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I. Introduction

A large body of molecular, morphological,
and fossil data demonstrates that primary
plastids are derived from an ancient (>1 Ga,
up to 1.6 Ga; Butterfield 2000; Yoon et al.
2004; Parfrey et al. 2011; Blank 2013;
Bengtson et al. 2017; Sanchez-Baracaldo
et al. 2017) primary cyanobacterial endo-
symbiosis. This event occurred in the single
common ancestor of three extant photosyn-
thetic lineages collectively known as the
Plantae, and more recently, the Archaeplastida
(Cavalier-Smith 1981; Margulis 1981; Reyes-

Prieto et al. 2007; Adl et al. 2005; Price et al.
2012; Cavalier-Smith 2017). These lineages
include the Glaucophyta (glaucophyte algae),
the Rhodophyta (red algae), and the
Viridiplantae (green algae and land plants)
that share a two-membrane bound photosyn-
thetic plastid organelle. Once established in
the Archaeplastida ancestor, the primary
plastid spread to other lineages, including the
SAR clade (stramenopiles [e.g. diatoms,
kelps, plastid-lacking oomycetes] + Alveolata
[dinoflagellates,  ciliates,  apicomplex-
ans] + Rhizaria [e.g., chlorarachniophyte
algae]), cryptophytes, haptophytes, and the
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Fig. 2.1. The proposed history of plastid endosymbiosis in photosynthetic Archaeplastida and “chromalveolate
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taxa. The primary cyanobacterial endosymbiosis, including contribution by chlamydial cells under the MATH is
shown in the top left of this figure. Both EGT and HGT occurred throughout the history of Archaeplastida, prior
to and after the split of its constituent phyla. A red alga was captured by the “chromalveolate” ancestor that may
have been defined by the telonemid-SAR (TSAR) joint lineage (see Section 111, below) and potentially including
cryptophytes and haptophytes. There is evidence that this red algal secondary endosymbiosis was preceded by
a cryptic green algal capture and subsequent loss of the organelle, leaving behind dozens to hundreds of green
genes in the nucleus of diatoms and other chromalveolates (Moustafa et al. 2009; Dorrell et al. 2017). This
complex series of gene transfer events was also added to by independent HGTs from external prokaryotes and
eukaryotes. Given this scenario for origin of the plastid in most algal groups, it is not surprising that genomic
data from these taxa provide reticulate phylogenetic signals when genes are analyzed individually or in groups,

as described in the text. Image based on Qiu et al. (2013) and Brodie et al. (2017)

euglenids through multiple secondary and
tertiary endosymbioses (Fig. 2.1). Many of
these taxa that contain a red alga-derived
plastid are colloquially referred to as “chro-
malveolates”, a now defunct (i.e., polyphy-
letic) taxon that was hypothesized by
Cavalier-Smith (1999) to share a single sec-
ondary endosymbiosis. Therefore, current
data thus suggest that virtually all photosyn-
thetic forms on our planet ultimately owe
their photoautotrophic ability to a single cya-
nobacterial source. The sole exception to this
rule is the clade of photosynthetic amoebae,
Paulinella, to be described below that pro-
vides the only known case of an independent
plastid primary endosymbiosis.

Il. Why Inferring the Algal Tree
of Life Is Non-trivial

Although of central importance to marine
ecosystems and terrestrial life, the conversion
of solar energy into carbohydrates and lipids
through photosynthesis came at a high cost to
photosynthetic cells. Light harvesting can
capture excess energy that must be eliminated
(mostly as heat), and photosynthetic electron
flow is accompanied by the formation of reac-
tive oxygen species (ROS) that can impair
cellular functions (Peers et al. 2009; Knoefler
et al. 2012). Therefore, the first algae, and
every subsequent host of a serial plastid
endosymbiosis depicted in Fig. 2.1 had to
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cope with these challenges and integrate the
flow of fixed carbon across cell compartments
(Linka and Weber 2010; Karkar et al. 2015).
These cells also needed to adapt to diurnal
changes in light intensity, temperature, water
and nutrient availability, and competition
from other protists and predators to survive.
These selective pressures necessitated major
innovations, not only through mutation and
gene duplication but also the acquisition of
foreign genes from the endosymbiont via
endosymbiotic gene transfer (EGT) as well as
from external prokaryotic and eukaryotic
sources through horizontal gene transfer
(HGT) (Fig. 2.1). In addition, protein domains
encoded by cyanobacterial (endosymbiont)
genes were mixed and matched with domains
from other genes to give rise to chimeric sym-
biogenetic (S)-genes with novel roles. Many
of these S-gene functions evolved to deal with
redox stress and light sensing to support the
novel organelle (Méheust et al. 2016). An
important, and unexpected perspective on
how complex biotic interactions underlie
plastid origin is offered by recent work done
on the contribution of chlamydial genes to
Archaeplastida.

The chlamydial connection is summarized
under the ménage a trois hypothesis (MATH)
that suggests a direct role for Chlamydiales
obligate intracellular pathogens in plastid
establishment. This idea is supported by the
finding of 30-100 genes of chlamydial deri-
vation in Archaeplastida that are involved in
a range of key functions such as glycogen,
tryptophan, and menaquinone metabolism
(Balletal. 2013,2016; Qiu et al. 2013; Cenci
et al. 2017, 2018). As shown in Fig. 2.1,
under the MATH, the chlamydial infectious
particle (EB: elementary body, black circle)
entered the Archaeplastida host together
with a free-living cyanobacterium (green
circle). The EB remodeled the phagocytic
membrane into a chlamydia-controlled
inclusion and differentiated into reticulate
bodies (RBs; pink circles) that attached to
the inclusion and secreted chlamydial effec-
tor proteins corresponding to glycogen

metabolism enzymes into both the inclusion
and the host cytosol. Within the inclusion,
the cyanobacterial endosymbiont is believed
to have recruited chlamydial transporters via
conjugation with the pathogen to facilitate
export of glucose-6-phosphate (G-6-P)
through the UhpC transporter of chlamydial
origin (orange circle). This sugar phosphate
was utilized for glycogen synthesis in the
inclusion and excess ADP-G was released to
the cytosol via a nucleotide sugar transporter
(magenta circle) of eukaryotic origin. These
processes led to the initial survival of the
unprotected cyanobacterial endosymbiont in
the chlamydial inclusion, precipitated gene
transfers between compartments, and the
integration of carbon flux that led to perma-
nent plastid maintenance. Once the chlamyd-
ial cell was lost, the only “footprints that
remain of this hypothetical scenario are doz-
ens of pathogen-derived HGTs with plastid-
related functions. Consistent with the idea
that EGTs, HGTs, and redirection of host-
encoded proteins are critical to organello-
genesis are the findings regarding evolution
of the novel plastid in Paulinella spp. This
plastidial organelle is a far younger version
of the Archaeplastida organelle, having orig-
inated ca. 100 Ma (Kim et al. 2014).
Paulinella chromatophora and P micro-
pora are filose amoebae (Bhattacharya et al.
1995) with blue-green chromatophores
(plastids). P chromatophora was described
in 1895 by Robert Lauterborn (Lauterborn
1895) and the photosynthetic Paulinella lin-
eage is the only known case of an indepen-
dent primary (alpha-cyanobacterial) plastid
acquisition (Kies 1974; Marin et al. 2007;
Yoon et al. 2009), making them models for
understanding plastid establishment. The
chromatophore genome is highly reduced in
size and gene content (ca. 850 protein coding
genes) relative to cyanobacterial genomes
(Nowack et al. 2008; Yoon et al. 2009; Reyes-
Prieto et al. 2010). Recent work shows that
dozens of bacterial genes have been recruited
to support lost organelle functions (due to
Muller’s ratchet acting on this non-
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recombining DNA) (Nowack et al. 2016; DB
and DCP unpublished data) as well as the
retargeting of host proteins through a novel
sorting pathway (Nowack and Grossman
2012; Singer et al. 2018). These results dem-
onstrate that foreign gene transfer to the host
nucleus is key in compensating for organelle
genome reduction and suggests that phagot-
rophy (i.e., photosynthetic Paulinella are
derived from a phagotrophic lineage;
Bhattacharya et al. 2012) was retained early
on in endosymbiosis to facilitate HGT, pre-
sumably via the ingestion of prey cells.

A final example of genetic complexity
associated with endosymbiosis is provided
by the work of Moustafa et al. (2009) who
determined the phylogenetic origins of pro-
teins encoded in the model diatoms
Thalassiosira pseudonana and
Phaeodactylum tricornutum, and found sev-
eral hundred of green algal provenance
shared by SAR and other “chromalveolates”.
These results suggested a cryptic (again,
missing compartment) green algal endosym-
biosis in the chromalveolate ancestor prior to
the capture of the widespread red algal plas-
tid in these taxa. This idea was tested and
found wanting by some (e.g., Deschamps
and Moreira 2012) but more recent work
using a richer collection of genomes, with a
focus on plastid proteomes (Dorrell et al.
2017), provided strong support for the origi-
nal Moustafa et al. (2009) hypothesis.
Therefore, accurately inferring algal rela-
tionships with the ETOL is not a trivial prob-
lem. Beyond testing Archaeplastida
monophyly, the chromalveolate taxa have
likely undergone serial plastid endosymbio-
ses (e.g., Stiller et al. 2014) and sporadic
HGTs over their >1 billion evolutionary his-
tory that will invariably muddy the waters
(i.e., due to reticulate gene histories) when
inferring phylogenetic relationships. Even in
instances where Archaeplastida are found to
be monophyletic, which is often the case in
multigene trees (e.g., Rodriguez-Ezpeleta
et al. 2005; Parfrey et al. 2011; Burki et al.
2016), and more robustly when using bio-

D. Bhattacharya and D. C. Price

chemical and metabolic pathway data (the
MATH; Price et al. 2012), the spread of red
and green genes in chromalveolates due to
EGT and HGT will pull the Archaeplastida
apart when included in multi-gene phyloge-
nies. The issue of ancient algal gene transfer
complicating ETOL inference was succinctly
described by Hackett et al. (2007) when they
first provided evidence of SAR monophyly,
and has hounded reconstruction of the algal
tree of life ever since.

lll. Examples of Reticulate Behavior
Among Algal Genes

In spite of the issues described above, many
nodes in the broader ETOL have been solved,
or at least well-supported using a “designer
set”of 187 (Cavalier-Smith et al. 2015, 2016)
to over 200 concatenated genes that have
been manually checked to circumvent EGT/
HGT and paralogy artifacts (e.g., 263 genes
by Irwin et al. 2018; 248 genes by Strassert
et al. 2019). Many of these studies have con-
solidated algal (and related non-photosyn-
thetic [e.g., Ancoracysta twista]) groups
(SAR; Burki et al. 2016; Janouskovec et al.
2017), and in others, brought them into ques-
tion (Archaeplastida; Strassert et al. 2019).
Of particular focus in these analyses are the
cryptophytes and haptophytes that have been
reported in several different positions in
trees. Haptophytes were once identified as
members of the novel clade ‘Hacrobia’
(Okamoto et al. 2009) that includes crypto-
phytes and other lineages such as telonemids
and centrohelids (Burki et al. 2009), kat-
ablepharids and perhaps picobiliphytes
(Okamoto et al. 2009; Yoon et al. 2011).
However, the interrelationships of Hacrobia
were unresolved (Okamoto et al. 2009), and
later phylogenomic analyses refuted
Hacrobia monophyly, placing haptophytes as
sister to the SAR group (Baurain et al. 2010;
Burki et al. 2012) together with telonemids
and centrohelids (Burki et al. 2012) or in a
later permutation as sister to centrohelids as
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part of the ‘Haptista’ (Burki et al. 2016). The
most recent work supports Archaeplastida
paraphyly with cryptophytes sister to red
algae (Adl et al. 2018), telonemids sister to
SAR (the so-called “TSAR” lineage), and
haptophytes sister to the Archaeplastida +
Cryptophyta clade (Strassert et al. 2019).
Based on these results, we can reasonably
conclude that the phylogenetic position of
SAR is likely to be well-established, yet
despite a mountain of biochemical data,
Archaeplastida monophyly is surprisingly
ambiguous and the position of haptophytes
(vis-a-vis cryptophytes and other protist lin-
eages) within the ETOL remains unclear.
These issues need to be resolved with the use
of significantly more genome data from these
taxa and perhaps novel approaches to the
ETOL problem. Another obvious question to
ask is whether, despite manual checking of
designer gene sets, do these alignments con-
tain sufficient phylogenetic power to resolve
>1.6 billion-year-old divergences or alterna-
tively, contain hidden signal of algal EGT/
HGT (Hackett et al. 2007) that makes the
resulting trees unstable?

The latter issue is real and can be shown
using the “problematic” cryptophytes as an
example of how single nuclear genes in algal
genomes may contain highly complex phylo-
genetic signals. Figures 2.2 and 2.3 show
maximum likelihood IQ-TREE analyses
(Nguyen et al. 2015) with ultrafast bootstrap
(UFB) approximations at nodes (2000 repli-
cates; Minh et al. 2013) of 5 different genes
encoded by cryptophytes and other ETOL
lineages. The specific methods used to gen-
erate these alignments and trees are described
in Price and Bhattacharya (2017) and incor-
porate the extensive MMETSP transcrip-
tome data (Keeling et al. 2014) to expand
taxonomic sampling, specifically among
chromalveolates. Figure 2.2a presents the
tree of a conserved 26S proteasome regula-
tory complex subunit that is involved in pro-
tein degradation. This analysis provides
moderate support for the Hacrobia clade
(UFB 78%) and most ETOL phyla are well

supported in this robust phylogeny.
Incidentally, a tree built using 88 concate-
nated plastid proteins also recovered
Hacrobia monophyly with high RAxML
bootstrap support (100%; Kim et al. 2017).
In contrast, Fig. 2.2b shows the tree of a con-
served SURF1 protein that is putatively
involved in the biogenesis of cytochrome c
oxidase and provides a very different view of
cryptophyte evolution. In this tree, crypto-
phytes are weakly affiliated with red algae
(UFB 67%) and haptophytes are sister to
stramenopiles (UFB 77%), with several
taxon misplacements likely due to cross-
contamination in the EST data or mislabel-
ingof MMETSP samples(e.g., Madagascaria
erythrocladiodes). Regardless, the gene
encoding SURF1 might provide an example
of EGT from the red algal plastid endosym-
biont in cryptophytes. In Fig. 2.2¢, we find
yet another phylogenetic scenario, whereby
the U3 small nucleolar ribonucleoprotein
IMP3 involved in 18S rRNA biogenesis
splits the cryptophytes into two clades. One
includes the aplastidial Goniomonas pacifica
and green algae (UFB 77%), whereas the
second photosynthetic clade is grouped with
a red alga (UFB 64%) and other protists.
Similar results are reported in Fig. 2.3a, in
which a tree made from a hypothetical pro-
tein containing a domain of unknown func-
tion (DUF866) suggests cryptophyte
polyphyly, showing the photosynthetic taxon
grouping with red algae (UFB 90%) and
haptophytes strongly affiliated with stra-
menopiles (UFB 97%). The final example
tree (Fig. 2.3b) of a putative D123 protein
involved in the cell division cycle supports
the monophyly of photosynthetic crypto-
phytes and glaucophytes (UFB 82%) and the
affiliation of haptophytes and stramenopiles
(UFB 85%). It should be noted that these
trees represent only a tiny fraction of the
1000s of phylogenies that we have gener-
ated. These examples provide evidence that
single genes may each tell a unique story of
algal evolution that merits attention, yet are
clearly confounded by issues such as insuffi-
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A) DUF866 protein domain

HaplophyLede -Paviova lutheri MMETSP1463 c5096 g1 i1 g16697
Tetraselmis asti MMETSP0804 c27039 g1 i1 960794

5___| Chromerida-Vitrella brassicaformis Vbra 16057.t1-p1

1001 Chromerida-Vitrella brassicaformis2 MMETSP1451 ¢5700 g1 i1 21175

Apicomplexa-Toxoplasma gondii XP 002368327.1

100 [ Stramenopiles-Phytophthora ramorum jgi95033

Stramenopiles-Phytophthora capsici jgi123130

Stramenopiles-Chattonella subsalsa MMETSP0947 c24649 g1 i1 g25573

hia sp. MMETSP0014 c7683 g1 i1 g10035

MMETSP1103 c11556 g1 i1 g14354

MMETSP0964 c5496 g1 i1 g18507

Stramenopiles-Thraustochytrium sp. MMETSP0199 c15244 g1 i1 g21871

jgi138602

Stramenopiles-Aurantiochytrium limacinum MMETSP0961 TR2620-c0 g1 i1 g4272

Rhizaria-Elphidium margaritaceumn MMETSP1385 c25624 g1 i1 44476

Rhizaria-Ammonia sp. MMETSP1384 c1349 g1 i1 g1755

&3 Dinoflagellates

Colpodellidae-Voromonas pontica GDKHO1000784.1 g631 m631
90 Chmm«"/!d’i Chmmrr’i velia2 MMETSP0290 ¢5513 g1 i1 g11951
lss—a i 04313-g1-i2-7527

Centroheliozoa- Acanlhocyshs SpFB2015 ¢19335 g1 i1 g19075
Katablepharidophyta-Roombia truncata JP447397.1 g10119
Cryptophyta-Goniomonas pacifica MMETSP0108 c53989 g1 i1 g103063
Cryptophyta-Goniomonas pacificaz MMETSP0107 c24371 g1 i1 57291
foetus OHT09837.1
Giliophora-Protocruzia adherens MMETSP0216 c3352 1 i1 92970

ica MMETSP0039 c60175 g1 i1 993291

Ciliophora-Blepharisma japonicum MMETSP1395 ¢15225 g1 i1 g11919

100

Jakobid: Contig1850 g4052
ina MMETSP0161 c30263 g1 i1 g33449

© ‘|_|9_
Amoebozoa Mayanel!a sp. MMETSP041 7 09130 g1 i1g923912

P evm model contig 2082 6
7i MMETSP1172 ¢452 g1 i1 g726
Rhadophyta Erythrolobus australicus MMETSP1353 3150 g1 i1 910283
icacf MMETSPO047 c37039 g1 i1 g68183
Rruzana Gymnochlora sp. MMETSPO110 c8649 g1 i1 g11957
Rhizaria-Bigelowiella natans2 MMETSP1358 c19504 g1 i1 g26607
Rhizaria-Chiorarachnion reptans MMETSP0109 c25721 g1 i1 50613
Amoebozoa-Vannella robusta MMETSPO166 ¢1235 g1 i1 g1664
Heterolobosa-Nasgleria gruberi XP 002671761.1
leria fowleri MRNAT
Kirbyi GECH01000412.1 g555 m555
Ciliophora-Favella ehrenbergii MMETSP0123 ¢32717 g1 i1 g24210
MMETSP1450 c42718 g1 i1 g78532
Opi i XP 004342940.1
92 Opi like sp. MMETSPO106 c28792 g1 i1 g63485
L V/r/drplamae Nephroseimis pyrformis MMETSP0034 610992 g2 1 g40868
hansenii MMETSP0234 ¢5290 g1 i1 g5568

B) Putative D123 protein

Perkinsea-Perkinsus marinus XP 002782191.1 Di i intestinalis XP 001705403.1
86 pacifica MMETSP0785 c3419 g1 i1 g7780 coeruleus MMETSPO312 c2470 g1 i1 g4976
falciparum XP 001350224.1 P evm model contig 3624 6
1558411 spp. Ce 20365 9 Ti ides MMETSP1172 ¢2296 g1 i1 g3859

MMETSP1353 c2823 g1 i1 g9577
Rhizaria-Bigelowiclla natans MMETSP1052 c26539 g1 i1 g34608

Rhizaria-Gymnochlora sp. MMETSPO110 c4615 g1 i1 g8074
Rhizaria-Chiorarachnion reptans MMETSP0109 ¢533 g1 i1 g1220
Perkinsea-Perkinsus marinus XP 002782186.1

Coly Colpodella angustaBE6S GDKJ0102:
hora-Climacostomum virens MMETSP1397
ida-Chromera uﬂ/rn?/‘fMFT PO:
T gondii XP 00236

7572.1 g23578 m23578

9.2
foetus OHS98509.1
vaginalis XP 001304414.1
falciparum XP 002808635.1

Euglena gracilis Gene.78293 GEFR01016481.1 g78293 m78293

A Tl trahens XP 013761390.1

ks

Stramenopiles-MAST4 SCG protein 312 % Ce y P ©23398-g1-i1-g58074
7&|'Esrramenupy/esAureoumb/a lagunensis MMETSP0891 ¢3812 g1 i1 g6734 7 C ineriophrys erir ides c6268-g7-11-912275
olpodella angustaBE6 GDKJ01024880.1 g20886 m20886 C i is sp. c46785-g1-11-g96254

Centroeliozoa- Acanthocystls sp. FB2015 ¢18196 g1 i1 916765
MMETSP0804 c16100 g1 i1 944626

\/mmp/amae -Picacystis safinarum MMETSPOSO7 1119 g1 i1 G7509

DN48530 0 9113 g12491

pacifica2 MMETSPO107 ¢25531 g1 i1 g59069

MMETSP0161 c23195 g1 i1 g26712
MMETSP0964 c6484 g1 i1 g22997
100 jgi47443

Slmmcnop//cs Aurantiochytrium limacinum MMETSP0961 TR1381-c0 g1 i1 g2546

tetraspora GABW01001201.1 1

F

Kirbyi GECH 193791 m3791
Breviatea-Pygsuia biforma GCRY01001160.1-g2283
L Ciliophora-Protocruzia adherens MMETSP0216 c9270 g1 i1 g9636
j is EC726439.1 92195
[ MMETSP0759 ¢1669 g1 i1 g7311
Naegleria gruberi XP 002682350.1

1 T cruzi XP 820892.1 faed!
74 Euglenozoa -Neobodo designis MMETSP1114 c7786 g1 i1 g24987 ta fowler MRNAT p1
o1 £ 142008.1 Glaucophyta-Gloeochaete wittrockiana MMETSP1089 629879 g1 i1 937502
Di fardia intestinalis XP 001707223.1 MMETSP0308 20561 g1 i1 g27791

60

1916676 t1
MMETSP0047 c935 g1 i1 g2566
Crypmphyta -Guillardia theta MMETSP0046 c23224 g1 i1 g81702

paradoxa ti

98

100
Dinoflagellates

100 Stramenopiles-Phytophthora ramorum jgi81314

MMETSP0038 c49984 g1 i1 g130576

Stramenopiles-Phytophthora capsic jgi111679

Stramenopiles-Chattonella subsalsa MMETSP0947 c8072 g1 i1 g11701

MMETSP1103 c16013 g1 i1 g18741
Stramenopiles-Ochromonas sp. MMETSP1177 c4852 g1 i1 g5923

MMETSP0891 ¢12907 g1 i1 g16286
Stramenopiles-i Bo//dcmonas pacifica MMETSPU785 c6666 g1 i1 g12275

Rhizaria MMETSP1385 ¢37455 g1 i1 952752
Stramenopiles-Detonula con/en/a!:ea MMETSP1058 c10898 g1 i1 g23506
Stramenopiles-Cylindrotheca closterium MMETSP0017 18028 g1 i1 g54863

Tt MMETSPO0158 c24050 g1 i1 g29382

¥
80 G/aucophyra-Cyanop(yche glococystis MMETSP1086 ¢10686 g1 i1 913139

.|;_|_— Glaucophyta-Cyanophora paradoxa tig00001215 g7577 t1 80 Ciliopt MMETSP0449 ¢10792 g1 i1 913121

Breviatea-Pygsuia biforma GCRY01002000.1-g3967 Opi i XP 004346854.1

Opisthokonta-Lottia gigantea jgi192905 (— Amosbozoe-Fiamoska rland! MMETSPO413 1761391 1 621204
Opisthokonta-Hydra magnipapillata jgiHma2221726 is jgi67016
Amoebozoa-Filamoeba nolandi MMETSP0413 610001 g1 i1 g15670 o like sp MMETSPO106 ¢27666 g1 i1 960968
70

1 substitutions/site

Oplsmukonta -Lottia gigantea jgi226703
Hydra ilata jgi 80

V lla robusta MMETSPO0166 c3164 g1 i1 g4260

1 substitutions/site

Fig. 2.3. Phylogenies of two proteins implicated in alga-derived EGT or HGT in “chromalveolates”. (a) Phylogeny of a DUF866
protein domain containing sequence, and (b) putative D123 protein, inferred using IQ-TREE. The results of 1000 ultrafast boot-
straps are shown at the branch nodes (when >60%), and the legends for substitution rates on branches are shown. Archaeplastida
are shown in red (Rhodophyta), green (Viridiplantae), and light blue (Glaucophyta) text. SAR members are in brown text,
cryptophytes in purple, haptophytes in orange, and photosynthetic chlororachniophytes in dark green. Dinoflagellates are sum-
marized with the brown triangle. NCBI or MMETSP identifications are shown for each of the sequence entries
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cient phylogenetic signal in single proteins,
incomplete taxon sampling, paralog gains/
losses, contamination, MMETSP taxon mis-
labeling (obvious cases are shown), or a
combination of these factors. Nonetheless,
single genes are the basis of phylogenetic
inference and it is important to recognize
their limitations prior to generating complex
concatenated datasets to infer the ETOL.

IV. From Designer Datasets
to Whole Genomes

Given the uncertainty associated with algal
placements in the ETOL shown in Figs. 2.2
and 2.3 and previous studies, we chose to use
another approach to this problem. Rather
than trying to identify the “best set” of genes
based on parameters such as length, conser-
vation, paralogy, absolute distribution, evi-
dence of EGT or HGT, we built a
bioinformatic pipeline that follows a few
simple rules and is fed predicted proteins
from over a hundred genomic data sets from
which a massive alignment is built, and an
IQ-TREE inferred. The approach is described
in Price and Bhattacharya (2017) and
involves deriving de novo ortholog groups
(OGs) to construct, in the example shown
here, a 3000 OG dataset from 115 publicly
available eukaryote proteomes. In brief, EST
and/or predicted proteome data were
retrieved for the target species and
OrthoFinder (Emms and Kelly 2015) was
used to construct OGs from the total data.
Each group (or putative gene family) was
parsed and we retained those that had low
levels of paralogy (>80% of taxa were sin-
gle-copy). Taxa with multi-copy representa-
tive proteins were removed from these
groups, and the protein sequences corre-
sponding to each individual group were
aligned with MAFFT v. 7.3 (Katoh and
Standley 2013). These alignments (summing
to 2,458,432 aligned amino acids) were used

D. Bhattacharya and D. C. Price

to construct a maximum-likelihood phylog-
eny using IQ-TREE via a partitioned analy-
sis in which each OG alignment represented
a single partition with unlinked models of
evolution chosen by IQ-TREE. Consensus
tree branch support was determined by 2000
rapid bootstraps.

The phylogeny that resulted from this
genome-wide approach is shown in Fig. 2.4.
The position of telonemids (data not yet pub-
licly available) is marked with an arrow
based on Strassert et al. (2019). Several
things relating to algae in the ETOL fall out.
First, most phyla, including non-algal taxa
receive strong UFB support. Archaeplastida
monophyly is well-supported, with red algae
as the earliest divergence. This latter result is
consistent with the work of Lee et al. (2016)
who studied the history of EGT among
Archaeplastida and found 23 shared OGs in
the plastid genomes of glaucophytes and
Viridiplantae that were transferred to the
nucleus from their putative common ances-
tor, versus only four such OGs being com-
mon to all three lineages, and only one shared
OG being common to the Viridiplantae and
rhodophytes. This pattern of intracellular
gene movement supports the “red early”
hypothesis, as depicted in Fig. 2.4. This tree
also supports SAR monophyly and a com-
mon ancestry of cryptophytes, katablepha-
rids, and picozoans with haptophytes sister
to SAR. The broader story depicted in this
genome-based perspective on the ETOL is
that all algal groups and their non-
photosynthetic sisters form a single clade in
the tree (UFB 99%) that is distinct from
opisthokonts, excavates, and their allies. The
presence of plastid-lacking taxa at the base
of cryptophytes suggests that this algal group
may have undergone an independent algal
secondary endosymbioses as suggested by
Figs. 2.2b and 2.3a. This idea merits addi-
tional analysis given that some trees (both
nuclear [Fig. 2.2a] and plastid based) favor
Hacrobia monophyly. It is clear that the gene
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Stramenopiles-Unranked-MAST4 SCG
Stramenopiles-Aplanochytrium sp.
Stramenopiles -Thraustochytrium sp.
Stramenopiles-Schizochytrium aggregatum
Stramenopiles-Aurantiochytrium limacinum
Stramenopiles-Aurantiochytrium limacinum
1—— Stramenopiles-Phytophthora ramorum
—— Stramenopiles-Phytophthora capsici
Stramenopiles-Aureoumbra lagunensis
Stramenopiles-Paraphysomonas bandaiensis
Stramenopiles-Ochromonas sp.
Stramenopiles-Chattonella subsalsa
I Stramenopiles-Bolidomonas pacifica

. Stramenopiles-Detonula confervacea
Stramenopiles-Nitzschia sp.
Tel onemia |_|—|Eramenop/les Cylindrotheca closterium
Stramenopiles-Thalassionema nitzschioides

Dinoflagellates

s9|idouswens

ki Perkinsus marinus
r Colpodellidae-Colpodella angustaSP!
L Colpodellidae-Colpodella angustaBE
Colpodellidae-Voromonas pontica
| Chromerlda Vitrella brassicaformis
1 Chromerida-Vitrella brassicaformis
r Chromerida- Chromera velia
Chromerida-Chromera velia
Apicomplexa-Toxoplasma gondii
Apicomplexa-Plasmodium falciparum
Ciliophora-Favella taraikaensis
Ciliophora-Condylostoma magnum
Ciliophora-Blepharisma japonicum
Ciliophora-Fabrea salina
Ciliophora-Climacostomum virens

9pe|d YvSL

BJR|OOA|Y

1 Rhizaria-Reticulomyxa filosa
—I—: Rhizaria-Elphidium margaritaceum
Rhizaria-Ammonia sp. . .
Rhizaria-Gymnochlora sp. Rhizaria
Rhizaria -Bigelowiella natans
Rhizaria -B:gelow:el/a natans
Rhizaria-Chlo jon reptans
|
Haptophyta
99
Rhodophyta-Rhodosorus marinus

Rhodophyta-Madagascaria erythrocladiodes >
Rhodophyta-Compsopogon coeruleus =S
Rhodophyta-Porphyridium purpureum (2]
Rhodophyta-Timspurckia oligopyrenoides =
91 Rhodophyta-Erythrolobus australicus D
Viridiplantae-Pycnococcus s, (1]
Viridiplantae-Tetrasélmis astigma ica T
Viridiplantae-Dunaliella tertiolecta E
Viridiplantae-Picocystis salinarum 7]
Viridip phroselmis pyriformis [=+
Glaucophyta-Gloeochaete wittrockiana o
'—l Glaucophyta-Gloeochaete witrockiana Q

Glaucophyta-Cyanoptyche gloeocystis

- Glaucophyta-Cyanophora paradoxa

Picozoa-MS58411- picozoans
phyta-Roombia truncat a- katablepharids
1 Cryptophyta-Goniomonas pacifica
L Cryptophyta-Goniomonas pacifica C t h ¢
Cryptophyta-Chroomonas mesostigmatica 0 a
Cryptophyta-Guillardia theta ryptophy
Cryptophyta Cryptomonas paramecium
owczarzaki
Oplstholzonta -Acanthoeca-like sp.
ttia

Oplsthokon!a-Batrachachylnum dendrobatidis
-Debaryomyces hansenii

I 98 Brevi Dygsullz:w biforma
Breviat monas
67 Breviatea-Breviata "
A -Neoparamoeba aestuarina

1~ Amoebozoa-Stygamoeba regulata
= Amoebozoa-Mayorella sp.
a-Filar nolandi

1as californiana |

A -Nu longa

1as sp
- Tl trahens
-Choanocystis sp.
'ys erinaceoides
Centroheliozoa- Acanthocystls sp. FB2015
91 Centr iophrys heterophryoidea

1a;
Andal

Jakc
Heterolobosea-Pharyngomonas kirbyi
Heterolobosea-Percolomonas cosmopolitus
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Fig. 2.4. Phylogeny built using IQ-TREE showing the positions of different algal groups in the ETOL. This
tree was constructed using a partitioned 3000 OG dataset from 115 publicly available eukaryote proteomes. All
nodes have 100% bootstrap support unless shown otherwise. Major algal groups are identified in the image. The
putative position of telonemids is based on Strassert et al. (2019)
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inventory of cryptophytes is highly chimeric
in origin with Goniomonas species perhaps
having the most complex pattern of algal
EGT/HGT. This complexity notwithstand-
ing, our current best estimate in this regard is
that haptophytes are sister to SAR and
telonemids.

To understand how this massive, genome-
wide analysis compares to a tree inferred
from a designer set of our making, we lim-
ited our dataset to OGs comprising the
highly conserved odb9 (65 species; 303
OGs; 491,224 aligned amino acids) ortho-
log set implemented in BUSCO Eukaryota
(Simao et al. 2015). The tree generated from
this alignment is shown in Fig. 2.5. The
topology is similar to Fig. 2.4, but appears
to be more highly impacted by long-branch
artifacts due to the high divergence rates
among some excavates and ciliates, making
these sister taxato alveolates. Archaeplastida
are again monophyletic but with glauco-
phytes as the earliest divergence in this
clade. Hacrobia are paraphyletic with some
plastid-lacking taxa being sister to hapto-
phytes. In general, this tree receives 100%
UFB support for most branches (as in
Fig. 2.4) but appears to be more sensitive to
divergence rate variation. This particular
issue is not readily apparent in the genome-
based tree.

V. Conclusions

Inferring algal phylogenetic relationships
within the ETOL and generating a stable
taxonomy is a vital but challenging frontier
in photosynthesis research and more
broadly in evolutionary biology. Once con-
sidered to be only a matter of time until all
nodes are unequivocally established, the
ETOL has only remained a significant prob-
lem for the fields of phylogenetics and
genomics. This is because additional data
have uncovered ever more complex behav-
ior such as mixtures of photosynthetic and

D. Bhattacharya and D. C. Price

non-photosynthetic taxa suggesting mas-
sive plastid losses or multiple plastid gains
that need to be accounted for before a “sim-
ple” framework of vertical evolution could
be espoused. It is however clear that most
algae are now securely placed within mono-
phyletic groups and higher phyla such as
Archaeplastida and SAR are well-
established. Other orphan taxa such as
cryptophytes and haptophytes continue to
be difficult to place with confidence in the
ETOL because of their history of endosym-
bioses and HGTs. This suggests that signifi-
cantly more genomic data are needed to
elucidate these processes and more robustly
comprehend how photosynthetic ability and
nuclear genomes have intersected over
>1 billion years of eukaryotic history. From
our perspective, the ETOL is best inferred
using genome  wide  bioinformatic
approaches that do not rely heavily on
human intervention. Given the inherent
biases associated with the field of phyloge-
netics, we surmise that allowing genomes to
educate us is the more plausible approach to
ETOL reconstruction and understanding
how algae have evolved. Finally, a study
was published after the submission of this
manuscript that identified nonphotosyn-
thetic, phagotrophic Rhodelphis species as
sister organisms to the Rhodophyta within
Archaeplastida (Gawryluk et al. 2019).
These findings suggest that both photot-
rophy and predation were key components
of the evolutionary history of this lineage.
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