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Chapter 1



Introduction



Origin of life

The emergence of life is undoubtedly one of the most important events in the history of earth
since its origin around 4 billion years ago. Since then, there has been a substantial diversity in the
evolution of life ranging from simple unicellular forms to the complex multicellular organisms
that are either extinct or extant. Unicellular prokaryotes are the most primitive organisms on
earth, and formed the basis for evolution of life and subsequently the more advanced form
of life, the eukaryotes. In the last few decades, Archaea were found to be the closely related to
eukaryotes (Woese and Fox, 1977; Fig. 1). Based on the current molecular phylogenetics data,
the superphylum Asgard archaea is identified as the sister group to eukaryotes, being more closely
related to eukaryotes than to bacteria (Woese et al., 1990). Hence, the Last Eukaryote Common
Ancestor (LECA), that evolved around ~1-1.9 billion years ago, is presumed to contain the
features of both bacterial and archaeal origin (Eme et al., 2014).

LECA is the most primitive eukaryote, and has been inferred to have a nucleus
containing linear chromosomes, as well as elaborate gene expression and protein regulation
systems. It is concluded to have obtained mitochondria from the endosymbiosis of free-living
alphaproteobacteria (Gray, 2012; Koumandou et al., 2013). LECA gave rise to a diverse set of
both unicellular and multicellular eukaryotes, that are divided into five kingdoms: Protozoa,
Chromista, Plantae (Archaeplastida), Fungi and Animalia (Metazoa; Fig.1; Adl et al., 2012;
Ruggiero et al., 2015). Even though the kingdom-based classification of eukaryotes is widely
accepted, studies based on molecular phylogenetics have identified more genera in the recent
years. This has led to new division into six or seven supergroups (Adl et al., 2019; Burki et al.,
2019; Keeling et al., 2005; Simpson and Roger, 2004). The kingdom Chromista is now divided
into three supergroups: TSAR, Haptista and Cryptista. Amoebozoa along with Fungi and
Animalia are placed in the supergroup Amorphea, whereas other Protozoans are spread across
the supergroups CRuMs and Excavata. The kingdom Plantae or Archaeplastida is considered as
a supergroup in itself (Burki et al., 2019).

Evolution of plants

Archaeplastida presumably originated more than a billion years ago with the acquisition of a
plastid or chloroplast through the endosymbiosis of Cyanobacteria (Delwiche et al., 1995). The
monophyletic Archaeplastida is comprised of three main groups of organisms: Rhodophyta
(red algae), Glaucophyta and Viridiplantae (green algae and land plants; Fig. 2; Kenrick and
Crane, 1997). In nature, glaucophytes are not as diverse and species-rich as red algae or the
land plants (Delaux et al., 2012a). Viridiplantae are significantly important in the biosphere as
they contain chlorophyll, a photosynthetic pigment that is needed for harnessing the energy in
light, which ultimately leads to starch synthesis in chloroplasts. Green algae are further divided
into chlorophytes and charophytes. Chlorophytes are mostly marine unicellular organisms, with
independent and multiple origins of multicellularity identified in various clades (Delaux et al.,

2012a; Marin, 2012). Conversely, the majority of the charophytes are freshwater organisms
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and some species live even in the subaerial or subterrestrial environments (Cheng et al., 2019).
Charophytes are divided into Mesostigmatophyceae, Klebsormidiophyceae, Charophyceae and
Zygnematophyceae, among other classes. Recently sequenced genomes of these classes revealed
that many gene families that were previously thought to be limited to land plants were in fact also
found in charophytes (Cheng et al., 2019; Hori et al., 2014; Liang et al., 2019; Nishiyama et al.,
2018). Interestingly, recent molecular phylogenetic studies placed Zygnematophyceae as the sister
clade to the land plants. These algae are adapted to subaerial or subterrestrial environment despite
their simple morphology, when compared to Charophyceae (Cheng et al., 2019; Nishiyama et
al., 2018; One Thousand Plant Transcriptomes Initiative, 2019; Timme and Delwiche, 2010).
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Figure 1: Simple schematic showing major forms of life on earth. Prokaryotes (bacteria and archaea)
are indicated in orange and eukaryotes are indicated in blue. Asgard archaea is the closest superphylum
identified so far as a sister clade to the Last Eukaryote Common Ancestor (LECA). LECA has acquired
mitochondria by the endosymbiosis of an alphaproteobacterium. Chloroplast in the kingdom Plantae is
obtained by the endosymbiosis of a cyanobacterium in the common ancestor of Archaeplastida. Various
well studied (super)phyla from each eukaryotic kingdom are indicated on the right with corresponding
dotted lines. bya, billion years ago.

Along with the transition from aquatic-to-terrestrial habitats, plants underwent both
morphological and physiological transformations, with specialized mechanisms to control water
loss and gas exchange (i.e., cuticle and stomata), structures for extracting moisture below the soil
surface (i.e., roots) and tolerance to desiccation (Delaux et al., 2012a; Graham, 1993). Another
key transformation is the shift from haploid-dominant life cycle in green algae to diploid-
dominant life cycle in land plants (Haig, 2010). Bryophytes are the early diverged land plants,
with hornworts as its basal lineage, being sister clade to mosses and liverworts (Fig. 2; Puttick
et al., 2018; Wickett et al., 2014). Bryophytes do not contain either vascular tissues (xylem
and phloem) or true roots. Instead they contain root hair-like structures called rhizoids. Early

diverged vascular plants are the lycophytes, which is a sister group for euphyllophytes (ferns

11



and seed plants; Fig. 2). Vascular plants are characterized by the development of well-defined
conducting vascular tissues. With the origin of vascular plants, the species have witnessed the
expansion of various gene families, which further expanded in the later diverged seed plants
or gymnosperms (One Thousand Plant Transcriptomes Initiative, 2019). Later in evolution,
flowering plants (angiosperms) has become by far the most species-rich and highly diverged land
plant group with nearly 370,000 species (Lughadha et al., 2016). Despite their highly complex
biochemical, morphological and physiological innovations, there seems to be a restriction to the
number of gene families, which can be attributed to a process of gene co-option, where the new
processes are controlled by already existing genes in the seed plant ancestors (Amborella Genome

Project, 2013; One Thousand Plant Transcriptomes Initiative, 2019).
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Figure 2: Evolution of Archaeplastida. Glaucophytes are basal to all green algae and land plants (Viridiplan-
tae). Bryophytes are the early diverged land plants, that further evolved into vascular plants (Tracheophytes)
and seed plants (Spermatophytes). Various commonly used grouping conventions are indicated in the top
with half-rectangles. Black circles indicate the key evolutionary points with time rounded-off time estimates
from Morris et al., 2018. mya, million years ago.

Phytohormones

Plant hormones such as auxin, cytokinin (CK), ethylene, jasmonic acid (JA), gibberellic acid
(GA), abscisic acid (ABA) and strigolactones (SL) are crucial for plant growth at all developmental
stages. Many aspects of phytohormone synthesis, signalling, transport and metabolism have been
relatively well established (reviewed in Santner and Estelle, 2009). JA protects plants against
wounding, herbivores and some pathogens, whereas CKs influence cell division, chloroplast
development, leaf senescence, and root or shoot branching (Davies, 2010). Auxin plays a central

role in plant growth and development by affecting cell expansion, division and differentiation.
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Several plant hormone pathways that were previously thought to be specific to land plants,
were later found even in charophyte algae (Hori et al., 2014; Nishiyama et al., 2018). Auxin-
dependent responses and transport were observed in Klebsormidium nitens (Ohtaka et al., 2017;
Skokan et al., 2019), indicating the existence of auxin transport in ancestors of charophytes. SL
modulate seed germination and photomorphogenesis and also inhibit root and shoot branching
in angiosperms, whereas it stimulates the elongation of rhizoids in charophytes, liverworts and
mosses (Delaux et al., 2012b; Proust et al., 2011).

Ethylene regulates both development and defence processes of plants in response to
(a)biotic stress. Ethylene biosynthesis and responses were observed to be deeply conserved even
in charophytes, analogous to angiosperms (Ju et al., 2015). ABA plays an important role in
response to environmental stresses, especially drought. Recent studies showed that, despite the
presence of homologs in charophytes for ABA regulation, hormonal control is attained by the co-
option of pre-existing response components in vascular plants (Sun et al., 2019). In a similar way,
despite the presence of some components of the GA pathway in basal land plants, a complete
GA pathway is limited to the vascular plants (Herndndez-Garcia et al., 2019; Hirano et al.,
2007). Hence, there is a clear step-wise evolution of various hormone signaling components in
different pathways at multiple stages of Viridiplantae evolution. However, the majority of these
studies are limited to one or few genes within a pathway, and inferences are generally based on
only few species. Thus, models for plant hormone response evolution may not represent the
entire hormone synthesis and regulation across all phyla in land plants. Hence, we need a deeper
understanding of pathway evolution (both synthesis and signaling), along with the detailed
divergence of each ortholog that we see today in extant land plant phyla.

Auxin: Synthesis to signalling

Auxin is a key phytohormone that regulates various aspects of plant growth and development.
Indole-3-acetic acid (IAA) is a naturally synthesized auxin in plants. Among the various possible
routes of TAA synthesis proposed so far (Brumos et al.,, 2014; Zhao, 2014), the two-step
conversion of Tryptophan (Trp) to IAA through Indole-3-pyruvic acid (IPA) is the most studied
and most well-established route of biosynthesis (Fig. 3; Zhao, 2012). The key enzymes involved
in this conversion are TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA)
aminotransferases and the YUCCA (YUC) family of flavin-containing monooxygenases. TAA
converts Trp to IPA, which is then converted to IAA by YUC proteins (Fig. 3; Zhao, 2012). While
alternative routes for auxin biosynthesis have been reported — involving CYP79B2/CYP79B3
(Zhao, 2002), aldehyde oxidase (Seo et al., 1998), and IPA decarboxylase (Vande Broek et al.,
1999) — it is important to note that the TAA/YUC pathway appears to be the major one. Genetic
analysis of mutants in TAA and the related TAA-RELATED 1 and TAA-RELATED 2 (TAR1 and
TAR?2) genes cause strong growth and developmental defects (Stepanova et al., 2008). Likewise,
higher-order mutants that knock out several members of the YUC family cause similar, severe

developmental defects (Cheng et al., 2006, 2007). No such strong phenotypes were reported in
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mutants in alternative auxin synthesis pathways (Mashiguchi et al., 2011; Normanly et al., 1997;
Zhao, 2002), which suggests that the TAA/YUC pathway provides a critical, if not the major

source of auxin during normal development.
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Figure 3: Simplified overview of the auxin pathway in plants. Proteins indicated in green ovals (PIN,
ABCB and AUX]1) represent the auxin transporters, orange ovals (TAA and YUC) are the biosynthesis
genes, blue ovals (GH3 and DAO1) are the auxin metabolic families, NAP components localized in the nu-
cleus (ARF, Aux/IAA and TIR1/AFB) are indicated in grey and non-genomic pathway component (ABP1)
in red, localized in the endoplasmic reticulum (ER). PIN: PIN-FORMED; PILS: PIN-LIKES; ABCB:
ATP-BINDING CASSETTE SUBFAMILY B; AUX1: AUXIN RESISTANT 1; TAA: TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS; YUC: YUCCA; GH3: GRETCHEN HAGEN 3; DAO1:
DIOXYGENASE FOR AUXIN OXIDATION 1; ARF: AUXIN RESPONSE FACTOR; Aux/IAA: AUX-
IN/INDOLE-3-ACETIC ACID; TIR1/AFB: TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIG-
NALLING F-BOX.

It has been recognized long ago that auxin can be transported from its site of application
or synthesis (Goldsmith, 1977; Rubery and Sheldrake, 1974). Decades of physiological,
biochemical and genetic research has identified a well-supported model for directional auxin
transport. Various membrane proteins have been shown or suggested to transport auxin, or to
facilitate its transport across membranes (Bennett et al., 1996; Chen et al., 2001; Galweiler
et al., 1998; Jahrmann et al., 2005). Among these proteins, PIN-FORMED (PIN) proteins
have been studied in most detail. The first PIN protein was identified through genetic analysis
of the pinl mutant (Okada et al., 1991), a classical auxin transport mutant that lacks flowers,
in Arabidopsis. The PIN1 gene was found to encode a protein with multiple transmembrane
helices, superficially similar to bacterial membrane-resident transporter proteins. The most
striking finding was that PIN1 protein was polarly localized in the membrane, facing in the

direction of polar auxin transport (Galweiler et al., 1998). Later, other members of the PIN
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family in Arabidopsis were shown to polarly localize and act in embryogenesis, (lateral) root
formation, tropisms and patterning (Benkov4 et al., 2003; Blilou et al., 2005; Friml et al., 2002;
Weijers et al., 2005). While direct transporter activity has not been formally shown, it is clear
that PIN proteins facilitate selective auxin transport. PIN proteins are functionally conserved
in various organisms, including charophytes (Benkovi et al., 2003; Friml et al., 2002; Skokan
et al., 2019; Viaene et al., 2013). Later, another auxin transport facilitator family homologous
to PIN proteins, PIN-LIKES (PILS), was identified to be localized in the endoplasmic
reticulum (ER) and regulates intracellular auxin homeostasis in plants (Barbez et al., 2012).
Another family of efflux transporters are the ATP-BINDING CASSETTE SUBFAMILY B/
MULTIDRUG RESISTANCE/PHOSPHOGLYCOPROTEIN (ABCB/MDR/PGP) protein
family (Noh et al., 2001; Verrier et al., 2008). Similar to PIN proteins, ABCB family orthologs
are also involved in root elongation, lateral root formation, gravitropism and embryogenesis
(Mravec et al., 2008). However, these transporters appear to serve an accessory role, and their
localization is not polarized. Conversely, another family of auxin transporters were identified
that belong to the AUXIN RESISTANT 1/LIKE AUX1 (AUX1/LAX) family of transmembrane
proteins. These are proton gradient-driven influx transporters, and are involved in promoting
lateral root emergence (Bennett et al., 1996; Swarup and Péret, 2012) as well as in various other
developmental processes, including embryogenesis (Robert et al., 2015; Ugartechea-Chirino et
al., 2010).

While the transport of auxin is mediated by the influx and efflux carriers, the direction
and kinetics of transport is actively regulated during plant development. An important aspect of
transport regulation is the abundance of transporters on the plasma membrane, a process that is
actively controlled by regulated endocytosis and exocytosis of vesicles containing the transporter
proteins (Zdrsky et al., 2009). Various proteins have been identified that control either the
activity of the PIN proteins (e.g. protein kinases; Christensen et al., 2000), or their abundance at
the plasma membrane (Luschnig and Vert, 2014).

Apart from transport, another mechanism to maintain cellular auxin levels or
homeostasis is oxidation or conjugation (Ljung, 2013). IAA is irreversibly converted to Oxindole-
3-acetic acid (oxIAA) by the DIOXYGENASE FOR AUXIN OXIDATION 1 (DAO1) enzyme
(Fig. 3). Mutants in this enzyme showed increased lateral root density, among other morpho-
physiological changes (Zhang et al., 2016). Furthermore, conjugation of IAA to amino acids
represents a reversible inactivation process, hence considered as a storage mechanism (Ludwig-
Miiller, 2011; Zhang et al., 2017). IAA is converted to amide conjugates such as Indole-3-acetyl-
aspartic acid (IAAsp) and Indole-3-acetyl-glutamic acid (IAGlu) by a family of GRETCHEN
HAGEN 3 (GH3) amide synthases (Staswick et al. 2005; Fig. 3). Interestingly, some GH3
paralogs also have preference not only for auxin, but also for other hormones such as jasmonate
and salicylic acid (Nobuta et al., 2007; Okrent et al., 2009; Staswick et al., 2002).

Plants respond in various ways to treatment with auxin. Notably, auxin treatment

inhibits root and shoot growth in Arabidopsis seedlings, and this phenotype has been an
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important starting point for genetic analysis of auxin response (Abel et al., 1995). Through
isolating auxin-resistant mutants, the core of a nuclear response system was identified: the
Nuclear Auxin Pathway (NAP). The key components in this pathway are the auxin receptors
TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALLING F-BOX (TIR1/AFB)
proteins (Dharmasiri et al., 2005a). IAA binds to these F-box proteins and acts as molecular
glue in forming a co-receptor complex with AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA)
transcriptional repressor proteins (Dharmasiri et al., 2005b). At low auxin concentrations, Aux/
IAA proteins bind to and inhibit AUXIN RESPONSE FACTORS (ARF), the transcription
factors that regulate auxin response genes (Tiwari et al., 2003, 2004). At high IAA concentrations,
the Aux/IAA proteins are subjected to ubiquitin-dependent proteasomal degradation, releasing
AREF proteins for downstream gene regulation (Calderon-Villalobos et al., 2010). Hence, ARF
proteins in NAP regulate thousands of downstream targets and control a plethora of processes
in plant growth and development (reviewed in Weijers and Wagner, 2016). Importantly, genetic
analysis suggests that this pathway is key to auxin-dependent development: higher-order
mutations in multiple TIR1/AFB family members cause phenotypes that are very similar to those

found in auxin-deficient taa/tar or yuc mutants (Dharmasiri et al., 2005a; Parry et al., 2009).

An alternate, proteasome-independent and non-genomic auxin response pathway has
emerged where another protein, AUXIN BINDING PROTEIN 1 (ABP1; Woo, 2002) was
identified to bind auxin. This protein was suggested to play an important role in cell division and
cell elongation (Sauer and Kleine-Vehn, 2011), presumably in part by controlling endocytosis of
PIN proteins (Robert et al., 2010). However, more recent analysis of CRISPR/Cas-induced loss
of function mutants in Arabidopsis ABP1 suggest that ABP1 is not required for auxin signaling
or Arabidopsis development, making its role in auxin responses and plant growth still uncertain
(Gao et al., 2015; Paponov et al., 2019). Recent studies have indicated that there could be
even quick non-transcriptional auxin response mechanism through TIR1 dependent signaling
(Fendrych et al., 2018) or an alternate TRANSMEMBRANE KINASE 1 (TMKI1) dependent
non-canonical auxin response (Cao et al., 2019). However, it is still unclear if there are any other

auxin receptors that sense auxin or translate auxin signals quicker than TIR1/AFB or ABP1.

Auxin dependent responses — Underlying similarities

Auxin is important for morphogenesis and establishment of tissues in angiosperms, which have
high genetic redundancy when compared to more early diverged species, such as those in the
bryophytes. Recent studies in the model moss Physcomitrella patens revealed that components
and functionality of the NAP are conserved with role in Arabidopsis. By studying mutants and
knock-outs of Aux/IAA genes, it was shown that Aux/IAA’s in Physcomitrella act in a degradation-
and ARF-dependent pathway to control development (Lavy et al., 2016; Prigge et al., 2010). In
Marchantia polymorpha, a model liverwort, transgenic plants expressing a non-degradable Aux/
IAA mutants showed auxin-insensitive phenotype (Kato et al., 2015). These studies indicate

that bryophytes and angiosperms share a common auxin perception system. ARFs are classified

16



Introduction

into three classes A, B and C, where the class-A and class-B function as transcriptional activators
and repressors, respectively (Ulmasov et al., 1999). Interestingly the respective orthologs of
class-A and class-B ARFs in both M. polymorpha and P patens also showed similar transactivation
patterns (Kato et al., 2015; Lavy et al., 2016). Moreover, canonical auxin biosynthesis and PIN-
dependent auxin transport are also needed for development of these two species (Bennett et
al., 2014; Eklund et al., 2015; Viaene et al., 2013). This indicates that three major aspects of
auxin biology - biosynthesis, transport and signalling - are all conserved between bryophytes
and angiosperms. Recently published charophyte genomes of Klebsormidium nitens and Chara
braunii, indicated that not all the components of auxin pathway are encoded in these genomes
(Hori et al., 2014; Nishiyama et al., 2018).

In Arabidopsis, on the exogenous application of auxin, many mutants of the NAP
genes show defects in cell expansion and tropic responses, where similar effects were observed in
Marchantia (Flores-Sandoval et al., 2015, 2018; Kato et al., 2015). It was also shown that the
NAP is critical for axis formation during embryogenesis in Arabidopsis (Hardtke and Berleth,
1998; Weijers et al., 2006). Likewise, gemmae development in Marchantia depends on normal
ARF activity: a mutation in the class-A ARF1 in Marchantia leads to characteristic division
defects in young vegetative propagules (gemmae; Kato et al., 2015). Mutations in the Arabidopsis
ARF5/MONOPTEROS (MP; class-A ARF) cause at least superficially similar defects in cell
division in the young embryo (Hardtke and Berleth, 1998). An interesting question therefore
is whether common mechanisms control auxin-dependent cell division patterns in these two
systems (reviewed in Kato et al., 2018). In Arabidopsis, class I1 RSL genes that are important
for root hair development, are conserved in M. polymorpha and shown to be involved in rhizoid
formation (Menand et al., 2007; Proust et al., 2016). However, whether they are regulated by
auxin in M. polymorpha is still unclear. In M. polymorpha, class-A ARF functions as a positive
regulator of gemmae dormancy, similar to seed dormancy in spermatophytes (Eklund et al.,
2015).

Since we now know that both early and recently diverged land plants, bryophytes
and angiosperms, have conserved auxin-dependent regulatory and developmental patterns, it
is important to understand how the step-wise complexity in each gene family has led to the
step-wise morpho-physiological innovations in the land plants i.e. vasculature in tracheophytes,
seeds in gymnosperms and flowers in angiosperms. It is important to underpin the causality and

correlations of the novel gene copies (orthologs) to novel features in land plant evolution.

Scope of this thesis

Phylogenies enrich our understanding of genes, genomes, pathways, systems and organisms.
They help us understand the patterns and relations between different systems and help us find
the correlations between mechanisms to the relations between organisms. With the growth
of ‘omics’ data and advancement of new tools and technologies in molecular phylogenetics,

these correlations are becoming ever more accurate. Whereas earlier studies were limited by the
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genome sequence data of few model organisms, the advancement of next generation (or high-
throughput) sequencing and transcriptomics has rapidly increased the availability of gene content
of various non-model organisms across all the kingdoms of life. Even though transcriptome
data is inherently limited and not as complete and detailed as genome information, studying
homologs and evolutionary patterns between genes and underlying gene family expansions is
possible. However, there is a possibility that the gene or gene family under investigation is not
expressed in the tissue or the species. In this case, data from multiple tissues and organisms
that belong to the same family or class should help in understanding the ancestral state i.e. the
minimal gene complement of that gene in that particular lineage. However, due to the inherent
limitations of the transcriptome data, species-specific gene duplications and gene losses are not

estimated which can only be obtained from genome information.

In the last decade, plant sciences have seen an enormous increase in molecular
phylogenetics studies, largely due to the availability of more than 1300 transcriptomes from
all the major classes in the kingdom Plantae. By taking advantage of this enormous dataset we
have developed a simple yet effective methodology in Chapter 2 to reconstruct the origin and

evolution of various genes families across Archaeplastida.

We first used the methodology described in Chapter 2 to study the evolution of
auxin biosynthesis gene families TAA and YUC and a major gene family responsible for auxin
homeostasis i.e. the GH3 in Chapter 3. As auxin can elicit both genomic and non-genomic
responses, evolution of one of the widely known non-genomic auxin pathway component,
ABP1, was also studied in detail. Finally, we briefly looked at the evolution of components of
downstream auxin responses in at least two processes i.e. vascular development (TMO5/LHW)
and cell polarity (SOK). The SOK gene family is not functionally annotated, hence we also

performed the motif/domain annotation along with deep evolution across eukaryotes.

In Chapter 4, we focus on the major auxin signalling and genomic response pathway.
We study both the origin and evolution of NAP components, ARE Aux/IAA and TIR1/AFB
in detail. Further, we study the early auxin response capacity of some species in early diverged
lineages (hornworts, liverworts and mosses) and the vascular plants (ferns), by comparing
the auxin treated transcriptome to the untreated plants using RNA-Seq. We also included
two charophyte species in this study. As there are genomes available only for model liverwort
(Marchantia) and moss (Physcomitrella), but not others, we built de novo transcriptomes and
performed differential expression analysis. Further, we studied the core auxin response gene set
that might indicate the common responses of not only the pathways but also the downstream
components. As a surprise, we identified deeply conserved non-canonical components, which we

tested for their role in auxin dependent responses by studying the mutants in Marchantia.

A key module in the function of NAP is the interaction between ARF and Aux/IAA
proteins, mediated by the C-terminal Phox and Bem1 (PB1) domain. As PB1 domain is also
identified in Animals as well as in Fungi, we studied in Chapter 5 if the PB1 domain originated

in LECA. Moreover, we also investigated if there are other gene families in plants that possess a
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PB1 domain. We have also generated amino acid descriptor based Random Forest classification
to differentiate various PB1 domains across land plants. We further studied the correlation of

these descriptors using homology modeling.

Chapter 6 summarizes and discusses the most important findings of this thesis and

provides direction for future research.
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OJO]

hylogenetics is an important area of evolutionary biology that helps to understand the

origin and divergence of genes, genomes and species. Building meaningful phylogenetic

trees is needed for the accurate reconstruction of the past. To achieve a correct phylogenetic
understanding of genes or proteins, reliable and robust methods are needed to construct
meaningful trees. With the rapidly increasing genome and transcriptome sequencing data, there
is a need for efficient and accurate methodologies for ancestral state reconstruction. Currently
available methods are mostly specific for certain gene families, and require substantial adaptation
for their application to other gene families. Hence, a generalized framework is essential to
utilize large transcriptome resources such as OneKP and MMETSP. Here, we have developed
a flexible yet efficient method, based on core strengths such as emphasis on being inclusive in
homolog selection, and defining orthologs based on multi-layered inferences. We illustrate how
specific steps can be modified to fit the needs of any protein family under consideration. We also
demonstrate the success of this protocol by studying and testing the orthologs of multiple gene
families. Taken together, we present a protocol for reconstructing the ancestral states of various

domains and proteins across multiple kingdoms of eukaryotes, using thousands of transcriptomes.
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Introduction

Phylogenetic trees are fundamental to understand the evolution of genes, gene families, species,
phyla and even kingdoms. They help us depict the diversity and also resolve the differences at
various levels. For example, at protein level, they help us identify orthologous groups based
on amino acid differences across various species. Earlier, phylogenetic trees were constructed
based on few gene/protein sequences from a limited number of species. With the ever-growing
sequencing data, as more and more genomes and transcriptomes are becoming accessible, there
is tremendous potential, for e.g. discovery of new lineages, ‘gap-filling’ in phylogenies and hence,

an improved understanding of biology (Burki et al., 2019; Levy and Myers, 2016).

In the last decade, many efforts have been made towards defining transcriptomes of
hundreds (or even thousands) of species due to the popularity of RNA-Seq (Stark et al., 2019).
Transcriptomes provide a quick insight into the (expressed) gene content of a genome. Even
though the individual transcriptomes do not cover the entire gene content of an organism,
combining them from multiple cells, tissues and conditions, may comprise the majority
of the transcribed genes of that species. Hence, it is a relatively straightforward approach to
sequence and assemble a transcriptome without 4 priori knowledge of the genome. The current-
day long-read and single-cell RNA-sequencing technologies make it even easier to build a
complete transcriptome (Wang et al., 2016). Utilizing these technological advances, two large
transcriptome sequencing projects, 1000 plant transcriptomes (OneKP; Carpenter et al., 2019;
Matasci et al., 2014; One Thousand Plant Transcriptomes Initiative, 2019) and Marine Micro
Eukaryote Transcriptome Sequencing Project (MMETSP; Keeling et al., 2014), were developed.
OneKP represents majority of the Archaeplastida, whereas MMETSP covers majority of the SAR
(Stramenopila, Alveolata and Rhizaria) group and other (unidentified) phyla in Chromista.

From their inception, diverse approaches have been developed and applied to these
transcriptomes and estimate the ancestral states of various genes across multiple classes, families
and even phyla (Li et al., 2014; Wickett et al., 2014; Yerramsetty et al., 2016). The majority of
these methods focus on one gene family, and need substantial modifications in methodology
to apply them to other gene families. Moreover, the methods used are neither inclusive nor
robust in terms of multi-layered inferences. The orthologous inferences are based on only one
evidence, either Best Bi-directional Hit (BBH) or protein domains or simple phylogenies based
on few species. To overcome these disadvantages, we developed a unified framework to build
high-resolution phylogenies that utilize the rich OneKP and MMETSP transcriptome resources.
This new method is not only inclusive, but also utilizes multi-layered orthology to interpret

phylogenies with high confidence, leading to the identification of new (sub)classes of orthologs.

Overview of the protocol

The current protocol is developed to reconstruct ancestral states and high-resolution phylogenetic
trees of various gene families using transcriptomes and/or proteomes. Ancestral state represents

the minimal gene complement at each evolutionary node, where species-specific gene duplications
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and (or) losses would have modified the gene complement in individual species. Hence, selecting
the correct, orthologous as well as diverse, sequences is a crucial step in such a deep phylogenetic
tree construction. This protocol is built on three core strengths: (1) Inclusive: Include more
sequences at the start with liberal parameters, and remove sequences as one goes through
various steps in the pipeline, resulting in a high-quality logical sequence set for phylogenetic
tree construction. (2) Multi-layered: Multiple levels of orthology confirmation, i.e. based on the
domain architecture, reciprocal BLAST and the phylogenetic tree. (3) Robust: No limitations
on length of the protein or the number of sequences used in the phylogeny, with suggestions on
alternate analysis packages tested in various steps. Overall, the protocol comprises 14 steps that
are divided into three sections: Homolog identification (Steps 1-5), Ortholog detection (Steps
6-8) and Phylogeny construction (Steps 9-14). All the general parameters and recommendations
for the respective steps are indicated below. Gene family specific parameters are mentioned in the

corresponding chapters (Chapters 3, 4 and 5).
Data and software used

DATA

* OneKP dataset (1000 plant transcriptomes project): Contains 1341 transcriptomes from 1179
species covering all the major classes of land plants, green algae, red algae and glaucophytes
(Carpenter et al., 2019; Matasci et al., 2014; One Thousand Plant Transcriptomes Initiative,
2019);  http://datacommons.cyverse.org/browse/iplant/home/shared/commons_repo/curated/
oneKP_capstone_2019

* MMETSP dataset (Marine Microbial Eukaryote Transcriptome Sequencing Project): Contains
678 transcriptomes from 410 species covering all the major classes of Stramenopila and Alveolata
(SAR group) and many unclassified (unicellular) marine eukaryotes (Keeling et al., 2014);
hteps://gold.jgi.doe.gov/study?id=Gs0128947

SOFTWARE

¢ tblastn and blastp from BLAST+ module v2.9.0 (Camacho et al., 2009) (ftp://ftp.ncbi.nlm.
nih.gov/blast/executables/blast+/LATEST/)

¢ faSomeRecords: Linux binary from UCSC (http://hgdownload.cse.ucsc.edu/admin/exe/linux.
x86_64/)

* TransDecoder v5.5.0 (Haas et al., 2013) (transdecoder.github.io)

* MEME motif discovery v5.1.0 (Bailey et al., 2009) (http://meme-suite.org/)

* ScanProsite web-tool (https://prosite.expasy.org/scanprosite)

* InterProScan v5.38-76.0 (Jones et al., 2014) (https://github.com/ebi-pf-team/interproscan)

* MAFFT v7 (Katoh and Standley, 2013) (https://mafft.cbrc.jp/alignment/software/)

* JalView (Waterhouse et al., 2009) (https://www.jalview.org/)

* ModelFinder (Kalyaanamoorthy et al., 2017) (accessed as in-built module from IQ-TREE)
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* ModelTest-NG (Darriba et al., 2019) (https://github.com/ddarriba/modeltest)

* PartitionFinder v2 (Lanfear et al., 2012) (http://www.robertlanfear.com/partitionfinder/)

* IQ-TREE v1.6.12 (Nguyen et al., 2015) (http://www.igtree.org)

* RAXML v8 (Stamatakis, 2014) (https://cme.h-its.org/exelixis/web/software/raxml/index.html)
* PhyML v3.3 (Guindon et al., 2010) (https://github.com/stephaneguindon/phyml)

* MrBayes v3.2.7 (Ronquist et al., 2012) (https://github.com/NBISweden/MrBayes)

* iTOL v4 (Letunic and Bork, 2019) (https://itol.embl.de)

* Various scripts used for automating certain steps in the protocol are available through GitHub

(hteps://github.com/sumanthmutte/Phylogenomics)

Procedure

Commands used, along with the parameters used in each step of the protocol, with step numbers
corresponding to Figure 1 are given below. Before starting the protocol, we first created a
BLAST database for each transcriptome or proteome. This was carried out only once for each
transcriptome or proteome using the makeblastdb function, where '-in' takes a FASTA file of
the transcriptome, or the proteome and "-dbtype' is the database type with 'nucl' and 'prot’ for

transcriptomes and proteomes, respectively.

$ makeblastdb -dbtype nucl -in transcriptome.fasta
$ makeblastdb -dbtype prot -in proteome.fasta

HOMOLOG IDENTIFICATION

1. To perform a BLAST search to the respective database(s), we created a query protein sequence
file (in FASTA format), with sequences from (relatively) well-annotated genomes and from a
diverse range of species, if present, across multiple kingdoms. A list of various species used along

with a link to the sequence data resource is available in supplementary information.

2. We have used this query sequence file (-query) to perform the BLAST search using zblastn and
blastp modules, against transcriptome and proteome databases (-db), respectively. The E-value
cut-off (-evalue) was less than 0.01 and the output (-out) was saved in a tab-delimited text file
indicated with "-outfmt 6' followed by the columns to be saved in that file. The remainder of the

parameters were kept at default settings.

$ tblastn -query filename.fa -db transcriptome.fasta -out output.blast -evalue 0.01
-outfmt ‘6 gseqid sseqid slen gstart qend sstart send evalue bitscore score length pident nident
positive ppos mismatch gaps frames qcovs qcovhsp sseq’

$ blastp -query filename.fa -db proteome.fasta -out output.blast -evalue 0.01 -outfmt ‘6
gseqid sseqid slen gstart qend sstart send evalue bitscore score length pident nident positive ppos

mismatch gaps frames qcovs qcovhsp sseq’

3. The BLAST output contains all the scoring information about the subject (transcript/protein)

sequence that has a similarity to the corresponding query sequence. To retrieve the subject
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sequence identifiers from the BLAST output, we have used the ‘cut, ‘sorf and ‘unig’ functions
of Linux BASH shell (terminal). ‘cu# takes the BLAST output (output.blast) from the previous
step, and takes the second column (-f2) i.e. subject sequence identifiers and sends/pipes them
() to the ‘sor# function. After sorting, they are passed on to the ‘unig’ function to remove the

duplicates and the output is written to the file (Subjectldentifiers.txt).
$ cut -£2 output.blast | sort | uniq > SubjectIdentifiers.txt

4. We further used these identifiers (Subjectldentifiers.txt) to extract the corresponding transcript
(Selected Transcripts.fasta) or protein sequences (SelectedProteins.fasta) from the respective

transcriptome or proteome by running the ‘fzSomeRecords program.

$ faSomeRecords transcriptome.fasta Subjectldentifiers.txt Selected Transcripts.fasta

$ faSomeRecords proteome.fasta Subjectldentifiers.txt SelectedProteins.fasta

5. Since protein sequences are more informative due to the higher number of site patterns, we
decided to use protein sequences for phylogeny construction. Hence, the protein sequences from
the previous step were directly used for further analysis. Whereas, the transcript sequences were
first translated to protein sequences using the program 7ransDecoder with default settings. In the
situations where the protein sequences resulted in poor bootstrap support on trees, we have also
generated trees with CDS (DNA) sequences, which were also obtained from the TransDecoder
program. In the first step (TransDecoder.LongOrfs), the longest Open Reading Frames (ORFs
of at least 100 amino acids in length) of the transcript are determined. In the second step
(TransDecoder.Predict), the CDS and the corresponding amino acid sequences of these ORFs

were determined.

$ perl TransDecoder.LongOrfs -t Selected Transcripts.fasta
$ perl TransDecoder.Predict -t Selected Transcripts.fasta

ORTHOLOG DETECTION

6. Not all the sequences that have an E-value < 0.01 are true orthologs of a query protein.
Hence, we need additional filters to remove non-orthologs. One such filter is the presence of the
same domains in orthologous proteins. For some well-annotated proteins (e.g. Auxin Response
Factors, Kinases etc.), domain information is readily available in the /nterPro domain database.
Hence, the protein sequences from the previous step (-i SelectedProteins.fasta) were scanned for
the presence of known domains using /nterProScan tool (interproscan.sh), which produces a tab-
delimited (TSV) file as well as HTML/XML files (-f TSV;HTML,XML), with all the domains
identified along with the corresponding InterPro identifiers (-iprlookup) in each protein sequence.
A Python script was developed (InterproscanSummary.py; https://github.com/sumanthmutte/
Phylogenomics) to process this TSV file, in order to extract the final set of protein sequences that
have the domains of interest. We have used this approach for the majority of the proteins studied
in this thesis. nterProScan is a time-consuming step, hence we used pre-annotated data where

available, or reduced the number of databases to scan (using -appl Pfam,CDD setting), in order
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to save time. In some cases, we split the data in smaller batches and ran on multiple processors.

$ interproscan.sh -f TSV;HTML, XML -iprlookup -i SelectedProteins.fasta
$ python InterproscanSummary.py
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Figure 1: Methodology schematic showing various steps of the protocol used for ortholog identification
and phylogenetic tree construction. Circled numbers correspond to the various steps of the protocol as
indicated in the procedure. Programs or software used are indicated next to the arrows in grey. File formats

for text and FASTA are depicted as shown in legend.
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7. Certain proteins (e.g. SOSEKI in Arabidopsis; Yoshida et al., 2019) lack annotated (functional)
domain information. To predict the conserved motifs/domains in those proteins, we have used
the MEME program, with Zero or One Occurrence Per Sequence criteria (-mod zoops) and a
minimum width of 10 (-minw), with a maximum of 10 motifs predicted per set (-nmotifs).
MEME outputs the motifs along with their patterns in HTML/TEXT format. We then used
these motif patterns in ScanProsite web-tool to identify the domains in the protein sequences
that do not have annotated domains. We have applied this approach successfully to annotate the
SOSEKI protein family and identify its orthologs (van Dop et al., 2020; Chapter 3).

$ meme ProteinSeq.fa -o OutputName -protein -mod zoops -nmotifs 10 -minw 10

8. After selecting the protein sequences that have the domains of interest, they were queried back
to the proteomes of the species used in step-1 to confirm the orthologous relationships using best
Bi-directional BLAST Hits (BBH) strategy. Here we have used the option of maximum target
sequences or the number of best hits in the output (-max_target_segs) set to 1, or sometimes
2 when domains are abundant in the genome (for e.g. bHLH), with E-value < 0.01 (-evalue).
This final set of proteins that have hits with the protein under consideration were regarded as
the ‘true’ orthologous proteins for further analysis. Output is recorded in a TSV file, same as in

step-2 (-outfmt 6).

$ blastp -query filename.fa -db ArabidopsisProteome.fasta -out BBhits.blastp -max_
target_seqs 1 -evalue 0.01 -outfmt ‘6 gseqid sseqid slen gstart qend sstart send evalue bitscore

score length pident nident positive ppos mismatch gaps frames qcovs qcovhsp sseq’

PHYLOGENY CONSTRUCTION

9. These ‘true’ sets of orthologs were used for alignment followed by the phylogenetic tree
construction. MAFFT was used to align protein sequences. The E-INS-i (--genafpair) algorithm
was used while aligning proteins with multiple domains separated by poorly conserved sequences
(e.g. ARFs, Aux/IAAs; Chapter 4), whereas G-INS-i (--globalpair) was used while aligning only
domain-specific sequences (e.g. PB1 domain; Chapter 5). An iterative refinement method was
used in both cases, with a maximum of 1000 iterations (--maxiterate 1000), after which the final

alignment is written to a FASTA file (output_file).

$ mafft --genafpair --maxiterate 1000 input_file > output_file
$ mafft --globalpair --maxiterate 1000 input_file > output_file

10. Once the alignments were generated, we used #imAl to remove the sequence positions
(columns) with more than 50%-80% gaps, as they are considered to lack phylogenetic signal.
Hence, for phylogenetic tree construction, we have used only the sequence positions without
spurious gaps. There are various tools specialized for the clean-up of the alignment, such as
GBlocks (Talavera and Castresana, 2007) and Guidance (Sela et al., 2015). However, a simple
gap-based trimming in #rimA/l resulted in (almost) the same quality of alignment and tree

topology when compared to these specialized tools. Hence, we used #rimA/ for alignment clean-
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up throughout this study. A gap-threshold of 0.2 (-gt 0.2), is set to remove all positions in
the alignment with gaps in 80% (or more) of the sequences. For the gene families that have
moderately conserved domains (e.g. ARE, Aux/IAA), we have used a threshold of 0.3 or 0.4,
whereas for poorly conserved domains (e.g. PB1) it was set at 0.2, and for highly conserved
proteins (e.g. ROB, ROPGEF) it was set between 0.6 to 0.8. An additional (optional) check is
kept in place, where the sequences that were shorter than 1/4th of the average sequence length

were further removed in ja/View.
$ trimal -in inputfile.fa -out outputfile.fa -fasta -gt 0.2

11. We then used this ‘clean’” alignment to identify the most appropriate model of evolution for
each protein family. ModelFinder and ModelTest--NG were used to predict the best model based
on the Akaike- and Bayesian- Information Criterion (AIC and BIC). For majority of the protein
families, both programs provided the same models as the best models. The situations where there
was a mis-match between the two programs, we have used a third program (either PartitionFinder
or a Perl script from RAxML distribution) to decide on the best model based on the majority
rule. As expected, various proteins evolved differently, leading to different models of evolution.
Models used for the phylogeny construction of respective protein families are discussed later
in the corresponding chapters. ModelFinder was run as a part of IQ-TREE, hence it did not
require any additional steps. ModelTest-NG required the type (either amino acid or nucleotide
-d) of input dataset (-i INFILE) and writes the statistics and the best model to the output file (-0
OUTFILE). PartitionFinder requires the alignment, in the PHYLIP format (instead of FASTA
format as in others), placed in the folder ‘partition_finder_models’, where the output statistics
and best model were also recorded. FASTA to PHYLIP format conversion was made through the
Derl script (fasta2relaxedPhylip.pl), which takes input FASTA (-f input.fa) and writes the output
in PHYLIP format (-o output.phylip).

$ modeltest-ng -d aa -i INFILE -o OUTFILE

$ perl RAXML_ProteinModelSelection.pl alignment.fasta

$ perl fasta2relaxedPhylip.pl -f input.fa -o output.phylip

$ python PartitionFinderProtein.py partition_finder_models

12. Phylogenetic trees were built mainly using /Q-TREE and RAxML based on the ‘clean’
alignment produced in step-10 and the evolutionary model predicted in step-11. For the
phylogenetic trees made through /Q-TREE, we have used 1000 rapid bootstraps (-bb 1000)
and SH-like approximate Likelihood Ratio Test (-aLRT 1000), combined with automatic model
finding through ModelFinder (-m MFP+MERGE). For the trees made with RAxML, we have
also used rapid bootstrapping and Maximum Likelihood search in the same run (-f a) but with
an extended majority rule (-# autoMRE) based bootstopping criteria. In addition, we gave a
random seed number (-x and -p) to turn-on rapid bootstrapping and parsimony inference,
whereas -m takes in the model from the previous step. For trees with very poor bootstrap support
for majority of the branches, we used another phylogenetic tree construction program, PhyML,

with 100 bootstrap replicates (-b 100), empirical amino-acid frequencies (-f ), gamma shape
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parameter estimated from maximum likelihood (-a €) and the topology was searched based on
the sub-tree pruning and re-grafting approach (-s SPR). After running these multiple programs,
the trees obtained were compared to understand the overall topology based on the congruent
branches. We have also tried and tested various Bayesian approaches (using MrBayes), but the
trees never converged even after months of computation, and provided various incongruent
topologies. Hence, all the analyses in this thesis were performed with Maximum Likelihood

approaches.

$ iqtree -s CleanAlignment.fa -pre OutputName -alrt 1000 -bb 1000 -m MFP+MERGE

$ raxmlHPC-PTHREADS-AVX2 -f a x 12345 -p 12345 -j -# autoMRE -m
PROTGAMMAJTT -s CleanAlignment.fa -n OutputName

$ PhyML-3.1_linux64 -i CleanAlignment.fa -d aa -b 100 -m JTT -fe -s SPR -a e

13. All the final phylogenetic trees mentioned in various chapters were visualized using the
iTOL webserver. Various datasets were visualized on the phylogenetic trees. Protein domain
information from the InterProScan or MEME, sequence length from TransDecoder and clade/
taxonomy information from OneKP and MMETSP databases were generated following the

instructions provided in the iTOL documentation.

14. Once the trees were obtained, they were manually checked for errors. Branches with long
branch attraction, or partial sequences or any misplaced taxa were manually removed. If the
proportion of these misplaced branches was too high, we re-analysed the phylogeny with more
sequences from other species, as well as by removing the spurious sequences. These steps were
repeated until we obtained better trees that were not only supported by good bootstraps but also
obeys the taxonomy of those phyla.

Limitations and Conclusions

Due to the generalized nature of the method, it was difficult to automate the complete protocol.
Hence, wherever possible, the method was simplified with scripts/commands dedicated for fast
and parallel processing. On the other hand, it gave control over the decision-making process
based on the protein under consideration. When dealing with highly redundant protein families,
we removed highly similar proteins (>90% similarity), prior to phylogeny, which reduced
the (computational) time without losing accuracy. In many cases we observed that the best-
hit in reciprocal-BLAST is not really a BBH, as sometimes a second hit was still the best one
due to one or few amino acid difference(s) (especially in proteins with common domains e.g.
bHLH or PB1). Hence, in those cases we considered two best hits and used both for phylogeny
construction. The false positive orthologs were eventually placed in the outgroup (or at least
separate from the ingroup) in the phylogenetic tree. As we were dealing with transcriptomes,
we could not predict the actual gene copy number in each species, but only the ancestral copy
number for that class or phylum, by comparing the ancestral copies across the majority of the
species in that phylum. Another issue of dealing with (low-depth) transcriptomes was that we

found many partial transcripts leading to the truncated proteins/domains, or we might fail to
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identify the transcripts that were not expressed in that particular tissue or condition. In that
regard, combining ortholog sequence information from multiple transcriptomes or species of

various families is mandatory to confirm the ancestral state for each class or phylum.

Based on this protocol and the guidelines mentioned above, we have reconstructed the
ancestral states of various protein families along with their orthologs in a ‘deep’ phylogenetic
space, across multiple kingdoms. In the consecutive chapters, we demonstrate how this method
was implemented for proteins that are well-defined with known domains, novel proteins with
unknown domains, poorly conserved domains and phylum/kingdom-specific proteins that
(dis)appeared at various stages in evolution. This approach was successfully applied for the core
proteins of the auxin signalling (Nuclear Auxin Pathway (NAP)) and biosynthesis pathways.
NAP includes Auxin Response Factor (ARF), Auxin/Indole-3-Acetic-Acid (Aux/IAA) and
Transport Inhibitor Response 1/Auxin-signalling F-Box (TIR1/AFB; Mutte et al., 2018; Chapter
4). Biosynthesis pathway proteins include TAA family of amino transferase (TAA) and YUCCA
family of monooxygenases (YUC; Chapter 3). It was also applied to the individual domains, Phox
and Bem1 (PB1; Mutte and Weijers, 2020; Chapter 5), along with various downstream targets
of the auxin pathway, such as SOSEKI (SOK; van Dop et al., 2020), Target of MOnopteros 5
(TMOS5) and its interaction partner Lonesome HighWay (LHW); Chapter 3; Lu et al., 2020).
Taken together, by following this protocol in combination with ever-growing high-quality
sequence data, and leaping developments in the methods and algorithms in phylogenetics, reveal

new evolutionary insights into our understanding of proteins and the crucial pathways.
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Supplementary information

Recommended species to obtain query sequences from well annotated genomes

Arabidopsis thaliana https://phytozome.jgi.doe.gov/pz/portal.html
Oryza sativa https://phytozome.jgi.doe.gov/pz/portal.html
Amborella trichopoda https://phytozome.jgi.doe.gov/pz/portal.html

Picea abies

http://congenie.org/

Plants | Lyscomitrella patens https://phytozome.jgi.doe.gov/pz/portal. heml
Marchantia polymorpha https://phytozome.jgi.doe.gov/pz/portal.html
Chara braunii https://bioinformatics.psb.ugent.be/orcae/overview/
ChEra
Klebsormidium nitens http://www.plantmorphogenesis.bio.titech.ac.jp/
~algae_genome_project/klebsormidium/

Homo sapiens UniProt: UP000005640
Mus musculus UniProt: UP000000589
Gallus gallus UniProt: UP000000539

Animals
Strongylocentrotus purpuratus UniProt: UP000007110
Caenorhabditis elegans UniProt: UP000001940
Drosophila melanogaster UniProt: UP000000803
Aspergillus nidulans
Schizosaccharomyces pombe
Saccharomyces cerevisiae

Fungi https://mycocosm.jgi.doe.gov/mycocosm/home

Agaricus bisporus
Mortierella elongate
Rhizoclosmatium globosum
Dictyostelium discoideum UniProt: UP000002195
Entamoeba histolytica UniProt: UP000001926

Protozoa | Leishmania major UniProt: UP000000542

Monosiga brevicollis

UniProt: UP000001357

Trypanosoma brucei

UniProt: UP000008524
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uxin is a phytohormone involved in multiple processes controlling plant growth and

development. The natural auxin Indole-3-acetic acid (IAA) is synthesized primarily

through a Tryptophan-dependent pathway. In flowering plants, the expansion of
biosynthesis gene families has allowed for dynamic regulation and tissue-specific expression
of synthesis capacity. Beyond synthesis of auxin, conjugation of auxin with amino acids is an
alternate approach to control levels of active hormone, thus contributing to auxin homeostasis.
Despite the detailed understanding of enzymes and pathways regulating auxin biosynthesis and
homeostasis, deep evolutionary insights into these gene families is lacking. In this study, we
reconstruct the evolutionary history of the gene families involved in auxin biosynthesis (TAA and
YUC) and homeostasis (GH3). Along with these, we also studied the evolutionary trajectory of
the elusive auxin binding protein (ABP1), as well as of the transcriptional targets of the Nuclear
Auxin Pathway i.e. TMO5, LHW and SOK. We found that gene families involved in both the
auxin biosynthesis and homeostasis have evolved in the last common ancestor of all land plants.
The GH3 family of amide synthases, that have multiple hormones as substrates, also showed
early divergence of jasmonate- and auxin-specific clades in the common ancestor of land plants.
We find that ABP1 has evolved before biosynthesis and genomic response components. Given
that ABP1 likely mediates a non-transcriptional auxin response, these findings indicate that non-
genomic auxin responses define an ancient auxin response system dating back to unicellular

algae, while biosynthesis and genomic responses are specific to land plants.
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Introduction

Auxin is an essential hormone in plant growth and development. The natural auxin, Indole-3-
acetic acid (IAA), is synthesized through both tryptophan (Trp)-dependent and Trp-independent
pathways (Brumos et al., 2014; Zhao, 2012, 2014). Indole synthase is a key enzyme in Trp-
independent auxin biosynthesis (Wang et al., 2015). However, the exact role of indole synthase
in auxin biosynthesis and its importance in plant growth is relatively unclear (Nonhebel, 2015).
Of the various Trp-dependent routes of auxin biosynthesis, one pathway has been extensively
studied. In this pathway, Trp is converted to IAA in two steps (Zhao, 2014). In the first step,
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA) amino-transferases
convert Trp to Indole-3-pyruvate (IPA). IPA is next converted to IAA by the YUCCA (YUC)
family of flavin-containing monooxygenases (FMO). This two-step synthesis of IAA from Trp,
the primary route of auxin biosynthesis in plants, has been explored in detail (Mashiguchi et al.,
2011; Stepanova et al., 2008, 2011).

Once auxin is produced in the cell, its levels are tightly regulated to perform local
functions (Zhao, 2018). Along with the controlled and localized production of auxin,
inactivation through oxidation or conjugation is another important mechanism to maintain
homeostasis (Ljung, 2013). Oxidation of IAA converts IAA to 2-oxindole-3-acetic acid (oxIAA).
Furthermore, conjugation of IAA to amino acids is considered a storage mechanism, where
IAA can be released from conjugates by hydrolysis (Ludwig-Miiller, 2011; Zhang et al., 2017).
IAA is converted to amide conjugates by GRETCHEN HAGEN 3 (GH3) amide synthases
(Staswick et al., 2005). The Arabidopsis genome encodes 19 proteins of the GH3 family that
differ in their substrate specificities. For example, Indole-3-acetyl-aspartic acid (IAAsp) is formed
through IAA conjugation with aspartate by the GH3.6 enzyme, and Indole-3-acetyl-glutamic
acid (IAGlu) is formed by conjugation to glutamate by GH3.17 (Staswick et al., 2005). Both
IAAsp and IAGlu represent irreversible conjugates, leading to the inactive form of IAA (Ostin
et al., 1998). Interestingly, it was shown that some GH3 family members also have preference
for other hormones, such as jasmonic acid (JA) or salicylic acid (SA) and the non-hormone
benzoate. JASMONATE RESISTANT 1 (JAR1/GH3.11) is involved in the conjugation of JA
to Isoleucine, forming the active JA-Ile form. The PPHB SUSCEPTIBLE 3 (PBS3/GH3.12)
prefers benzoates and potentially SA as substrates over other hormones (Nobuta et al., 2007;
Okrent et al., 2009; Staswick et al., 2002). Hence, the diversity in the substrate specificity of
various GH3 family members evolved to maintain homeostasis of multiple hormones in plant

cells.

Once auxin is synthesized and present in its active form, it elicits both genomic and
non-genomic responses. Genomic or transcriptional responses by regulation of downstream
gene transcription through the Nuclear Auxin Pathway (NAP) are relatively well understood
(Weijers and Wagner, 2016). However, auxin also affects various cellular functions through

non-genomic responses. As a part of this mechanism, one of the proteins that is relatively

well explored is AUXIN BINDING PROTEIN 1 (ABP1; Woo, 2002). ABP1 localizes to the
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endoplasmic reticulum (ER) and also to the apoplast. Through various immunological and
transgenic approaches, as well as using a weak mutant allele, ABP1 was proposed to act in plasma
membrane depolarization and also identified as an extracellular receptor, interacting with RHO
OF PLANTS (ROP) and TRANSMEMBRANE KINASE 1 (TMK1), to alter the cell shape
(Robert et al. 2010; Chen et al. 2014; Xu et al. 2014). Interestingly, when the ABP1 gene was
mutated through CRISPR/Cas9 gene editing, none of these functions were affected, suggesting
that ABP1 is not required for auxin signaling, plasma membrane depolarization or Arabidopsis
development (Gao et al., 2015; Paponov et al., 2019). Therefore, ABP1 roles in auxin action, and

in plant growth and development remain unclear.

Auxin-dependent genomic/transcriptional responses occur through a well-established
NAP pathway, regulating numerous growth and developmental processes in plants (reviewed
in Weijers and Wagner 2016). Some of the key downstream processes of NAP, among others,
include the control of cell division orientation (Yoshida et al., 2014). This function may involve
the SOSEKI (SOK) proteins that are activated by the AUXIN RESPONSE FACTOR 5 (ARF5)/
MONOPTEROS protein and mark cell polarity (Yoshida et al., 2019). Furthermore, auxin
response promotes vascular tissue development through the TARGET OF MONOPTEROS 5
(TMO5) and LONESOME HIGHWAY (LHW) basic Helix-Loop-Helix ((HLH) transcription
factors (De Rybel et al., 2013). As auxin is widely present across distant phylogenetic lineages
including bacteria (Cooke et al., 2002), it is worth investigating if the auxin pathway components

and the downstream targets are also deeply conserved across plants and algae.

The evolution of key components of the NAP pathway is studied in detail (Chapter
4; Mutte et al., 2018). However, if the downstream targets of the pathway (SOK, TMO5 and
LHW) also evolved along with the components of the pathway itself is yet to be elucidated. To
reconstruct auxin biology at each transition in plant evolution, we performed a deep evolutionary
analysis of components in auxin biosynthesis and homeostasis, ABP1, SOK, TMOS5, and LHW
families across land plants and algae. This has revealed that not only the biosynthesis components
(TAA and YUC), but also the components of homeostasis (GH3) and downstream regulation
(SOK, TMOS5 and LHW) evolved in the early diverged land plants, but not in green algal
ancestors (Zygnematophyceae). As the functional domains in SOKs are not yet annotated, we
have also performed domain annotation based on the SOK homologs from land plants. This
revealed novel protein domains and interesting evolutionary patterns. Thus, this study provides
the evolutionary patterns of both the auxin biosynthesis and homeostasis gene families, and also

the downstream components of auxin pathway, along with their functional domain annotations.

Results
Auxin biosynthesis pathway: TAA and YUCCA

The TAA(-related) gene family is represented by five homologs in Arabidopsis (TAA1, TAR1-4),
which encode Alliinase domain-containing proteins. TAA1, TAR1 and TAR2 proteins (TAA
clade) contain only the Alliinase-C domain (InterProlD: IPR006948), whereas TAR3 and
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TAR4 (Alliinase clade) contain both Alliinase-EGF (Epidermal Growth Factor; InterProlD:
IPR006947) and Alliinase-C domains, in the N- and C-terminus of the proteins, respectively.
Enzymes in the TAA clade are considered core auxin biosynthesis enzymes, whereas TAR3 and
TAR4 are considered Alliinases. First, we investigated the origin of both these homologous
groups in the green algal lineage. Both chlorophytes and charophytes were identified with one
ortholog in each species (Fig. 1).
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. (TAA,TAR1,TAR2)

TAA gene family —
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Figure 1: Phylogenetic tree of the TAA gene family with green algae and land plant homologs. Protein
domains, Alliinase-EGF and Alliinase-C are indicated with ‘red’ and ‘green’ representations, respectively.
TAR3/TAR4 clade shows the consistent presence of both domains in all lineages, whereas in TAA/TAR1/
TAR2 clade, some phyla lack Alliinase-EGF domain. Aminotransferases from land plants other than TAA
members were used as outgroup sequences to root the tree. Branches that are well-supported (bootstrap
>75) are indicated in green dots. Orthologs from each phylum are represented with a different colour as in-
dicated in the legend on the right bottom. Basic information about the tree construction: ‘software’, ‘model
of evolution’ and the ‘number of taxa’ used for phylogenetic tree construction are indicated in the center.

The complete tree can be found at interactive Tree of Life (iTOL): https://itol.embl.de/shared/dolfweijers.

Most of the chlorophyte orthologs identified had only the Alliinase-C domain, whereas
the majority of the charophytes contain both the Alliinase-EGF and Alliinase-C domains. This
indicates that having both domains is likely the ancestral state of TAA/Alliinase homologs.
Among charophytes, Klebsormidiophyceae and Zygnematophyceae (closest algal ancestors of the
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land plants) have TAA/Alliinase homologs, while these are absent from Charophyceae (Fig. 2).
Among land plants, both the TAA and Alliinase clades are represented by a single ancestral copy
across all the phyla from bryophytes until angiosperms. Both Alliinase domains were maintained
in all phyla in the Alliinase clade. However, there was a loss of the Alliinase-EGF domain in one
specific duplication in mosses and then consistently lost in ferns, gygmnosperms and angiosperms
in TAA clade. Hence, the lack of Alliinase-EGF domain in TAA1, TAR1 and TAR2 was not an

ancestral loss, but rather happened later during the evolution of vascular plants.

The Arabidopsis genome encodes 11 YUC proteins. YUC orthologs in land plants can
be divided into two sub-groups (Fig. 2 and Fig. 3). While all the 11 YUC homologs of Arabidopsis
were placed in the YUC group, many other land plant (liverworts, hornworts, lycophytes and
ferns) and green algae (charophytes) homologs were placed as sister clade to the YUC group,
referred as sYUC group (Fig. 2A). Interestingly, the sYUC clade is lost in mosses and further
discontinued in spermatophytes (Fig. 2). In a reciprocal BLAST search with the Arabidopsis
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C: Charophyceae

K: Klebsormidiophyceae
* Genome data available
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Figure 2: (A) Schematic summary of presence or absence of ancestral copy based on the well-supported
clades in Figures 1, 2, 4 and S1. Each circle represents the presence of one ancestral copy in that phyla, for
each gene family with a color represented below in the legend. Absence of an ancestral copy is represented
with a filled ‘red’ circle. Lack of any circle or a filled dot in sSYUC’ clade represents the discontinuation of
that clade further in spermatophytes. Multiple stacked circles represent the presence of multiple duplicate
copies in that phylum. (B) Detailed inference of the presence and absence of each family in specific species
covering major classes in charophytes. Klebsormidium nitens or K. subtile; Interfilum paradoxum; Chara brau-
nii; Mougeotia sp.; Mesotaenium caldariorum or M. kramstae and Cylindrocystis brebissonii or C. cushleckae.

proteome, all the members of YUC and sYUC clades had hits with the respective YUC orthologs
in Arabidopsis, confirming their close resemblance. As YUC proteins belong to a larger family
of flavin-dependent monooxygenases (FMO), there is a possibility that the green algal ancestors
identified here are common ancestors to other FMO family proteins as well, and not specific to
the YUC family alone. To identify the ancestry, we included other FMO family proteins such as
FLAVIN MONOOXYGENASE 1 (FMO1) and FMO GLUCOSINOLATE S-OXYGENASE
(GS-OX) in the phylogenetic analysis. This analysis clearly differentiated the YUC orthologs in
land plants and charophytes from other related FMO orthologs (Fig. 3). A similar sister clade
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like sYUC was observed as sister to FMO family members, referred as sSEMO. Likewise, this
gene was also lost in seed plants, and independently in lycophytes (Fig. 2A and Fig. 3). The
reciprocal BLAST of all FMO family members with the Arabidopsis proteome confirmed the
orthologous relation with FMO family members, rather than YUC family proteins. Surprisingly,
all the members in the sSFMO clade showed best hits with YUC family members, not with FMO
family proteins. However, the detailed origin of these YUC and FMO clades is unclear as very
few homologs were identified in green or red algae in the sSFMO clade and also no red algae in
the (s)YUC clade (Fig. 2B and Fig. 3B). Among land plants, YUC orthologs were maintained
as a single ancestral state up to lycophytes, while a first duplication in ferns gave rise to the
YUC10/11 group that was further retained in gymnosperms and angiosperms. On the other
hand, YUC1/4, YUC2/6 and YUC3/5/7/8/9 formed three sub-groups in angiosperms (Fig. 2A).
No phylum specific deletions were observed in any of the sub-groups of YUCs in land plants.
It is worth noting that the green algal ancestors of land plants i.e. Zygnematophyceae, and also
Charophyceae lack YUC orthologs (Fig. 2B).
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Figure 3: (A) Phylogenetic tree of the YUC gene family with algae and land plant homologs, along with
other FMO families. Other information is similar to Figure 1. (B) Simple schematic showing the ancestry
of algal YUC and FMO homologs. ‘Green’ squares represent the presence of homologs with best bidirec-
tional BLAST with Arabidopsis YUC family members. ‘Grey’ squares represent the lack of clear homologs.
‘Black’ squares represent the presence of FMO homologs with respective hits to the FMO families. ‘Contin-
uous lines represent the clearly inferred ancestry and ‘dotted lines” represent the unclear ancestry.

Homeostasis: GH3

The Arabidopsis genome contains 19 members of the GH3 gene family. All these 19 members
could be divided into 6 clades in the angiosperms (Fig. 2A and Fig. 4). All these 6 clades emerged
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Figure 4: Phylogenetic tree of the GH3 gene family with green algae and land plant homologs. Re-
spective Arabidopsis orthologs that are present in the specific clade are mentioned with the corresponding
Arabidopsis family members. ‘Rest’ includes GH3.7, 3.8, 3.12 until 3.19. See Figure 1 legend for other

information.

from a single ancestral charophyte copy, which was observed only in Klebsormidiophyceae,
but not in Charophyceae and Zygnematophyceae, similar to the YUC family (Fig. 2B). The
GH3 family was split into two clades in land plants, that were represented by multiple copies
in hornworts in both clades. Among the bryophytes, the GH3.10/11 clade is lost in liverworts,
whereas the other clade was lost in mosses (Fig. 2A and Fig. 4). Interestingly, similar to hornworts,
multiple duplicates were identified in both clades in lycophytes. As the phylogenetic analysis was
based on transcriptomes, there is a possibility that the duplicates arose due to mis-assembly of
the multiple transcripts of the same gene. To confirm this, we have checked for orthologs in
A. agrestis and S. mollendorffii genomes, and indeed found that these are legitimate duplicates,
with more than 20 copies of GH3-encoding genes in each genome. Interestingly, no such
duplications have been identified in liverworts and mosses, with only two copies being encoded

in each genome of both M. polymorpha and P, patens. In ferns and gymnosperms, the GH3.10/11
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clade is kept intact, whereas further duplications were observed in the other clade, giving rise to
four sub-groups in angiosperms: GH3.1/2/3/4 — GH3.5/6 — GH3.9 and the rest of the GH3
proteins i.e. GH3.7/8, GH3.12 ill GH3.19 (Fig. 2A and Fig. 4). Due to the abnormal nature of
duplications in hornworts and lycophytes, it was difficult to interpret the ancestral copy in these
highly duplicated groups. Hence, genome based synteny information is required to differentiate

the ancestral states from phylum specific duplications.

Non-genomic responses: ABP1

ABP1 is a single copy gene identified in all the phyla of land plants as well as green algae (Fig.
2A and Fig. S1A). This well conserved gene family showed no ancestral duplications or losses
in any of the phyla. Interestingly, it was lost only in the class Marchantiopsida of the liverworts,
including the model liverwort M. polymorpha. Moreover, this is the only gene family that was
present in all the three major classes of charophytes i.e. Klebsormidiophyceae, Charophyceae
and Zygnematophyceae (Fig. 2B). Based on the structure of maize ABP1 in complex with
1-Naphtheleneacetic acid (1-NAA; synthetic auxin; Woo, 2002), we checked if the residues
needed for auxin binding are also deeply conserved (Fig. S1B). Indeed, the amino acids in the
auxin binding pocket are deeply conserved in chlorophytes, whereas the Zinc binding residues

are deeply conserved even in red algae (Fig. S1B).

Targets of NAP: TMOS5, LHW and SOSEKI

TMO5 and LHW are basic Helix-Loop-Helix (bHLH) transcription factors. The TMOS5 gene
family is represented by five members in Arabidopsis, whereas LHW is represented by four
members (Fig. 5). Both these gene families have unique ancestors in charophytes, especially
in the Zygnematophyceae, the algal sisters of land plants. No phylum-specific losses could be
identified either in the TMOS5 or LHW gene families (Fig. 5). LHW homologs were not found
in the genome of P patens, but identified in other mosses, indicating an independent loss in 2
patens. The first duplication in the TMO35 gene family was identified in gymnosperms, whereas
in LHW;, the first ancestral duplication occurred only in angiosperms, which divided the family
into three sub-groups (Fig. 5). Since bLHLH proteins represent much larger gene families in land
plants, we used the closest bHLH orthologs of TMO5 and LHW from several land plants as an
outgroup in the phylogeny. The results confirmed that all TMOS5 and LHW orthologs identified
were indeed true TMOS/LHW orthologs (refer iTOL tree).

SOSEKI family is represented by five members in Arabidopsis. In this study, we found
the SOK proteins to be limited to land plants, and absent from all algal sister groups (Fig. 5).
A single SOK ancestor was found until a first duplication in the ancestor of ferns. Subsequent
duplications in seed and flowering plants increased the number of homologs (Fig. 5 and 6A).
As there are no annotated domains known in SOK proteins, we mined the full set of land
plant SOSEKI sequences for conserved motifs. We identified common domain topology, an

N-terminal domain with superficial resemblance to animal DIX domains (Yoshida et al., 2019).
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Figure 5: Schematic summary of ancestral copies. Based on the well-supported clades in the respective
phylogenetic trees for TMOS5, LHW and SOK proteins. Each circle represents the presence of one ancestral
copy in that phyla, for the respective gene family. Full version of the complete phylogenetic trees for all the
three families can be found in iTOL: https://itol.embl.de/shared/dolfweijers. T5SL1-4, TMO5-LIKE1-4;
LL1-3, LHW-LIKE1-3.

Further downstream, SOK proteins contain a TQT motif (Fig. 6B) and a CG muotif (Fig. 6C).
Within their C-termini, they exhibit a C2HC zinc finger (ZnF) signature, found in bryophyte
and lycophyte SOSEKI and in the SOKI1 clade, while the other clade, consisting of SOK2-5

orthologs of vascular plants, is characterized by a central KEY motif (Fig. 6D and GE).

Although the DIX domain was originally thought to be limited to the Wnt pathway
(Dishevelled, Axin and Dixin proteins) in animals (Dillman et al., 2013), our analysis suggests
that a homolog of this domain is present throughout land plants (Fig. 6A). We thus extended
our phylogenetic analysis beyond animals and plants, to study DIX domain-containing proteins
in other eukaryotic lineages. We used fungal genomes (MycoCosm) and unicellular eukaryote
transcriptome datasets (MMETSP) to search for DIX-like sequences. While our searches of
the fungal kingdom were negative, we identified DIX-like sequences in organisms of the SAR
(Stramenopiles, Alveolates and Rhizaria) group (Fig. 6A). Interestingly, none of the DIX-like
sequences in SAR group organisms are associated with any of the conserved domains found in
plant SOSEKI or animal DIX domain-containing proteins (Fig. 6A), suggesting that they may

have different functional contexts.

Discussion

Phylogenetic analysis provides detailed evolutionary insights into the origin and diversification
of auxin biosynthesis components. The two key enzymes in Trp-dependent auxin biosynthesis
pathway, TAA and YUC, are deeply conserved across all the land plants. Evolution of TAA

proteins was under debate regarding the ancestral state, where the charophyte algae (K. nitens)
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Figure 6: (A) Extended phylogeny and conserved domain topology of land plant SOSEKI proteins and
DIX domain-containing proteins across eukaryotic kingdoms. * or # represent the degenerated motif.
Sources of data is indicated with ‘black’ filled circles (OneKP; MycoCosm; MMETSP; Literature). boxes:
domain topology. ‘Red’ branches i.e. Green algae, Red algae, Fungi, Chaenoflagellates and Rhizaria were
identified to lack DIX domain-containing proteins. (B-E) Amino acid logos of conserved motifs in plant
SOSEKI proteins.

were assumed to have ancestors for Alliinases (TAR3/TAR4) but not TAA orthologs (Turnaev
et al., 2015; Wang et al., 2016). However, based on few species, it was later shown that there is
a TAA-like gene in Zygnematophyceae, the algal ancestors of land plants (Romani, 2017), but
still the domain architecture of these genes was unclear. Based on the current results, we have
established that there is one single ancestor that gave rise to both TAA/Alliinase orthologs in land

plants (Fig. 1 and Fig. 2A).

TAA orthologs (TAA1, TAR1 and TAR2) are known to be involved in auxin biosynthesis,
thus contributing to plant growth and development (Stepanova et al., 2008). However, no
biochemical studies have shown the role of Alliinases (TAR3 or TAR4) in auxin biosynthesis.
Moreover, they are considered as Alliinases because they have an Epidermal Growth Factor
(EGF) domain that majority of the Alliinase (and Alliinase-like) proteins have, but not TAA
proteins. EGF has small di-sulfide rich 3-strands that are important for binding to other proteins
(Kuettner et al., 2002). Surprisingly, we found that bryophyte and lycophyte TAA orthologs
have an EGF domain, similar to TAR3/TAR4 Alliinases, but the EGF domain is lost later in
TAA orthologs. Functional analysis of the liverwort M. polymorpha TAA ortholog (MpTAA)
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showed that, despite the presence of EGF domain, MpTAA functions in a similar way to its
Arabidopsis counterpart, AtTAA1 (Eklund et al., 2015). Hence, the role of EGF domain in auxin
biosynthesis is unclear. Given that EGF domains are involved in mediating protein interactions
(Campbell and Bork, 1993; Kuettner et al., 2002), it is worth identifying the significance of the

presence of EGF domain in bryophyte TAA orthologs in protein-protein interactions.

taal/tar2 mutants fail to develop basal part of the embryo, where yucl/yucd/yuci0/
yucll quadruple mutants also showed a similar phenotype, indicating their importance in the
same tissue with common expression patterns (Cheng et al., 2007; Stepanova et al., 2008).
YUC10/11 was split early from the rest of the YUC orthologs in the common ancestors of
ferns and seed plants. Another study has shown that yucI/yuc4 double mutants make few floral
organs, whereas, yucl/yuc4 double, yucllyuc2/yuc4 triple and yucllyuc2/yuc4/yuc6 quadruple
mutants produce fewer veins, indicating their important role in vascular formation (Cheng et
al., 2006). Interestingly, both the shoot-functional YUC1/4 and YUC2/6 originated from the
same common ancestor of all angiosperms, along with the root-functional YUC3/5/7/8/9. The
quintuple mutants of these root-functional homologs (yucQ) leads to development of short and
agravitropic roots (Chen et al., 2014). Hence, the tissue-specific functional differentiation in the
shoot and root specific expression patterns can be considered as a flowering plant innovation to

cope with the tissue and cell-type specificities in these complex species.

In the non-seed plants (except mosses), a novel clade (sYUC) was identified that is
derived from the common ancestor of all land plants, and sister to all YUC orthologs. This
clade was kept intact without any ancestral duplications until its loss in spermatophytes. Hence,
it is likely that sYUC orthologs evolved to provide an alternate YUC function, before further
duplications in the core YUC sub-groups. In our previous study, we have identified similar
components (ncARF) that diverged from the canonical core ARF orthologs, that nonetheless act
as positive regulators in auxin-dependent transcription (Mutte et al., 2018). It will be interesting
to see if sYUC proteins are catalytically active, and whether they likewise act as positive

components in auxin biosynthesis.

Despite the tissue- or cell-type-specific expression patterns of IAA biosynthesis genes,
regulated inactivation of IAA also plays an important role in dynamic regulation and homeostasis
(Ludwig-Miiller, 2011). GH3 proteins that are important for maintaining hormone homeostasis
are not only specific for auxin but some can also conjugate JA, SA and other benzoates (Westfall
et al., 2010). Among the 19 GH3 homologs encoded in Arabidopsis genome, hormonal
specificities for many are still unknown. GH3.2-6 and GH3.17 favor auxin, whereas, GH3.11
favors JA (Staswick et al., 2005). This coincides with the evolutionary patterns of divergence,
where GH3.10/11 were split early from the rest in the common ancestor of land plants, where
this clade could have a preference specifically for JA, while the other clade might have a broader
preference for other hormones. Looking into the specific amino acids in either nucleotide or
hormone binding sites revealed that certain amino acid positions in hormone binding site have

specific preferences (Fig. S2). For example, GH3.10-11 have preference for a polar, acidic and
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tryptophan residues in 130, 337 and 344 positions, respectively. Whereas, these positions prefer
positive and hydrophobic residues in other clade, indicating different preference of hormones
(Fig. S2). In contrast to the inactivating role that GH3 enzymes play in auxin activity, the
formation of JA conjugates by GH3 enzymes is important for signaling. The JA receptor COI1
recognizes a conjugate of JA with Isoleucine (JA-Ile; Katsir et al. 2008). We found that the
GH3 family in hornworts, lycophytes and ferns underwent numerous duplications that were not
observed in other auxin-related gene families. It is unclear if this is a mechanism adopted by these
phyla to maintain the hormonal homeostasis or if this is a part of block duplicates along with
many other gene families. Further investigation into syntenies based on the genomes may resolve

this discrepancy.

Even though the dedicated auxin receptor TIR1 appeared only in land plants,
it is interesting to find that ABP1 has even deeper roots in evolution, and is represented in
chlorophytes and even red algae. Interestingly, the amino acids in the auxin binding pocket are
deeply conserved even in chlorophytes (Fig. S1B). This indicates a possibility that the auxin-
binding capacity of ABP1 evolved in chlorophytes, meaning that potential auxin-dependent
non-genomic responses through ABP1 could have originated earlier than the genomic responses
through TIR1, and auxin biosynthesis. It is worth noting that, despite the presence in all phyla,
ABP1 may not be mandatory for survival and development, as it was lost in some species,
including Marchantia polymorpha. Further genetic analysis of remote homologs of ABP1 may

help resolve its role in auxin biology.

In summary, the trends observed in both biosynthesis and homeostasis indicate their
origin and existence in land plants, but not in charophytes, especially Zygnematophyceae. In a
similar way, one of the auxin output components, SOK, is also limited to land plants (van Dop et
al., 2020). This is further supported by the finding that TMO5 and LHW orthologs from most
land plants are functionally relevant for vascular development, while the Klebsormidium ortholog
is not (Lu et al., 2020). Taken together, it is evident that the auxin pathway could be functional

only in land plants, but not in the algal ancestors of land plants.

Materials and methods

Phylogenetic tree construction

For the phylogenetic tree construction of each gene family studied in this chapter, a similar
methodology was used as described earlier (Chapter 2). Only the differences in key parameters
that deviate from the default settings are mentioned here. After collecting the homologous
sequences for each gene family, MAFFT iterative refinement algorithm (E-INS-i) was used to
align the protein sequences. Alignment positions with more than a certain percentage of gaps
specific to each gene family, as mentioned in the table below, were removed before the phylogeny
construction. The most suitable evolutionary model for all the gene families as predicted by the
ModelFinder, along with the number of taxa used for phylogenetic inference are given in the

table below. The maximum-likelihood algorithm implemented in IQ-TREE was used for tree
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construction. Obtained trees were visualized using the iTOL phylogeny visualization program.
Phylogenetic trees were cleaned up manually for misplaced sequences as well as for clades with

long branch attraction.

Gene family % gaps removed Evolutionary model # taxa
TAA 20 JTT+R10 812
YUC 30 LG+F+R10 553
GH3 20 JTT+F+R10 586
ABP1 20 WAG+R8 347

TMOS 20 JTT+R7 126
LHW 40 JTT+E+RS 111
SOK 40 JTT+F+R8 207

For the GH3 family, since a very high redundancy was observed in non-seed plants,
CD-HIT (Fu et al., 2012) was used to remove redundant sequences that are identical up to 90%
and above, as they do not carry any novel phylogenetic signal. To extract the non-plant SOSEKI
proteins or DIX domains, the BLAST module at JGI MycoCosm (genome.jgi.doe.gov/fungi)
was used to search for DIX domain-containing proteins in fungi with plant (A. thaliana) and
animal (H. sapiens) DIX domains as query sequences. To determine the presence and evolution
of SOSEKI or DIX domain-containing proteins in the SAR group, the Marine Microbial
Eukaryotic Transcriptome Sequencing Project (MMETSP) data (Keeling et al., 2014) was used,
and homologous genes were identified as described earlier (Chapter 2). The complete trees can

be found at interactive Tree of Life (iTOL): https://itol.embl.de/shared/dolfweijers.

Identification of domains and meotifs in SOSEKI proteins

Protein sequences used in phylogenetic tree construction were used for domain finding using the
MEME motif discovery program (v4.12.0) with additional parameters “-mod zoops -nmotifs 15
-minw 10” (Bailey et al., 2009). Among 15 elements identified, 4 spanned the N-terminal 100
residues, and were identified together as DIX domain. Motifs that were specific to a certain clade

or motifs that did not show conservation of significant amino acids were discarded.
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Figure S1: (A) Phylogenetic tree of the ABP1 gene family with green algae and land plant homologs.
Branches that are well-supported (bootstrap >75) are indicated in green dots. Orthologs from each phylum
are represented with a different colour as indicated in the legend on the right bottom. Basic information
about the tree construction: ‘software’, ‘model of evolution’ and the ‘number of taxa’ used for phylogenetic
tree construction are indicated in the center. (B) Deep conservation of key amino acids in auxin binding
pocket as well as Zinc binding site of ABP1 proteins. Auxin (1-Naphthaleneacetic acid; 1-NAA) binding
residues are conserved in chlorophytes and Zinc binding residues are conserved even in red algae. Light blue
to dark blue color gradient represents low to high conservation, respectively. Numbering on the top is based

on maize ABP1 protein (PDB ID: 1LR5; Woo, 2002).

55

OJOJO,



OJOJO,

& NP ORI N RN NI P A SR S
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AT2G23170_GH33 SSGTSAGERK T YASSE Y D RR R Y Y Y
AT4G37390_GH3.2_BRU6 SSGTSAGERK T YASSE Y D RR R Y Y Y
AT2G14960_GH3.1 SSGTSAGERK T YASSE Y D RR R Y Y Y
0507G40290 SSGTSAGERK T YASSE Y D RR R Y Y Y GH3.1-4
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ATR_00001G05460 SSGTSAGEKK T YASSE Y D RR R Y Y Y
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ATR_00093G00010 SSGTTQGKPK T SSE D CR T T T D W GH3.10-1
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< N < N
L Y
Nucleotide binding site Acyl acid binding site

Figure S2: Conservation of key amino acids in nucleotide and acyl binding pockets of GH3 proteins.
Orthologs from various species in each clade they belong to, is indicated in the right. Amino acids are
colored according to their property: Blue, Positive; Red, Negative; Orange, Hydrophobic, Grey, Polar.
Numbering on the top is based on Arabidopsis GH3.5 protein sequence. Important amino acids in various
hormone binding pockets are based on Westfall et al., 2012, 2016. Starting letters of identifiers represent
the species names: AT, Arabidopsis; OS, Rice; ATR, Amborella; Mapoly, Marchantia; Pp, Physcomitrella; kil,
Klebsormidium.
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he small signalling molecule auxin controls numerous developmental processes in

land plants, acting mostly by regulating gene expression. Auxin response proteins are

represented by large families of diverse functions, but neither their origin nor their
evolution is understood. Here we use a deep phylogenomics approach to reconstruct both
the origin and the evolutionary trajectory of all nuclear auxin response protein families. We
found that, while all subdomains are ancient, a complete auxin response mechanism is limited
to land plants. Functional phylogenomics predicts defined steps in the evolution of response
system properties, and comparative transcriptomics across six ancient lineages revealed how
these innovations shaped a sophisticated response mechanism. Genetic analysis in a basal land
plant revealed unexpected contributions of ancient non-canonical proteins in auxin response as
well as auxin-unrelated function of core transcription factors. Our study provides a functional

evolutionary framework for understanding diverse functions of the auxin signal.
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Introduction

Auxins are a group of structurally related chemical compounds that control a multitude of
growth and developmental processes in plants. The most common, naturally occurring auxin is
Indole-3-acetic acid (IAA), but synthetic analogs such as 2,4-dichlorophenoxy acetic acid (2,4-
D) have largely overlapping biological activities (Woodward and Bartel, 2005). While auxins
have been shown to trigger rapid cellular events such as membrane hyperpolarization (Bates
and Goldsmith, 1983; Etherton, 1970), calcium influx (Monshausen et al., 2011; Schenck et
al., 2010), and changes in endocytosis (Paciorek et al., 2005; Robert et al., 2010), its activity
in controlling growth and development appear to be mainly mediated by changes in gene
expression via a nuclear auxin pathway (NAP). Perturbation of this gene regulatory pathway
interferes with most, if not all, developmental responses (Weijers and Wagner, 2016). Indeed, in
the moss Physcomitrella patens, it was shown that a complete knock-out mutant of this pathway
does not show any transcriptional response to auxin (Lavy et al., 2016). The NAP encompasses
three dedicated protein families (Fig. 1A, B). Various auxins, including IAA and 2,4-D are
perceived by a co-receptor complex consisting of TRANSPORT INHIBITOR RESPONSE 1/
AUXIN SIGNALING F-BOX (TIR1/AFB) and AUXIN/INDOLE-3-ACETIC ACID (Aux/
IAA) proteins (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Tan et al., 2007). Subsequent
ubiquitination of the Aux/IAA proteins causes their degradation in the 26S proteasome (Gray et
al., 2001). When not degraded, Aux/IAA proteins bind to and inhibit DNA-binding transcription
factors, the AUXIN RESPONSE FACTORS (ARF) (Kim et al., 1997). Thus, auxin de-represses

AREFs, allowing these to activate or repress their direct target genes (Ulmasov et al., 1999).

A central question in plant biology is how this simple transcriptional system with only
three dedicated components can generate a multitude of local auxin responses to support various
developmental functions. In flowering plants such as Arabidopsis thaliana, it is likely that the
size of TIR1/AFB (six members), Aux/IAA (29 members) and ARF (23 members) gene families
allows combinatorial assembly of distinct, local auxin response pathways. Given that diversity in
auxin responses follows from diversification in its response proteins, it is still unclear how NAP
complexity evolved from simpler ancestral states. Furthermore, while intuitive, a key question is
whether increased NAP complexity indeed enabled more complex and diverse auxin responses

during plant evolution. A third important question is where, when, and from what precursors
the NAP originated.

Eukaryotic photosynthetic organisms diverged into three groups, Glaucophyta,
Rhodophyta (red algae), and Viridiplantae more than 1.5 billion years ago (Yoon et al., 2004).
Viridiplantae are further classified into chlorophyte algae and streptophytes, which include
charophyte algae and land plants. Bryophytes represent the earliest diverging land plants and
consist of three groups: hornworts, liverworts and mosses. After the split from bryophytes,
ancestral vascular plants changed their life cycle from haploid-dominant to diploid-dominant
and established a vascular system and root architecture, forming the group of lycophytes and

euphyllophytes (ferns, gymnosperms and angiosperms).
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The presence of a functional NAP with reduced genetic redundancy has been
reported in model bryophytes (Flores-Sandoval et al., 2015; Kato et al., 2015; Prigge et al.,
2010; Rensing et al., 2008), whereas the presence of endogenous auxin is also reported in wide
range of algal species (Zizkova et al., 2017). Thus, a prediction is that the auxin response system
may predate land plants, and that complexity evolved after the divergence of ancestral vascular
plants from bryophytes. A key challenge is to identify the origin of the NAP system, as well as
to reconstruct the steps in the evolution of its complexity. However, only little genome data
are currently available from non-flowering land plants (Rensing, 2017), which makes such
inferences extremely challenging. In addition, studies using only selected model species bear the
risk of generalizing observations from non-representative genomes, due to species-specific gene-
duplication, -loss, and -diversification. Therefore, it is necessary to analyse multiple species to

understand evolutionary trends.

Here we describe a deep phylogenomic analysis of NAP components using a large
transcriptome dataset with more than 1,000 plant species including many algae. This extensive
dataset enabled us to reconstruct the ancestral states of auxin response gene families at key nodes
in plant evolution. We infer plausible origins and evolutionary patterns for each auxin response
gene family and predict auxin response properties at evolutionary nodes. Using comparative
RNA-Seq of six species, we tested and extended these predictions. Finally, we used a genetic
strategy in a bryophyte to demonstrate surprising non-contributions of an ancient ARF class as
well as contribution of deeply conserved non-canonical NAP components to auxin signalling.
Our work provides a deep view into eatly steps in the origin, evolution and design principles of

the multi-functional auxin response system.

Results

A phylogenomic strategy for reconstructing ancestral states

To reconstruct origin and early diversification in auxin response gene families, we designed a
strategy (Chapter 2) that uses a large transcriptome dataset (OneKP) including multiple species
for each major branch in plant species phylogeny (Matasci et al., 2014). The depth and quality of
each individual RNA-Seq-derived transcriptome is limited and a further caveat of transcriptome-
based gene identifications is that the number of genes may be underestimated if a gene is not
expressed under the sampling conditions or in the sampled tissue. However, the availability of
transcriptomes from multiple tissue samples of multiple related species, should allow deduction
of the ancestral state that defines the gene complement at each evolutionary node. It should
be stressed that this number represents the ancestral state at a given node, and species-specific
gene duplications and gene losses will have modified the gene complement in individual species.
Given our focus on early events in nuclear auxin response evolution, we have used all available
transcriptomes of red algae, green algae, bryophytes, lycophytes, ferns, and gymnosperms from
the OneKP dataset (Supplementary file 1). We also included all available angiosperm species in
the Chloranthales, Magnoliids and ANA grade, as well as several species in both monocots and

dicots (Supplementary file 1). For reference and quality control purposes, we included genome-
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based sequences from well annotated model species.

Origin of nuclear auxin response components

Each of the three auxin response protein types (ARFs, Aux/IAAs and TIR1/AFBs) are multi-
domain proteins and we initially focused on the origin of these proteins. Therefore, we asked
where domains, or parts thereof, were found, and at what node the multi-domain proteins first
appear. ARF proteins carry an N-terminal DNA-binding domain (DBD) which consists of a
composite dimerization domain (DD; made up of two separate subdomains [DD1 and DD2]
that fold into a single unit), a B3-type DNA-interaction domain, and an ancillary domain (AD)
of unknown function (Fig. 1C; Boer et al., 2014). In land plants, the DD and AD are only found
in the ARF family. The C-terminal Phox and Bem1 (PB1) domain is shared among ARF and
Aux/TAA proteins and mediates homo- and hetero-oligomerization (Korasick et al., 2014; Nanao
et al., 2014). Finally, ARFs contain a less well-defined Middle Region (MR) separating the PB1
and DBD (Fig. 1C).
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TIR1/AFB | Aux/IAA | ARF or Gene expression
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C Aux/IAA TIR1/AFB
DNA binding domaln
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Figure 1: Proteins in nuclear auxin pathway; mechanism and origin of the domains. (A, B) Scheme of
NAP in land plants. In the absence of auxin, Aux/IAA inhibit ARF via their PB1 domains, and by recruiting
the TPL co-repressor. Auxin stabilizes the interaction between Aux/IAA and TIR1/AFB, followed by pro-
teasome-mediated degradation of Aux/IAA. (C) Domain structure of NAP components in land plants and
presence of each domain in algae, as recovered in transcriptomes. (Sub-)domains are indicated by colors,
that match those in (B). /: basal to all B3-type transcription factors in land plants, *: difficult to assign to
ARF or Aux/IAA family; #: forming basal clade to both TIR1/AFB and COI1 in land plants.

In red algae, we found proteins containing an N-terminal portion of DD1, DD2, and
AD, lacking a B3 or PB1 domain, but instead flanked by a C-terminal bromodomain (BROMO;
InterPro ID: IPR001487; Fig. 1C). The DD1 and DD2 motifs in red algae are spaced by 20—
30 conserved amino acids, which is much shorter than the B3 domain (~120 amino acids;
Supplementary file 2). In chlorophytes, we found a protein with only AD, flanked by a DNA-
binding AT-rich interaction domain (ARID; InterPro ID: IPR001606; Fig. 1C). Furthermore,
we found separate proteins that either represented a B3 or a PB1 domain (Fig. 1C). Thus, all ARF
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subdomains had been established before the split of the streptophytes, but not combined in a
single protein. In contrast, we discovered full-length ARF-like proteins containing a DBD with a
B3 domain inserted between DD and AD in charophytes (Fig. 1C and Fig. S1). Land plant ARFs
can be grouped into three classes, A, B and C (Finet et al., 2013). Based on transactivation assays,
class A- and B-ARFs are classified as transcriptional activators and repressors, respectively (Kato
et al., 2015; Ulmasov et al., 1999). Class C-ARFs are generally recognized as transcriptional
repressors based on the amino acid composition of MR, but this has not yet been fully supported
by experimental evidence (Kato et al., 2017b). Phylogenetic analysis revealed that the ARF-like
proteins in charophytes fall in two sister clades and likely represent separate precursors of class
C-ARFs (proto-C-ARFs) and A/B-ARFs (proto-A/B-ARFs) of land plants (Fig. 2 and Fig. S1).
Interestingly, we found the PB1 domain only in proto-C-ARFs, which could however be due to
sparse sampling in some charophyte lineages (Fig. S1).

To understand if the proto-ARFs share conserved, functionally important residues, we
generated homology models based on available DBD crystal structures of A. thaliana ARF1
and ARF5 (Boer et al., 2014). As no class C-ARF structure is known, we first modelled the A.
thaliana ARF10 DBD to compare with proto-C-ARFs. Next, homology models for proto-ARFs
in Spirogyra pratensis (SpARF; proto-C-ARF) and Mesotaenium caldariorum (McARF; proto-
A/B-ARF) were generated. We also included all three ARFs of the bryophyte M. polymorpha
(MpARF1-3) representing each major class, and compared all models to A. thaliana ARF
structures. This analysis revealed that all proto-ARFs likely share a conserved structural topology
(Fig. 3A). Strikingly, all DNA-binding residues follow the spatial restraints needed for DNA
binding in all ARFs tested, suggesting a conserved mode of DNA binding. On the other hand,
dimerization residues are conserved only in the (proto-)A/B-ARFs (McARE MpARF1, and
MpAREF2) but not in the (proto-)C-ARFs (SpARE MpARF3, and ARF10) (Fig. 3A). These
results clearly demonstrate that canonical ARF proteins were established and differentiated into

two classes in charophyte algae.

In addition to the proteins with canonical ARF-like structure, we found a group of
charophyte proteins consisting of an AP2 DNA binding domain along with B3 and PB1 domains
(Fig. 1C). Land plants also have a protein family containing AP2 domain in their N-terminus,
followed by a B3 domain. These proteins are called RELATED TO ABI3 AND VPI (RAV).
Interestingly, land plant RAV proteins do not have a PB1 domain and it is known that the B3
domain of RAV and ARF binds different DNA sequences (Boer et al., 2014; Matias-Hernandez
etal., 2014). The B3 domain of RAV-like proteins in charophytes is much more similar to RAV
than to ARF proteins in land plants (Fig. S2). Phylogenetic analysis showed that the RAV-like
proteins of charophytes position along with RAV family in land plants (Fig. 2B and Fig. S1).
Thus, we classify these proteins as proto-RAV. In the charophyte green algae, the two classes of
proto-ARFs and proto-RAVs are found in various combinations in each species (Fig. 2A). While
sequencing depth may be insufficient to detect all proto-ARFs and proto-RAVs, there does not

appear to be a conserved pattern in the order of appearance and retention of these genes.
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Figure 2: Distribution of auxin signalling proteins precursors in algal lineages. (A) Occurrence of
NAP components in red algae, chlorophytes, and charophytes. Empty circles and filled circles indicate the
absence and presence of that particular component, respectively. *: Land plants have defined three classes of
ARFs, RAV without PB1, and separate TIR1/AFB and COI1 receptors. (B) Schematic illustration of the
phylogenetic arrangement of RAV1, Aux/IAA and ARFs based on the DBD tree and PB1 tree. Note that
only branches with strong bootstrap support are shown.

We next considered the origin of the Aux/IAA proteins. These proteins contain two
functional small domains in addition to a C-terminal PB1 domain (Fig. 1B, C). The N-terminal
domain I recruits the TOPLESS (TPL) transcriptional co-repressor (Szemenyei et al., 2008).
Domain II mediates the auxin-dependent interaction with TIR1/AFB and thus acts as a degron
(Dharmasiri et al., 2005; Gray et al., 2001; Kepinski and Leyser, 2005). Because domain I and
IT are too small for reliable BLAST searches, we used the PB1 domain to identify potential family
members. No PB1-containing proteins were identified in red algae, while we found proteins with
a PB1 domain but no DBD in chlorophytes (Fig. 1C). Phylogenetic analysis based on the PB1
domain indicated these are neither closely related to RAV, nor to Aux/IAA and ARF families (Fig.
2B and Fig. S3). PB1 domain-containing proteins that lack a DBD were also found in many of
the charophyte algae (Fig. 1C, Fig. 3B and Fig. $3). Most of them were placed along with proto-
RAV in phylogenetic tree, but the sequences from Coleochaetae irregularis were placed along with
the Aux/IAA in land plants that is separate from the PB1 of both ARFs and proto-RAV proteins
(Fig. 2B, Fig. 3B and Fig. S3). Even though the N-terminal part of the PB1 domain is not as
conserved as the C-terminal part, several critical residues were found to be conserved in Aux/
IAA-like sequences (Fig. 3B). These results indicate that the PB1 domain of land plant ARFs and
Aux/IAAs had separate precursors in charophytes. We could, however, not detect domain I or
IT in Aux/IAA-like genes of charophyte algae, even when scrutinizing individual sequences. We

thus conclude that Aux/IAA proteins with all three functional domains are limited to land plants.

Finally, we explored the origin of the TIR1/AFB auxin co-receptor that consist of
an N-terminal F-box domain that anchors the protein to the other subunits in the SCF E3
ubiquitin ligase complex, and a C-terminal leucine-rich repeat (LRR) domain that contains the

auxin binding pocket. Auxin acts as a molecular glue to stabilize the interaction between TIR1/
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Figure 3: Homology models of ancestral ARF, Aux/IAA and TIR1/AFB proteins. (A) Homology mod-
els for ARF DBDs. The crystal structure of Arabidopsis thaliana ARF1-DBD is shown on the left with
important residues for DNA binding (top) and dimerization (bottom). Homology models for (proto-)
ARFs are overlaid on A. thaliana ARF1 in right panels (brown). (B) Alignment of PB1 domain of (proto-)
ARE, Aux/IAA and proto-RAV proteins. Numbering is based on the ARF5 protein of A. thaliana. Arrows
and helices indicate -sheets and o-helices in ARF5 and IAA17 of A.thaliana, respectively. Blue and red
triangles indicate positive (+) and negative (-) faces, respectively. Golden asterisks represent the residues
of polar interactions. (C) Homology models for TIR1/AFB and COI1 proteins. Left panel shows crystal
structure of A. thaliana TIR1 from top view. Auxin binding pocket of TIR1/AFB and jasmonate binding
pocket of COI1 are shown in right panels. Hormone binding residues are indicated as stick model in TIR1
and COI1 of land plants. Blue, red or orange residues in the model for the Coleochaete irregularis protein
indicate the residues aligned with hormone binding residues of TIR1, COI1 or both, respectively. Ci: Co-
loechaete irregularis, Da: Desmidium aptogonum, Kn: Klebsormidium nitens, Mc: Mesotaenium caldariorum,
Mp: Marchantia polymorpha, Pk: Parachlorella kessleri, Ps: Pisum sativum, Sp: Spirogyra pratensis.

AFB and Aux/IAA proteins (Tan et al., 2007). The closest homolog of the TIR1/AFB proteins
in A. thaliana is CORONATINE INSENSITIVE 1 (COI1), which functions as a receptor of
the jasmonic acid (JA) phytohormone (Katsir et al., 2008). In our homology search, we could
not identify any proteins showing homology to either TIR1/AFB or COIl in red algae and
chlorophytes (Fig. 1C and Fig. 2A). We did find many proteins showing homology to TIR1/
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AFB and COI1 in the transcriptomes of charophyte algae (Fig. 1C and Fig. 2A). Phylogenetic
analysis indicated that some of these proteins form a sister group to both TIR1/AFB and COI1
in land plants and none of the charophyte proteins are specifically grouped into either TIR1/AFB
or COI1 clades (Fig. 4, Fig. S5 and Fig. S6), suggesting that charophytes had an ancestor that

gave rise to both auxin and JA receptors.

To infer whether the TIR1/AFB/COIll-like proteins of charophytes function as
receptors for auxin or JA, we generated homology models of the TIR1/AFB/COI1-like protein
from C. irregularis and the bryophyte M. polymorpha MpTIR1 and MpCOI1, using the A.
thaliana TIR1 and COI1 crystal structures (Sheard et al., 2010; Tan et al., 2007) as templates for
modelling. Even though the secondary structure of the C. irregularis protein was highly similar
to that of land plant TIR1 and COI1 (Supplementary file 2), at the level of amino acid sequence,
the protein did not resemble either TIR1/AFB or COI1. Out of 40 residues conserved in either
TIR1/AFB or COIl, only 7 and 11 residues are identical to TIR1/AFB and COI1, respectively
(Supplementary file 2; black stars). Notably, most of the hormone-contacting residues (11 out
of 12) are different from both TIR1/AFB and COI1 (Fig. 3C and Supplementary file 2). These
results suggest that the charophyte TIR1/AFB/COI1 precursor may not act as an auxin or JA
receptor, and we conclude that dedicated receptors for auxin and JA were established only in land
plants. Taken together, our analyses suggest that the components of NAP were established in the
common ancestor of land plants by combining pre-existing components and that the system

evolved to regulate pre-existing transcription factors.

Evolution of complexity in the nuclear auxin response system

All three gene families have evolved to considerable size and diversity in angiosperms, and this
diversity is thought to underlie multifunctionality of auxin as a hormone. We next aimed to
reconstruct the evolutionary history of auxin response components across all land plant lineages.
Consistent with previous descriptions (Finet et al., 2013), our phylogenetic analysis showed that
all land plant ARFs are divided into three phylogenetic lineages (Fig. 4 and Fig. S1). Within the
class-C lineage, we did not find any duplications in the ancestors of non-angiosperm species.
The split that generated A. thaliana ARF10/16 and ARF17 likely occurred early in angiosperm
evolution, while the PB1 domain was lost in the ARF17 group (Fig. 4 and Fig. S1). The class
A-AREF is represented by a single copy in bryophytes and lycophytes. We found that a subset of
genes lacking the DBD diverged from class A-ARFs in early land plants, is missing in hornworts
and has been retained in liverworts, mosses and lycophytes (non-canonical ARE ncARF; Fig. 3B,
Fig. 4 and Fig. S3). A further gene duplication event in the ancestor of euphyllophytes gave rise
to two class-A sub-families corresponding to A. thaliana ARF5/7/19 and ARF6/8, respectively.
In the ancestor of seed plants, a gene duplication caused differentiation between the A. thaliana
ARF5 and ARF7/19 subfamilies (Fig. 4 and Fig. S1). Finally, two gene duplication events in the
ancestral angiosperms led to ARF6 and ARF8 and to a paralog of ARF7/19, which was lost in A.
thaliana (Fig. 4 and Fig. S1).
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Class B-ARFs are represented by a single gene in the ancestor of liverworts, mosses,
lycophytes, and ferns. However, no hornwort species appears to contain class B-ARFs (Fig. 4
and Fig. S1). Gene duplications in the ancestral gymnosperms gave rise to three class B-ARF
copies, one representing A. thaliana ARF3/4, another leading to A. thaliana ARF2 and the third
generating the remainder of the class B-ARFs in A. thaliana (Fig. 4 and Fig. S1). Notably, the
reported lack of the PB1 domain in ARF3 (Finet et al., 2013) is an independent loss in the

common ancestor of monocots and eudicots (Fig. S1).
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Figure 4: Reconstruction of ancestral state of NAP components in plant evolution. Schematic summary
shows the ancestral copy number and phylogenetic relationship of each protein family in all major plant
lineages. Each circle is colored according to protein type as indicated in the box. In the top row, numbers
indicate which genes of Arabidopsis thaliana belong to each subfamily and red circles indicates missing sub-
families in A. thaliana. Note that only branches with strong bootstrap support are shown.

Our data indicated that an ancestral Aux/IAA gene lacking domain I and II had been
established during the evolution of charophytes, while “true” Aux/IAAs with all functional
domains are found only in land plants (Fig. 1C). In addition to one copy of “true” Aux/IAA,
we found another set of deeply conserved non-canonical Aux/IAA-like sequences that lack the
domain I and II (non-canonical Aux/TAA, ncIAA; Fig. 2B, Fig. 4, Fig. S3 and Fig. S4). Strikingly,
while the Aux/IAAs have diversified through gene duplications, the ncIAA is found only in a
single copy in all evolutionary nodes examined here, and is represented by IAA33 in A. thaliana.
In the ancestor of euphyllophytes, gene duplication events gave rise to three Aux/IAAs, which
were retained in the ancestral seed plants (Fig. 4 and Fig. S4). Common ancestor of angiosperms
has eleven Aux/IAA proteins, which is more than triple the number found in gymnosperms (Fig.
4 and Fig. S4). Finally, in addition to the ancient ncIAA generated in a first duplication event,
several independent events later generated non-canonical family members lacking domains. For
example, the lack of domain II in IAA20, IAA30, IAA31, 1AA32, and 1AA34 of A. thaliana

appears to be an independent loss in their respective lineages in the core angiosperms (Fig. $4).

Our data indicated that ancestral charophyte green algae had one common ancestor for
both auxin (TIR1/AFB) and JA (COI1) F-box co-receptors, and following duplication in the
ancestor of all land plants, developed into two independent receptors (Fig. 4 and Fig. S5). The
common ancestor of bryophytes and lycophytes had a single orthologue of A. thaliana TIR1/
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AFB. Gene duplication events in the ancestor of euphyllophytes gave rise to three subgroups; one
leading to TIR1/AFB1-3, one leading to AFB4/5 and another which is widely present in many
species including the angiosperms, but has been lost in some monocots and dicots including A.

thaliana (Fig. 4, Fig. S5 and Fig. S6).
Thus, our analysis of the patterns of diversification in the ARF, Aux/IAA and TIR1/AFB

families identifies the auxin response complement at each evolutionary node, and in addition
reveals deeply conserved non-canonical family members. Notably, many changes occurred in the
composition of NAP from the common ancestor of lycophytes to euphyllophytes, which may

have led to complex auxin response.

Multi-species comparative transcriptome analysis reveals evolution of response complexity

The complements of auxin response components identified from phylogenomic analysis allow
for clear predictions of which species possess a functional transcriptional auxin response system.
Based on our predictions, only land plants should be able to respond. In addition, it is intuitive that
the number of components in auxin response will relate to the complexity of response, but as yet
there is no experimental basis for such relationship. To experimentally address the competence of
species to respond to auxin, and to explore the relationship between auxin response components
and the qualitative and quantitative aspects of auxin response, we performed comparative
transcriptome analysis. We selected six species that belong to different ancient lineages and
that each have a different complement of auxin response components (Fig. 5A). We used the
charophyte algae Klebsormidium nitens and Spirogyra pratensis, the hornwort Anthoceros agrestis,
the liverwort Marchantia polymorpha, the moss Physcomitrella patens, and the fern Ceratopteris
richardii. To detect only early transcriptional responses, we treated plants with auxin for 1h,
and performed RNA-Seq followed by de novo transcriptome assembly and differential gene
expression analysis. To avoid inactivation of the natural auxin IAA by conjugation or transport,
we treated with 10 pM of the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). This
compound was shown to behave like IAA in the context of the NAP (Tan et al., 2007).

Importantly, 68-90% of the differentially expressed genes (DEG) from de novo
assemblies in K. nitens, M. polymorpha and P patens matched with genome-based differential
gene expression performed in parallel (Fig. S7), thus validating our approach. Transcriptome
analysis after prolonged auxin treatment in P patens had identified a large set of auxin-responsive
genes (Lavy et al., 2016). Indeed, we found 105 and 1090 genes to be auxin-regulated in M.
polymorpha and P, patens, respectively (Fig. 5A). Likewise, we found 159 and 413 genes to be
auxin-regulated in A. agrestis and C. richardii (Fig. 5A). Unexpectedly, despite lacking Aux/IAA
and dedicated TIR1/AFB genes, both charophyte algae showed a strong transcriptional response
to 2,4-D treatment. A total of 1094 and 1681 genes were differentially expressed in K. nitens and
S. pratensis, respectively (Fig. 5A). Thus, there is a clear transcriptional response to 1 hour of 2,4-
D treatment in all species analyzed, yet the number of genes is different, with an exceptionally

large number of responsive genes in charophytes. We next determined if the number of DEG
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correlates with gene number in each transcriptome assembly (Fig. S8), and found that differences

in DEG among species cannot be explained by total gene number.
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Figure 5: Auxin-dependent gene regulation across basal plant species. (A) Histograms represent the
distribution of log2 fold change among differentially expressed genes on X-axis (Padj < 0.01). Y-axis indi-
cates the number of genes in each log2 fold-change bin. Pie charts indicate the total number of up- and
down-regulated genes in each species. Circles in the top left of each graph indicate the number of NAP
components. (B) Violin plots of log2 normalized expression values (DEseq2-based; y-axis) of 20 least aux-
in-activated (Low) and 20 top-most auxin-upregulated (High) genes in each six species. White dot indicat-
ed the median expression value.

We next addressed whether there were differences in the characteristics of regulation.
Both charophyte species showed a high percentage of gene repression. Only 37% and 33%
of DEG were activated in K. nitens and S. pratensis, respectively (Fig. 5A). In contrast, the
distribution of fold change amplitude values differed between the two charophytes where S.
pratensis showed a general shift towards larger amplitudes of regulation (Fig. 5A). Even though
the complement of auxin response proteins is different, all three bryophytes showed a similar

pattern: 36-53% of DEG were activated, with very few genes showing an amplitude over 2-fold
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up- or down-regulation (Fig. 5A). In contrast, 82% of DEG were activated in C. richardii. We
also found that there was a notable difference in the distribution of fold-change values, with a

larger fraction of genes being more strongly activated (maximum 28-fold; Fig. 5A).

We found that the number of auxin-responsive genes is positively correlated with the
number of ARFs in land plants as seen in the expanded number of ARFs and DEG in P patens
and C. richardii. A switch to gene activation is not correlated with the number of ARFs, but
rather with a duplication in the class A-ARFs in the ancestor of euphyllophytes and/or increase
of Aux/IAA and TIR1/AFB. The increase in amplitude of auxin-dependent gene regulation in
C. richardii could be a consequence of higher activation upon treatment, increased repression in
the absence of auxin, or both. To determine its basis, we compared normalized expression values
for the 20 top-most auxin-activated, and the 20 least auxin-activated genes in all species (Fig.
5B). This revealed that the increased amplitude of the top-most activated genes in C. richardii is
not correlated with increased expression in the presence of auxin, but rather caused by reduced
expression in its absence. This quantitative property of the auxin response system is correlated

with the increased numbers of Aux/IAA genes.

Identification of a deeply conserved auxin-dependent gene set in land plants

Given that the mechanism of auxin response is ancient and conserved among all land plants, a
key question is whether responses in different species involve regulation of a shared set of genes.
To address this question, we performed tBLASTx searches among all DEG in our comparative
transcriptome data and visualized the network of their similarities (Fig. S9 and Fig. S10). Even
though BLAST filtering is not sufficient to distinguish orthology groups in large families such as
kinases, we could identify several gene families to be commonly regulated by auxin in different
land plants species. Classical primary auxin-responsive genes—the Aux/IAA, GH3 and SAUR
families—were shown to be auxin responsive in many angiosperm species (Abel and Theologis,
1996). We found different bryophyte species to show auxin-dependence in only some of these
three gene families (Fig. 6A), yet no species showed regulation of all three gene families. In
contrast, C. richardii displayed auxin-dependence of members of all three gene families (Fig.
6A). Given that the Aux/IAA and GH3 proteins themselves regulate auxin levels or response, this
indicates that a robust feedback mechanism involving all these gene families did not exist prior

to the emergence of vascular plants, and bryophytes might have different feedback mechanism.

In addition, we identified the members of class II homeodomain-leucine zipper
(C2HDZ) and WIP families to be commonly activated by auxin in all land plants in our RNA-
Seq (note that no WIP gene was identified in the A. agrestis assembly). Indeed, qPCR analysis
confirmed auxin-activation of C2HDZ (Fig. 6B). We also identified the members of auxin
biosynthesis gene YUC family to be commonly down-regulated among multiple land plant
species (except A. agrestis), and qQPCR analysis demonstrated this to be true in A. agrestis, as well
(Fig. 6B). It is known that some members of C2HDZ, WIB, and YUC families in A. thaliana
are also up- or down-regulated by auxin respectively (Crawford et al., 2015; Sawa et al., 2002;
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Takato et al., 2017). While homologs of C2ZHDZ were detected in the charophyte assemblies,
none was regulated by auxin, which supports the different nature of the auxin response system
in these species. In summary, land plants share a deeply conserved set of auxin up- and down-

regulated genes.
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Figure 6: Identification of deeply conserved auxin-responsive genes. (A) Auxin-dependence of six well-
known angiosperm auxin-responsive gene families (top) surveyed from de novo assembly-based transcrip-
tomes in 6 species. Each circle indicates a gene copy of each gene family. Red, blue and grey circle indicate
up-, down- and non-regulated genes in response to auxin. #: no homologs were identified in our tran-
scriptome possibly due to low expression, or they might be lost during evolution. (B) qPCR analysis of
conserved auxin-responsive genes. Auxin treatment was performed in the same condition with RNA-Seq
experiment (10 pM 2,4-D for 1h). Relative expression values are normalized by the expression of EFla in
Marchantia polymorpha or the amount of total RNA in Anthoceros agrestis and Ceratopteris richardii. Each
bar indicates average of expression with SD (biological replicates = 3). *: p < 0.01 (t-test).

Contributions of ancient components to auxin response

Our phylogenomic analysis identified several components that are deeply conserved, yet whose
contributions to auxin response are unknown: two deeply conserved non-canonical auxin
signalling components lack important domains (ncIAA and ncARF), while class C-ARFs
diverged from all other ARFs in charophytes prior to establishment of the NAP. To investigate
the biological roles of these genes, we chose the liverwort M. polymorpha, the only genetically
tractable model plant encoding ncIAA, ncARF and C-ARF genes. We first addressed ncIAA and
ncARF function and performed CRISPR/Cas9-mediated mutagenesis (Sugano et al., 2014) and
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obtained two different alleles for each gene which presumably cause a loss-of-function by frame
shift mutation (nciaa-6, nciaa-10, ncarf-2, ncarf-10; Fig. 7A and Fig. S11A, B, E).
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Figure 7: Genetic analysis of ancient components in Marchantia polymorpha. (A) Diagrams of gene
structure and CRISPR/Cas9-mediated mutation in ncIAA, ncARF and ARF3 loci. Arrowheads indicate
sgRNA target sites. Grey and black boxes indicate UTR and CDS, respectively. Red and blue bars indicate
the region coding PB1 and DBD. (B) 10-day-old gemmalings grown without or with 3 pM 2,4-D. Scale
bars: 5 mm. (C) Expression analysis of auxin-responsive genes in WT, nciaa, ncarf, and arf3 mutants by
qPCR. 10-day-old gemmalings (nciaa and ncarf) or regenerating thalli (71 and arf3) were treated with 10
pM 2,4-D for 1 h. Each bar indicates average +SD (biological replicates = 3). Asterisks indicate significant
differences. *: p < 0.01 (Tukey test), **: p < 0.05 (t-test). (D, E) Thallus tips grown for 2 weeks (D) and
gemma cups (E) of WT and a7f3*/-1 mutant. arf3*!-1 showed growth retardation and no mature gemmae,
similar to the other alleles. (F) Expression analysis of proARF3:ARF3-Citrine in arf3*-1 background. Left
and right panel show developing and mature gemmae, respectively. Scale bars: 5 mm in (B and D), 0.5 mm
in (E), 50 m in (F).

To investigate whether nclAA and ncARF are involved in auxin response, we grew
mutants on auxin-containing medium. Exogenously supplied auxin causes severe inhibition of
thallus growth and increased formation of rhizoids in wild-type (Fig. 7B; Ishizaki et al., 2012).
nciaa mutants showed auxin response similar to wild-type, while growth inhibition was strongly
suppressed in 7carf mutants although rhizoid formation was still promoted by auxin (Fig. 7B).
We next selected two auxin-up-regulated genes (EXP and WIP) and one auxin-downregulated
gene (YUC2; Eklund etal., 2015), and examined their expression in all mutants by qPCR analysis
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(Fig. 7C). In nciaa mutants, the expression of auxin-upregulated genes responded similarly to
the wild-type, while the expression of the auxin-repressed YUC2 gene was significantly reduced
in the absence of auxin, but similarly repressed by auxin. In ncarf mutants, the basal expression
of auxin-upregulated genes was similar to WT, while the expression after auxin treatment was
significantly reduced in the mutants. The expression of YUC2 was reduced in mock condition
and auxin treatment did not change the expression. Thus, in M. polymorpha, ncIAA may have a
function in gene expression, but is not critical for auxin response itself. On the other hand, ncARF

represents a novel positive regulator of both auxin-dependent gene activation and repression.

Finally, we focused on C-ARF function. While partial mutants have been reported in
A. thaliana, no plants completely lacking C-ARF have been described. We used CRISPR/Cas9
gene editing to generate a series of loss-of-function mutants in MpARF3, the single C-ARF of M.
polymorpha (arf3gel-1, arf3gel-2, arf3ge2-1; Fig. 7A and Fig. S11C, D). All three a7/3 mutants
showed dramatic defects in development, notably in vegetative propagules (gemmae) which
arrested before maturation, consistent with ubiquitous ARF3 protein accumulation in these
structures (Fig. 7D-F and Fig. S11G). A previous study reported characterization of mutants
in the class A-ARF in M. polymorpha (arfl-4) and showed that ARF1 is important for auxin
response (Kato et al., 2017a). arfl-4 produces narrower and twisted thallus which is distinct from
flat thallus of 27f3 mutants. In addition, previous studies also showed that gemma development
was regulated by Aux/IAA and the class A-ARF (Kato et al., 2015; Kato et al., 2017a), and
we hence tested if transcriptional responses to auxin were altered in «7/3 mutants. Strikingly,
all auxin-responsive genes we tested showed similar responses in WT and 27/3 mutants, while
arf] mutants showed no auxin responses (Fig. 7C). This result suggests that, class C-ARF in M.
polymorpha have different target genes from A-ARF and may not be critical for auxin-dependent

gene regulation.

Discussion

Deep origin of nuclear auxin response in the ancestor of land plants

Phylogenetic analysis and domain structural analysis provided many insights into the origin
of NAP and its evolutionary trajectory. All subdomains of dedicated auxin-response proteins
were recovered in transcriptomes from red algae and chlorophytes, but the multidomain protein
appears only in the charophyte and land plant lineage. These findings show that proto-ARF
transcription factor was established during the evolution of ancestral charophytes by combining
existing domains. However, given that no defined Aux/IAA and TIR1/AFB could be identified
in charophytes, a complete nuclear auxin response system is limited to land plants. Ancestors
of TIR1/AFB and COII1 co-receptors could be identified in charophytes, but detailed residue
analysis suggested these to be neither auxin nor JA receptor. Thus, duplication of this gene, as
well as multiple mutations in the LRR domain, must have preceded the deployment of these
proteins as co-receptors. Auxin-dependence of ARFs is mediated by auxin-triggered degradation
of Aux/IAA proteins, bridging ARF and TIR1/AFB proteins through two protein domains: the
ARF-interacting PB1 domain and the TIR1/AFB-interacting domain II. We did find charophyte
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PB1-containing proteins that form a sister clade of land plant Aux/IAA. However, domain II was
not detected in these proteins. Along with innovations in the proto-TIR1/AFB/COI1 protein,
gain of a minimal degron motif in the Aux/IAA precursor likely completed the auxin response
system in the early ancestor of land plants. Whether proto-TIR1/AFB/COI1 interact with Aux/

IAA-like protein via an unknown ligand would be an interesting question for future analysis.

Auxin responses in algal species

Despite the lack of defined Aux/IAA and TIR1/AFB auxin co-receptor, the charophytes K. nitens
and S. pratensis showed an extensive transcriptional response to exogenously supplied 2,4-D
within 1 hour. A recent independent study showed IAA-dependent gene expression in K. nitens
upon prolonged treatment with higher concentrations (100 pM for 10 h to 7 days; Ohtaka et
al., 2017). While S. pratensis has a proto-C-ARE, K. nitens does not appear to have proto-ARFs.
Thus, by definition this response system must be different from the land plant auxin response
system. Indeed, the charophyte orthologue of core land plant auxin responsive genes (C2HDZ)
did not respond to 2,4-D and IAA. There was little, if any, overlap between auxin-responsive
transcripts in the two charophytes, and in qPCR experiments on individual genes we noticed a
high variability between experiments (not shown). Thus, it appears that charophytes do respond
to auxin-like molecules, but this response may not be robust, or it may strongly depend on growth
conditions. Auxin resembles indole and tryptophan, and it is possible that the response to auxin
observed is in fact a metabolic response to nutrient availability. Presence of endogenous IAA
is observed in a wide range of algal species including charophytes, chlorophytes, rhodophytes,
chromista, and cyanobacteria (Zizkov4 et al., 2017). Moreover, non-photosynthetic bacteria and
fungi produce IAA and use it for communication with plants and algae (Amin et al., 2015; Fu
et al., 2015), and thus it is likely that a response mechanism independent of the NAP exists in

these species.

Function of the ancestral ARFs

Our data clearly indicate that ARF transcription factors were established in common ancestor
of charophytes and land plants. Structural homology models suggest that all the important
residues for DNA-binding are conserved in proto-ARFs and these may bind the same target
DNA sequences. This should be assessed by biochemical experiments in the future. Given that
there is a core set of auxin-regulated genes shared in all land plants, an intriguing possibility is
that proto-ARFs already regulated this core set of genes that only became auxin-dependent upon
establishment of TIR1/AFB and Aux/IAA proteins. Identification of the transcriptional targets of
these proto-ARFs should help address this question. In any event, proto-ARFs—as well as critical
residues for DNA binding—have been retained in many algal genomes for hundreds of millions
of years, which suggests that they perform a biologically relevant function. Whether this function

is related to the processes that auxin controls in land plants is an open question.

Interestingly, our phylogenetic analysis indicated that the split between class C- and A/B-
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ARFs occurred in charophytes before the establishment of Aux/IAA-TIR1/AFB co-receptor, and
by extension likely before proto-ARFs were auxin-dependent. This suggests that class C-ARFs are
fundamentally different from class A/B-ARFs. Indeed, genetic analysis in M. polymorpha revealed
that its C-ARF likely does not act in auxin-dependent gene regulation. Several studies in A.
thaliana showed that C-ARFs are involved in auxin response but the proposed role was different
between studies (Ding and Friml, 2010; Liu et al., 2010; Mallory et al., 2005; Wang et al.,
2005; Yang et al., 2013). In addition, C-ARFs of A. thaliana generally have weak affinity to Aux/
IAA proteins (Piya et al., 2014). To clarify the function of this ancient ARF subfamily, auxin-
responsiveness of C-ARF proteins and relationship with A- or B-ARFs should be investigated in

different species.

Novel components in auxin response

A surprising outcome of the phylogenomic analysis was the discovery of two deeply conserved
non-canonical proteins: nclAA and ncARF. Charophytes have an Aux/IAA-like protein containing
a PB1 domain, but lacking domain II, which is critical for auxin perception. This protein could
regulate the function of proto-ARF (or proto-RAV), but not in an auxin-dependent manner.
While the canonical Aux/IAA gave rise to a large gene family, the ncIAA clade represented by a
single member in every evolutionary node. The retention of a single ncIAA gene across plants
suggests a fundamental function. Unfortunately, our mutant analysis in M. polymorpha could
not reveal the function of ncIAA in auxin response and development in vegetative phase. ncIAA
might have a function only in other developmental stages, or under specific stress conditions
or environmental signals. No mutant in the Arabidopsis IAA33 gene has yet been reported, and

perhaps such a mutant will help understand the ancient function of this protein.

This work revealed that a class A-ARF-derived ncARF subfamily lacking a DBD is
evolutionarily conserved among liverworts, mosses, and lycophytes. Mutant analysis using M.
polymorpha clearly showed that ncARF functions as positive regulator in transcriptional auxin
responses. There are two hypothetical models for ncARF function. 1) ncARF protects canonical
ARFs from AUX/IAA-mediated inactivation through the interaction of PB1 domain. 2) ncARF
interacts with target gene loci by interaction with canonical ARFs and help activate expression
by recruiting co-factors. Irrespective of the mechanism of ncIAA and ncARF function, future

models of auxin response will need to incorporate these conserved components.

Functional impact of increased complexity in NAP components

Through comparative transcriptomics we infer that the number of DNA-binding ARF
transcription factors scales with the number of auxin-regulated genes. Both P. patens and C.
richardii have an expanded set of ARFs and display substantially more auxin-responsive genes
than A. agrestis and M. polymorpha. It is likely that later duplications in the ARF family in
the seed plants led to the thousands of auxin-responsive genes in these species (Paponov et al.,

2008). Another key evolutionary change is the transition from mostly gene repression to gene
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activation. We infer that this transition occurred in a common ancestor of euphyllophytes, and
transcriptome analysis in A. thaliana and O. sativa shows this pattern persists in angiosperms
(Jain and Khurana, 2009; Paponov et al., 2008). There is a defining difference between bryophyte
and euphyllophyte ARF families—a persisting duplication in the class A-ARFs. We hypothesize
that the euphyllophytes duplication created an ARF copy that is more potent, or perhaps even
specialized for gene activation. However, we cannot exclude the possibility that the difference in
endogenous auxin levels or tissue complexity among species may results in different sensitivity

to auxin treatment.

The comparative transcriptomics also adds an interesting twist to our understanding of
the functional distinction among ARF classes. Class A-ARFs are considered activators, and class
B-AREFs repressors, perhaps through competing with class A-ARFs (Lavy et al., 2016; Ulmasov et
al., 1999). Despite a complete lack of class B-ARFs, the hornwort A. agrestis showed comparable
auxin-dependent gene repression to the other bryophytes, suggesting that auxin-dependent gene
repression may not be mediated by class B-ARFs. Based on these findings, the role of class

B-ARFs in auxin response may need to be reconsidered.

A remarkable difference between bryophyte and euphyllophyte auxin-dependent
transcriptomes is the appearance of genes with a large amplitude of regulation in the latter. Many
auxin-responsive genes that were first identified in angiosperms such as A. thaliana have very high
amplitudes (Lee et al., 2009), but this appears to be a later innovation in the response system.
The high amplitude is caused by more effective repression of gene activity in the no-auxin state,
a property that is likely mediated by Aux/IAA proteins. Indeed, ferns have a much larger set of
Aux/IAA proteins, as do all seed plants, and we propose that expansion of the Aux/IAA family
enabled plants to articulate a clear distinction between on and off states in auxin response. In

summary, this analysis reveals several design principles of the auxin response system.

Materials and Methods

Plant materials and culture condition

Male M. polymorpha strain Takaragaike-1 (Tak-1) was used as wild type and cultured as described
previously (Kato et al., 2015). K. nitens (NIES-2285), P patens (Gransden), and A. agrestis
(Oxford) were cultured on BCD medium (Cove et al., 2009) solidified with 1% agar under
the same condition with M. polymorpha. S. pratensis (UTEX928) was cultured on Guillard’s
Woods Hole medium (Nichols, 1973), pH7.9 containing 1% agar under white light with a 16-h
light/8-h dark cycle at 22°C. C. richardii (Hn-n) was cultured on C-fern medium (Plackett et al.,
2015) under continuous white light at 28°C.

Data used

Data access to 1000 plant transcriptomes was provided by the OneKP consortium (www.onekp.
com; Matasci et al., 2014). All the transcriptome assemblies of the species from red algae, green

algae, bryophytes, lycophyes, monilophytes, gymnosperms and basal angiosperms that were safely
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identified as non-contaminated has been used for this analysis (Supplementary file 1). CDS and
protein sequences encoding all the orthologous genes in the three (ARF, Aux/IAA amd TIR1/
AFB) gene families from M. polymorpha, P patens, Amborella trichopoda, Oryza sativa, Zea mays,
Solanum lycopersicum and A. thaliana were obtained from Phytozome verll (phytozome.jgi.
doe.gov/pz/portal.html). Aux/IAA genes from Picea abies were obtained from Spruce Genome
Project (www.congenie.org). K. nitens genome information was accessed from Klebsormidium
nitens NIES-2285 genome project (Hori et al., 2014).

Phylogeny construction

After extracting all the homologous sequences using the method mentioned earlier (Chapter 2),
all the sequences were further tested by BLASTx search against A. thaliana proteome to confirm
orthology inferences. Some PB1 domain sequences in chlorophytes that showed low similarity
to A. thaliana proteins were also compared with M. polymorpha sequences to ascertain orthology.
MAFFT iterative refinementalgorithm (E-INS-i) was used to align the CDS sequences. Alignment
positions with more than 50% gaps were removed using the Phyutility program (ver2.2.6; hetp://
blackrim.org/programs/phyutility/) before the phylogeny construction. PartitionFinder (ver1.1.1;
Lanfear et al., 2012) was used to identify the most suitable evolutionary model for all the three
gene families using the complete trimmed alignments on all the domains. Maximum likelihood
algorithm implemented in RAXML (ver8.1.20; Stamatakis, 2014) with General Time Reversible
(GTR) model of evolution under GAMMA rate distribution with bootstopping criterion (up
to a maximum of 1000 bootstraps) was used for the phylogenetic analysis. Obtained trees were
visualized using the iTOL (http://itol.embl.de/) phylogeny visualization program. Phylogenetic
trees were cleaned up manually for misplaced sequences as well as for clades with long branch

attraction.

Auxin treatment

M. polymorpha gemmae or thallus explant without meristem and A. agrestis small thalli were
planted on the medium covered with nylon mesh (100 pm pore) and grown for 10 days. P
patens protonematal tissues were grown on the medium covered with cellophane for 10 days.
Sterilised spores of C. richardii were grown for 2 weeks after which fertilization was performed by
adding 5 ml of water on the plate. 7 days after fertilization, prothalli carrying sporophytic leaves
were transferred on the medium covered with nylon mesh and grown for a further 7 days, after
which sporophytes contained 3-4 leaves. After growing, plants with mesh or cellophane were
submerged into liquid medium and cultured for 1 day. After pre-cultivation, 2,4-D was added
to a final concentration of 10 pM and plants were incubated for 1h. Excess liquid medium were
removed with paper towels and plants were frozen in liquid nitrogen. K. nitens and S. pratensis
were streaked on solid medium and grown for 2 weeks. Algal cells were collected into 40 ml of
liquid medium and cultured for 1 day with shaking at ~120 rpm. Then 2,4-D was added so that
final concentration became 10 pM, followed by incubation for 1 h with shaking. After auxin

treatment, algal cells were collected using filter paper and frozen in liquid nitrogen.
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RNA extraction and sequencing

Frozen plant sample were grinded into fine powder with mortar and pestle. RNA from K
nitens, S. pratensis, M. polymorpha, and P patens were extracted using Trizol Reagent (Thermo
Fisher Scientific) and RNeasy Plant Mini Kit (QIAGEN). RNA from A. agrestis and C. richardii
were extracted using Spectrum™ Plant Total RNA Kit (Sigma-Aldrich). Total RNA was treated
with RNase-free DNase I set (QIAGEN) and purified with RNeasy MinElute Clean Up Kit
(QIAGEN). RNA-Seq library construction with TruSeq kit (Illumina) and 100 bp paired-
end sequencing with Hiseq4000 (Illumina) were performed by BGI TECH SOLUTIONS
(HONGKONG).

Quantitative RT-PCR

cDNA was synthesized with iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR was
performed using iQ™ SYBR® Green Supermix (Bio-Rad) and CFX384 Touch™ Real-Time PCR
Detection System. A two-step cycle consisting of denaturation at 95°C for 10 seconds followed
by hybridization/elongation at 60°C for 30 seconds, was repeated 40 times and then followed by
a dissociation step. Three technical and biological replicates were performed for each condition.
PCR efficiencies were calculated using CEX Manager (Bio-Rad) software in accordance with the
manufacturer’s instructions. For M. polymorpha, relative expression values were normalized by
the expression of EFla (Saint-Marcoux et al., 2015). All primers used for the analysis are listed
in Supplementary file 3.

RNA-Seq data analysis

Obtained raw fastq reads were checked for quality control using FastQC (www.bioinformatics.
babraham.ac.uk/projects/fastqc). De novo transcriptome assemblies for all 6 species were
generated using Trinity (htep://trinityrnaseq.github.io) with default settings. To avoid any
possible contamination from sequencing method and to improve the data quality, raw reads
from land plants were mapped against charophyte de novo assemblies using Bowtie2 (hetp://
bowtie-bio.sourceforge.net/bowtie2/index.shtml) in default settings and all the perfectly mapped
pairs were removed, after which new assemblies were generated from pure raw read data for each
species. In a similar way, contamination was removed in charophytes by mapping them against
land plant transcriptome assemblies. Once the pure de novo transcriptome assemblies were
generated, again Bowtie2 was used to map individual sample to the respective transcriptome
assemblies using default parameters. Further, to improve the read count estimation and reduce
the redundancy in Trinity transcripts, Corset (Davidson and Oshlack, 2014) was implemented
to estimate raw read counts using the Bowtie2 mapped alignment data. The obtained raw read
counts were normalized and differentially expressed genes (Padj < 0.01) were identified using
DEseq2 (Love et al., 2014) implemented in R Bioconductor package. All the RNAseq raw reads
were deposited in NCBI Short Read Archive (SRA) under the BioProjectID: PRJNA397394
(www.ncbi.nlm.nih.gov/bioproject/397394).
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Alignments and homology modelling

All other protein alignments mentioned in the manuscript were generated using ClustalOmega
(htep://www.ebi.ac.uk/Tools/msa/clustalo/). Visualization of the alignments were generated
using Espript (espript.ibcp.fr). Homology models were generated using Modeller v9.17 (https://
salilab.org/modeller/). Modelled 3D structures were visualized using PyMol v1.7.4 (The PyMOL
Molecular Graphics System, Schrédinger, LLC).

Core auxin-responsive gene set

All the up-regulated genes’ nucleotide sequences from the 6 species were aligned against the
same sequences using tBLASTx to find the similar (orthologous) genes among various species.
From these results, the BLAST hits with E-value less than 0.001 with a length of at least 30
amino acids were considered for further analysis. Moreover, these sequences were also searched
for orthologues in A. thaliana proteome using BLASTx. Both the similarities among the six
species and the orthologous gene information from A. thaliana were loaded into Cytoscape
(www.cytoscape.org) to visualize the network of similar gene families. A similar procedure was

performed for finding the commonly downregulated gene families.

Mutant generation for M. polymorpha

To generate the entry clones carrying sgRNA cassette, pairs of oligo DNAs (HK001/HK002
or HK003/HK004 for ARF3, HK162/HK163 for ncARF, HK168/HK169 for nclAA) were
annealed and cloned into pMpGE_En03 (Addgene) using Bsal site. The sequence of oligo
DNAs are listed in Supplementary file 3. Resultant sgRNA cassette were transferred into
pMpGE_010 (Addgene) by LR reaction using Gateway® LR Clonase® II Enzyme Mix (Thermo
Fisher Scientific). Transformation into Tak-1 was performed as described previously (Kubota et
al., 2013) using Agrobacterium strain GV3101:pMp90. For genotyping, genomic DNA was
extracted by simplified CTAB (cetyltrimethylammonium bromide) method (http://moss.nibb.
ac.jp/protocol.html). Genomic region including target site of sgRNA was amplified with PCR
using the primer set HK079/HK131 (ARF3), HK172/HK173 (ncARF) and HK174/HK175
(nclAA), and sequenced. All primers used in this study are listed in Supplementary file 3.

Expression analysis of MpARF3 protein

MpARF3 promoter fragment including 5 UTR and 3 kb up stream region was amplified with
PCR using the primer set HK111/HK026 and cloned into pMpGWB307 (Ishizaki et al., 2015)
using Xbal site (pJL002). Genomic CDS of MpARF3 without stop codon was amplified with
PCR using the primer set HK027/028 and subcloned into pENTR/D-TOPO vector (Thermo
Fisher Scientific). Mutation which confers resistant to sgRNA was introduced by PCR using
primer set HK137/138. Then mutated CDS fragment was transferred into pJL002 by LR
reaction and fused with promoter and Citrine tag (pHKDW103). All primers used in this study

82



Origin and evolution of the nuclear auxin response system

are listed in Supplementary file 3. Resultant vector was transformed into arf3ge2-1 mutant
thallus as described previously. Citrine signal and bright field images were captured using a Leica

SP5-1I confocal laser scanning microscope system, with excitation at 514 nm and detection at
520-600 nm.

Supplementary files

All the supplementary files mentioned in this chapter are available online as “Additional files”

under the link: h#tps://doi.org/10.7554/eLife.33399.022.

Acknowledgments

We thank Dr. Jane A. Langdale for distributing plant materials of A. agrestis and C. richardii,
and Jasper Lamers and Lisa Olijslager for contributing to MpARF3 analysis. We are grateful to
all contributors of the OneKP project for generating a comprehensive transcriptome database,
and Eric Carpenter for providing access. We thank Dr. Kuan-Ju Lu and Dr. Nicole van ‘t Wout
Hofland for helpful comments on the manuscript. This study was supported by an EMBO Long-
Term Postdoctoral Fellowship (ALTF 415-2016) to H.K. and a VICI grant from the Netherlands
Organization for Scientific Research (NWO; 865.14.001) to D.W.

Supplementary information

Supplementary file 1: Species used in phylogenomic analysis.
Supplementary file 2: Multiple sequence alignments used in the study.
Supplementary file 3: Primers used in this study.

Supplementary file 4: Detail for network of Up-regulated genes.
Supplementary file 5: Detail for network of Down-regulated genes.

83

©®
®©®



[/
)UWW
| N/ V%W/;

AU
W T W/

n
WW&WL
BRI i

1}
UL
MY

\\\\\\\\ - u

W
W

1)
7
"

7

MR
RN
1r N \§\\

TR I AN
Wi Hml‘." 1

7 1
//////// "y ) :
7 My,
7 i
/ /////////I Wi

/////’//H / \ \‘\\\‘\\\k\&\\\\ F

W i AN \ p)
“\EM‘ MN‘“\\W

!W'W
Figure S1: Phylogenetic tree of ARF and RAV proteins. Label color shows the taxonomic group of each
protein as indicated in Figure S4. Numbers along with the branches indicate branch length. Orange circles
indicate the bootstraps higher than 75. Colored boxes connected with gray bar shows the domain structure
of each protein. Red: B3, green: DD2+AD, blue: PB1, gray: AP2. The complete tree can be found at inter-

active Tree of Life (iTOL): http://itol.embl.de/shared/dolfweijers

7 W
",
) L
1

84



Origin and evolution of the nuclear auxin response system

A B
Ser194 Thr191
- 4
X
AP2 |
g
8 ¢ =
Ser131
y Ser140 Kn(proto)RAV
>
/‘/,
>
C
120 130 140
ARF1 CTVHSIYICIAT LA T STHGGE SVLRR|
ARFS5 HPTEFYCISAT LEYARI T STHGGE SVPRR|
Kn(proto) RAV KRQF LIGEPSA LEYPEIIVGKLNRLVE P K H|
AtRAV1 SAEALBEISAVEYPEI]VGKLNRLV|I P K Hj
A A
n
180 190 200 210
ARF1 HIFRGQPRRHLEEYT (VIZAY S SPAKIAV|A (eI AF TIRLR
ARFS5 HI|YRG|IQP KRH|[LIMYT LiYG SISRIAR|A (e8] S|V LIWT R
KNl (proto)RAV Y S|YWNIS|SQ S Y|VEfEYK| RIAYK E}NGEA L P (e3s]N(V VIgE K|
AtRAV1 Y S[Y[WN[S|S QS Y|VERYK| RIFAYK ER{NFARA[ep] VIV SIYS|R|
A A

Figure S2: DNA binding domain of RAV proteins. (A) Domain structure of RAV proteins in land plants.
(B) Homology models for B3 domain of A. thaliana ARF1 (gray) and K. nitens proto-RAV are merged.
Four serine residues which are critical for DNA binding of ARF is indicated as stick model. (C) Multiple
alignment for B3 domain of ARFs and (proto-)RAVs. Numbering is based on the ARF1 protein of A.
thaliana. Red and orange triangles indicate the residues which are important for DNA interaction in ARF
proteins.
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Figure S3: Phylogenetic tree based on PB1 domain. Colored branches indicate protein families. Orange:
Chlorophytes, green: proto-RAV, blue: Aux/IAA, black: (proto-)ARE. Numbers along with the branches
indicate bootstrap values. The complete tree can be found at interactive Tree of Life (iTOL): htep://itol.
embl.de/shared/dolfweijers
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Figure S4: Phylogenetic tree of Aux/IAA. Label color shows the taxonomic group of each protein as indi-
cated in top. Colored boxes connected with gray bar shows the domain structure of each protein. Magenta:
domain I, yellow domain II, blue: PB1. Numbers along with the branches indicate branch length. Orange
circles indicate bootstrap values higher than 75. The complete tree can be found at interactive Tree of Life

(iTOL): http://itol.embl.de/shared/dolfweijers.
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Pp3c24 9800V3.1 TIRIAFB
Pp3c24 9814V3.1 TIRIAFB
CITIR1b Cluster 28618.0 TRINITY DN18266 c0 g1 i1]g.30469|m 30469
CITIR1d Cluster 3237.365 TRINITY DN27305 c0 g1i3]g.1853|m 1853
CITIRLC Cluster 31007.0 TRINITY DN28153 7 g3 i1]g.33551|m 33551
CITIRIf Cluster 6319.0 TRINITY DN28153 c7 g1 i1]g.6735|m 6735
AaTIR1 Cluster 8963.4916 TRINITY DN4627 c4 g1 i2]g.20269|m. 20269
Sm170974 TIR1 like
Sm168175 TIRL like
AMTr VL0 scaffold00135.41 TIR1AFB
Solyc04g074980.2
AFBS5 ATSG49980.1
AFB4 AT4G24390.1
LOC 0s03908850.1
GRMZM2G095786 TOL
MZM:

GRMZM2G155849 TO1

Solyc069008810.2

Figure S5: Phylogenetic tree of the proteins containing F-box and LRR. Colored branches indicate
protein families. Green: TIR1/COI1 precursor of Charophytes, red: COI1, orange: TIR1/AFB, black: the
others. Numbers along with the branches indicate bootstrap values. The complete tree can be found at

interactive Tree of Life (iTOL): http://itol.embl.de/shared/dolfweijers
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Figure S6: Phylogenetic tree of TIR1/AFB. Label color shows the taxonomic group of each protein as in-

dicated in Figure S4. Numbers along the branches indicate branch length. Orange circles indicate bootstrap
values higher than 75.

De novo assembly-based Genome-based

Number of DEG Matches to Number of  Matches to de %(’:l/at;:h
umber o genome data (a) DEG novo data (b) @
K. nitens 1094 970 1265 874 90.1
M. polymorpha 105 98 98 67 68.4
P. patens 1090 1035 1138 840 81.2

Figure S7: Number of DEG in de novo assembly- or genome-based transcriptome analysis.
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Trinity Corset - . Corset
. Trinity Corset Trinity
Species Assembly Assembly Transcripts Transcripts Genes Genes
Length (bp) Length (bp) P P (Clusters)

K. nitens 103,789,047 96,017,668 90,079 62,718 62,978 36,209 55 409 685 1,094

DEG DEG DEG
(up) (down) (total)

23

S. pratensis 73,580,548 67,121,353 79,576 55,877 47,425 26,062 39 563 1,118 1,681
A. agrestis 305,335,425 302,084,291 155,454 143,697 43,514 36,512 51 65 94 159

M. polymorpha 127,811,269 121,162,080 87,527 63,666 52,502 30,749 48 56 49 105
P. patens 294,940,461 288,755,562 163,952 141,424 52,712 36,521 46 395 695 1,090
C. richardii 208,082,319 190,903,669 191,760 130,844 108,289 57,950 43 339 74 413

Figure S8: Summary statistics of comparative RNA-Seq analysis.
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Figure S9: Network of Up-regulated genes shared between different species upon auxin treatment.
Nodes represent the genes and edges represent the presence of BLAST similarity. Colors indicate the species
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Supplementary file 4.
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WT 5’ TTATCRATGCTCTGTGTGTTTCCCATTCAACCTGATATGGACTCTTGCCCAGGCCGCTCTTTGGGAGTTGCGCGAAAACCTTTC gf
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Figure S11: CRISPR/Cas9-mediated mutagenesis in M. polymorpha. (A-D) Mutations detected by se-
quencing analysis. The amino acid (AA) sequences encoded in WT are shown at the top. WT sequence is
shown with the PAM sequence highlighted in red and the target sequence of sgRNA in blue. Purple bases
indicate mutation. nciaa-6: 6 bp deletion and 20 bp insertion, nciaa-10: 776 bp deletion and 75 bp inser-
tion, ncarf-2: 1 bp insertion, ncarf-10: 486 bp deletion and Gbp insertion, arf3%!-1: 5 bp deletion, arf3*’-2:
11 bp deletion and 72 bp insertion, arf3*-1: 9 bp deletion. (E) 3-week-old gemmalings. Arrows indicate
the thalli formed with up-side-down. (F) qPCR analysis on 10-day-old gemmalings with or without 10
pM 2,4-D treatment for 1 h. Relative expression values are normalized by the expression of EFlo. Each bar
indicates average with SD (biological replicate = 3). Each asterisk indicates significant difference between
WT and mutants in the same condition (p < 0.01, Tukey test). (G) Thallus tips of WT and a7f3 mutants
grown for 2 weeks. Scale bars = 5 mm.
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rotein oligomerization is a fundamental process to build complex functional modules.

Domains that facilitate the oligomerization process are diverse and widespread in nature

across all kingdoms of life. One such domain is the Phox and Bem1 (PB1) domain, which
is functionally (relatively) well understood in the animal kingdom. However, beyond animals,
neither the origin nor the evolutionary patterns of PB1-containing proteins are understood.
While PB1 domain proteins have been found in other kingdoms, including plants, it is unclear
how these relate to animal PB1 proteins. To address this question, we utilized large transcriptome
datasets along with the proteomes of a broad range of species. We discovered eight PB1 domain-
containing protein families in plants, along with three each in Protozoa and Chromista and four
families in Fungi. Studying the deep evolutionary history of PB1 domains throughout eukaryotes
revealed the presence of at least two, but likely three, ancestral PB1 copies in the Last Eukaryotic
Common Ancestor (LECA). These three ancestral copies gave rise to multiple orthologues later
in evolution. Analyzing the sequence and secondary structure properties of plant PB1 domains
from all the eight families showed their common ubiquitin -grasp fold, despite poor sequence
identity. Tertiary structural models of these plant PB1 families, combined with Random Forest
based classification, indicated family-specific differences attributed to the length of PB1 domain
and the proportion of B-sheets. Thus, this study not only identifies novel PB1 families, but also

provides an evolutionary basis to understand their diverse functional interactions.
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Introduction
Phox and Bem1 (PB1) domain: Discovery and properties

Protein-protein interaction is a basic and important mechanism that brings proteins together
in a functional module and thus allows the development of higher-order functionalities. One
of the versatile interaction domains that brings this modularity through either dimerization or
oligomerization is the PB1 domain (Lamark et al., 2003; Noda et al., 2003; Terasawa, 2001).
Initially, the two animal proteins, p40Phox and p67Phox, were shown to interact through a novel
motif that contains a stretch of negatively charged amino acids (Nakamura et al., 1998). In the
same study, it was also shown that the yeast CELL DIVISION CONTROL 24 (Cdc24) protein
contains the same motif as found in p40Phox, and hence named as PC motif (for p40Phox
and Cdc24; Nakamura et al. 1998). Later, the BUD EMERGENCE 1 (Bem1) protein in yeast
was also found to have this motif, after which it has been renamed as PB1 domain (for Phox
and Bem1). The PB1 domain of Beml in yeast is required for the interaction with Cdc24 to
maintain cell polarity (Ito et al., 2001). Later, in mammals, many protein families were identified
that contain a PB1 domain (Sumimoto et al., 2007). In plants, the PB1 domain was initially
recognised as domain III/IV in the auxin repressor proteins AUXIN/INDOLE-3-ACETIC-
ACID (Aux/IAAs) (Hagen and Guilfoyle, 2002). Later, the domains III/IV were found to form
a similar fold as (and hence renamed) the PB1 domain, in multiple gene families in plants
(Guilfoyle and Hagen, 2012; Svenning et al., 2011; Zientara-Rytter and Sirko, 2014).

The PB1 domain ranges from 80-100 amino acids in length and exhibits a Ubiquitin
B-grasp fold with five B-sheets and two a-helices (Korasick et al., 2014; Miiller et al., 2006). The
first half of the domain represents a positively charged face, with a conserved lysine (K) in B1.
The latter half of the domain represents a negatively charged face, with D-x-D/E-x-D/E as core
(OPCA motif; Miiller et al. 2006). Based on the presence or absence of these important residues/
motifs, the PB1 domains are divided into three types. If the PB1 domain contains only the
conserved OPCA motif but not the lysine, it is considered as a type-1 (or type-A) PB1 domain.
If there is only lysine but not an OPCA muotif, it is a type-2 (or type-B) domain. If the PB1
domain contains both the lysine and the OPCA motifs, it is referred as type-1/2 (or type-AB).
Various proteins that harbour a PB1 domain undergo either dimerization or oligomerization,
where the positive face of one PB1 domain interacts with the negative face of another in a head-
to-tail fashion (Korasick et al., 2014; Lamark et al., 2003). Hence, depending on the type of PB1

domain they interact with, there can be either homotypic or heterotypic PB1 interactions.

PB1 domains in Animalia and Fungi

All the eukaryotes are divided into five kingdoms: Protozoa, Chromista, Fungi, Animalia and
Plantae (Adl et al., 2012; Ruggiero et al., 2015). PB1 domain-containing proteins have been
relatively well studied in Animalia, when compared to the other kingdoms. At least nine gene
families have been shown to encode a PB1 domain (Sumimoto et al., 2007). Animal genomes
encode proteins that contain all three types of PB1 domains: type-1 - NEUTROPHIL CYTOSOL

99

©®
OJO]



OJO]
OJO]

FACTOR 4 (NCF4/p40Phox), MITOGEN-ACTIVATED PROTEIN KINASE KINASE 5
(M2K5) and NEXT TO BRCA 1 (NBR1); type-2 - NEUTROPHIL CYTOSOL FACTOR 2
(NCF2/p67Phox), PARTITIONING DEFECTIVE 6 (Par6) and MITOGEN-ACTIVATED
PROTEIN KINASE KINASE KINASE 2/3 (M3K2/3); type-1/2 - SEQUESTOSOME-1
(SQSTM1/p62) , ATYPICAL PROTEIN KINASE C (aPKC) and TRK-FUSED GENE (TFG).
A systematic analysis through yeast two-hybrid and pull-down assays revealed various homotypic
and heterotypic interactions among these PB1 domains (Lamark et al., 2003). The p67™**upon
its interaction with p40™* activates the phagocyte NADPH oxidase that is important for innate
immunity in mammals (Lambeth, 2004). The Par6-aPKC complex establishment through PB1
is essential for cell polarity in mammals and insects (Suzuki, 2006). This complex, along with
Par3, also regulates the formation of junctions through apical-basal polarity in mammalian
epithelial cells (Joberty et al., 2000). p62 acts as a crucial scaffolding protein playing important
roles in autophagy, apoptosis and inflammation (Moscat et al. 2007).

The PB1 domain of M3K2/3 interacts with M2K5 to activate ERK5 mediated
signalling in response to growth factors and osmotic stress (Nakamura and Johnson, 2003). TFG
PB1 domain is involved in transforming activity by forming the TFG-TrkA (Tyrosine Kinase
A) fusion (Roccato et al., 2003). NBRI interacts with p62 through PB1 which is required for
targeting p62 to sarcomeres (Lamark et al., 2003). Few non-canonical PB1 interactions were
also observed, for example, in p40™> PB1 and PX domains undergo intramolecular interaction,
disruption of which is required to activate the NADPH oxidase (Honbou et al., 2007). In yeast,
interaction of both the PB1 domain containing proteins, Bem1 and Cdc24 is critical for the cell
polarity establishment at both budding and mating (Ito et al., 2001). The NADPH OXIDASE
REGULATOR (NoxR) plays a central role in fungal morphogenesis, growth and development
through NADPH oxidation pathway (Takemoto et al., 2011).

PB1 domains in Plantae

The best-studied PB1 domains in plants are from the AUXIN RESPONSE FACTOR (ARF)
transcription factors and their AUXIN/INDOLE-3-ACETIC-ACID (Aux/IAA) inhibitors.
Both the homotypic and heterotypic interactions among and between these gene families is
relatively well established (Piya et al., 2014). The structural basis for these interactions has also
been scrutinized in detail (Korasick et al., 2014; Nanao et al., 2014). Both ARFs and Aux/
IAAs are involved in auxin-dependent gene regulation through the Nuclear Auxin Pathway, that
controls various growth and developmental processes (reviewed in Weijers and Wagner 2016).
Another PB1 domain containing protein, AtNBRI1, an Arabidopsis ortholog of animal NBR1, is
involved in autophagy and was shown to homo-polymerize through its PB1 domain (Svenning
etal., 2011). Joka2, an AcINBR1 orthologue of tobacco, can also homodimerize through its PB1
domain (Zientara-Rytter and Sirko, 2014). Moreover, this study also revealed non-canonical
interaction of the PB1 domain with the C-terminal UBA domain within the same protein
(Zientara-Rytter and Sirko, 2014). Homotypic interactions through PB1 domains of NIN-LIKE
PROTEINS OF PLANTS (NLPs) are required to induce nitrate-dependent gene expression
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(Guan et al., 2017; Konishi and Yanagisawa, 2019). Interestingly, like AtNBR1/Joka2, the PB1
domain of NLP also undergoes non-canonical interaction with the HQ domain of TEOSINTE
BRANCHED 1, CYCLOIDEA, PCF DOMAINS CONTAINING PROTEIN 20 (TCP20)
(Guan et al., 2017). Another study identified a novel unclassified PB1 domain-containing
protein PAL OF QUIRKY (POQ) that undergoes non-canonical interaction with QUIRKY
(QKY) (Trehin et al., 2013). However, the structural or mechanistic basis of these non-canonical

interactions are yet to be elucidated.

Exploring the unexplored

Even though PB1 domain proteins are well defined and their mechanical basis is relatively
well established in animals (reviewed in Sumimoto et al. 2007; Burke and Berk 2015), their
evolutionary histories are essentially unknown. Moreover, it is unclear how many PB1 domain-
containing gene families are present in other kingdoms. Deep evolution has been relatively well
studied for ARF and Aux/TAA gene families (Mutte et al., 2018) and to a certain extent for NLPs
(Mu and Luo, 2019), but the presence and the evolution of other PB1 domains, if any, in plants
and unicellular eukaryotes is obscure. Hence, the current study is designed to address several
important questions related to the distribution and ancestry of PB1 domains in the eukaryotic
tree of life: (1) How many PB1 domain-containing gene families are present in the kingdoms
Protozoa, Chromista, Fungi and Plantae? (2) What is the origin of the PB1 domain? How many
copies of PB1 were present in the Last Eukaryotic Common Ancestor (LECA)? (3) How have
PB1-containing proteins diversified/multiplied in evolution across multiple kingdoms? (4) What

are the sequence/structural patterns specific to each family of PB1s and how to classify them?

To answer these questions, we have utilized the large transcriptome datasets in Chromista
and Plantae and the (almost) complete proteomes from Fungi and Animalia. We found that the
PB1 domains have a deep evolutionary origin with at least two copies in LECA. Moreover, we
find that the PB1 domain is associated with a variety of domains, ranging from DNA-binding
domains to Kinases and membrane-binding domains. Further, a detailed sequence analysis of
PB1 domains in Plantae revealed that these are poorly conserved among various families in
general, with few residues being specific to each family. Taken together, this study provides the

first evolutionary framework of the PB1 domains across the eukaryotes.

Results
Identification and evolution of PB1 domain-containing proteins in various kingdoms
Animalia:

Based on literature, we extracted protein sequences of all PB1 domain-containing proteins in the
human genome from the Uniprot database. Nine gene families were found to encode the PB1
domains as a part of their protein architecture (Fig. 1A). aPKC and M3K2/3 both contain PB1
and Kinase domains in their N- and C-terminus, respectively. Whereas, aPKC contains an extra

diacylglycerol-binding (kDAG) domain in the middle. NCF2/p67™* and NCF4/p40™> both
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contains SRC Homology 3 (SH3) and PB1 domains in the C-terminus, where NCF2 contains
Tetratricopeptides and NCF4 contains Phox homologous domain (PX) in their N-terminus (Fig.
1A). The other three protein families, Par6, TFG and p62/SQSTMI, are in general shorter than
other PB1 domain-containing proteins, with a PB1 domain in the amino-end. p62 contains a
Ubiquitin-associated domain (UBA), whereas Par6 contains a PSD95-Dlgl-Zo1 (PDZ) domain
in the carboxy-end (Fig. 1A). The full name or description of all the domains along with a link
to the InterPro domain database are provided in Table S1.

PB1 sequences from all the above-mentioned proteins were used as queries to retrieve
orthologues from ten species across various phyla in Animalia (see Supplementary file 1 for
the list of species used). Retrieved orthologous sequences were used in a phylogenetic analysis
along with the respective human counterparts. The PB1 domain-based phylogeny reflected
the monophyly of each gene family (Fig. 2 and Fig. S2). PB1 domains of M3K2-M3K3 and
aPKC-M2KS5 form paralogous pairs, indicating the common ancestry of PB1 for each pair at
the emergence of the kingdom Animalia. Interestingly, the paralogous pairs M3K2-M3K3 and
aPKC-M2K5 PB1 domains are closer to the respective orthologues from other kingdoms than
the other PB1 domains in the same kingdom, Animalia. A similar trend is observed with NBR1,
however, surprisingly NCF2/p67™ is placed as the sister clade to the NBR1. p62 does not show
any close relationship with other PB1 domains, neither paralogous nor orthologous, from the
same kingdom or the other kingdoms (Fig. 2 and Fig. S2). In a similar way, Par6 and TFG also
appear to be Animalia-specific clades (Fig. 2 and Fig. 3).

Protozoa:

From UniProt, at least six reference proteomes and other individual Protozoan sequences
from various species across different phyla in Protozoa were used to identify the PB1 domains
(Supplementary file 1). Few PB1 domain-containing proteins were identified along with a large
number of partial (or truncated) proteins with either only a PB1 domain or a large unknown
flanking sequence (Fig. 1 and Fig. S1). Among the (full length) PB1 domain-containing proteins,
orthologs of Animalia M3K2/3 as well as Plantae Phox were identified, and named as Kinase and
Phox respectively (Fig. 1B and Fig. S2). Unlike the animals, the Protozoan kinases also contain
WD40 repeats at their C-terminus. Moreover, the PB1 domain is also adjacent to kinase domain
(Fig. 1B). Orthologues of the NBR1 with all the four (known) domains were also found, along
with the sequences of various domain combinations i.e. either PB1 with Zn-finger, with the
NBRI1 Central domain, or with the UBiquitin Associated (UBA) domains (Fig. 1). We also
identified many PB1 domain-containing proteins either associated with a Sterile Alpha Motif
(SAM), Per-Arnt-Sim (PAS), EF-hand or Cystathionine Beta Synthase (CBS) domains (Fig. S1).
However, the majority of these are identified in only one sequence or one species, and also
represented in polyphyletic groups spread across the phylogenetic tree, making it difficult to
classify them into a certain clade (Fig. S2).
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Figure 1: Domain architecture of various PB1 domain containing proteins across the five eukaryotic
kingdoms. DBD in (E) represents the DNA binding domain, which is a combination of both B3 and di-
merization domain (DD). Abbreviation and the corresponding InterPro database link of all the domains are
provided in Table S1. PB1 domains that are identified in only one sequence and/or one species are provided
in the Figure S1.

Chromista:

To identify the PB1 domains in Chromista, all the transcriptomes from the MMETSP database
were used (Supplementary file 1). Well-annotated fungal (Bem1 and Cdc24), plant (Arabidopsis
and Marchantia) and animal (Human and Mouse) PB1 sequences were used to query the
database, and processed the data with the pipeline developed eatlier (Chapter 2; Mutte et al.,
2018). Two gene families, Kinase and NBR1 were identified in Chromista, with a similar domain
architecture, being orthologous to the respective gene families in Animalia (Fig. 1C and Fig. S2).
Interestingly, like Protozoan kinase proteins, these carry WID40 repeats too, however, the PB1
domain is far to the N-terminus as in Plantae or Animalia (Fig. 1C). Orthologues of NBR1 are
identified as multiple (partial) proteins represented as polyphyletic groups, similar to Protozoa
(Fig. S2). However, as a third gene family, we identified the CBS domain-containing proteins,
where the PB1 domain is associated in their carboxy terminus (Fig. 1C). Few other PB1 domain
proteins were identified as single copies in only one species that host either a Tetratricopeptide
(TPR) repeat or an EF-hand domain, which were also represented in polyphyletic groups (Fig.
S1 and Fig. S2).

Fungi:

For Fungi, we have selected the 12 reference proteomes from MycoCosm database (Supplementary
file 1). Well-annotated plant and animal PB1 sequences were used as query sequences. Four PB1
domain containing protein families were identified (Fig. 1D). The widely known Bem!1 and
Cdc24, were identified as a monophyletic paralogous pair in our study (Fig. 2). Along with the
PB1 domain, Bem!1 contains SH3 and PX domains, whereas Cdc24 contains Dbl homology
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(DH) and Plextrin homology (PH) domains. Interestingly, NCF4/p40Phox, the animal ortholog
of Bem1, contains PX in N-terminus, unlike in the middle as in Bem1 (Fig. 1D). CBS domain
containing proteins (referred as Mug70) were also identified, with a similar domain architecture
like in other kingdoms (Fig. 1D). Further, NoxR, an ortholog of Animalia and Plantae Phox, was
also identified as a sister clade to this pair (Fig. 2 and Fig. S2).
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Figure 2: Unrooted tree with representative Fungi, Animalia and Plantae PB1 domains. Early branches
that are well-supported (bootstrap >75) are indicated in grey. Orthologs from each kingdom are represented
with each colour as indicated: Fungi in ‘orange’, Animalia in ‘purple’ and Plantae in ‘green’. The groups out-
lined with dotted lines indicated as LECA-1, LECA-2 and LECA-3 represent the probable ancestral copies
in LECA corresponding to Kinase, Phox and NBR1 groups respectively. Another phylogenetic tree with all
the five kingdoms is presented in the Figure S2 as schematic and full version with taxa names and domain

information of both the trees can be found at iTOL: https://itol.embl.de/shared/dolfweijers.

In summary, all the four gene families form a respective individual monophyletic group
with all the paralogs, indicating their presence across major phyla in Fungi (Fig. 2 and Fig. 3).
It is worth noting that an ortholog of p62 and a PB1 domain associated with a SAM domain

were identified. However, each was found in only one species and a single copy (Fig. S1). Hence,
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we discarded them for further analysis as they are considered of low confidence and may not

represent any phylum or the kingdom itself.
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Figure 3: Summary of various PB1 domain-containing proteins across key species in Animalia, Fun-
gi and Plantae. Filled and empty circles represent presence and absence, respectively, of the orthologous
genes for the family mentioned on the top in the corresponding species.

Plantae:

To identify all the PB1 domains in the kingdom Plantae (Fig. 1E), we have adapted a similar
pipeline as mentioned above (Chapter 2; Mutte et al., 2018), using 485 transcriptomes, that
belong to multiple phyla in the kingdom Plantae, from the OneKP database (Carpenter et al.,
2019; Supplementary file 1). We identified eight gene families that encode for PB1 domain-
containing proteins in plants (Fig. 1E). Among these, NBR1 and Kinase orthologues are placed
in the same clade as their counterparts from other kingdoms, and also contain the same domain
architecture as their animal orthologs (Fig. 1E and Fig. 2). ARF and Aux/IAA families form a
distinct monophyletic clade indicating a common ancestry at the base of the streptophytes. ARFs
contain B3 and dimerization domains (together referred as DNA-binding domain (DBD)) at
the N-terminus and a PB1 domain at the C-terminus, like the Aux/IAAs. In addition to a PB1
domain, Aux/IAAs also contain an EAR-motif and a degron motif (domain I and II respectively;

Fig. 1E). Phox proteins, having the same domains as animal counterparts, form a sister clade
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to the respective orthologous proteins from other kingdoms (Fig. 2). CBS domain-containing
proteins were also identified in plants, placed in the same clade as fungal Mug70. Kinase-derived,
ARE, Aux/IAA and NLP are Plantae specific families that are not identified in any other kingdom
(Fig. 3). All these plant-specific gene families were discovered before, except Kinase-derived,
which has only a PB1 domain in its N-terminus with a large flanking sequence without any
known domains. It is worth mentioning that the Kinase-derived PB1 domains, resemble the
Kinase PB1 domains and appears to have been duplicated in the ancestors of angiosperms (Fig.
2 and Fig. 3). NLPs contain an RWP-RK domain, in association with the PB1 domain and
they are placed as sister clade to the CBS domain containing proteins (Fig. 1E and Fig. 2).
Interestingly, among all the families identified so far across all the kingdoms, there do not appear
to be any constraints on either the position of the PB1 domain in the protein, or the category
of domains it is associated with (DNA binding, oligomerization, phosphorylation etc.; Fig. 1).
An overview of all the identified gene families and their existence across the major species in the

kingdoms Animalia, Fungi and Plantae is summarized in Fig. 3.

Ancestral copy number in LECA

To better understand the origin and evolutionary patterns of all the PB1 domains across the five
kingdoms in eukaryotes, two phylogenetic trees were constructed using only the PB1 domain
protein sequences. One is based on the PB1 domains from only three kingdoms (Animalia,
Fungi and Plantae; Fig. 2), whereas another one is constructed based on all the sequences from
five kingdoms (Fig. S2). The detailed versions of both the phylogenetic trees are available online
in the iTOL webserver: https://itol.embl.de/shared/dolfweijers. All the previously mentioned
pairs that form the monophyletic groups of individual families in each kingdom are well
supported with good bootstrap values (>75), especially in Fungi, Animalia and Plantae (Fig.
2). The branches representing PB1 domains in Protozoa and Chromista are highly unreliable
due to the polyphyletic nature and their random distribution across the phylogenetic tree (Fig.
S2). Overall, the recently evolved clades in the phylogeny that are either gene family-specific
or kingdom-specific, are generally monophyletic in nature. We have observed a decrease in the
support of the split of early branches (with poor bootstraps) in the phylogeny based on all the five
kingdoms (Fig. S2; refer iTOL tree). Monophyletic grouping, as well as the presence in multiple
kingdoms, support the notion that there would have been at least two common ancestral copies
of PB1 domains, each corresponding to Kinase and Phox orthologues across eukaryotes. Even
though the Plantac NBR1 PB1 domains, along with the animal orthologues (and the similar
proteins p62) are not monophyletic in origin, they are still placed in the phylogeny as sister clades
(Fig. 2). This distribution of orthologues from the various kingdoms hint at a third common
ancestor of PB1 in LECA. This analysis has failed to predict the order of evolution because of
the lack of sufficient phylogenetic signal due to poorly conserved sequences, a relatively small
domain (in general) and poor bootstraps in the early branches in the tree with all five kingdoms.
The use of bacterial outgroup sequences could not improve resolution, leading to mixing in the

phylogeny along with ingroup sequences. Hence, no outgroup was used and the tree is unrooted.
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Because of these drawbacks, this study could not identify the order of events, but could predict
the copy number in LECA, based on both the monophyletic nature of Kinase and Phox groups

as well as presence of NBRI1 orthologous sister clades across multiple kingdoms.

(Dis)similarities in the plant PB1 domains

After identifying the majority, if not all, of the PB1 domain-containing proteins and
understanding their evolution patterns across major phyla in all five kingdoms in eukaryotes,
we further investigated the plant PB1 domains in detail at the amino acid level. To achieve
this, we gathered the PB1 domain sequences from four whole genome-sequenced land plants,
one species each from liverworts (Marchantia polymorpha), mosses (Physcomitrella patens), basal
angiosperms (Amborella trichopoda) and a core eudicot (Arabidopsis thaliana). All PB1 domain
protein sequences that belongs to the eight families identified were aligned, and an individual
sequence logo was derived for each family (Fig. 4). The well-conserved (group of) residues across
the majority of the families are the positive residues lysine (K) in $1 and arginine (R) in 2 that
together represent the positive surface. However, the lysine of 81 that makes contact with the
OPCA motif on the negative face of another PB1, is not conserved in Kinase and Kinase-derived
PB1 domains, indicating that these could be type-1 PB1 domains with only a conserved negative
face (Fig. 4).
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Figure 4: Sequence logos based on the alignment of PB1 domains from the representative land plants
(Marchantia, Physco, Amborella and Arabidopsis). Secondary structures («-helices and B-sheets) repre-
sented on the top are based on the ARF5 structure (PDB ID: 4CHK). Numbers represented in the braces
next to the name of the gene family, shows the number of sequences present in all these four species to-
gether, and also the number of sequences used for that particular alignment logo. Amino acids are coloured
according to the group: ‘PAGFLIMV’, ‘KRH’ and ‘DE’ are shown in ‘purple’, ‘blue’ and ‘red’ colours
respectively. All other amino acids are shown in ‘black’. Stars at the bottom represent the key residues on
positive (blue) and negative (red) faces, corresponding to Lysine and OPCA motif (D-x-D/E-x-D/E core)

respectively.

In general, the negative face represented by the OPCA motif is relatively well-conserved

in all the gene families, despite a strong conservation of three amino acids (QLP) just before the
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OPCA motif in Kinase and Kinase-derived PB1 domains (Fig. 4). Interestingly, the tyrosine (Y)
in B3 is relatively well conserved in all the gene families. Apart from these generally conserved
residues across multiple families, there are various single amino acids that are specifically
conserved in each gene family. For example, tyrosine (Y) and phenylalanine (F) of the «1, glycine
(G) in B4 and phenylalanine (F) in a2 are specific to ARF and Aux/IAA PB1 domains. In a
similar way, two phenylalanine (F) in and before the 81 and a G-x-L-x-L-x-L motif in B5 are
specific to PB1 domains associated with CBS domains (Fig. 4). The tryptophan (W) in B4 is
specific to NLPs. Despite NBR1 being a single-copy gene in the kingdom Plantae, there do
not seem to be any constrains on the domain itself, as there is less than 20% identity among
them. This provides a basic understanding of relaxed evolutionary pressure in the PB1 domain,
providing opportunities for many gene family-specific changes. This makes it difficult not only
to predict general sequence patterns that are important for function, but also to estimate the
domain properties specific to each family purely based on the primary sequence and its poorly

conserved amino acids.

Classification using Random Forests

Since there are no clear patterns to identify the gene family to which each PB1 belongs to and
because it is also not possible to identify important features of a specific PB1 domain based on
the sequence alignment, one might detect patterns based on the secondary structure composition
along with the amino acid properties. Random forest (RF) based classification was performed
with 28 amino acid descriptors as variables. After bootstrap aggregating (bagging) all the decision
trees from the RE, the mean out-of-bag (OOB) error rate is only 6% which indicates the high
reliability of the RF model (Fig. 5). The classification error rate is the highest (-14%) for Kinase-
derived and the least (-2%) for ARF PB1 domains (Fig. 5A and Table S3). On an average, the
majority of PB1 families were resolved well, indicating the high reliability of classification using

these descriptors.

The importance of each variable is evaluated through the mean decrease in accuracy
(MDA) and the mean decrease in Gini (MDG). Higher values of both MDA and MDG indicate
the most important variables. In this case, the top 10 important variables are shown in Fig. 5B,
with mHbeta being the most important variable to differentiate the different classes of PB1
domains. Hydrophobic moment of B-sheets, mHbeta, indicates the strength of periodicity in
the hydrophobicity of the B-sheets, also indicating the formation of more B-sheets (Eisenberg
1984). The next most important variables are composition of proline (P) and length of the PB1
domain (Fig. 5B). We further analysed how these three important variables differ between the
gene families (Fig. 5C). mHbeta is low for ARFs and Aux/IAAs, slightly higher for Phox, but
even higher for the rest of the gene families. On the other hand, the composition of proline
is lowest in CBS, but shows a very broad distribution in the Kinase-derived family. However,
the length of the PB1 domain is very constrained for majority of the families (>90 for NBR1
and <90 for ARFs), except Aux/IAA and Kinase-derived, and to a certain extent for Phox (Fig.

5C). To correlate the contribution of mHbeta to the B-sheets in the secondary structure, we
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have performed homology modelling of at least one randomly selected Arabidopsis orthologue
and we indeed found that higher mHbeta represents secondary structures with more B-sheets
(Fig. 6). For example, IAA17 shows ~18% of the residues in $-sheets, whereas CBS36500 has
~34%, correlating with lower and higher mHbeta values observed for Aux/IAA and CBS PB1's,
respectively (Fig. 6 and Fig. S3). Taken together, these results clearly indicate that there is a
difference between the gene families that can be explained from the mHbeta, the composition of

proline and by keeping the length unique/constrained for that respective family.
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Figure 5: Random forest (RF) classification of the plant PB1 families. (A) Mean out-of-bag (OOB) er-
ror rate of 6% is reported for the classification of eight plant PB1 families with individual classification error
% as shown in bar chart (B) Importance plots of 10 most important descriptors (variables). The predictive
value of each variable was expressed as the mean decrease in accuracy (black dots with scale at bottom) and
the mean decrease in Gini (blue dots at top), arranged from most important (top) to the less important
(bottom) variables. (C) Violin plots showing the actual distribution of three most important variables across
eight families. mHbeta has no units; Composition of Proline is indicated as percentage; and Length is the
number of amino acids in the PB1 domain.
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Discussion

The PB1 domain is widespread in nature, throughout all the kingdoms in the eukaryotic tree of
life. It is diversified to a great extent in organisms with complex body plans like animals and even
more in land plants (Fig. 1). As a result, the human genome encodes 13 PB1 domain-containing
proteins, whereas a simple model angiosperm, Arabidopsis thaliana, encodes more than 80 PB1
domain copies grouped into eight families (Fig. 3). The proteins with a PB1 domain also feature
various domains, representing a manifold association ranging from DNA/protein binding,
catalytic function, scaffolding to membrane association (Fig. 1). However, the PB1 domain is
(mostly) found at either terminus of the protein, preferably facilitating these to perform their

native function, scaffolding or oligomerization, without the hindrance of other domains.

Aux/IAA Kinase-derived Kinase NBR1

& B
ooyl

@ FEPTosEdR

Figure 6: Representative homology model structures of one member from each family in Arabidopsis.
The identifiers were: ARF5 (PDB: 4CHK), IAA17 (PDB: 2MUK), At2G36500 (CBS), At1G04700 (Ki-
nase), At2G01190 (KinaseDerived), NBR1, NLP9 and Phox2. (A) Secondary structures shown in various
colours: a-helices in ‘Cyan’; B-sheets in ‘red” and turns in ‘purple’. Surface representation of the positive and
negative faces shown in (B) and (C) respectively. Hydrophobic amino acids AGVILFMP’ are in ‘Yellow’;
Polar residues NQTSCYW’ are in ‘Grey’; Positively charged ‘RKH’ are in ‘Blue’ and Negatively charged
‘DE’ are in ‘Red’.

Phox

The evolutionary patterns of the PB1 domain showed that there are multiple families
shared across multiple kingdoms (Fig. 2). Kinase and NBRI are present in all the five kingdoms,
while Phox is found in four kingdoms (except Chromista) with a similar domain architecture
(Fig. 1). The phylogenetic placement of Kinase and Phox PB1 domains and their orthologs
indicate the presence of two ancestral copies in LECA and presumably a third copy might
be represented by the NBR1 and/or p62 group. It is known that orthologous proteins may
perform similar functions by interacting with similar proteins across kingdoms. An example of
common functionality of orthologous domains across multiple kingdoms is the recently studied
DIX domain in plant cell polarity protein SOSEKI (van Dop et al., 2020). The DIX head-to-
tail oligomerization domain is conserved across multiple kingdoms (e.g. DISHEVELLED in
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animals; DIX-like in protozoans), and functions in cell polarity by forming oligomers in plants
and animals. In a similar way, the PB1 orthologs across multiple kingdoms may share common
functionality in similar pathways. One such is the PB1 domain containing protein NBR1, which
serves as an autophagy cargo receptor in both plants and animals, where homodimerization
of the PB1 domain is also conserved as a part of its function (Kirkin et al., 2009; Svenning
et al., 2011). Phox orthologues in animals (p67Phox) and fungi (NoxR) play a key role in
NADPH oxidation pathway by interacting with the membrane associated proteins (gp91™
and NoxA/B respectively) as well as through PB1 domain with p40™> and Cdc24 respectively
(Sumimoto, 2008; Takemoto et al., 2011). Similarly, in Arabidopsis, Phox4 was shown to interact
with membrane-associated proteins KNOLLE, SYP22 and PEN1, which belong to the SNARE
family (Fujiwara et al., 2014). However, it is unknown which PB1 domain protein interacts
with Phox4 PB1 in plants. In another study, Phox proteins (referred as MadB) were shown to be
involved in the myosin-driven interactions, preferably through PB1 domain (Kurth et al., 2017).
Hence, discovering these unknown and novel interactions may provide a link to the existence of

common pathways in plants controlled by PB1-dependent interactions.

Apart from the proteins that are shared across multiple kingdoms, some are specific to
each kingdom (Fig. 3). ARF, Aux/TAA and NLP families are specific to plants, whereas TFG, Par6,
M2KS5 and aPKC are specific to animals. ARFs and Aux/IAAs are involved the Nuclear Auxin
Pathway, controlling transcriptional regulation of downstream targets with multiple functions in
response to the phytohormone auxin (reviewed in Weijers and Wagner 2016). NLPs are master
regulators of nitrate-inducible gene regulation in higher plants (Konishi and Yanagisawa, 2019).
On the other hand, animal Par6 and aPKC PB1 domains are known to interact with each other
playing a key role in cell polarity (Hirano et al., 2005). Thus, as far as can be inferred, these
kingdom-specific PB1 domain-containing proteins appear to regulate processes that are specific

to that kingdom.

It is interesting to see that the key interacting PB1 domains have also evolved in pairs.
Some such pairs are: aPKC-M2K5 (Animalia), Bem1-Cdc24 (Yeast), ARF-Aux/IAA (Plantae)
(Fig. 2). The interacting pairs (for example ARF-Aux/IAA) seem to maintain pairs of amino acids
specific to those classes (Fig. 4). Hence, based on this ‘paired’ conservation pattern, it is enticing
to speculate that the Kinase and Kinase-derived PB1 domains might form interacting pairs (Fig.
4). Despite the overall poor sequence conservation, it is clear that PB1 domains are maintaining
a flexible (global B-grasp fold) yet specific (local conserved residues) sequence context in each
family may provide specificity in function. Adding to the complexity in specificity of each
interaction, the PB1 domains can also undergo non-canonical interactions. In plants, PAL OF
QUIRKY (POQ), a Kinase-derived PB1 domain, interacts with QUIRKY (Trehin et al., 2013).
The PB1 domain of NLP interacts with HQ domain of TCP20 (Guan et al., 2017). In animals,
the M2K5 PB1 interacts with ERK5, among many others (Sumimoto et al., 2007). However, the

structural and/or mechanistic basis of any of these interactions is currently unknown.

In various kingdoms, the PB1 domain-containing proteins have expanded to various
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complexities/copies. For example, NBR1 in plants is (mostly) a single copy gene, where ARFs
and Aux/IAAs are represented by large gene families with more than 20 copies (Table S2). This
clearly shows varying duplication rates in different gene families. However, whether it is a single-
or a multi-copy gene family, there is hardly any conservation in the PB1 domain among the
members of the same gene family outside of key residues: lysine in 1, tyrosine in 83 and the
OPCA motif (Fig. 4). Despite their low conservation, all the PB1 domain families identified
in plants can potentially form a B-grasp ubiquitin fold (Fig. 6). Thus, for the PB1 domain it
is evident that sequence conservation seems to be a less important factor than maintaining the

overall B-grasp structure itself.

This poor sequence conservation is never a bottleneck to identify the most important
features, as there are efficient machine learning based classification programs like Random Forests
(RF). RF has been very successful in classification with highly correlated variables at low error
rate (Breiman, 2001). The classification error rate is as low as 2% (in ARFs), but up to 14%
in Kinase-derived, which could be due to the broader distribution of all three most important
variables (Fig. 5C). This clearly defines that the more specific the variables are, the lower the error
rate is. RF also provides the relative importance of each variable with the precision. Hydrophobic
moment of B-sheets, mHbeta, the most important variable in our case, is low for Aux/IAA but
high for CBS, correlating with the increased B-sheets in CBS (Fig. 6). How this increase of
B-sheets could bring a change in function needs to be elucidated. Another interesting observation
is that there is a clear difference between some variables being very constrained for each family.
For example, the length of the PB1 domain is always above 90 amino acids in the NBR1 family,
where as it is always below 90 for ARFs. Hence, it is evident that PB1 domains are constrained
in different ways to maintain the uniqueness of that family. Moreover, using more (specific)
parameters in the future, one should be able to distinguish PB1 domains to a much broader

extent, even across multiple kingdoms, and including homotypic and heterotypic interactions.

Apart from DIX and PB1 domains, the SAM domain also undergoes head-to-tail
oligomerization, but this domain is structurally different from both others (Bienz, 2014). It is
unclear why the PB1 domains are much more widespread compared to DIX or SAM domains.
The latter are only limited to few families and few members in each family. One reason could be
that, as discussed above, the PB1 domain might contribute additionally by a wide range of non-

canonical interactions and its abundance across multiple kingdoms.

Materials and Methods

Search for PB1 domains in Animalia, Protozoa and Fungi

To study the PB1 domains in the kingdom Animalia, based on the literature, we first extracted
all the PB1 domain sequences of Human proteome from the UniProt database (https://www.
uniprot.org/proteomes/). To find other PB1 domains, we then used ten proteomes from the
kingdom across various phyla (Supplementary file 1). A protein database has been created with

all these proteomes and queried this database with the PB1 domain sequences from already
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known plant (Arabidopsis and Marchantia) and animal (Human) species. BLASTP module in
NCBIBLAST 2.7.1+ (Camacho et al., 2009) was employed for this search and InterPro domain
database v5.30-69.0 (https://www.ebi.ac.uk/interpro/) was used for domain identification in the
BLAST hits. All the sequences that have a PB1 domain have been used for further phylogenetic
analysis. A similar procedure was used to obtain the PB1 sequences from Protozoa and Fungi.
However, the proteomes of twelve fungi across multiple phyla have been obtained from
MycoCosm database at JGI (https://mycocosm.jgi.doe.gov). For the Protozoa, we have used the

six reference proteomes from UniProt (Supplementary file 1).

Identification of the PB1 domains in Chromista and Plantae

To identify the PB1 domains in the kingdom Plantae, we employed a large transcriptome
resource, 1000 plant transcriptomes (OneKP) database (Matasci et al. 2014; www.onekp.
com). Out of nearly 1300 transcriptomes in the database, we have used 485 transcriptomes
in this study, covering all the phyla in the kingdom Plantae. We have adapted a protocol that
was developed earlier (Chapter 2; Mutte et al., 2018). In brief, the query PB1 sequences from
Arabidopsis were searched against each transcriptome, where the resulting scaffold hits were
translated using TransDecoder (v2.0.1; https://transdecoder.github.io). All these translated
sequences were checked for the presence of PB1 domains using InterProScan (Jones et al., 2014)
and only those protein sequences with a PB1 domain identified were used for further analysis.
In a similar way, for Chromista, we have employed another transcriptome dataset, Marine Micro
Eukaryote Transcriptome Sequencing Project (MMETSP) database (Keeling et al., 2014). We
have used all the available transcriptomes and adapted a similar protocol as mentioned above

(Supplementary file 1).

Phylogeny construction and visualization

Using all the PB1 sequences that were identified in all the five kingdoms of eukaryotes, we
performed the phylogenetic analysis (Supplementary file 2). The protein sequences were aligned
with MAFFT G-INS-i algorithm using default parameters (v7; Katoh and Standley 2013).
Alignment was cleaned up further, where the positions with more than 20% gaps were removed
with trimAl, prior to phylogeny construction (Capella-Gutiérrez et al., 2009). ModelFinder
(accessed through IQ-TREE) indicated ‘LG’ as the best model of evolution, of all the 462
models tested (Kalyaanamoorthy et al., 2017). Further, the Maximum Likelihood (ML) method,
employed in the IQ-TREE program was used for the phylogenetic tree construction, with 1000
rapid bootstrap replicates and tree branches tested by SH-aLRT method (Nguyen et al., 2015).
The resulting tree was manually curated further for some misplaced taxa. An unrooted tree
was visualized in iTOL v4 (https://itol.embl.de/shared/dolfweijers). In a similar way, another
phylogenetic tree was generated using the PB1 sequences only from three kingdoms (Animalia,

Fungi and Plantae).
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Alignment of the plant PB1 domains

To understand the PB1 domains in the plant kingdom further, we have taken the PB1 sequences
of all the eight families from four species (Marchantia, Physcomitrella, Amborella and Arabidopsis),
aligned them using ClustalOmega (Sievers and Higgins, 2018). After the alignment, the
domains from each family were separated and a sequence logo was generated using All the gene
identifiers from these four species are available in Table S2. LogOddsLogo server was used for
logo generation, with the colour codes for specific amino acids (https://www.ncbi.nlm.nih.gov/
CBBresearch/Yu/logoddslogo/proteins.cgi). Amino acid groups ‘PAGFLIMV’, ‘KRH’ and ‘DE’
were shown in purple, blue and red colours respectively. All other amino acids were shown in

black colour.

Random forest (RF) based plant PB1 classification

The Random Forest (RF) method was used to identify key amino acid descriptors to differentiate
and classify each of the PB1 domains into eight plant PB1 families (Breiman, 2001). To make this
classification an extensive one, we extracted all the PB1 domains from Plaza Monocots database
v4.5, that includes genomes from all the major phyla in Embryophytes (Van Bel et al., 2018).
Since the size of each family is different, and to make the analysis uniform and comparable, we
have extracted 100 PB1 sequences randomly for each gene family (except 78 for NBRI as it is
a single copy gene). We have used 28 amino acid descriptors (variables) calculated either with
‘protr’ or ‘peptides’ R packages (Osorio et al., 2015; Xiao et al., 2015). Among these, 20 variables
correspond to the composition of 20 amino acids, and the remaining eight correspond to the
general parameters such as length, molecular weight, hydrophobicity, net charge, isoelectric point
(p]), aliphatic index, hydrophobic moment of alpha and beta sheets. We used ‘RandomForest’
R package to build a maximum of 500 decision trees with 5 variables being tried at each step
(www.r-project.org; Liaw and Wiener 2002). Confusion matrix and variable importance plots
showing mean decrease in accuracy and gini were obtained. Descriptive plots and other graphs
shown were obtained using ‘ggplot2’ R package. Supplementary file 3 provides the complete R
script that has been used for the RF analysis.

Homology modelling

Homology modelling for the eight selected members in Arabidopsis, one each from each plant
PB1 family were performed using Phyre2 webserver ‘normal’ mode (Kelley et al., 2015). The
identifiers of the PB1 sequences used were: ARF5 (PDB: 4CHK), 1AA17 (PDB: 2MUK),
At2G36500 (CBS), At1G04700 (Kinase), At2G01190 (Kinase-derived), NBR1, NLP9 and
Phox2. Obtained homology models were visualized in PyMol software (Schrodinger Inc., USA).

Supplementary files

All the supplementary files are available online under the URL: h#tps://www.nature.com/articles/
s41598-020-60733-9.
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Supplementary Tables

Table S1: List of domains (present in Fig. 1) with their short name and full name and InterproID.

ShortName FullName (InterProlD)
PB1 PB1 domain (IPR000270)
Kinase Protein kinase domain (IPR000719)
WD40 WD40 repeat (IPR001680)
TPR Tetratricopeptide repeat (IPR019734)
ZnF Zinc finger, ZZ-type (IPR000433)
CentralDomain Next to BRCA1, central domain (IPR032350)
UBA Ubiquitin-associated domain (IPR015940)
CBS CBS domain (IPR000644)
RWPRK RWP-RK domain (IPR003035)
DH Dbl homology (DH) domain (IPR000219)
PH Pleckstrin homology domain (IPR001849)
SH3 SH3 domain (IPR001452)
PX Phox homologous domain (IPR001683)
kDAG Phorbol ester/diacylglycerol-binding domain (IPR002219)
PDZ PDZ domain (IPR001478)

@@ ARF-DBD/B3 B3 DNA binding domain (IPR003340)

@@ ARF-DBD/ARF | Auxin response factor (IPR010525)

@ Aux/IAA-T Domain-I or EAR motif

Aux/IAA-II Domain-II or DEGRON motif

Table S2: List of identifiers of the PB1 domain containing proteins from four species of land plants (March-
antia, Physcomitrella, Amborella and Arabidopsis) used for the sequence alignment and logo construction.

GeneFamily Marchantia Physcomitrella Amborella Arabidopsis
Mapoly0019s0045.1 Pp3cl_14480V3.1 evm_27.model. AmTr_v1.0_scaffold00007.382 AT1G59750
Mapoly0011s0167.1 Pp3c1_40270V3.1 evm_27.model. AmTr_v1.0_scaffold00016.128 AT5G62000
Mapoly0075s0050.1 Pp3c2_25890V3.1 evm_27.model. AmTr_v1.0_scaffold00021.210 AT5G60450

Pp3c4_12970V3.3 evm_27.model. AmTr_v1.0_scaffold00025.251 AT1G19850
Pp3c4_13010V3.3 evm_27.model. AmTr_v1.0_scaffold00029.187 AT1G30330
Pp3c5_9420V3.1 evm_27.model. AmTr_v1.0_scaffold00057.126 AT5G20730
ARF Pp3c6_21370V3.1 evm_27.model. AmTr_v1.0_scaffold00092.36 AT5G37020
Pp3c13_4720V3.1 evm_27.model. AmTr_v1.0_scaffold00148.24 AT4G23980
Pp3cl14_16990V3.10 evm_27.model. AmTr_v1.0_scaffold00155.56 AT2G28350
Pp3c16_6100V3.1 evm_27.model AmTr_v1.0_scaffold00211.4 AT2G46530
Pp3c17_19900V3.1 AT1G34310
Pp3c27_60V3.1 AT1G34170
Pp3c9_21330V3.1 AT1G35540
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ARF

Pp3c15_9710V3.1

AT1G35520

AT4G30080

AT3G61830

AT1G19220

AT1G35240

AT1G34410

AT1G34390

AuxIAA

Mapoly0013s0010.1

Pp3c24_6610V3.1

evm_27.model. AmTr_v1.0_scaffold00002.512

AT4G14560

Mapoly0034s0017.1

Pp3c8_14720V3.1

evm_27.model. AmTr_v1.0_scaffold00002.514

AT3G23030

evm_27.model. AmTr_v1.0_scaffold00019.282

AT1G04240

evm_27.model. AmTr_v1.0_scaffold00039.160

AT5G43700

evm_27.model. AmTr_v1.0_scaffold00045.141

AT1G15580

evm_27.model. AmTr_v1.0_scaffold00056.118

AT1G52830

evm_27.model. AmTr_v1.0_scaffold00109.120

AT3G23050

evm_27.model. AmTr_v1.0_scaffold00122.5

AT2G22670

evm_27.model. AmTr_v1.0_scaffold00184.12

AT5G65670

AT1G04100

AT4G28640

AT1G04550

AT2G33310

AT4G14550

AT3G04730

AT1G04250

AT1G51950

AT3G15540
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AT2G46990

AT3G16500

AT4G29080

AT5G25890

AT4G32280

AT3G62100

AT3G17600

AT2G01200

AT5G57420

AT1G15050

CBS

Mapoly0179s50023.1

Pp3cl_14290V3.1

evm_27.model. AmTr_v1.0_scaffold00013.41

AT5G63490

Pp3cl1_14310V3.1

evm_27.model. AmTr_v1.0_scaffold00017.72

AT2G36500

Pp3cl1_15160V3.1

AT3G52950

Pp3c2_26110V3.1

AT5G50640

Pp3c7_10070V3.1

Kinase

Mapoly0013s0150.1

Pp3cl15_24250V3.1

evm_27.model. AmTr_v1.0_scaffold00004.293

AT1G04700

Pp3c9_25280V3.1

evm_27.model. AmTr_v1.0_scaffold00019.236

AT1G16270

evm_27.model. AmTr_v1.0_scaffold00026.90

AT1G79570

evm_27.model. AmTr_v1.0_scaffold00039.196

AT2G35050

evm_27.model. AmTr_v1.0_scaffold00081.26

AT3G24715
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AT3G46920
Kinase
AT5G57610
evm_27.model. AmTr_v1.0_scaffold00007.258 AT1G25300
evm_27.model. AmTr_v1.0_scaffold00046.178 AT1G70640
evm_27.model. AmTr_v1.0_scaffold00049.221 AT2G01190
evm_27.model. AmTr_v1.0_scaffold00109.93 AT3G18230
AT3G26510
AT3G48240
Kinase-derived

AT4G05150
AT5G09620
AT5G16220
AT5G49920
AT5G63130
AT5G64430
Mapoly0100s0042.1 Pp3cl1_16970V3.1 evm_27.model. AmTr_v1.0_scaffold00049.238 AT4G24690

HER Pp3c7_8990V3.1
Mapoly0083s0040.1 Pp3cl2_2070V3.1 evm_27.model. AmTr_v1.0_scaffold00058.115 AT2G17150
Pp3c15_9180V3.1 evm_27.model. AmTr_v1.0_scaffold00066.150 AT4G35270
Pp3c17_4370V3.1 evm_27.model. AmTr_v1.0_scaffold00080.66 AT4G38340
Pp3cl7_4375V3.1 AT1G20640
NLP Pp3c19_2670V3.1 AT1G76350
Pp3c19_2720V3.1 AT1G64530
@ @ Pp3c22_6360V3.1 AT4G24020
@ @ Pp3c22_6370V3.1 AT2G43500
@ Pp3c9_14600V3.1 AT3G59580

Table S3: Confusion matrix from the Random Forest (RF) model. Diagonal values represent the correctly
classified PB1’s, and others represent the mis-classified category. The column ‘class.error’ represents the
classification error for that particular class of PB1 domains as shown in Fig. 5A.

ARF | AuxIAA | CBS | Kinase | KinaseDerived | NBR1 | NLP | Phox | class.error
ARF | 99 0 1 0 0 0 0 0 0.01
AuxIAA 4 95 1 0 0 0 0 0 0.05
CBS 2 1 92 1 0 2 2 0 0.08
Kinase 0 1 0 95 4 0 0 0 0.05
KinaseDerived 1 0 2 7 87 0 1 2 0.13
NBR1 0 2 2 1 1 72 0 0 0.07
NLP 0 0 3 0 1 0 95 1 0.05
Phox 0 2 0 0 0 0 2 96 0.04
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he truth that does not need any proof is: ‘data is growing’. This is especially true in

life sciences, with the advancement of technologies for next-generation and high-

throughput analysis. Genomics is one such area that has seen and continues to see
quantum leaps in data availability from sequencing genomes and transcriptomes of thousands
of diverse species in the biosphere. With the ever-growing accuracy and speed of RNA-Seq,
the domain of molecular phylogenetics is making advancements in the accuracy of inferences
of relationships between genes and between species. Even though transcriptomes provide
limited information about the gene content of an organism, it is largely sufficient to deduce the
evolutionary relationships between homologs of a gene family (Delsuc et al., 2005; Wickett et
al., 2014). Taking advantage of the relative ease of obtaining RNA-Seq data, over the last decade
there has been a clear transition in area of phylogenetics from few reference-based genes to the

large-scale multi-gene phylogenies, referred as phylogenomics.

The original algorithms in bioinformatic and evolutionary analysis were generated in
times at which data was much more limited than at present. Thus, in parallel to the growing
data, we need improved and robust analysis methods to deal with ever increasing datasets. There
is particular need for new computational approaches when dealing with species that are spread
over large evolutionary distances, or when the quality of data is limited, for example in large-scale
sequencing projects. In this thesis, we have utilized two large-scale transcriptome sequencing
datasets, One Thousand Plant Transcriptomes (OneKP; Carpenter et al., 2019) representing the
kingdom Archaeplastida and the Marine Micro Eukaryote Transcriptome Sequencing Project
(MMETSP; Keeling et al., 2014), majorly representing the kingdom Chromista.

In Chapter 2, we developed a bioinformatic pipeline to build phylogenetic trees
utilizing the above-mentioned datasets, and to reconstruct the ancestral states of various gene
families involved in synthesis, metabolism and signal transduction of the phytohormone auxin.
This hormone is found in a wide range of unicellular as well as multicellular organisms, including
bacteria (Amin etal., 2015). Despite its ubiquitous presence, no genetic basis for its role in growth
and development was found in any other kingdoms except Archaeplastida. In contrast, a clear
genetic basis and major routes of auxin synthesis, transport, metabolism and signal transduction
are relatively well established in plants. Hence, it is important to understand why, when and how

these systems evolved.

Previous studies have attempted to understand the origin and evolution of various auxin
pathways (Finet et al., 2013; De Smet et al., 2011; Viaene et al., 2013). However, the majority
of these studies relied on small numbers of species and gene families to make evolutionary
inferences. Nevertheless, it was suggested that the majority of the orthologs of land plant auxin
pathways were found in charophytes, but absent in chlorophytes. Indeed, recently published
charophyte genomes confirmed the presence of orthologs of various pathways that were earlier
thought to be specific to land plants (Jiao et al., 2019; Nishiyama et al., 2018). In Chapter 3,
we also found that the single homologs of auxin biosynthetic gene families (TAA and YUC)

were found in charophytes but not in the chlorophytes. A similar trend was observed for the
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GH3 auxin metabolism genes. Conversely, the auxin binding ABP1 protein was found even in
chlorophytes, and we found that all residues within its auxin binding pocket are deeply conserved.
This indicates that the ABP1 might bind to auxin and mediate auxin-dependent responses in the

ancestor of Viridiplantae.

First evidence of (polar) auxin transport in algae was observed in Chara corallina, of the
class Charophyceae (Boot et al., 2012). Recently it was shown that Klebsormidium flaccidum, a
species that belongs to the Klebsormidiophyceae that diverged earlier than Charophyceae, also
has a functional PIN protein that can mediate polar auxin transport when expressed in land
plants (Skokan et al., 2019). However, the role of PIN proteins in growth and development as
well as in polar auxin transport of these algal species is yet to be elucidated. Another family of
proteins homologous to PIN proteins, PIN-LIKES (PILS), were identified even in chlorophyte
algae (Barbez et al., 2012; Feraru et al., 2012). PILS are involved in intracellular auxin transport
and maintenance of homeostasis. Interestingly, PILS are localized to the endoplasmic reticulum
(ER), where the ABP1 protein involved in non-genomic responses is also majorly localized.
Taken together, these results suggest that the origin of ER localized transport facilitators and
non-genomic responses predates the genomic nuclear auxin responses as well as synthesis and

polar auxin transport.

After finding out the origin or first appearance of homologous genes of auxin pathways
in algal species, we studied the divergence in land plants. The only gene families that never
diverged in land plants were the TAA and ABP1 families and ncIAA proteins (Fig. 1). Among the
land plants, the first step towards increased complexity is found in the vascular plants, where all
other gene families studied diverged, followed by further diversification in seed plants. However,
independent losses of orthologs in some clades or species were observed in many gene families,
except TAA, ABP1 and Aux/IAA families (Fig. 1). Given that auxin mutants show abnormal
phenotypes, with major defects in developmental programs, there is a possibility that species
or clades with specific gene losses might have a reduced capacity of various auxin-dependent
processes. Nevertheless, the effect of these independent losses (for e.g. ncARF or class-B ARF in
hornworts) for the development and physiology of those species is yet to be elucidated through

genetic experiments.

Apart from the above-mentioned ‘independent losses’, we also identified ‘abnormal
duplications’ in multiple instances. For example, gymnosperms have three ancestral copies of
Aux/IAA proteins whereas in angiosperms, they are more than tripled in number. This finding
can be attributed to the increased regulation and interaction capacities with ARF proteins in
contribution to potential tissue-specific functions in angiosperms. On the other hand, strange
duplication patterns were identified in GH3 proteins especially in hornworts and mosses. It is
certain that more GH3 proteins could lead to increased capacity for homeostasis, but given that
there is no increase in auxin synthesis gene families (Fig. 1), it is unusual to see these variations
specific to homeostasis. It is however possible that the duplicated GH3 copies are expressed in

specific tissues, and thus do not directly increase the cellular capacity to inactivate auxin. We
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also identified ‘orphan’ lineages, that were discontinued from genomes at a certain point in
evolution, as seen in sYUC and ncARF clades (Fig. 1). These orphan lineages appear to be lost

after attaining inflated complex systems in the ‘main’ lineages of vascular and seed plants.

ABP1 10,16 17 57,19® 6 8 4 3 2 1Rest™ °

TAA Yuc GH3 ABP1 ARFs

| @ Absent ®TAA ®YuC ® sYUC ®GH3 ® ABP1 ® ARF ® ncARF @®@nclAA Aux/IAA Precursor @TIR1/AFB con |

Figure 1: Summary of ancestral copies of all gene families in each major lineage of the plant kingdom.

A key finding of this study is the identification of “non-canonical” components. These
could be divided into two categories: non-canonical by origin and non-canonical by necessity.
Sub-classes or orthologs that are “non-canonical by origin” are the ncARF and ncIAA proteins.
Even though ncAREF is derived from a class-A ARFs, and lacks the DNA binding domain, it is
not present in all land plants (Fig. 1). However, genetic analysis showed that the ncARF has a
positive contribution to auxin-dependent growth in Marchantia (Chapter 4). ncIAA lacks both
the EAR motif and degron sequence that are needed for recruitment of the TPL co-repressor and
for protein degradation through ubiquitin pathway, respectively. Conversely, ncIAA is present in
all the land plant phyla, but our study in the early diverged liverwort Marchantia did not reveal a
clear function in auxin responses (Chapter 4; Mutte et al., 2018). In Arabidopsis, recently it was
shown that the nclAA ortholog (IAA33), stabilized by MITOGEN-ACTIVATED PROTEIN
KINASE 14 (MPK14), negatively regulates auxin signaling by interacting with ARF10 and
ARF16 and by competing with the canonical IAAS5 (Lv et al., 2019). Hence, it is evident that
plants evolved multiple ways of regulation by invoking these non-canonical components in auxin

response.

The other category is “non-canonical by necessity”, which include the Aux/IAA orthologs
IAA20, TAA30, IAA31, TAA32 and IAA34 in Arabidopsis. These proteins, similar to ncIAA, lack
the degron motif but evolved independently and became non-canonical in angiosperms from a
canonical IAA in gymnosperms. Interestingly, overexpression of these atypical IAA20, IAA30
and IAA31 in Arabidopsis exhibited auxin-related aberrant phenotypes: impaired gravitropism in
hypocotyl and root, malformed vasculature and inhibition of root growth (Sato and Yamamoto,
2008). Recently, IAA32 and IAA34 were shown to mediate the growth of apical-hook through
a TIRl-independent mechanism, involving the phosphorylation through auxin-mediated
C-terminal cleavage of TRANSMEMBRANE KINASE1 (TMK1; Cao et al., 2019). It is
worth noting that IAA33 and IAA32/34 are independently evolved non-canonical proteins and
that the latter is specific to angiosperms. However, both involve a phosphorylation-dependent

regulation, suggesting a common non-canonical TIR1-independent auxin signaling mechanism.

128



General discussion

Supporting this hypothesis, we have identified some Kinases, that also contain a PB1 domain
and are conserved across multiple-kingdoms (Chapter 5). It is worth investigating if the auxin-
dependent PB1 domain-based kinase phosphorylation could induce rapid auxin responses.
Recently it was shown that auxin can inhibit root growth within 2min in Arabidopsis, which is
probably too fast to involve a transcriptional response (Fendrych et al., 2018). A possibility is

that it requires the above-mentioned kinase-PB1 proteins.

Apart from the Aux/IAA family, the ARF family has also generated proteins that are
‘non-canonical by necessity’: ARF3 (ETTIN) and ARF17. In contrast to ncARE these two
proteins contain the DNA-binding domain but lack the C-terminal PB1 domain. Interestingly,
these proteins evolved their atypical nature only in angiosperms, from a canonical ARF protein
in the common ancestor with gymnosperms. ARF3/ETT is important for proper gynoecium
development and controls various other processes by interacting with other proteins (Kelley
et al., 2012; Sessions and Zambryski, 1995). Strikingly, recent NMR analysis showed that
ARF3 can directly bind auxin to modulate gene expression by changing the chromatin states
to promote gynoecium development (Kuhn et al., 2019). This is the first evidence to show that
an ARF transcription factor can be a hormone receptor, which opens new avenues to investigate

other receptors of auxin that mediate growth and development in plants.

On the other hand, ARF17 is important for anther dehiscence and pollen wall pattern
formation in angiosperms (Xu et al., 2019; Yang et al., 2013). ARF17, and other class-C ARFs,
are known to be regulated by microRNA miR160 both in Arabiodpsis and Marchantia (Flores-
Sandovaletal.,2018; Malloryetal., 2005). Moreover, as the class-C proteins evolved independently
from class-A/B in charophytes (Chapter 4), they appear to also have an independent regulation
based on miR160 instead of the canonical auxin-TIR1-Aux/IAA pathway (Flores-Sandoval et al.,
2018). Further, the only class-C ARF in Marchantia (MpARF3) also regulates different target
genes than class-A MpARF1 (Kato et al., 2019). Interestingly, the same study also showed that
class-A ARF activates downstream auxin-responsive genes, which is antagonized by an auxin-
independent class-B ARF that represses common target genes (Kato et al., 2019). All these recent
evidences indicate multiple novel ways of auxin-TIR1 independent genetic regulation, that each

control plant growth and development.

The components of the NAP have ancestral homologs in charophytes, but all the
components are likely functional in early-diverged land plants. Various feedback loops are
involved in auxin response pathways in angiosperms. Upon auxin treatment, the transcription
of Aux/TAA, PIN and GH3 genes are all upregulated, whereas YUC is downregulated. By the
activation of PIN efflux carriers, excess auxin is pumped out of the cell (Vieten et al., 2005). By
increasing the levels of GH3 proteins in the cell, there is a decrease in levels of active IAA form, as
it is converted to conjugated forms by GH3 proteins (Ludwig-Miiller, 2011). Auxin biosynthesis
enzyme YUC is transcriptionally repressed whereby the high cellular auxin levels stop internal
auxin biosynthesis (Suzuki et al., 2015). In a similar way, Aux/IAA genes are transcriptionally

upregulated upon auxin treatment by ARF proteins through direct interaction with Aux/IAA
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gene promoters (Krogan and Berleth, 2015). But the feedback loops that are known to be
active in angiosperms appear to be evolved later in vascular plants (Chapter 4). Comparative
transcriptome analysis of various charophytes, bryophytes and a fern, upon auxin treatment,
showed that not all feedback’ families are regulated in the same way in either charophytes or
bryophytes. In ferns however, there is a clear activation of Aux/IAA and GH3 transcripts and
repression of YUC transcripts (Chapter 4), suggesting a robust feedback mechanism involving
all these gene families did not exist prior to the emergence of vascular plants. It also suggests
that bryophytes might have different feedback mechanism. Nevertheless, they appear to have
a common module to activate transcription. We have identified C2ZHDZ and WIP genes to be
commonly upregulated in all land plants tested, which is consistent even in flowering plants
(Mutte et al., 2018). This indicates that along with the evolution of ARF proteins in land plants,
the same auxin response cis-element (AuxRE; TGTC core) based gene activation might be ‘fixed’
in all land plants. Further promoter analysis of auxin response genes in the early diverged species

should confirm these findings.

Hormone perception through F-box mediated receptors is not only specific to auxin,
but also include other hormones such as jasmonate, gibberellic acid and strigolactones. In our
study we found that the auxin (TIR1) and jasmonate (COI1) have dedicated receptors, only
in land plants but not in green algae. Correspondingly, the clade (GH3.11/JAR1) specific to
the synthesis of active form of jasmonate (Ja-Ile), also emerged in land plants (Fig. 1; Chapter
3). This indicates that ligand and receptor have parallel evolution in land plants. Interestingly,
liverworts lack the ortholog for this clade, indicating that COI1 may not bind to JA-Ile, as it
is not produced due to the lack of ortholog for GH3.11/JAR1. Indeed, it has been confirmed
recently that Marchantia COI1 binds to the precursor of JA-lIle, and the complete synthesis
and signaling pathways for jasmonate are functional in vascular plants (Monte et al., 2018;
Pratiwi et al., 2017). Similar to jasmonate, canonical pathways for gibberellin and strigolactones
synthesis and signal transduction are also observed in vascular, seed and flowering plants but not
in bryophytes, due to lack of some functional components in those pathways (Bythell-Douglas
et al., 2017; Herndndez-Garcia et al., 2019; Walker et al., 2019). Taken together, these results
indicate that auxin pathways are early diverged and functional in all land plants, suggesting auxin

as the first and oldest complete canonical F-box dependent phytohormone pathway.

On the other hand, two-component histidine kinase signaling components of cytokinin
and ethylene pathways evolved prior to land plants, representing system that is more ancient than
the nuclear auxin pathway (Bowman et al., 2017; Jiao et al., 2019; Ju et al., 2015). In contrast,
despite the presence of some ABA synthesis pathway components in charophytes, the ABA-
dependent responses were found only in land plants and further enhanced in vascular plants by
gaining additional receptors (Sun et al., 2019). Hence, it is evident that not only the complexity
of existing pathways that might have shaped the evolution of novel morphological traits (vascular
tissue, seeds and flowers) in land plants but also adaptation and innovation of novel components
throughout plant evolution shaped these life-history traits. Even though it appears implausible

to innovate so many gene families and mechanisms during a single transition from charophytes
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to land plants, this transition took more than 300 million years, which made these innovations
possible. Hence finding the evolutionary intermediates, if extant, may reveal the order and

timeline of events behind these innovations.
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Summary

Auxin is a key phytohormone for growth and development across many plant species. With the
advances in next-generation sequencing, and ever-growing data of genomes and transcriptomes
in the last decade across all plant lineages, helped us infer the detailed origin and evolution of
plant auxin biology in this thesis. Chapter 1 provides an overview of the major forms of life
on earth, from an evolutionary perspective. We also provided detailed insight about multiple
phyla in the plant evolution, and the corresponding morpho-physiological innovations. We then
introduced various proteins and pathways involved in the synthesis, transport, homeostasis and

signal transduction of auxin, followed by the scope of this thesis.

Large ‘omics’” data resources, especially transcriptomics as a result of advancement in
RNA-Seq technologies, generated more than 1300 transcriptomes from more than a thousand
species over a billion years of plant evolution. Even though the transcriptome data is inherently
limited than the genome data, it is possible to estimate ancestral copies i.e. the minimal gene
complement in the ancestor of that particular lineage under consideration. While many methods
were developed that either focus on combining single copy genes to estimate species relationships,
or focus on a specific gene family, needs substantial modification to apply as a general method to
other gene families. Hence, in Chapter 2 we have developed a simple yet effective methodology
to reconstruct the origin and evolution of various genes families across all plant lineages, including

the algal ancestors.

We first tested this protocol in Chapter 3 to study the evolution of auxin biosynthesis
gene families Tryptophan aminotransferase of Arabidopsis (TAA) and YUCCA (YUC). This has
not only confirmed the previous findings, that TAA and its homologous Alliinase proteins had
a common ancestor in charophyte algae, but also revealed that the core TAA clade has never
duplicated in their ancestral states during the plant evolution. YUC family in early diverged
species contain a sister clade that is lost in the recently diverged species, angiosperms. Further,
we exploited the evolution of Gretchen Hagen 3 (GH3) protein family involved in the auxin
homeostasis that conjugate amino acids to hormones. This analysis revealed a striking correlation
between the emergence of auxin or jasmonate specific GH3 family members to the evolution of
specialized hormone receptors at the onset of land plant evolution. Moreover, we also showed
that this method could be applied to proteins with unknown or novel domains, by studying the
evolution and annotation of SOSEKI proteins. Auxin elicit both genomic and non-genomic
responses, through nuclear auxin pathway and Auxin binding protein 1 (ABP1), respectively.
Hence, we also studied the origin and evolution of ABP1, that appear to have evolved in red

algae, with auxin binding capacity predicted to appear as early as in chlorophytes.

In Chapter 4, we focused on the nuclear auxin pathway, the major auxin signal
transduction pathway in plants. We studied both the origin and deep evolution of Auxin Response
Factor (ARF), Auxin/Indole-3-acetic acid (Aux/IAA) and Transport inhibitor response 1/Auxin-
signaling F-box (TIR1/AFB) gene families. Based on the evolutionary patterns, we hypothesized

that genomic response pathway components were evolved in charophytes but functional only in

134



land plants. We tested this hypothesis by studying the auxin response capacity of green algae,
hornworts, liverworts, mosses and ferns, comparing the auxin treated transcriptome to the
untreated plants using RNA-Seq. Indeed, we found that the auxin response genes were conserved
across land plants, but not in green algae, confirming the predictions from evolutionary analysis.
To our surprise, we also found deeply conserved non-canonical components (ncARF and nclAA),
which we tested for their role in auxin dependent responses by studying the mutants in early
diverged bryophyte, Marchantia. Interestingly, ncARF appeared as a positive contributor to the

auxin dependent growth and development.

A key step in the nuclear auxin pathway, is the interaction between ARF and Aux/IAA
proteins through C-terminal Phox and Bem!1 (PB1) domain. During our search for homologs
of these two gene families, we found many other proteins in plants that are neither ARFs nor
Aux/IAAs, and contain a PB1 domain. As PB1 domain is also identified in protozoans, fungi as
well as in animals, in Chapter 5 we studied if the PB1 domain is originated in Last Eukaryote
Common Ancestor (LECA). Indeed, we found that LECA consisted preferably three PB1 copies
that diverged further and gave rise to multiple copies in various kingdoms. We found co-evolved
PB1 pairs that might interact, where we also found common conserved amino acids among
these predicted interaction pairs, for e.g. Kinase and Kinase-derived PB1 domains. We have also
successfully applied amino acid descriptor based Random Forest classification to differentiate
various PB1 domains across land plants. Taken together, these results revealed the broader

presence of PB1 domain containing proteins in plants, with insights into their deep evolution.

Finally, in Chapter 6 we discussed how this study contributes to what is known about
the evolution of various auxin pathway components and their functions. The results in this
thesis collectively show the step-wise origins of auxin biology in green algae and subsequent
functionality in land plants. We also highlighted questions that still remain and synchronize
these findings with the on-going efforts to understand ‘non-canonical” routes of auxin action in

plants.
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