuses on the chloroplast pigmentationRfumbilicalis
(Figueroa et al., 1995). The structure of thél BStherefore, welinvestigated, howevethe
adaptive evolution of the genes that build the struatyetto be analyzed in more depth.
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3.3.6 rpsgenes

Of the 19rps genes commonly present in Rhodophyta species, 15 were analy#sdrfor
ratios:rps2, rps4, rpss, rpsb, rps7, rps9, rpslo, rpsll, rpsl2, rpsl3, rpsl4, rpsl6, rpsl7, rpsls,
rps20. Although most species have a copy of all the 15 genes, some speciebaierait of the
selected genes, for examplEildemania schizophylldoes not have a copy of thep20 gene;
Palmaria. palmatapsl7 geneCompsopogon caeruleugsS andrps8 genesCyanidium
caldariumrpsl gene. The green algdgryopsis plumosas the most different species in terms
of gene content, missing a copy of thel, rpsb, rps6, rpslo, rpsl3, rpsl6, rpsl8 andrps20
(AppendixTableG1).

The individual species ratio analyses show the prevalence of lawos (57%), more
than what was observed in all the other gene families analyzed in this@futg. 15rps genes,
8 species have 10 genes each with ratios below Baitg{a atropurpurea, Pyropia perforata,
P. fucicola, P. haitanensis, W. schizophy{ldondrus crispus, Caloglossa intermediad
Hildenbrandia rubrg. This is strong evidence that thgs complex genes are under purifying
selection in these species. Neutral ratios were observed in all species, with exception of

caldarium which does at have any genes within neutral values.

3.3.6.1 rpsgenes i Habitat

The~ ratios comparison by species and their natural habitat had statistical support in five
of the 15rpsgenesrps2, rps4, rpsl0, rpsl4 andrpsl?. The freshwater species havetios that
indicate neutral selection and are the highest ratios opf2egene Curiously, the freshwater
specied. rivularis, has a higty ratio (> 1.25) and is possibly under positive selection
(AppendixFiguresG1l andG2). The species observed in salt marshes and the marine
environment have low averageatios € 0.75), which indicates purifying selection and are
statistically different from the species present in the other habitats.

The freshwater habitat comprises tbwesty ratios for theps4 gene (0.66), which is
support for purifying selection. Of all low ratios observedos# geneB. atropurpureahas the
lowest one (0.27), which is almost 608dower tharthe other species with low ratios, being
strong evidence for purifying selection forces acting in this species gene. The species observed in

salt marshes (0.75) and hot springs (0.78) are possibly under neutral selection, and although the
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species found ithe marine environment also have support for neutral selection, they are
statistically different (0.86) (Fig. 14a).

Purifying selection forces can also be suggested fapi® gene, where all species
haver ratiosis lower thar0.75. There are, howenawo species with neutral ratios, the species
observed in freshwat®. atropurpureaand the species observed in the marine environi@ent,
chordag which indicates a possible neutral selection happening opsh@ gene of these
species. Although mospecies are under purifying selection, the species observed in freshwater
exhibit the highest ratios (0.56) and are statistically different from species in different habitats.
There is no statistical difference between the ratios of species observadnarshles (0.39) and
species observed in the marine environment (0.35).

Therpsl4 gene has a different pattern from what was observed previously on the RPS
genes, where most species have hightios & 1.25). The spices found in the marine
environment hee the highest averageratios (1.99), which is strong support for positive
selection (Fig. 14b). The species observed in freshwater have high and neatias, but
curiously, the specids. atropurpureas the only species with a lowratio (0.31) for thepsl4
gene, which is strong support for purifying selection. On the other hand, the marine species that
share the same geniss,fuscopurpureahas the highest ratio not only for thps14 gene but is
the highestr ratio of all therps gene family (3.26).

For therpsl7 gene, the freshwater spediesatropurpureaalso has a peculiar ratio,
this time being high (1.71), and possibly being under positive selection (Fig. 14c). All the other
species have low or neutralratios for thepsl7 gene, where the neutral is observed
predominantly in freshwater species. This factor resulteldemverage ratios of the
freshwater habitat being higher than the other habitats (0.8), indicating a possible neutral
selection. The species found in salt marshes (0.5), hot springs (0.5), and marine environment

(0.54) have similar low averages which at@ng support for purifying selection.
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®

RPS genes

rps4 rpsl4 rpll7
Ka/Ks (w) 0 0.2 0.4 0.6 0.8 i Ka/Ks (w) 0 0.5 1 15 2 25 3 35 Ka/Ks (w) 0 0.5 1 15
B.atropurpurea ———— B. atropurpurea B. atropurpurea I —
C. beccarii C. beccarii  E—— C. beccarii  IE———————————
C. caeruleus C caeruleus I C. caeruleus I
C calt.ian‘ur?w Erashianer H. rivularis I —— C caldarium —ee—
H. rivularis K. americana —— H. rivularis
K. americana S. arcurata I K. americana  n——
S. arcurata T. hispida I S. arcurata
T. hispida C. caldarium T. hispida  EE—————
C. intermedia  IE— Salt Marshes C. intermedia Cointermedi  —
Po. purpureun I Po. purpureiin e Po. purpureun  T—
G. sulphuraria  — I Hot Springs G. sulphurario G. sulphuraric  n——
B. fuscopurpurea I B.fuscopurpuren  EE————— B. fuscopurpurea  n——
B. plumosa B.plumosa IE—— C.cripis
C. crispus C. Crispus  I—— o
" . G. changii  ve—
G. changii G. changii n—— 6. thorde
G. chorda I G. chordy —————— i T —
G. edulis G. edulis —————— (G--Cdlils” | N——
G. ferox I —— G. ferox nm————— G, Jerox, | —
G. salicomic G. salicomia G. salicomia  ———
H.rubra H.rubra m—— H.rubra  ee—
P. endiviifolia Marine P. endiviifoli P. endiviifolic ~n——m
P. fucicol o ———— P. fucicola P. fucicola - mu—
P. haitanensis P. haitanensis P. haitanensis - e——
P. kanakaensi P. kanakaensis  EE————— = kanGkaensis | Me—
P. palmata P.palmata  E—— P. peiforata  E——
P. perforata P. perforata P. purpurea  we—
P. purpurea P pUrpUTea P. umbilicalis ~ we—
P. umbilicalis P. umbilicalis  —— P. yezoensis —
P. yezoensis P. yezoensis I W. schizophylla  ee—
W. schizophylla W. schizophylla
p-value = 0.00* p-value = 0.01* p-value = 0.00*
I Values of w > 1.25, positive selection * Highest w ratio
[l Values of w < 0.75, purifying selection % p-values<0.05
.Values of w=0.75 to 1.25, neutral selection
Figure313® { dzo a i AddziA2y . NI GA2& 2 TC. INSofepssyfidld ankBstryjene, aind théh compared By YhieJecdldgida? habitat &f spelsies.
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Summarizing, when Rhodophyta specigsgenesy ratios were compared by habitat,
the analyzes resulted in mostly low ratios. The species observed in the marine environment have
10 of the 15ps genes with ratios below 0.75, which is strong support for purifying selection.
Not so different, the species observed in freshwater and salt marshespsger&es with low
ratios. The most particular pattern was observed in the species found initngs,gjpat have 7
genes with low ratios, and 5 genes with neutral ratios (0.75 to 1.25). These values indicate that
like in the marine environment, a possible purifying selection can be happening wittps the

genes of species in different environments.

3.3.6.2 rpsgenes - Phylogeny

The comparison of ratios by species and their phylogenetic position shows that five of
the 15rps genes have statistical suppaps2, rpss, rpsll, rpsl4 andrpsl6. For theps2 gene,
which also exhibited statistical differences foratiosamong different habitats, the phylogenetic
comparison shows th#te Bryopsidales and Florideophyceae have newtratios (1.01, 0.81),
and are different from the other lineagese Bangales, Porphyridiales and Cyanidiales have
ratios below 0.75, having strong support for purifying selection (AppdfidixesG3 andG4).

Although all lineages have low averageatios for theps5 gene and possibly have
purifying selection forceacting on the gene. There is a statistical differepasal(ue <0.005)
between Bangiales and the other lineages, where the Bangiales have the Iatiestaverage
(0.26). Curiously, the speci&s atropurpureshas ax ratio that is almost double of theratios
observed in the other Bangiales species (0.59). The class Florideophyceae (0.38), the order
Porphyridiales (0.39) and Cyanidiales (0.38) also have strong support to have purifying selection
forces acting on this particular gene.

Most of the spdes exhibit highy ratios for thepsll gene ¥ 1.25) (Fig. 15a). All the
species part of the Bangiales have higfatios and have the highestverage ratio for the gene
(1.73), which is strong evidence for positive selection. Once again, the dpeafiespurpurea
has a particular resudind is the only species with a laswatio (0.4), which is indicative of
purifying selection forces acting on thesl1 gene of this species. It can also be observed that 4

of the 5Gracilaria species (Florideophyceae) have neutrahtios, and similagk r at i os ar
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noticed on the clade including thi#ldenbrangiaspecies, which is strong support for neutral
selection forces.

The Bangiales also exhibit the highestatios for thepsl4 gene, with an average
ratio of 2.31, which is almost double the average of the other lineages, which is strong evidence
of positive selection. As noted in the habitat compariBotropurpueahas a different pattern
than the other Bangiales species regarding its substitution rates, exhibiting adtav(Fig.
15b). The lows ratio of B. atropurpureas one of the lowest registered for the entpggene
family (0.3), which is strong sport for purifying selection. Interestingly, the same genus
specieB. fuscopurpurehas the highest ratio (3.26), which is the highest substitution rate
registered for theps genesThe Rhodophyta species exhibit neutral andforatios for the
rpsl6é gene. Neutrak ratios are predominantly observed on species that belong to the class
Florideophyceae (1.07) and Porphyridiales (0.76). These lineages are statically different from
Bangiales (0.64), Compsopogpnales (0.47) and Cyanidiales (0.58), whicbupgast for

purifying selection.

Figure314.{ dzo a Al dziA2y . N}IGA2a 27 GCERoldeysR ardrpsBigehest ahcRteScompgredd 2 Y LI- NJA
by the phylogenetic position of each species. The phylogenetic position of each species folldyek tpene tree.
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