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DISSERTATION ABSTRACT

Synteny, or the order of genes in a given genome, is an emergent property of
individuals and species that has only, with the implementation of next gen-sequencing,
become available for evolutionary consideration. In this dissertation, I leverage syntenic
information in concert with sequence data to draw connections between evolutionary
mechanisms, species divergence, and trait innovation. In Chapter I, I review the major
themes that ties my dissertation research together, highlighting important mechanisms at
work in evolutionary complexity and introducing the system of which it will be a part. In
Chapter II, I use a phylogenomic approach to better understand species relationships
within the tribe. I utilize transcriptome sequences and genome derived synteny
information to improve orthology detection over standard sequence similarity approaches
and gain greater insight into the relationships of the tribe. I also implement differential
fractionation rate orthology inference information to address gene tree-species tree
incongruence. In Chapter 11, as published in Abrahams et al., 2020, I utilize a micro-
synteny network and phylogenetic inference to investigate the origin and diversification
of the MAM/IPMS gene family. I uncover unique MAM-like genes found at the
orthologous locus in the Cleomaceae that shed light on the transition from IPMS to
MAM. In the Brassicaceae, I identify six distinct MAM clades across Lineages I, 11, and
II1. T characterize the evolutionary impact and consequences of local duplications,
transpositions, whole genome duplications, and gene fusion events, generating several

new hypotheses on the function and diversity of the MAM locus.
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CHAPTER 1: IMPLEMENTING GENOMIC COMPARISON FOR

THE STUDY OF KEY INNOVATIONS AND GENE DUPLICATION

R. Shawn Abrahams!

1 Division of Biological Sciences and Bond Life Sciences Center, University of Missouri,
Columbia, Missouri 65211, USA



BACKGROUND

All extant lineages of life have ancestors with traits that allowed them to maintain
evolutionary fitness in the context of their environment. Some of these ancestors weren’t
just fit. They flourished in their environments, these adaptations allowed them to become
some of the most speciose and dominant lineages on Earth. These adaptations, called key
innovations, are novel phenotypic traits that have resulted in evolutionary radiations,
where lineages experience increased levels of speciation and diversification (Miller 1949;
Hunter 1998; Soltis & Soltis, 2016). Identifying a trait as a true “key innovation” can be
confounded by various factors, including difficulty in connecting specific traits to
increased diversification, issues in connecting causal genotype to the trait phenotype, and
difficulty in defining the bounds of a trait in biological terms. Wherein trait as defined
may be a series of biological innovations that form a fitness advantage when primarily
when occurring together (Cracraft, 1990; Galis, 2001; Donoghue, 2005; Soltis & Soltis,
2016). For example, the evolution of the flower is considered a key innovation of the land
plant’s angiosperm clade. Still, it could also be looked at as a series of structural changes
at different nodes of the angiosperm phylogeny that led to the development of the
perianth, stamens, carpels, and the complex feature of double fertilization. Stepwise
innovations may have occurred millions of years apart but still, come together at critical
points of species radiation in the phylogeny. To this end, it’s essential to reconstruct the
origin of these traits in evolutionary time and describe and place the underlying genomic

mechanisms that may have led to the origin of these traits. Studying these trait



innovations can give us insight into the mechanisms that have underwritten biological

complexity.

Polyploidy as a mechanism for innovation
Whole genome duplication (WGD) has been identified as an important

mechanism in the origin and diversification of angiosperm species (Buzgo et al. 2004; de
Bodt et al. 2005; Zahn et al. 2005; Jiao et al. 2011). WGD can occur due to mistakes in
meiosis where one or both parent’s gametes fail to reduce and can still form a viable
offspring whose ploidy level (n value) is increased relative to their progenitors. Some
have suggested that polyploidy can limit diversification in flowering plants and that
polyploids are evolutionary dead-ends (Stebbins 1950; Arrigo and Barker 2012; Mayrose
et al., 2011). In contrast, others have shown that WGD can be associated with upticks in
the species diversification rates across various Eukaryotic lineages (Schranz et al. 2012;
Tank et al. 2015; Wood et al. 2009; Vamosi and Dickinson 2006; Barker et al. 2008;
Barker et al. 2016; Moriyama and Koshiba-Takeuchi 2018; Robertson and Gundappa
2017; Soltis et al. 2009; Soltis et al. 2014; Soltis and Soltis 2016; Tate and Simpson
2003; Van de Peer et al. 2017; Freeling & Thomas 2006).

Over generations, the processes of diploidization, a series of chromosomal
rearrangements, translocations, fractionation, and biased gene retention, return a
polyploid lineage to a functional diploid genetic system (2n) having removed generally
disadvantageous or neutral gene duplicates (Freeling et al., 2015). Genes can be biasedly
retained based on the function of the gene and gene dosage effects (Barker et al., 2008;
Birchler & Veitia, 2012). Gene duplicates that are retained can collect mutations over

time through relaxed selection and can shift function. Subfunctionalization is when



paralogous genes divide the function of an ancestral task over both duplicates, potentially
resulting in tissue specification or the decoupling of enzymatic processes.
Neofunctionalization is when a paralog gains a novel role after a period of neutral
mutation or subfunctionalization. (Conant & Wolfe, 2008). These processes can lay the
groundwork for the development of new traits that may offer a selective advantage.
Drawing connections between these traits, WGD, and increased rates of diversification

can provide us with greater insight into the origins of species diversity.

The Brassicales as a system

The order Brassicales, made up of 17 families with about 4700 species (Magallon
et al. 1999), is one of the most economically significant plant lineages studied today. Its
diversity of desirable traits, both in terms of human consumption and adaptability, make
it an ideal system for understanding the connections between genomic mechanisms and
key innovations. The order is well known for a series of characterized WGD events
occurring across vast time scales, encompassing paleo-, meso-, and neo-polyploid events.
The major paleopolyploid events as described in the genome of the model system
Arabidopsis thaliana, are At- a, shared with all members of the Brassicaceae (Vision et
al. 2000, Haudry et al. 2013; Edger et al. 2015), At-B, near the base of the Brassicales
(Edger et al., 2015, 2018a), and At-y an older event shared by all angiosperms [Figure
1.1].

An important key innovation associated with WGD is a group of specialized
metabolites called mustard oils or glucosinolates (Ehrlich & Raven 1964; Edger et al.
2015). These are a class of defense compounds found in plants of the order Brassicales

(Fahey et al. 2001; Daxenbichler et al. 1991). They are also found in the genera Drypetes



and Putranjiva of the family Putranjivaceae, formerly of the Euphorbiaceae (Rodman et
al. 1998; Soltis & Soltis, 2004), and putatively present in the genus Rinorea of the
Violaceae (Montaut et al. 2017), though these latter occurrences have more limited
diversity. Physical damage from an herbivore, such as chewing, causes compartments of
the plant cell to rupture and release a myrosinase enzyme that hydrolyzes the
glucosinolates to create an isothiocyanate anion, damaging the attacker (Agrawal &
Kurashige 2003). Following WGD events at At-f and At-a, there are increases in species
radiation, and innovations in the biosynthesis pathway that resulted in novel classes of
glucosinolate compounds (Edger et al., 2015). Although these events cover a wide
distribution of taxa, we know many of the most diverse clades in this group have a
recurrent history of WGD. The effects of these more recent events on the evolution of the
glucosinolate biosynthesis pathway have yet to be clearly described. Thus, an open
question is whether subsequent gene and genome duplication events in the speciose
clades of the Brassicaceae, Cleomaceae, and Capparaceae are associated with

glucosinolate novelty.



Brassicaceae

b)

Cleomaceae Cleomaceae

Capperaceae ¢ ..\ Capperaceae

Pentadiplandraceae Pentadiplandraceae

Resedaceae |- ~ | ~ = 7] Resedaceae

Salvadoraceae Salvadoraceae
Koeberliniaceae Koeberliniaceae
Limnanthaceae Limnanthaceae

Low High

Relative Gene Family Expansion

Figure 1.1 The impact of syntenic approaches on gene family understandings. As summarized by
Abrahams et al. 2020 A), Gene family expansion of the glucosinolate biosynthesis pathway was primarily
understood through the Brassicaceae family. This expansion was limited to the MAM-ancestral locus.
Estimates of diversity reflected primarily the role tandem duplications played in gene family expansion
without any estimation for when key events occurred in the transition from IPMS identity into what we
recognize as MAM identity. B) With the inclusion of the Cleomaceae in the phylogenic estimation of the
plant family, key “missing link” states were identified, and critical loss parallel domain loss events were
essential to the function of MAM in the context of phylogeny. With an updated understanding of gene
family expansion many, more questions can be asked regarding the role intermediate states of MAM play
in glucosinolate diversity and the relative roles different gene duplication types play in the evolutionary
trajectory of specialized metabolism. With the origin of MAM being traced to the IPMS duplication event,
we can assume all post Beta event Brassicales families have an orthologous MAM locus, but currently
without the genomic resources for the comparison and characterization.



Synteny as a tool

As a part of this dissertation, I explore the role WGD, and other gene duplication
types, have had on species evolution and trait innovation throughout the Brassicales.
These studies are made possible by advancements in genomic sequencing and
technology, allowing for syntenic or gene address information to supplement
phylogenetic analyses and improve our estimation of past biological events. In Chapter I,
I utilize genomic comparison to improve phylogenomic analysis of the tribe Brassiceae of
the family Brassicaceae. This analysis emphasizes the methodological difficulties that are
created by WGD when trying to reconstruct lineage divergence. I also show how, in
mesopolyploid lineages, genomic differences between parental sub-genomes can be
uncovered millions of years after the parental species have gone extinct. In Chapter III, I
leverage a syntenic network approach to characterize the MAM/IPMS gene family's
evolutionary dynamics in relation to the glucosinolate biosynthesis pathway. The
combination of phylogenetic and syntenic methods allowed for the unique identification
of a mid-state or "missing link" in the transition from a primary metabolic role to a
specialized metabolic function [Figure 1.1]. Biology is at the very beginning of what we
will understand is the full capability of this quickly developing technology. Hopefully,
the research detailed in the coming chapters is a small part of what science can gain from

broadening our sampling of diverse plant genomes beyond standard model species.
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ABSTRACT

The tribe Brassiceae of the Mustard Family has a complex evolutionary history of
whole genome duplication and hybridization. These mechanisms contribute to phenotypic
plasticity and adaptability of the tribe, while also confounding attempts to understand the
relationships among the species of the tribe. To account for these complications, we
utilize a genome guided phylotranscriptomic method that leverages genomic synteny to
inform phylogenomic inference. With this method we infer a nuclear tree with a novel
topology that places the Crambe clade as sister to both the Nigra and Rapa/Oleracea
group species. Further investigation of single copy genes from ancestral sub-genome of
the tribal hexaploidy identified differences in topology among genes derived from
different parental genomes. These findings help explain why we see various topologies
based on the data type method of inference when attempting to reconstruct clade

relationships.
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INTRODUCTION

The tribe Brassiceae of the Mustard family (Brassicaceae) is the most economically
important lineage in the family containing crop plants critical to global human nutrition. It
contains many of the members of the genus Brassica as well as other species (e.g.,
Raphanus sativa, Radishes; Eruca vesicaria, Arugala). That said, generic relationships
within the tribe show major polyphyletic breakdown, especially in the three largest genera,
Brassica, Diplotaxis, and Erucastrum (Yanagino et al. 1987; Song et al. 1990). The more
significant clade designations show distinct incongruence between different molecular data
sources (Hall et al., 2011; Arias & Pires, 2012). We see this acutely in the “Core

Brassiceae” which houses most of the species diversity and all major crops.

This taxonomic confusion is due in part to the variable morphology of plants in the
tribe. Key features used to classify species (e.g., fruit and leaf shape) display patterns of
trait convergence and therefore are uninformative for taxonomic classification (Al-
Shehbaz 2012). The tribal clades were assigned as seven groups based on morphology
(Schultz 1919, 1957), and then, based on chloroplast markers, were understood as eight
clades: Oleracea/Rapa, Nigra, Savignya, Cakile, Crambe, Henophyton, Vella, and Zilla
(Arias & Pires 2012). When compared to nuclear data, there is significant incongruence,
both in clade branching order and in the integrity of the Rapa/Oleracea and Nigra clades
[Supplemental 2.1] (Warwick & Saunder 2005; Warwick & Hall 2009). These conflicts

are critical to why researchers have had difficulty re-classifying the tribe’s genera.

The chloroplast locus shows incongruence with nuclear loci in cases of

introgression, incomplete lineage sorting, and difficult orthology detection caused by gene
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duplication (Wendel & Doyle 1998; van der Niet et al. 2008; Rokas et al. 2003; Linder et
al. 2004; Mendes & Hahn 2016; Lysak & Lexer 2006; Schranz et al. 2006). The Brassiceae
is well known for its cases of introgression, occurring within genera (Nagaharu 1935),
between genera (Mizushima, 1950; Dolstra 1982), and even with species placed outside of
the tribe (Li et al. 1995; Li et al. 1998) although researchers have yet to describe the full
natural history of hybridization within the tribe. The Brassiceae’s complex genomic history
of WGD is another cause for the incongruence seen between molecular data (Beilstein et

al. 2008; Lysak et al. 2005; Hall et al. 2011; Arias and Pires 2012; Lysak et al. 2007).

While gene duplicates may confound any nuclear phylogenetic inference, ITS
markers have shown specific sensitivity when true orthology cannot be determined
(Alvarez & Wendel 2003). The history of recurrent whole-genome duplication (WGD)
events in the tribe has culminated in much of the extant genomic diversity. This legacy of
WGD includes the paleopolyploid events At-o & At-f shared with the rest of the
Brassicaceae and a hexaploidy event specific to the tribe. Reconstructing the evolutionary
relationships in the tribe with this history of hybridization and polyploidy is difficult when
considering sequence similarity (Bastide et al., 2017; Mendes and Hahn 2016; Solis-Lemus

etal. 2017; Szollosi et al. 2015).

As a part of diploidization, fractionation can result in nuclear phylogeny gene trees
that do not match the inferred species tree (Mayfield-Jones et al. 2013). Gene dosage effects
(Birchler and Veitia 2012; Conant et al. 2014), transposon load (Bird et al. 2018; Bird et
al. 2021), and random chance govern the loss pattern for these genes. The most common
method of accounting for these effects is the use of single-copy gene lists. However, this

leaves many potentially informative genes out of the analysis and biases genomic selection
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to that of genes kept at single copy based on their functional dosage balance. Syntenic
comparison has been used to improve our understanding of lineage divergence and account

for the difficulties of using sequence comparison alone.

The majority of synteny methods require quality genomes for all taxon comparisons
(Soderlund et al., 2011; Jun et al., 2009; Daniels et al., 2010). Because of this, studies are
often limited by resource availability and are unable to utilize syntenic methods. Some
methods utilize genomic comparisons to inform the selection of genes from transcriptome
sequencing, effectively lowering the available resources necessary to analyze non-model
species (Washburn et al., 2017). These methods leverage outgroup and in-group genomic
comparison to build a candidate gene list of true orthologs based on synteny information
(i.e., the physical position of genes within the genome). Added syntenic information has
the potential to provide clear insight into otherwise obscured clades. However, such

methods have yet to be used to infer lineage relationships in the context of recent WGT.

MATERIALS AND METHODS

Taxon Sampling & Extraction

Thirty in-group and four outgroup species were selected for analysis. Plants were
grown in a greenhouse environment. Upon reaching sufficient maturity, leaf samples
were taken for RNA, DNA, and genome size. Where necessary, accessions were grown
to full maturity to serve as voucher specimens to be submitted to the herbarium at
Missouri Botanical Garden. RNA & DNA leaf samples were flash-frozen in liquid
nitrogen and RNA was extracted using the PureLink RNA Mini Kit from Ambion and

stored at -80 degrees C. DNA was extracted from some samples using the DNeasy Mini
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Kit from Quiagen or Urea extraction protocol and stored at -80 degrees C. Genome size
was determined through flow cytometry.

Sequencing mRNA library preparation was performed using Truseq RNA kit
(NonStranded) and samples were sequenced using a read size 2X100 on an I[llumina Hi-
seq (6 samples per lane) at the University of Missouri Sequencing Core. Genome survey
sequencing (GSS) library prep was conducted using either a DNA PCR-Free library prep
(Truseq) or a Nextera Genomic kit. A read size of 2X100 was obtained on an Illumina

Hi-seq (24 samples per lane) at the University of Missouri Sequencing Core.

Genome Survey Sequencing and Chloroplast Phylogeny
Chloroplast DNA was processed following a GSS analysis pipeline

(https://bit.ly/3xjfCTk). Sequence quality was checked using FastQC ver. 0.11.5
(Andrews 2010) and filtered with Prinseq ver 0.20.4 (Schmieder and Edwards 2011). A
reference database was generated using Arabidopsis thaliana and Brassica napus
chloroplast protein sequences from NCBI Organelle Genome Resource Database.
Assembly was performed using SPADES ver. 3.10.0 and combined overlapping reads
using CAP3 software. Assemblies were annotated using BLAST (Camacho et al. 2009)
and aligned using MAFFT ver. 7.299 (Katoh et al. 2002; Katoh & Standley 2013).
Alignments were cleaned using Mesquite and concatenated gene trees were inferred in
RAXML ver. 8.2.11(Stamitakis 2014) for 1000 bootstraps.

Transcriptome Assembly and Nuclear Phylogeny A genome-guided
phylotranscriptomic method was followed for phylogenomic inference (Washburn et al.

2017) (https://bit.ly/2TsUD1U). RNA-seq data were quality checked using custom scripts
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(Yang and Smith 2014). Trinity ver. 2.3.2 was used for further processing and de novo
assembly of transcriptomes (Grabherr et al. 2011; Haas et al. 2013) and converted into
peptide files using Transdecoder ver. 3.0.1. The sequenced genomes Brassica rapa
(1d32114) and Thellungiella halophila (1id38350), as available on CoGe
(https://genomevolution.org/CoGe), represented in-group and out-group taxa,
respectively, and were used for the initial syntenic ortholog determination. They were
selected among various genomes based on the genome quality, relative ploidy level, and
phylogenetic placement. Syntenic orthologs between B. rapa and T. halophila were
inferred using the SynMap tool in CoGe with the QuotaAlign set to filter out syntenic
paralogous regions using a quota setting of 1:3 (Lyons et al. 2008; Tang et al. 2011).
Protein sequences of the B. rapa representative orthologs were used as references for the
analysis. The assembled transcripts were then mapped to the B. rapa reference orthologs
using BLAST. Sequences were then grouped into orthologous sets for each gene, and
multiple alignments was created using MAFFT ver. 7.299 (Katoh et al. 2002; Katoh &
Standley 2013). They were then filtered using phyutility and custom scripts (Smith &
Dunn 2008; Yang and Smith 2014). A coalescent species tree was created using RAXML
ver. 82.11 (Stamitakis 2014) to generate gene trees and ASTRAL III v. 5.6.1 to generate
the species tree (Mirarab et al. 2014a; Mirarab et al. 2014b). The program Phyparts
(Smith et al. 2015) was used for calculation of gene tree discordance and visualized using
Phyparts Piecharts

(https://github.com/mossmatters/phyloscripts/tree/master/phypartspiecharts).
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RESULTS

Chloroplast Tree Inference
The chloroplast [Figure 2.1] tree shows the Zilla clade (represented by Schowia

thebiaca and Zilla macroptera with a bootstrap score of 95) as sister to the rest of the
tribe. Vella anherermica and Psychine stylosa are sister to each other, although with low
bootstrap support of 42. The Nigra & Crambe clades also fall within the Core Brassiceae,
sister to one another. Cakile is sister to all four previous groups as the outermost

members of the Core Brassiceae.

Genome Guided Phylotranscriptomics

Vella anhemerica is sister to the rest of the tribe in the nuclear tree [Figure 2.2],
with the fully supported Zilla clade branching from the next node. Psychine stylosa is
sister to what was considered the Savignya clade, though with low support values. Again,
the Cakile clade makes up the first branch of the core Brassiceae. As defined by the
chloroplast tree, the Rapa/Oleracea and Nigra groups do not represent monophyletic
clades in the nuclear tree. The Crambe clade falls out as a sister to that grouping with
complete support. The lowest tree support occurs within the core Brassiceae, particularly
between members of the Nigra chloroplast clade. We see a significant signal of
incongruent topologies at several nodes throughout the tribe when looking at gene-tree
species-tree incongruence [Supplemental Figure 2.2]. However, there is a primarily

supported topology and no significant secondary topology.
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Sub-Genome Analysis

Least Fractionated Sub-Genome

In this tree [Supplemental Figure 2.3], Vella anhermeica is inferred as a sister to
the rest of the tribe. The Savignya clade presents with low local posterior probability
(LPP) of 0.61 and is sister to the core Brassiceae. The Rapa/Oleracea clade, as defined
by the chloroplast tree, does not represent a monophyletic grouping. However, most
species in that clade show a close relationship. In the nuclear tree, Coincya longerorstra
from the Nigra chloroplast clade is nested within Rapa/Oleracea grouping while
Erucastrum nasturtrifolliums and Raphanus raphanistrum of the Rapa/Oleracea
chloroplast clade occur within the majority of Nigra grouping. The majority of species
found in the Nigra clades cluster together, though with low support at some internal noes.
The Crambe clade maintains strong support and is sister to the majority of Nigra clade

species.

Most Fractionated Sub-Genome |

In this tree [Supplemental Figure 2.4] Vella anhmerica and Psychine stylosa form a clade
that is sister to the rest of the tribe, with a lower support value of 0.63. The Savignya
clade also displays some lower support between Fezia pterocarpa & Savigyra parviflora.
The Rapa/Oleracea clade & Nigra clade display a similar breakdown to that of the
nuclear tree topology but with Crambe as sister to all Rapa/Oleracea & Nigra species.

The Nigra group shows several internal nodes with low support.

23



vC

Psychine stylosa

59
79|
51
Chloroplast Clades 98
- Rapa/Oleracea
61
. Nigra
. Crambe
Cakile ——

D Psychine
B zila
[] vella

. Out Group

Figure 2.1: Chloroplast tree concatenated of 25 representative species of the tribe Brassiceae with 1000 bootstraps. This tree
recovers most of the clades outlined in Arias 2012, but does not include the Henophyton clade which has gone unsampled, and places
Psychine stylosa as its own grouping as it does not fall with the expected Savignya clade.
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Figure 2.2: Genome-Guided Phylotranscriptomic Nuclear Tree of representative
species from the tribe Brassiceae. Species have been colored based on expected
chloroplast phylogeny groupings. Local Posterior Probability scores as implemented in
Astral are used as the support for branch relationships. Obvious break down of the Nigra
and Rapa/Oleracea clades is seen as a part of the core Brassiceae.
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Most Fractionated Sub-Genome 11

The most fractionated sub-genome two topology [Supplemental Figure 2.4] has the
lowest overall support values out of all sub-genome trees. The Nigra and Rapa/Oleracea
clades are further broken down, with Sinapis alba & Moricandia foetida talling outside
of their internal placement as seen in other nuclear trees. Crambe clade comes out as

sister to all Rapa/Oleracea & Nigra group species with the support value of 0.85.

DISCUSSION

Gene-tree species-tree relationships underly our understandings of lineage
divergence in all eukaryotic lineages. Many methodological approaches have been used
to simplify complex ancestries to accommodate the limits of methodology (e.g., single-
copy gene lists, orthogroup analyses, and genomic comparison). Methods that utilize
single-copy gene lists have been amongst the most prevalent, especially for comparison
across deep phylogenetic depths (Aguileta et al. 2008). These nuclear approaches are a
less biased approach when compared to using chloroplast or mitochondrial DNA. These
data types are inherited uniparentally, and therefore may fail to represent
hybridization/introgression events that can occur between species. In this study, we
demonstrate that single-copy gene lists are not free from potential biases associated with
complex genetic histories and the evolutionary history of the tribe Brassiceae makes for a

compelling model to explore phylogenomic complexity.
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Figure 2.3: Incongruence between the Chloroplast and Nuclear Trees. A) The
chloroplast tree meets most expectations for clade relationships though with Psychine
displaying variable positions. The core Brassiceae topology shows the Nigra clade as
sister to the Crambe clade and the Rapa/Oleracea clade as sister to the Fezia pterocarpa.
B) The nuclear tree displays a breakdown of the Rapa/Oleracea and Nigra clades, with
the Crambe clade presenting as sister to all members.
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The tribe Brassiceae, as a hexaploid lineage, represents several levels of genomic
complexity and technological resources for interrogating the mechanisms that underlie
that complexity. The chloroplast and nuclear trees from this study recover an
incongruence that has been seen in previous studies of the tribe [Figure 2.3]
[Supplemental Figure 2.1] (Warwick & Saunder 2005; Warwick & Hall 2009, Arias et al.
2012). This is seen with the placement of the Zilla & Vella clades of the tribe as the
groups sister to the rest of the tribe and in the breakdown of the Rapa/Oleracea &

Nigra clades [Figure 2.3]. In the nuclear topology, Conciya logistrostra of

the Nigra clade falls within the majority of the Rapa/Oleracea clades species with high
support. Erucastrum nasturtifolluium & Raphans raphanistrom of

the Rapa/Oleracea clade are found within the majority of Nigra species

though Erucastrum nasturtifolum retains low support for its closest relationship. These
incongruences are putatively a result of introgression and chloroplast capture within the

tribe.

Interestingly, unlike in previous nuclear phylogenies of the tribe, we see a
significant shift in the placement of the Crambe clade. Typically, this monophyletic
group is found sister to the Nigra clade species in the chloroplast tree as well as nuclear
phylogenies [Supplemental Figure 2.1] (Warwick & Saunder 2005; Warwick & Hall

2009, Arias et al. 2012).
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Figure 2.4: Tree topologies of sub-genome, full-nuclear, and chloroplast trees. The
least fractionated sub-genome core Brassiceae topology is most similar to that of the
chloroplast tree, while that of the MF sub-genomes show a similar topology to what we
see in the Full Nuclear tree, of which they represent a subset of genes. Full trees for the
sub-genome datasets are found in Supplemental Figures 2.3-5.
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Here we find the Crambe clade as sister to both the Nigra & Rapa/Oleracea clades, a
placement that could potentially be leveraged to unite major genera of the tribe based on

morphological characters.

To explore this finding further, we leverage the syntenic relationships offered to
us by the genome-guided phylotranscriptomics method and gene lists derived from
generic comparisons between members of the tribe (Hao et al. 2021). We grouped the
homoeologs into three sub-genomes, a least fractionated genome (LF) and two more
fractionated genomes (MF1 & MF2). We then isolated these single-copy genes from each
grouping and analyzed them separately. We found that the LF genome represented a
topology that was most congruent with the chloroplast tree and the expectation of the
nuclear tree topology concerning the Crambe clade. Both MF1 and MF2 had

a Crambe placement similar to that of the total nuclear tree [Figure 2.4].

Several factors could be producing these patterns. Firstly, our method for
generating the nuclear tree in Figure 2.2 may over-represent genes from the LF sub-
genome compared to other phylogenomic that don't require syntenic signal. Biologically
we might expect this if the higher percentage of LF sub-genome loci have lost syntenic
signal due to rearrangements or local duplications. This bias may also affect what "kinds"

of genes are retained from the LF sub-genome instead of the other sub-genomes

The biological reasons as to why these sub-genomes produced alternative
topologies are also factors to consider. It may have to do with the relationships between
parental genomes before the hexaploidy. The two MF sub-genomes appear to be more

closely related, a finding that supports other hypotheses about the genomic history of the
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tribe. Extrapolating more than that from these differences may be dubious, without
understanding which branch or branches carry the hexaploid event. This pattern of mixed
gene-tree topologies mirrors hypotheses around the hybrid origin of individual species
(Folk et al. 2018) and, if applied here, would suggest that the Nigra clade represents the
most "hybrid" Brassiceae clade. That hypothesis in the context of this dataset could be
taken to mean that the genes sampled of the Nigra clade most represent an intermediate
sub-genome distribution between the Crambe and Rapa/Oleracea clades. That said, we

would expect this pattern to be influenced heavily by species sampling.

CONCLUSION

To fully answer the questions uncovered by this research questions, increased
sampling and further exploration of the dataset will be crucial. Sampling of the outer
Brassiceae clades, as well as a sampling of Henophyton, will give us a more specific
understanding of how hybridization is affecting inconsistent clade relationships between
Zilla, Vella, Savignya and Psychines clades. Complete sampling of the core Brassiceae
will allow us to better account for sampling biases in our assumptions. Further
examination of the duplicated and triplicated gene sets to see how they differ from single-
copy genes will provide insight into how our selection of certain gene groups biases our

tree inferences.
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Supplementary Figure 2.1. Summary of chloroplast and ITS trees of the tribe. The
chloroplast trees show similar clade groupings and recover some similar relationships but
not all, with many displaying weak support. The ITS trees of the time support a topology
in which the Crambe clade is nested within the Nigra and Rapa/Oleracea group.
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with the concordant topology and the below for each node represents the total of gene
trees that support all other informed topologies.
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Supplementary Figure 2.3. The inferred nuclear tree from the Least Fractionated Sub-
genome. Generated via the same methods as the full gene set nuclear tree.
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ABSTRACT

Glucosinolates are a diverse group of plant metabolites that characterize the order
Brassicales. The MAM locus is one of the most significant QTLs for glucosinolate
diversity. However, most of what we understand about evolution at the locus is focused
on only a few species and not within a phylogenetic context. In this study, we utilize a
micro-synteny network and phylogenetic inference to investigate the origin and
diversification of the MAM/IPMS gene family. We uncover unique MAM-like genes
found at the orthologous locus in the Cleomaceae that shed light on the transition
from IPMS to MAM. In the Brassicaceae, we identify six distinct MAM clades across
Lineages I, II, and III. We characterize the evolutionary impact and consequences of local
duplications, transpositions, whole genome duplications, and gene fusion events,

generating several new hypothesizes on the function and diversity of the MAM locus.
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INTRODUCTION

Glucosinolates (GSL) are a diverse class of amino-acid derived sulphur
containing metabolites characteristic of plants of the order Brassicales (Rodman et al.,
1998; Borpatragohain et al., 2016; Kliebenstein and Cacho, 2016; Olsen et al., 2016;
Chhajed et al., 2019; Blazevic et al., 2020;). When the plant experiences physical
damage, such as chewing by herbivores, compartments of the cell rupture and release
myrosinase enzymes that hydrolyze the GSLs to create an isothiocyanate anion,
damaging the attacker (Rodman et al., 1998). Besides their roles in direct defense, GSLs
have also been shown to play important roles such as nutrient transport and physiological
signaling (del Carmen et al., 2013). They are considered a key innovation of the
Brassicales, as adaptations in the biosynthesis pathway have been shown to correlate with
increased rates of speciation (Edger et al., 2015). The GSL pathway is a model for
investigating processes underlying natural variation within and among species; including
the roles of genome and gene duplication (Kliebenstein, 2008; Bekaert et al., 2012;
Hoftberger et al., 2013; Edger et al., 2015; Van den Bergh et al., 2016; Wisecaver et al.,
2017.) Aliphatic GSLs, the largest sub-group of compounds, are especially implicated in
this rate of speciation as they are only found in the most species-rich groups such as the
family Brassicaceae.

The often multi-gene methylthioalkylmalate (MAM) locus, also called the Elong
locus, accounts for much of the natural variation observed in aliphatic GSLs
(Kliebenstein et al., 2001b, c; Textor et al., 2004, 2007; Keurentjes et al., 2006; de Kraker

et al., 2007; Wentzell et al., 2008; Benderoth et al., 2006, 2008, 2009; de Kraker and
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Gershenzon, 2011; Kliebenstein and Cacho, 2016; Kumar et al., 2019; Petersen et al.,
2019; Zhang et al. 2015.). MAM enzymes catalyze the condensation reaction that extends
the carbon chain in amino acid derived GSL precursors (Benderoth et al. 2006). The
extended amino acid expands the types (Kliebenstein & Cacho, 2016). Most of what we
understand about the evolution of MAM has been learned from studying just a handful of
species, without a broad phylogenetic context (Kleibenstien & Cacho, 2016). MAM
diversification in the Brassicaceae is thought to have occurred independently in separate
lineages. Specifically, MAM diversity has been largely examined in Lineage I of the
family (4rabidopsis and relatives) and to a lesser extent in Lineage I (Brassica and
relatives). This work has been supported by large gene datasets, though with differing
gene tree topologies (Zhang et al. 2015, Supplemental Figure 3.1).

In Arabidopsis thaliana, phenotypic variation of the MAM locus is characterized by
the accumulation of different majority carbon chain-length GSL profiles (Kleibenstein &
Cacho 2016). The most common profiles have majority three carbon (3C) or four carbon
(4C) molecules, but can extend up to 8C majority profiles, with variability at the
population level (Benderoth et al 2009; Kleibenstein & Cacho 2016). Copy number
variation and allelic diversity/presence-absence drive these differences, as one MAM gene
may mask the phenotype of another at the same locus (Benderoth et al. 2008, 2009). This
plays out in the interactions between MAM1 and MAM?2 in A. thaliana populations, where
variation is well understood. The 4C majority phenotype is seen in populations where
MAM1 and MAM? are both present and intact or when MAM? is absent. In populations
lacking a MAM1 gene, the GSL profile exhibits a 3C majority phenotype. In some cases,

MAM1I and MAM?2 genes have been fused (e.g. gene chimerism) wherein they are
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reformed into a MAM -like functional gene with partial MAM?2 sequences, or vice versa
(Benderoth et al. 2008). Crop Brassicas most commonly accumulate 3C, 4C, or a mix of
3C and 4C majority profiles, the latter displaying a seemingly unmasked phenotype,
unlike what we see in 4. thaliana (Benderoth et al 2009; Klibenstein & Cacho 2016).

Naming conventions for MAM orthologs are either directly based on A. thaliana
(MAM1, MAM?2, and MAM?3) or based on A4. lyrata MAM (MAMa, MAMb, and MAMc)
(Benderoth et al., 2009). The Arabidopsis centered model of MAM diversity is vulnerable
to miss-characterization as Arabidopsis genes may be highly derived, and thus not
generalizable. We also see that the number of genes at the MAM locus can vary between
populations as well as species, potentially misleading ancestral state estimations with
poor sampling. To accurately understand MAM diversification, it is necessary for gene
selection across a broader species phylogeny with comparisons to their primary metabolic
ancestor, isopropylmalate synthase (/PMS).

Though diverged, IPMS and MAM share a high sequence similarity and similar
enzymatic function (Moghe & Last 2015). [PMS contains two conserved protein
domains: a pyruvate carboxylase (HMGL-like), that is involved in the carbon
condensation reaction, and a leucine allosteric domain (LeuA), that commits the protein
to the leucine biosynthesis pathway forming a homodimer (Koon et al., 2004). MAM
genes only retain the HMGL-like domain, the loss of LeuA being considered a key step
in the transition of MAM from an IPMS-like gene (de Kraker et al., 2007). To our
knowledge, no previous work has investigated when the loss of this domain occurred in

the evolution of the locus.
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In this study, we examine the evolutionary history and diversity of the
MAM/IPMS gene family, uncovering critical steps in the origin of MAM and identifying
patterns of domain-specific diversity across the Brassicaceae and its sister-family the
Cleomaceae. We utilize a genomic networking methodology to analyze the wealth of
newly available genome sequences (Zhao et al. 2017; Zhao and Schranz 2019).

The method analyzes the conserved physical location of gene family members across
queried genomes, known as synteny, to characterize the impact of different gene
duplication types in the expansion of the MAM/IPMS gene family (Zhao et al. 2017; Zhao
and Schranz 2019). Ultimately we show that a mix of gene duplication types and domain

changes played important roles in the evolution and innovation of the MAM locus.

METHODS

Genomic Network Construction

The genomic network analysis included 40 complete plant genomes representing
38 different species. This included 34 Brassicaceae species from Lineages I, II, III and
Aethionema arabicum as sister to the rest of the family, three genomes from the sister-
family Cleomaceae, and three outgroup species (Theobroma cacao, Citrus sinensis, and
Vitis vinifera) [Supplemental Table 1]. For each genome, we utilized protein sequences in
FASTA format and a BED/GFF file. One of two Capsella rubella genomes was excluded
from downstream analysis due to insufficient quality. The Thellungiella halophila and
Thellungiella salsuginea are two different sequencing efforts of the same species, now
under the name Eutrema salsugineum. The genome sequenced as Alyssum linifolium has
since been identified as Descurainia pinnata. Network analyses were performed as

described in Zhao et al. 2017. Reciprocal all-against-all whole genome protein sequence
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comparison were made using RAPSeach2 (Zhao et al., 2012). MCScanX (Tange et al.
2008; Wang et al 2012) was used to calculate generic collinearity between genomes and

all comparisons were saved to generate the full genomic network.

Gene Family Network
We identified candidate /PMS/MAM genes using HMMER (Fin et al., 2011),

cross-referencing the Pfam, PDBe, and GO databases with domain signature HMGL-like
PF00682, and filtered by an inclusion threshold e-value of 0.007. Selected genes were
later filtered by relative branch lengths as compared to known /PMS and MAM genes and
then queried against the overall syntenic network with a 25 gene window to extract the
gene family network. We visualized the resulting network in Cytoscape version 3.3.0
(Shannon et al. 2003). We then pruned the network of gene nodes that did not contain an
HMGL-like domain but were dragged in by potential domain fusions. Clique percolation,
as implemented in CFindier (Derenyi et al. 2005; Palla et al. 2005; Fortueto 2010), was

used to locate all K-clique comments to identify communities or clusters of gene nodes.

Phylogenetic inference

Full amino acid sequences for all gene family members were aligned using
MAFFT (Kuraku et al., 2013; Katoh et al. 2017) and cleaned using Phyutility at a 50%
occupancy threshold (Smith & Dunn, 2008). We used RAXML (Stamatkis, 2014) for
phylogenetic inference with the GTRCAT model (Boostrap = 1000). The same procedure
was repeated for the HMGL-like domain region of each gene FASTA file as estimated by
HMMER. Supplemental sequence comparisons were made using MView (Maderia et al.,

2019) and analyzed using R.
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RESULTS

Synteny and Domain analysis

Micro-synteny network analysis identified three major syntenic clusters [Figure
3.1], two of which encompass many genes of the known MAM gene clade (orange and
green clusters) and one encompassing the known /PMS gene clade (blue cluster). Of the
syntenic clusters found in the MAM clade, the green cluster identifies the
ancestral MAM position, what we will call the MAM-Ancestral locus, and is equivalent to
the Elong locus. The orange cluster represents a transposed and retained MAM locus-

specific to Lineage II of the Brassicaceae, which we will
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Figure 3.1: Synteny Clusters and Gene Tree Phylogeny of identified /PMS and MAM genes consisting of 262 total. For (A) and (B) the bar
along the tips represent species lineage where black bars indicate genes from out group genomes, the pink bar indicates genes from Cleomaceae
genomes, and the grey bar indicates genes from Brassicaceae genomes. (A) Syntenic cluster analysis identified three distinct gene clusters, each
representing a different conserved genomic location. The IPMS cluster in blue, the MAM-Ancestral cluster in green, and the novel lineage specific
MAM-Transposed cluster in orange. Grey lines here indicate connections between the IPMS and MAM clusters. (B) Emphasizes those
connections between MAM-like genes in the Cleomaceae that exhibit both /PMS & MAM cluster membership (Clevi.0004s0713 and
tha_Th2v24105) despite being physically located at the MAM-Ancestral locus in their respective genomes. [For Bootstrap scores: Supplemental
Figure 3.6; Online interactive trees: (A) -_http://bit.ly/2tHVgYK; (B) - http:/bit.ly/2Svu8Vf]
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call the MAM-Transposed locus. The analysis also recovered the 4th cluster of an
unnamed lineage of genes that have retained only a single HMGL-like domain and are
found in both our outgroup and in-group genomes. The A. thaliana representative gene of
this clade (AT2G26800) has been shown to play a role in seed amino acid concentration
(Peng et al., 2015). Relative branch lengths showed this gene clade as highly diverged
from both MAM and IPMS sequences. Because of this, all genes of this clade were
filtered from downstream analyses.

95.7% of IPMS genes identified by sequence were also found in the IPMS
syntenic cluster. 39.6% of MAM genes, not associated with the conserved Lineage 11
transposition, were found in the MAM-Ancestral syntenic cluster. 51.6% of genes found
in the Lineage II transposed sub-clade were found in the syntenic cluster. Differences in
percent synteny are tied to increased rates of tandem duplications, as the local duplicate
syntenic signal was often masked, and transposed duplication events, which remove
syntenic context. It is expected that many new transposed duplicates are in the process of
pseudogenization and are not active MAM genes.

All genes at the Cleomaceae MAM-Ancestral locus have retained their LeuA
domain from their time as /PMS duplicates, with some showing syntenic connections to
both the MAM-Ancestral and /PMS syntenic cluster [Figure 3.1]. For example, Th2v2405
from Tarenaya hassleriana has more syntenic connections with /PMS cluster members
than with genes of the MAM-Ancestral locus, despite belonging to the direct orthologous
chromosomal region of the MAM-Ancestral locus in the Brassicaceae [Figure 3.1; Figure
3.2]. Genes of the Cleomaceae MAM-Ancestral locus and the IPMS locus also appear to

have a shared pattern of gene dosage. A duplication of the IPMS locus following WGD,
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brings the total /PMS gene number to two, followed by a compensatory reduction in
MAM gene number at the MAM-Ancestral locus [Figure 3.2C]. An exception to this is
found in the Tarenaya hassleriana genome, where a novel transposed MAM-like gene has
lost the LeuA domain. This allows for three MAM-like genes to co-occur with

two IPMS genes [Supplemental Figure 3.3].

Phylogenetic inference

The HMGL-like domain and full protein sequence gene trees identified distinct
IPMS and MAM clades [Figure 3.1]. In both cases, Cleomaceae genes are sister to a
larger Brassicaceae clade, and Aethionema arabicum is sister to the rest of the
Brassicaceae, which agrees with the species tree topology. Within the core Brassicaceae,
the domain and full sequence trees display topological incongruence to each other [Figure
3.3] and neither perfectly match the species tree.

The domain tree divides MAM into six supported clades [Figure 3.3]. Though the
branching order could not be determined, the supported clades were assigned MAMa-f.
These domain clade designations are based on the Arabidopsis lyrata MAM gene-tree
clades. Given the branch length, a measure of sequence divergence, of the genes found at
the MAM-Transposed locus [Figure 3.3], the sub-clade of MAMe was designated MAMet.
The closest non-MAMet domain sequence to the group was a MAMe sequence from
the Lunaria annua genome.

Summary amino acid comparison at 80% similarity threshold shows MAMa is the most
conserved domain, MAMe is the most variable domain, and MAMet and MAMc are the

most diverged [Supplemental Figure 3.5]. Exon/Intron comparisons of full MAMet genes
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show the expected number of domains for a functional MAM gene but with differences in
exon size. When plotted on the species tree, MAMa-b and MAMe are ancestral to Lineage
I, MAMa-b and MAMd-f are ancestral to Lineage II, and MAMb and MAMd are ancestral

to Lineage III [Figure 3.4; Supplemental Figure 3.3].
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Figure 3.2: Inferred Evolutionary Trajectory of MAM and IPMS loci in the Cleomaceae
based on genomic synteny and phylogenetic information. (A) The MAM-Ancestral locus
originated from the p whole genome duplication event and is characterized by MAM-like genes
that experience local duplication and have retained their LeuA domain. (B) In the genome of
Cleome violacea there is a gene deletion followed by a novel tandem duplication at the MAM
locus. (C) Following the Th-a whole genome triplication the /PMS locus is duplicated and the
MAM locus experiences compensatory gene loss and is reflected in the Gyanandropsis gynandra
genome. (D) In the Tarenaya hassleriana genome, the IPMS locus experiences a gene conversion
event that maintains sequence similarity between the two copies. There is also a novel
transposition of the MAM-like gene from the MAM-Ancestral locus that does not maintain the
LeuA domain. As the placement of the Th-a whole genome duplication event is not confirmed to
be fully shared by both lineages, an alternative reconstruction is also possible.

59



The MAM full-sequence tree shows bootstrap support between clades, but also a
breakdown of some domain clades as well as clade nesting [ Figure
3.3]. MAMa and MAMBD separate by species lineage, while MAMc is unique to a small
subset of Lineage I species and appears closely related to MAMb and MAMe. MAMd and
MAMe are primarily the same as in the domain tree, but with other domains nested
within. MAM( is consistent with the domain tree and sister to Lineage 1l MAMa.

To test for potential gene fusion events, full sequences
of MAMa and MAMD Lineage 1 genes were broken up into "before the domain,"
"domain," and "after domain" sequences [Supplemental Figure 3.4]. Pairwise sequence
comparisons were made between the Lineage I gene segments and corresponding
segments of Lineage I MAMe genes, and Lineage II genes for MAMa or Lineage I1I genes
for MAMb. In both cases, the domain portion best matches the corresponding domain
regardless of Lineage. For Lineage I MAMb, the region before the domain is more similar
to Lineage | MAMe than it is to Lineage 11 MAMb. For Lineage | MAMa, the region
before the domain is more similar on average to Lineage | MAMe but was not

significantly different from Lineage Il MAMa.

DISCUSSION
The origin of all specialized metabolic pathways is primary metabolic genes,
often with similar enzymatic chemistry (Moghe & Last 2015). This transition is mediated
by the process of gene duplication and subsequent neutral mutation and
neo/subfunctionalization (Conant & Wolf 2008; Moghe & Last, 2015). For the MAM

locus of the glucosinolate (GSL) biosynthesis pathway, the role of tandem duplication
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events in the evolution of the locus has been well characterized at the population level.

The majority of work has only looked at Arabidopsis and its close relatives, and
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Figure 3.3: Clade comparison between Brassicaceae MAM domain and full sequence gene trees highlighting incongruence. HMGL-like
sequences were used for the domain tree and resolved six clades of MAM (MAMa-f) but could not infer branching order. In the full sequence tree
there is a breakdown of MAMa and MAMD that is correlated with species lineage. In both trees, the placement of MAM1 and MAM3 from the
Arabidopsis thaliana Col genome are indicated. [For Bootstrap scores: Supplemental Figure 3.7 — Domain Tree Supplemental Figure 3.8 - Full
Sequence; Online interactive trees: Domain - http://bit.ly/2Hb5]IS; Full Sequence - http://bit.ly/37btHEZ]




to a lesser extent, in the crop Brassicas (Kleibenstein & Cacho 2016). Much of
what we understand about the MAM locus function has not been understood in the
context of phylogeny, except to say that based on gene tree relationships, Lineage II and
Lineage II have independently diversified from some initial gene substrate (Benderoth et
al. 2008; Zhang et al. 2015). In this study, we utilized a micro-synteny network of
genomes and phylogenetic inference to elucidate the evolutionary history of the MAM

locus.

MAM in the Cleomaceae

The inclusion of Cleomaceae genomes in our analysis has provided novel insight
into the origin of the MAM locus, following the whole genome duplication (WGD) event
B, the hypothesized origin of MAM from IPMS (Van de Bergh et al. 2016). We estimate
through micro-synteny and gene tree information that the Ancestral-MAM locus at the
formation of the Cleomaceae was characterized by multiple MAM-like gene duplicates,
the result of tandem duplications or local transposition [Figure 3.2]. These genes are
different from what has been characterized in the Brassicaceae orthologous Ancestral-
MAM locus, the Elong locus. They have retained their LeuA domain, the loss of which
has been considered a critical step in the evolution of Brassicaceae MAM (de Kraker et
al. 2007). Within the Cleomaceae, some genes of the Ancestral-MAM locus exhibit both
Ancestral-MAM and IPMS syntenic cluster identity [Figure 3.1]. The syntenic window
for these intermediates is shifted in comparison to other analyzed neighboring MAM-like
genes. This allows for the inclusion of neighboring non-MAM genes that are more

characteristic of the IPMS genomic context. This evidence supports the hypothesis that
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the Ancestral-MAM locus was once a full context duplicate of the IPMS locus, and in the
process of specialization over millions of years, degraded in collinearity.

How these MAM-like genes interact with GSL biosynthesis is unknown, but they
have shown levels of expression in the leaf, seed, and roots in Tarenaya hassleriana (van
den Bergh et al. 2016). The retention of the LeuA domain suggests that MAM-like
proteins may have some continued interaction with IPMS or leucine biosynthesis. The
ways in which genes respond to duplication events are constrained by their biochemical
interactions, and therefore may shed insight into enzyme behavior (Birchler and Veitia,
2012; Bekaert et al., 2012; Conant et al., 2014; McLysaght et al. 2014). For example,
given that IPMS experiences purifying selection of local gene duplicates and that MAM-
like Cleomaceae genes found at the MAM-Ancestral locus do exhibit some local
duplication, it is likely that these MAM-like genes have significantly sub- or
neofunctionalized from their IPMS ancestor in terms of biochemical role. With that said,
the dosage effects of /PMS are broader than only limiting local duplication, and through
stoichiometric effects constrain most duplication types. Only after the B WGD event, is
IPMS able to be retained and reduced in multiples of two. A pattern we see recapitulated
after subsequent WGD events, with a few potential exceptions [Supplemental Figure 3.2].
Following Th-a, the Cleomaceae whole-genome triplication (WGT) or hexaploidy, there
is an expected full context duplication of the IPMS locus, but with no context duplication
of the Ancestral-MAM locus [Figure 3.2C]. In fact, we see a compensatory loss of
a MAM-like gene following the increase in IPMS copy number. The presence of

stoichiometric conflict between IPMS and these MAM-like genes would support the
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hypothesis that they have retained some IPMS role and constraint. Further sampling
across the Cleomaceae will be necessary to see if these patterns hold.

In the Tarenaya hassleriana genome, there is a novel a transposition
of MAM [Figure 3.2D]. This transposed gene does not have a LeuA domain, bringing the
overall MAM/IPMS gene number beyond what would be expected under an IPMS dosage
constraint [Supplementary Figure 3.2]. This transposed locus has been shown to express
in several tissues and to a greater extent in the leaf when compared to MAM-like
counterparts at the Ancestral-MAM locus (van den Bergh et al. 2016). Increased species
sampling, as well as an understanding of population-level variation in Cleomaceae MAM,
is necessary for any conclusions on the dosage to be explored further using these
methods. Direct biochemical assays of these MAM-like proteins will also be critical for
characterizing any role they may play in glucosinolate biosynthesis and how that may
differ from what is seen in the Brassicaceae. The Cleomaceae, and potentially the
Capparaceae, which also shares the B duplication event (Edger et al. 2015), could serve as
a powerful window into the evolution of early Brassicaceae MAM and a model for how

gene families transition from primary to specialized metabolism.

MAM in the Brassicaceae

Between Lineages I, 11, and III of the Brassicaceae, we have identified six distinct
clades of MAM, MAMa-f, based on conserved HMGL-like domain sequences [Figure 3.3;
Supplementary Figure 3.3]. Based on occurrence patterns across the family, we can say
that MAMb and MAMd clades are ancestral to all three lineages,
and MAMa and MAMe may be ancestral to only Linages I and Lineage II. The latter

conclusion could not be confirmed by gene tree information and may be vulnerable to
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sampling bias. The dispute between the chloroplast and nuclear species tree topologies
could also affect the evolutionary relationships between the MAM clades and hamper our
ability to predict (Nikolov et al., 2019). Improved sampling across the Brassicaceae is
necessary before a robust estimation of the ancestral type can be made. That said, we are

confident that MAMc, MAMet, and MAMf domain types are more recent innovations
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Figure 3.4: MAM clade and genomic context diversity within the Brassicaceae based on a subsample
of analyzed genomes. Each square represents a MAM gene with an indicated HMGL-like domain type.
Connected squares are found at the same physical location in the genome and not connected squares
represent separate MAM loci (i.e. the MAM-Ancestral locus, a syntenic duplicate of the of the MAM-
Ancestral locus, or MAM-Transposed). Non-syntenic gene transpositions were not included. (A) We
estimate that the shared ancestor of Lineages I, II, and III maintained both MAMb and MAMd domain
types. In the Lineage III genomes sampled MAMb genes were not located at the MAM-Ancestral locus, but
at transposed loci. (B) At the ancestor of Lineage I and II, MAMa and MAMe appear, while the MAMc
innovation occurs within a sub clade of Lineage 1. (C) MAMT originates at the ancestor of Lineage II. The
MAMet transposition that creates the MAM-Transposed locus occurs following the split from Lunaria
annua, with all MAMet genes being closely related to a MAMe gene at the MAM-Ancestral locus. Lunaria
annua also contains a context duplication of the MAM-Ancestral locus* that does not appear to be
associated with whole genome duplication. (D) The unnamed whole genome duplication found in the tribe
Brassiceae of Lineage II has resulted in multiple context duplications of the MAM-Ancestral locus. Full
comparison is found in Supplemental Figure 3.3.
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occurring in Lineage I and Lineage II, with specific branch placements [Figure 3.4;
Supplementary Figure 3.3]

Given the functional role this domain plays in MAM biochemistry, we
expect amino acid differences between domain types to be associated with generalizable
patterns in MAM function. MAMa is the most conserved of the domains [Supplementary
Figure 3.5B], suggesting that MAMa genes may contribute a necessary function to GSL
biosynthesis, as compared to other MAM types. MAMc & MAMet are the most diverged,
each having several unique amino acid substitutions when compared to other domain
types [Supplementary Figure 3.5B]. Across all the domains, some sites were
characterized by amino acid variability within and between domain types. Based on the
characterization of MAM proteins in Brassica juncea (Kumar et al. 2019), we identified
that oxo-acid binding sites were most often found at flexible amino acid positions
followed by COA binding sites [Supplementary Figure 3.5A]. A better understanding of
these patterns can give us insight into the forces driving the adaptation of MAM.

The domain and full-sequence gene trees conflict most significantly within
the core Brassicaceae [Figure 3.3]. In the full-sequence tree Lineage
I MAMa and MAMD genes appear more closely related to MAMe genes than to other
genes of their shared domain. Sequence comparison reveals split-sequence similarities in
both MAMa and MAMb domain clade groups. This pattern suggests two possibilities:

1) MAM genes experienced convergent evolution of their amino acid sequences, or 2) a
gene fusion event of separate MAM types occurred sometime during the divergence of
Lineage | MAM. The latter scenario is both the more parsimonious conclusion, and it is

supported by the previous characterization of population-level gene fusion events at the
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Ancestral-MAM locus (Benderoth et al. 2009). Given that Lineage
I MAMa and MAMD genes show a close phylogenetic relationship to Lineage | MAMe, in
conflict with the domain tree, it is the most likely donor gene. Both fusion events would
have occurred at separate nodes of the Lineage I species tree, MAMa/MAMe fusion
happening earlier than the MAMb/MAMe event. Improved sampling of Lineage I is
necessary to identify the specific species branch points at which the events occurred. The
fusion of MAM genes at the MAM-Ancestral locus, though largely studied from only a
population level, may have been a critical driver of MAM diversity and innovation within
Lineage I in the Brassicaceae.

Most of the genes in each domain clade exist at the MAM-Ancestral locus.
This is true for genes of the MAMe group except for a nested clade of transposed
genes, MAMet, that form the unique syntenic cluster MAM-Transposed [Figure 3.1;
Figure 3.4]. There are subsequent transpositions from the MAM-Transposed locus, many
of which show signs of degradation. The initial transposition occurred sometime
following the split from the ancestor of Lunaria annua to the common ancestor
of Thellungiella (Eutrema) and the rest of Lineage II [Supplementary Figure 3.3].
Following the transposition event, there is a loss of all MAMe domain type genes. Of our
dataset, L. annua is the only member of Lineage II to retain any copies of MAMe. Of
those MAMe genes, most appear closely related to Lineage I MAMe genes, while one
copy is most closely related to MAMet in both the domain and full sequence trees [Figure
3.3]. This transposition event is the earliest conserved instance of a novel MAM context,
which allows for an escape from cis-regulatory effects that may be experienced at

the MAM-Ancestral locus (Chen & Ni 2006; Conant & wolf 2008). The possibilities exist
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that these genes are performing some yet to be characterized function or potentially may
represent the GSL-PRO locus characterized in Brassica species. With this current
analysis, we cannot further speculate on the role MAMet genes may be playing in GSL
biosynthesis, except to say that experimental analysis of these genes will be necessary to
understand their place in metabolic innovation.

Polyploidy offers another mechanism for MAM diversification, by
escaping potential cis-regulatory effects of other MAM genes or sub- and
neofunctionalization of resulting duplicates. In the Cleomaceae, the MAM-Ancestral
locus duplicates are not retained following genome doubling, putatively due to the
presence of their LeuA domain and restrictions under gene dosage. Without such dosage
constraints in Brassicaceae MAM, most genomes sampled show retention of a
duplicated MAM-Ancestral locus following known WGD events. For example, the WGT
event in the tribe Brassiceae of Lineage II resulted in three homoeologous MAM-
Ancestral loci in subsequently diploidized genomes [Figure 3.4; Supplementary Figure
3.2]. In Brassica rapa, Brassica oleracea, and Eruca vesicaria, the MAM-Ancestral loci
maintain a single MAM domain type (MAMa, MAMd, or MAMY) at each. Whereas in
other genomes, like Sinapis alba, MAMa and MAMf genes remain paired although
duplicated at separate loci. We propose that phenotypic differences between Brassica and
Arabidopsis, such as the ability to co-synthesize different carbon chain majority
phenotypes, are facilitated by the physical separation of MAM genes within the genome.
By influencing the rate of diversification for MAM genes at the different MAM-

Ancestral loci and allowing for novel genomic interactions, the WGT may have been a
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critical step in driving the specialized metabolic innovation we see in this dynamic crop

lineage.

CONCLUSION

The MAM/IPMS gene family serves as an excellent example of how a primary
metabolic gene can, over millions of years and leveraging any source of novelty, give rise
to a diverse lineage of highly adaptive specialized metabolic genes. Utilizing micro-
synteny gene networks and broad phylogenetic sampling, we find that multiple modes of
gene duplication have significantly influenced the evolutionary trajectory of
the MAM locus and thereby diversity of aliphatic GSL profiles. By exploring some of the
evolutionary consequences of whole-genome duplication, gene transposition, local
duplication, and gene fusion, we have generated several new testable hypotheses as to the
nature of MAM and GSL diversity. In the future, new experimental approaches and broad
phylogenetically informed sampling will be critical to continue developing a robust

understanding of this important gene family.
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Supplementary Figure 3.2. (A) Benderoth et al. 2009 describes the MAM lineage in
terms of orthology to Arabidopsis lyrata gene tree clades. While the topology generally
agrees with our tree, the emphasis on Arabidopsis and close relatives gives a limited
picture of MAM diversity. This tree also supported the hypothesis that MAM has
evolved separately in the Lineage I and II. (B) Zhang et al. 2015 generally agrees with
this hypothesis though they do show shared clades not solely informed by the species
tree. Some of their topology conflicts with our full sequence tree and yet agrees with the
domain specific tree. This may be due to how their alignment was cleaned and their
species sampling.
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Supplementary Figure 3.3. The overall gene counts per genome for the MAM/IPMS gene family. Gene numbers, especially in IPMS,
are correlated with recent polyploidy. Three genomes conflict with the expected /PMS dosage expectation of multiples of two. The
Raphanus raphanistrum and Stanleya pinnata IPMS deviations may be an artifact of lower quality genomes, but the Eruca vesicaria
retention appears to be a newly sub-functionalized /PMS copy, exhibiting an intermediate syntenic relationships to that of some MAM-
Ancestral genes in the Cleomaceae. For MAM, the number of Loci indicates whether MAM-Ancestral or MAM-Transposed has
experienced a context duplication. The number of genes at that locus is the overall total of genes across all syntenic loci of that type.
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Supplementary Figure 3.6. Amino acid sequence comparisons at 80% sequence similarity. (A) Colored rectangles indicate specific

biochemical functions as described by Kumar et al. 2019 in Brassica juncea. Green - metal binding sites; Yellow - catalytic sites; Red
- 2-oxo0 acid binding sites; Blue - CoA binding sites. (B) Summarizes all sites with a uniquely divergent amino acid to quantify the

significance of domain divergence.
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Supplementary Figure 3.6. Full gene family phylogeny with bootstrap scores at 1000
bootstraps with syntenic clusters mapped. Used in Figure 3.1. May also be accessed via:

http://bit.ly/2tHVgYK.
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Supplementary Figure 3.7. Domain tree phylogeny with clades colored and bootstrap
scores at 1000 bootstraps. Used in Figure 3.3. May also be accessed via:
http://bit.ly/2Hb5jIS.
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Supplementary Figure 3.8. Full gene family phylogeny with bootstrap scores at 1000
bootstraps with clades colored. Used in Figure 3.3. May also be accessed via:
http://bit.ly/37btHEZ.
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Supplemental Data Set 1

Downloaded datasets

Scientific Name Gene Prefix N50 Genome Source

Aethionema arabicum aar 10.1M CoGe_ID:34234

Alyssum linifolium* (Descurainia pinnata, Aly 0.8M JGI - DOI:10.25585/1488060 v1
Arabidopsis lyrata aly 24.5M phytozome v2.1

Arabidopsis thaliana ath 23.5M phytozome TAIR10

Arabis alpina Alp 28.3M CoGe_ID:34227

Brassica napus bnp 45.9M Genoscope V5

Brassica oleracea bol 0.85M Ensemble v2.1

Brassica rapa bra 28.5M phytozome v1.3

Cakile maritima Cam 0.085M  JGI - DOI:10.25585/1488060 v1
Capsella grandiflora cgr 0.1M phytozome v1.1

Capsella rubella Car 15M JGI - DOI:10.25585/1488060 v1
Capsella rubella2 cru 15.1M phytozome v1.0

Caulanthus amplexicaulis var. barbarae Caa 3.8M JGI - DOI:10.25585/1488060 v1
Citrus sinesis csi 1.69M phytozome v1.1

Cleome gynandra cgy 0.45M CoGe_ID:23319

Cleome violacea Cle 2.15M JGI - DOI:10.25585/1488060 v1
Crambe hipsanica Cra 0.3M JGI - DOI:10.25585/1488060 v1
Descurainia sophioides Des 1.83M JGI - DOI:10.25585/1488060 v1
Diptychocarpus strictus Dis 3.97M JGI - DOI:10.25585/1488060 v1
Eruca vesicaria Eru 0.15M JGI - DOI:10.25585/1488060 v1
Euclidium syriacum Eus 5.65M JGI - DOI:10.25585/1488060 v1
Iberis amara Ibe 0.1M JGI - DOI:10.25585/1488060 v1
Isatis tinctoria Ise 0.085M  JGI - DOI:10.25585/1488060 v1
Leavenworthia alabamica lal 0.07M brassicadb.org

Lepidium sativum Les 2.4M JGI - DOI:10.25585/1488060 v1
Lunaria annua Lua 0.58M JGI - DOI:10.25585/1488060 v1
Malcomia maritima Mam 0.83M JGI - DOI:10.25585/1488060 v1
Myagrum perfoliatum Myp 1.3M JGI - DOI:10.25585/1488060 v1
Raphanus raphanistrum rra 0.01M CoGe_ID:25862

Rorippa islandica Roi 3.1M JGI - DOI:10.25585/1488060 v1
Schrenkiella parvula spa 9.6M brassicadb.org v7.0

Sinapis alba Sia 0.18M JGI - DOI:10.25585/1488060 v1
Sisymbrium irio sir 0.14M brassicadb.org

Stanleya pinnata Sta 0.087M  JGI - DOI:10.25585/1488060 v1
Tarenaya hassleriana tha 1.26M CoGe_ID:23455

Thellungiella halophila thh 8M brassicadb.org

Thellungiella salsuginea tsa 0.4M brassicadb.org

Theobroma cacao tca 34.4M phytozome v1.1

Thlaspi arvense Thl 1.1M JGI - DOI:10.25585/1488060 v1
Vitis vinifera wi 3.43M phytozome Genoscopel2X

90



Appendix A: Genetic variation, environment and demography intersect

to shape Arabidopsis defense metabolite variation across Europe

Ella Katz!, Jia-Jie Li!, Benjamin Jaegle?, Haim Ashkenazy®, Shawn R Abrahams?,
Clement Bagaza®, Samuel Holden>, Chris J Pires*, Ruthie Angelovici®,
Daniel J Kliebenstein'-

1 Department of Plant Sciences, University of California, Davis, Davis, United States; 2 Gregor Mendel
Institute, Austrian Academy of Sciences, Vienna Biocenter (VBC), Vienna, Austria; 3 Department of
Molecular Biology, Max Planck Institute for Developmental Biology, Tiibingen, Germany; 4 Division of
Biological Sciences, Bond Life Sciences Center, University of Missouri, Columbia, United States; 5
Division of Biological Sciences, Interdisciplinary Plant Group, Christopher S. Bond Life Sciences Center,
University of Missouri, Columbia, United States; 6 DynaMo Center of Excellence, University of
Copenhagen, Frederiksberg, Denmark

Please cite the published work here:

Katz, Ella, Jia-Jie Li, Benjamin Jaegle, Haim Ashkenazy, R. Shawn Abrahams, Clement
Bagaza, Samuel Holden, J. Chris Pires, Ruthie Angelovici, and Daniel J. Kliebenstein.
"Genetic variation, environment and demography intersect to shape Arabidopsis defense
metabolite variation across Europe." Elife 10 (2021): e67784.

Authorial Contribution: Analysis of the MAM/IPMS Gene family with the inclusion of
non- “Columbia” Arabidopsis thaliana MAM alleles.

91



ABSTRACT

Plants produce diverse metabolites to cope with the challenges presented by
complex and ever-changing environments. These challenges drive the diversification of
specialized metabolites within and between plant species. However, we are just
beginning to understand how frequently new alleles arise controlling specialized
metabolite diversity and how the geographic distribution of these alleles may be
structured by ecological and demographic pressures. Here, we measure the variation in
specialized metabolites across a population of 797 natural Arabidopsis
thaliana accessions. We show that a combination of geography, environmental
parameters, demography and different genetic processes all combine to influence the
specific chemotypes and their distribution. This showed that causal loci in specialized
metabolism contain frequent independently generated alleles with patterns suggesting
potential within-species convergence. This provides a new perspective about the
complexity of the selective forces and mechanisms that shape the generation and

distribution of allelic variation that may influence local adaptation.
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INTRODUCTION

Continuous and dynamic change in a plant’s habitat/environment creates a
complex system to which a plant must adapt. Central to this adaptation are the production
and accumulation of different metabolites ranging from signaling hormones, primary
metabolites to a wide array of multi-functional specialized metabolites (Erb and
Kliebenstein, 2020; Hanower and Brzozowska, 1975; Hayat et al., 2012; Kim et al.,
2012; Kliebenstein, 2004; Malcolm, 1994; Thakur and Rai, 1982; Wolters and Jiirgens,
2009; Yang et al., 2000). The complete blend, chemotype, of these metabolites helps to
determine the plants’ survival and development, but the creation of any blend is
complicated by the fact that individual specialized metabolites can have contrasting
effects on the plant. For example, individual specialized metabolites can defend the plant
against some stressors while simultaneously making the plant more sensitive to other
biotic or abiotic stresses (Agrawal, 2000; Bialy et al., 1990; Erb and Kliebenstein,
2020; Futuyma and Agrawal, 2009; Hu et al., 2018; Lankau, 2007; Opitz and Miiller,
2009; Uremus et al., 2009; Ziist and Agrawal, 2017). These opposing effects create
offsetting ecological benefits and costs for individual metabolites. Integrating these
offsetting effects across dynamic environments involves multiple selective pressures that
might contribute to shaping the genetic and metabolic variation within a species (Fan et
al., 2019; Kerwin et al., 2015; Malcolm, 1994; Senderby et al., 2010; Szakiel et al.,
2011; Wentzell and Kliebenstein, 2008; Ziist et al., 2012).

Significant advances have been made in recent decades to identify genetic sources

contributing to metabolic variation. A common finding of these studies is that the
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metabolic variation within and between species is the result of structural variation at the
enzymes responsible for the chemical structures, or variation at the expression levels of
these enzymes, which contributes to the quantitative variation in specialized metabolism
(Chan et al., 2011; Chan et al., 2010; Fan et al., 2019; Kroymann et al., 2003; Moore et
al., 2019; Schilmiller et al., 2012). These structural and regulatory variants and the
resulting chemical variation strongly influence plant fitness in response to a broad range
of biotic interactions including herbivores and other plant species (Bednarek and
Osbourn, 2009; Brachi et al., 2015; Kerwin et al., 2017; Kerwin et al., 2015; Lankau and
Kliebenstein, 2009; Lankau and Strauss, 2007; Lankau, 2007). The potential for these
genetic variants influencing plant chemical variation is derived from the enhanced
proportion of gene duplication in enzyme encoding genes for specialized metabolism,
both at the local and whole genome level (Kliebenstein et al., 2001c; Moghe and Last,
2015). Many mechanistic studies of natural variation in specialized metabolism have
focused on biallelic phenotypic variation linked to loss-of-function variants. However, it
is not clear if biallelic phenotypic variation is created by biallelic genetic causation when
investigating a large collection of individuals from wide-ranging populations within a
species.

If selective pressures are sufficiently non-linear, it is possible to have repeated
and independent generation of structural variants creating the same metabolic variation in
processes that are akin to parallel and convergent evolution are used to describe
interspecific variation. Specifically, parallel and convergent evolution describe
independent evolution of the same trait that differs depending on the beginning state of

the organisms. In parallel evolution, the lineages begin from the same state and in parallel
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evolve to the same new state, while in convergent evolution the lineages start at different
states and independently converge on the same new state (Figure 1). In this context, we
are focusing the analogy on the fact that the two processes differ where they begin, same
or different state. This raises the possibility for chemical variation within a species to
exhibit parallel evolution, wherein independent new haplotypes with identical metabolic
consequences arise multiple times from single-core haplotype. Equally it may be possible
to find within-species convergent evolution, where genotypes with the same metabolic
profile actually contain completely different haplotypes that themselves arose from
distinct haplotypic lineages. These genetic processes and interplay between genetics and
selection overlap with neutral demographic processes like gene flow. Thus, it is necessary
to understand how the intersection of environmental pressure, demography and genomic
complexity gives rise to the pattern of metabolic variation across a plant species.

To better understand how genomic variation, demography and environmental
pressure shape the variation of specialized metabolism within a species, we used the
Arabidopsis glucosinolate (GSL) pathway as a model. GSLs are a diverse class of
specialized metabolites that display extensive variation across the order Brassicales,
which includes the model plant Arabidopsis (Arabidopsis thaliana) (Bakker et al.,

2008; Benderoth et al., 2006; Brachi et al., 2015; Chan et al., 2010; Daxenbichler et al.,
1991; Halkier and Gershenzon, 2006; Kerwin et al., 2015; Kliebenstein et al.,

2001a; Kliebenstein et al., 2001b; Kliebenstein et al., 2001¢c; Rodman et al.,

1981; Rodman, 1980; Senderby et al., 2010; Wright et al., 2002). GSLs consist of a
common core structure with a diverse side chain that determines biological activity in

defense, growth, development and abiotic stress resistance (Beekwilder et al.,
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2008; Hansen et al., 2008; Hasegawa et al., 2000; Katz et al., 2020; Katz et al.,

2015; Malinovsky et al., 2017; Salehin et al., 2019; Yamada et al., 2003). The
Arabidopsis-GSL system is an optimal model to study the species-wide processes driving
specialized metabolite variation because the identity of the whole biosynthetic pathway is
known, including the major causal loci for natural variation (Benderoth et al.,

2006; Brachi et al., 2015; Chan et al., 2011; Chan et al., 2010; Hansen et al.,

2007; Kliebenstein et al., 2001a; Kliecbenstein et al., 2002b; Kliebenstein et al.,

2002a; Kroymann and Mitchell-Olds, 2005; Pfalz et al., 2007; Senderby et al.,

2010; Wentzell et al., 2007). These major loci have been proven to influence Arabidopsis
fitness and can be linked to herbivore pressure (Brachi et al., 2015; Hansen et al.,

2008; Jander et al., 2001; Kerwin et al., 2017; Kerwin et al., 2015; Ziist et al., 2012).
Beyond the major causal loci, there is also evidence from genome-wide association
(GWA) studies for highly polygenic variation in the genetic background that contributes
to modulating GSL variation (Chan et al., 2011). The public availability of over 1000
widely distributed accessions with genomic sequences facilitates phenotyping GSL
variation across a large spatial scale and analyses of causal haplotypes at the major GSL
causal loci.

In Arabidopsis and other Brassicas, the main GSLs are methionine-derived,
aliphatic, GSLs. Variation in the structure of aliphatic GSL is controlled by natural
genetic variation at three loci: GS-Elong, GS-AOP and GS-OH. The specific alleles at
these three loci combine to determine a predominant chemical structure and define
chemically distinct aliphatic GSL chemotypes. In addition to these large-effect loci, there

is a large suite of loci that can quantitatively alter the total accumulation and relative
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concentrations of GSLs within each chemotype (Brachi et al., 2015; Chan et al.,

2011; Chan et al., 2010). GS-Elong differentially elongates the methionine side chain by
the methylthioalkylmalate synthase enzymes (MAM). The elongation of the side chain by
one methylene group is the result of one cycle that includes three steps: deamination of
the methionine to create a ®-methylthio-2-oxoalkanoic-acid, condensation of the w-
methylthio-2-oxoalkanoic-acid with acetyl-CoA, and then isomerization and oxidative
decarboxylation. The one carbon longer outcome can then undergo additional cycles of
elongation (Benderoth et al., 2006; Graser et al., 2000; Kroymann et al., 2001; Textor et
al., 2007). In Arabidopsis, MAM?2 catalyzes the addition of one carbon to the side chain,
creating GSLs with three carbon side chains. MAM1 catalyzes the addition of two
carbons to make GSLs with four carbon side chains (Figure 2). MAM3 (also known as
MAM-L) catalyzes the additions up to six carbons (Kliebenstein et al., 2001c; Kroymann
et al., 2003; Mithen et al., 1995; Textor et al., 2007). The core pathway leads to the
creation of methylthio GSL (MT). Then, the MT is converted to a methylsulfinyl (MSO)
with a matching number of carbons (Giamoustaris and Mithen, 1996; Hansen et al.,
2007). Structural variation at the GS-AOP locus leads to differential modification of the
MSO by differential expression of a family of 2-oxoacid-dependent dioxygenases
(20DD). The AOP2 enzyme removes the MSO moiety leaving an alkenyl sidechain,
while AOP3 leaves a hydroxyl moiety. Previous work has suggested three alleles of GS-
AOP: the OHP allele that expresses only AOP3 and accumulates terminal OH containing
GLS in the leaves and seeds; an alkenyl allele expressing AOP2 in the leaf

and AOP2 and AOP3 in the seed leading to solely alkenyl GLS in the leaf and both

alkenyl and OH aliphatic GLS in the seed; and a final allele containing a null mutation in
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the AOP2 gene that accumulates MSO GLS in the leaf and enhanced MSO and OH GLS
in the seed. (Figure 2; Chan et al., 2010; Kliebenstein et al., 2001b; Kliebenstein et al.,
2001c¢; Mithen et al., 1995). The C4 alkenyl side chain can be further modified by adding
a hydroxyl group at the 2C via the GS-OH 2-ODD (Figure 2; Hansen et al., 2008). In
spite of the evolutionary distance, independent variation at the same three loci influences
the structural diversity in aliphatic-GSLs within Brassica, Streptanthus and Arabidopsis
(Kliebenstein and Cacho, 2016; Lankau and Kliebenstein, 2009). For example, the
MAMs responsible for C3 GSLs in Arabidopsis and Brassica represent two independent
lineages, same as the MAMs responsible for C4 GSLs; in fact, the MAM locus contains at
least three independent lineages that recreate the same length variation (Abrahams et al.,
2020). This indicates repeated evolution across species, but it is not clear how frequently
these loci are changing within a single species or how ecological or demographic
processes may shape within-species variation at these loci.

In this work, we described GSL variation in seeds of a collection of 797 A.
thaliana natural accessions collected from different locations mainly in and around
Europe. The amounts of GSLs can vary across different tissues and life stages, but there
is a strong correlation in the type of aliphatic GSL produced across tissues (Brown et al.,
2003; Kliebenstein et al., 2001a; Kliebenstein et al., 2001b; Petersen et al., 2002). Thus,
in most cases the chemotype of the seeds is the same as the leaves. The seeds have the
highest level of GSLs in Arabidopsis and are stable at room temperature until
germination, which makes the seeds a perfect tissue to survey variation. Further, GSLs
are known to be important for seed defenses against herbivores and pathogens (Raybould

and Moyes, 2001). By combining GSL seed measurements with prior whole-genome
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sequencing in a European collection of accessions, we show that all three major causal
loci controlling GSL metabolic diversity contain multiple independently derived alleles
that recreate the same phenotypes using a combination of single nucleotide polimorphism
(SNPs) and structural variation. Using these causal genotypes and chemotypes in
combination with their geographic distribution provided evidence that the distribution of
GSL metabolic diversity across Europe is influenced by a combination of demography
and ecological factors. The ecological relationships to chemotype suggested a potential
for variation in selective processes across the geographic regions studied. Future work
will be needed to identify the specific biotic and/or abiotic factors shaping this

distribution.

RESULTS

GSL variation across Europe

To investigate the genetic, environmental and demographic parameters
influencing the distribution of Arabidopsis GSL chemotypes, we measured GSLs from
seeds of a collection of 797 A. thaliana natural accessions ( The 1001 Genomes
Consortium, 2016). These Arabidopsis accessions were collected from different
geographical locations, mainly in and around Europe (Figure 3A). 23 different GSLs
were detected and quantified, identifying a wide diversity in composition and amount
among the natural accessions with a median heritability of 83%, ranging from 34% to

93% (Supplementary file 1). To summarize the GSL variation among the accessions, we
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performed principal component analyses (PCA) on the accumulation of all the individual
GSLs across the accessions as an unbiased first step. The first two PCs only captured
33% of the total variation with PC1 describing GSLs with four and seven carbons and
PC2 mainly capturing GSLs with eight carbons in their side chain (Figure 3—figure
supplement 1). Previous work using a collection of predominantly central European
accessions had suggested a simple continental gradient chain-elongation variation from
the south-west (SW) (that is enriched with alkenyl and hydroxyalkenyl GSLs) to the
north-east (NE) (Brachi et al., 2015; Ziist et al., 2012). To assess if this was still apparent
in this larger collection, we plotted the accessions based on their geographical locations
and colored them based on their PC1 and PC2 scores that are linked to chain elongation
variation (Figure 3A and Figure 3—figure supplement 2A, respectively). This larger
collection shows that there is not a single gradient shaping GSL diversity across Europe
(Figure 3A). Instead, the extended sampling of accessions around the Mediterranean
Basin in this collection shows that the SW to NE pattern reiterates within the Iberian
Peninsula. In each of these areas (Iberian Peninsula and Central Europe), the SW is
enriched with C4 GSLs, and the NE with C3 GSLs (Figure 3—figure supplement 1).
To test which of the major causal loci are detectable in this collection and to
identify new genomic regions that are associated with the observed GSL variation, we
performed GWA (with EMMAX algorithms) analyses using the PC1 and PC2 values.
This collection of natural accessions presents a dense variant map that is 3x larger than
previous GSL GWA mapping populations and includes 6,973,565 SNPs. In spite of the
large population size, both PC1- and PC2-based analyses identified the same two major

peaks covering two of the known causal gene clusters controlling GSL diversity (Figure
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3B for PC1 GWA analyses, Figure 3—figure supplement 2B for PC2 GWA analyses)
(Brachi et al., 2015; Chan et al., 2011; Chan et al., 2010). The largest peak in both cases
is the GS-Elong locus on chromosome 5, containing
the MAM1 (AT5G23010), MAM? (that is not present in Col-0 plants)
and MAM3 (AT5G23020) genes.

The peak on chromosome 4 is the GS-AOP locus containing
the AOP2 and AOP3 genes (AT4G03060 and AT4G03050, respectively). Applying a
more permissive cutoff did not result in the detection of any other related genes
(Supplementary file 2). Previous QTL mapping and molecular experiments have shown
that the genes within GS-4OP and GS-Elong loci are the causal genes for GSL variation
within these regions (Benderoth et al., 2006; Brachi et al., 2015; Chan et al., 2011; Chan
et al., 2010; Kliebenstein et al., 2001a; Kliebenstein et al., 2002a; Kliebenstein et al.,
2002a; Kroymann and Mitchell-Olds, 2005; Pfalz et al., 2007; Wentzell et al., 2007).
Surprisingly, none of the other known natural variants within the GSL biosynthetic
pathway (listed in Supplementary file 2) were identified by GWA including three that
were found with 96 accessions and three that were found with 595 accessions using PC1
and 2 (Brachi et al., 2015; Chan et al., 2011; Chan et al., 2010; Kliebenstein, 2009).
Performing GWA studies using the accumulation of each of the 23 individual GSL
detected in this collection resulted in an identical result, no additional known GSL-related
genes were detected, while a few additional unknown genes were found (Figure 3—
figure supplement 3 and Supplementary file 2). One explanation for that is that the dense
sampling in this collection is available for mainly the Iberian Peninsula, the southern

coast of Sweden and the south-western coast of Italy, and is still insufficient for Central
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Europe. Another possibility is that allelic heterogeneity for the other loci, and more
complex patterns of interaction, may hamper their detection and influenced this high
false-negative error rate where ~80% of prior validated natural variants found using

multiple RIL populations were missed.

Complex GSL chemotypic variation

One potential complicating factor is that GSL chemotypic variation is best
described as a discrete multimodal distribution involving the epistatic interaction of
multiple genes which PCA’s linear decomposition cannot accurately capture (Figure 2).
To test if PCA was inaccurately describing GSL chemotypic variation, we directly called
the specific GSL chemotypes in each accession. Using Arabidopsis QTL mapping
populations and GWA, we have shown that the GS-4AOP, Elong and OH loci determine
seven discrete chemotypes, 3MSO, 4MSO, 30HP, 40HB, Allyl, 3-Butenyl, 2-OH-3-
Butenyl (Figure 2), that can be readily assigned from GSLs’ phenotypic data (Brachi et
al., 2015; Chan et al., 2011; Chan et al., 2010; Kliebenstein et al., 2001a). The presence
and amounts of these seven chemotypes provide a reliable indication about the existence
and activity of each of the major GSL loci. Using accessions with previously known
chemotypes and genotypes, we developed a phenotypic classification scheme to assign
the chemotype for each accession (Figure 4; for details, see Methods and Figure 4—
figure supplements 1-3; for structures, see Figure 2 and Supplementary file 1). Since the
aliphatic GSLs’ composition in the seeds reliably indicates the GSL structural
composition in the other plant’s life stages and tissues, assigning a chemotype for each

accession based on the seeds’ composition is expected to be highly stable across tissues
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of the same accession (Brown et al., 2003; Chan et al., 2011; Chan et al.,

2010; Kliebenstein et al., 2001a; Kliebenstein et al., 2001b). Most accessions were
classified as 2-OH-3-Butenyl (27%) or Allyl (47%) with lower frequencies for the other
chemotypes. Mapping the chemotypes onto Europe showed that the PCA decomposition
was missing substantial information on GSL chemotype variation (Figure 4). Instead of a
continuous distribution across Europe, the chemotype classifications revealed specific
geographic patterns. Central and parts of Northern Europe (like north Germany and
Poland) were characterized by a high variability involving the co-occurrence of
individuals from all chemotypes. In contrast, southern Europe, which presents a dense
sampling, including the Iberian Peninsula, Italy and the Balkan, has two predominant
chemotypes, Allyl or 2-OH-3-Butenyl, that are separated from each other by a clear and
sharp geographic partitioning (Figure 4 and Figure 4—figure supplement 4). Uniquely,
Swedish accessions displayed a striking presence of almost solely Allyl chemotypes.
Deeper sampling is required to test if this is or is not mirrored on the eastern side of the
Baltic Sea as the few accessions from that region are almost solely 30HP chemotypes
(Finnish, Lithuanian, Latvian or Estonian accessions). Directly assigning GSL variation
by discrete chemotypes provided a more detailed image not revealed by PCA
decomposition. Further, the different chemotypic to geographic patterns suggest that
there may be different pressures shaping GSL variation particularly when comparing

Central and Southern Europe.

Geography and environmental parameters affect GSL variation
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Because GSL chemotypes may be more reflective of local environment, we
proceed to test if they are associated with weather parameters and landscape conditions.
Further, given the difference in chemotype occurrence in Central and Southern Europe,
we hypothesized that these environmental connections may change between Central and
Southern Europe. For these tests, we chose environmental parameters that capture a
majority of the environmental variance and by that may describe the type of ecosystem
(Ferrero-Serrano and Assmann, 2019). We assigned each accession the environmental
value based on its location. These environmental parameters include geographic
proximity (distance to the coast), precipitation descriptors (precipitation of wettest and
driest month) and temperature descriptors (maximal temperature of warmest month and
minimal temperature of coldest month) and capture major abiotic pressures as well as
provide information about the type of ecosystem in which each accession exists. Because
demography and environment can be confounded, we included demography in our
models using the previously assigned genomic groupings as components of the model
(The 1001 Genomes Consortium, 2016). Further, we included specific geographic
information by assigning the accessions to a northern or a southern collection, based on
their location in relation to the following chain of mountains: the Pyrenees, the Alps and
the Carpathians (Figure 4—figure supplement 4). We then ran a linear model for each
geographic area separately (north and central vs. south) to check if the environmental
parameters and the genomic population group associate with specific chemotypes. To
directly test for an interaction of environment and geography, we ran the model with all
accessions and incorporated the geography parameters and genomic population group. As

the most frequent chemotypes in the collection are Allyl and 2-OH-3-Butenyl (Figure 4—
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figure supplement 4B), we focused the models on these chemotypes. The models showed
that the environmental conditions have different relationships to the chemotypes that shift
by geographic areas. Moreover, two of the parameters (min temp of coldest month and
precipitation of wettest month) have a significant interaction with geography, suggesting
that the relationship of these environmental parameters to specific GSL chemotypes is
different between Northern and Southern Europe (Table 1; for details on the models, see
Methods). This suggests that the relationship of GSL chemotype to environmental
parameters varies across geographic regions of Europe rather than fitting a simple linear
model.

As the two main chemotypes in the collection differ by the length of the carbon
chain (C3 for Allyl, C4 for 2-OH-3-Butenyl), we created a linear model to further check
the interaction between each environmental condition to geography in respect to the
carbon chain length. As was shown by the chemotypes models, most of the
environmental parameters (min temp of coldest month, precipitation of wettest month and
distance to the coast) significantly interacted with geography, showing again that the
relationship of environment to GSL alleles changes across Europe (Figure 4—source data
1; for details on the models, see Methods). Conducting this analysis for each of the
geographic areas separately highlighted this by showing that these parameters have
different effects on the carbon chain length in each of the areas (Figure 4—source data 1).
The genetic architecture of GSL variation

The presence of different GSL chemotype to environmental relationships across
Europe raises the question of how these chemotypes are generated. Are these chemotypes

from locally derived alleles or obtained by the intermixing of widely distributed causal
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alleles? Further, if there are multiple alleles, do they display within-species convergent or
parallel signatures? We focus on the GS-4AOP, GS-Elong and GS-OH loci, the causal
genes creating Arabidopsis GSL chemotypes, and use the available genomic sequences in
all these accessions to investigate the allelic variation in these genes to map the allelic
distribution and test the potential for convergent and/or parallel evolution within each
locus.

GS-Elong: Because the variation in the GS-Elong locus is caused by complex
structural variation in MAM1 and MAM? that is not resolvable using the available data
from short-read genomic sequence, we used the MAM3 sequence within this locus to
ascertain the genomic relationship of accessions at the causal GS-Elong locus (Kroymann
et al., 2003). We aligned the MAM3 sequence from each of the accessions, rooted the tree
with the Arabidopsis lyrata orthologue (MAMb) and colored the tree tips based on the
accessions-dominant chemotype.

The accessions were distributed across eight distinctive clades with each clade
clustering accessions having either a C3 or C4 phenotype (Figure 5A and Figure 5—
figure supplement 1 for bootstrap support). The clades C3/C4 status altered across the
tree with three of the clades expressing C3 (MAM?2) and five clades expressing the C4
(MAMTI). The use of MAM3 clades as proxy for C3/C4 GLS chemotypes is supported by
prior genomic sequencing of the GS-Elong region from 15 accessions (Figure
5B; Kroymann et al., 2003). To test for potential within locus recombination that may
influence the overarching patterns, we compared the MAMS3 tree to a tree obtained
using MYB37, which is on the opposite end of the MAM locus from MAM3 (Figure 5—

figure supplement 1F). We found that while the order of the clades in the MYB37 tree is
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different than their order in the MAM?3 tree, the accessions’ classification to clades was
similar among the two trees. This suggests that while there are potentially individual
instances of within-locus recombination they are not influencing the overall genotype to
chemotype linkage from MAM3, and MAM3 can be used as a reliable reflection of the
structural variation in this locus.

Six of the clades in the MAM3 tree include accession/s with a previously
sequenced MAM locus (Figure 5B; Kroymann et al., 2003), while two clades (clades 6
and 7) did not include any accession with a previously determined structure. We obtained
long-read-based sequencing of 11 additional accessions from the 1001 Genome project
for the MAM locus that included accessions in all clades including clades 6 and 7 (Figure
5—figure supplement 2—source data 1 for sequences). This showed that clade 6 are
accessions that have a haplotype that contains a previously described chimeric MAM gene
that combines the 5" of MAM?2 with the 3" of MAM1 (Figure 5B and Figure 5—figure
supplement 2; Benderoth et al., 2006; Kroymann et al., 2003). In these accessions, the
chimeric gene leads to predominantly C3 GSLs. Clade 7 has a haplotype that is highly
similar to clade 2 with a single copy of MAM1 leading to C4 GSLs. Comparing
transposable elements in the two clades shows that they are different configurations.

The new sequenced accessions present in the clades with existing genomic
haplotypes predominantly agreed with these previously published haplotypes. There were
only three accessions with differences, two with a local duplication of a
truncated MAM1I pseudogene in clades 1 and 2 (PHW-34 and TAL 07, respectively), and
a second with a local duplication of a MAM1 pseudogene in clade 2 (Qar-8a, Figure 5—

figure supplement 2).
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The bootstrap support and smaller trees raised the possibility that clade 2 could be
considered as two distinct clades (Figure 5—figure supplement 1, clades 2a and 2b). The
chemotypes and haplotype in the accessions do not provide a clear mechanistic basis for
separating this clade into two (Kroymann et al., 2003; Figure 5). Comparing the
accessions across the main split in this clade suggested that one group of accessions
(clade 2b) has lower total GSLs and a higher fraction of short-chain GSLs in comparison
to the longer chain structures. Future work involving populations solely focused on this
question would be needed to resolve the mechanistic basis of this difference and if this
represents two distinct MAM loci.

One complication in interpreting the potential for parallel vs. convergent
evolution in this locus is that the relationship between the major chemotype/haplotype
groups is not resolvable with very low bootstraps (Figure 5—figure supplement 1).
Functional parsimony would suggest that clade 4, by having both MAM1 and MAM?2,
may represent a single haplotype that can give rise to the other functional haplotypes via
independent mutations akin to parallel evolution. Supporting this potential is the
observation that MAM1 and MAM? are likely derived via a tandem duplication with
ensuing divergence since the separation from A. /yrata (Figure 5—figure supplement
3; Benderoth et al., 2009; Benderoth et al., 2006). Fully resolving this would require
collecting more accessions to identify additional alleles that may contain the information
necessary to better resolve the relationships amongst the haplotypes.

Using this phylogeny, we investigated the presence of the different GS-

Elong haplotypes across Europe to ask if each region has a specific allele/clade or if the

alleles are distributed across the continent. Specifically, we were interested if the strong
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C3/C4 partitioning in Southern Europe was driven by the creation of local alleles or if
this partitioning might contain a wide range of alleles. If the latter is true, this can argue
for a selective pressure shaping this C3/C4 divide. To understand the patterning of the
C3/C4 haplotypes and chemotypes in Iberia, we plotted the accessions on the map and
colored them based on their GS-Elong clade (Figure 5C and Figure 5—figure supplement
4). As expected given that genetic variation in Iberia results from a series of range
expansions from Central Europe and Africa (Lee et al., 2017; Durvasula et al., 2017),
there is extensive mixing of nearly all major European GS-Elong haplotypes in Iberia,
except of clade 3 that is not present. In contrast, there is a sharp partitioning between the
C3/C4 chemotypes created by these haplotypes. The strong geographic separation
between the two chemotypes involving nearly all causal haplotypes (Figure 5—figure
supplement 4) raises the possibility that the strong geographic partitioning of the C3/C4
chemotypes in Iberia may be driven by selective pressure enhancing the partitioning of
the chemotypes, and not solely neutral demographic processes. The presence of a few
accessions in Iberia that disagree with the sharp C3/C4 partition (Figure 5—figure
supplement 4A) suggests that a new configuration of this loci arose in this area and is
reflected in a few accessions. However, this requires further assessment.

Shifting focus to all of Europe showed that while most clades were widely
distributed across Europe there were a couple of over-arching patterns (Figure
5C and Figure 5—figure supplement 5). GS-Elong clades 1 and 6 provide an example of
potential gene flow between Iberia and Central Europe. In contrast, the absence of clade 3
in Iberia is more parsimonious with this haplotype having a glacial refugium in the

Balkans followed by a northward flow wherein it mixed with the other clades. Other
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clades do not present evidence of a gene flow to the north as they are exclusive to the
south as shown by clades 5 and 7. While these are both C4 clades, other C4 clades like
clades 2 and 8 present a case of a gene flow to the north (Figure 5—figure supplement 5).
This suggests that there are either differences in their GSL chemotype influencing their
distribution or there are neighboring genes known to be under selection in Arabidopsis
like FLC (AT5G10140) that may have influenced their distribution. In combination, this
suggests that a complex demography is involved in shaping the chemotype’s identity with
some regions, Iberia, showing evidence of local selection while other regions, Central
Europe, possibly showing a blend requiring further work to delineate (Figure 5—figure
supplement 5).

GS-AOP: Side chain modification of the core MSO GSL is determined by the GS-

AOP locus. Most of the accessions contain a copy of AOP2 and a copy of AOP3, but only
one of them will be functionally expressed (Chan et al., 2010), while in some cases both
will be non-functional. To better understand the demography and evolution of the GS-
AOP locus, we separately aligned the AOP2 and AOP3 sequences, rooted each tree with
the 4. lyrata orthologue and colored the trees tips based on the accessions-dominant
chemotype (Figure 6—figure supplement 1).

The phylogenetic trees shared a very similar topology, yielding a clear separation
between alkenyl (4AOP2 expressed) and hydroxyalkyl (AOP3 expressed) accessions.
Alkenyl expressing accessions like Cvi-0 with an expressed copy of the AOP2 enzyme
formed a single continuous cluster (Figure 6A and Figure 6—figure supplement 1). In
contrast, hydroxyalkyl (4AOP3 expressed) accessions clustered into two separate groups

with one group of 30HP-dominant accessions partitioning from the rest of the accessions
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at the most basal split in the tree (Figure 6—figure supplement 1A, AOP2 tree). This
haplotype is marked by having an inversion swapping the AOP2 and AOP3 promoters as
shown in bacterial artificial chromosome sequencing of the Ler-0 accession (Figure

6D; Chan et al., 2010). The AOP3 tree also identified a second group of 30HP-dominant
accessions located among the alkenyl accessions. Analyzing the sequences of these
accessions reveals that this small group of 30HP accessions has a complete deletion

of AOP2 and contains only AOP3 (Figure 6E). Thus, there are at least two independent
transitions from alkenyl to hydroxyalkyl GSLs within Arabidopsis, neither of which are
related to the alkenyl to hydroxyalkyl conversion within A. /yrata. This indicates that
there are multiple alkenyl to hydroxyalkyl GSL conversions both within and between
Arabidopsis species.

The null accessions (MSO-dominant chemotypes) were identifiable in all the major
clades on the tree (Figure 6—figure supplement 1, middle column of heatmap),
suggesting that there are independent LOF mutations that abolish either AOP2 or AOP3.
Deeper examination of the sequences of these accessions identified three convergent LOF
alleles leading to the MSO chemotype. Most of the null accessions harbor a 5 bps
deletion in their AOP2 sequence, which causes a frameshift mutation. This mutation
arose within the alkenyl haplotype and was first reported in the Col-0 reference genome
(Figure 6B; Kliebenstein et al., 2001c¢). In addition, there are additional independent LOF
events arising in both the alkenyl haplotype (e.g., Sp-0, Figure 6C) and within the Ler-0
inversion haplotype (e.g., Fr-2, Figure 6F). Thus, GS-4OP has repeated LOF alleles
arising within several of the major 4OP haplotypes, suggesting convergent evolution of

the MSO chemotype out of both the alkenyl and hydroxyalkyl chemotypes.
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Using the combined chemotype/genotype assignments at GS-AOP, we
investigated the distribution of the alleles across Europe. The alkenyl haplotype is spread
across the entire continent. In contrast, the hydroxyalkyl haplotypes are geographically
more restricted. The Ler-like 30HP haplotype is present in only Central and North
Europe (Figure 6D), while the other 30HP haplotype, possessing only 4OP3, is limited
to Azerbaijan, along the Caspian Sea (Figure 6E). In contrast to the distinct hydroxyalkyl
locations, the distribution of the independent LOF null haplotypes overlaps with all of
them being located within Central and North Europe (Figure 6B, C and F). The fact that
these independently derived LOF alleles are all contiguous suggests that they may be
beneficial or neutral in Central Europe.

GS-OH: The final major determinant of natural variation in Arabidopsis GSL
chemotype is the GS-OH enzyme that adds a hydroxyl group to the carbon 2 on 3-
butentyl GSL to create 2-OH-3-Butenyl GSL. Previous work had suggested two GS-

OH alleles measurable in the seed, a functional allele in almost all accessions and a non-
functional allele caused by active site mutations represented by the Cvi-0 accession
(Hansen et al., 2008). Because of functional epistasis, we can only obtain functional
phenotypic information from accessions that accumulate the GS-OH substrate, 3-Butenyl
GLS. This identified 11 accessions with a non-functional GS-OH. Surveying these 11
accessions in the polymorph database (The 1001 Genomes Consortium, 2016) identified
multiple independent LOF events. One of these 11 accessions has the Cvi active site
mutations, two accessions have a shared nonsense SNP that introduces premature stop

codons and two accessions have a complete loss of this gene (Table 2). The other six
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accessions with a loss of enzyme activity had an unidentified lesion due to sequence
quality for this locus.

All these independent GS-OH LOF alleles are found in accessions that do not
accumulate 3-Butenyl GSL, for example, three carbon or non-alkenyl accessions,
suggesting that functional epistasis may be influencing the maintenance of these alleles in
nature. Thus, we searched for the accessions that do not accumulate 3-Butenyl GLS and
carry GS-OH LOF events (Table 2). In all cases, the LOF allele is more frequent in the
non four carbon-alkenyl accessions than expected by random chance. This suggests that
there is selection against 3-Butenyl GSL synthesis since LOF alleles are more frequent
when the GS-OH gene is cryptic by functional epistasis. This agrees with the fact that the
3-Butenyl chemotype is the most sensitive to generalist lepidopteran herbivory (Hansen
et al., 2008). Thus, these mutations may represent ongoing pseudogenization of the GS-
OH gene when it is functionally hidden by epistasis at the GS-4OP and GS-Elong loci.
These LOF events would then only be displayed upon rare admixture with 2-OH-3-

Butenyl accessions.

DISCUSSION

Understanding the genetic, demographic and environmental factors that shape
variation within a trait in a population is key to understanding trait evolution. In this
work, we used a family of specialized metabolites, aliphatic GSLs, and measured their
amounts in seeds of 4. thaliana to query how genetics, geography, environment and
demography intersect to shape chemotypic variation across Europe. We found that

environmental conditions, together with geography, affect the presence and distribution
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of chemotypes within the accessions. This was demonstrated by specific traits that were
associated with specific environmental conditions, and this association was shifted across
the continent. Comparing the associations of traits to specific environmental conditions in
Central Europe versus the south revealed different behaviors. This demonstrated that
chemotypic variation across Europe is created by a blend of all these processes that differ
at the individual loci. This implies that a simultaneous analysis of both genotype and
phenotype is required to fully interpret these processes and relationships. The above
analysis is extensively using abiotic factors because of their availability while aliphatic
GSLs have mainly been linked to biotic interactions. GSLs have been mainly linked to
influencing biotic interaction with herbivores considered the primary drivers shaping
GSL genetic diversity. However, because climate drives the distribution of biotic factors
like herbivores, it is likely that climatic factors might appear as indirectly associated with
GSLs. Interestingly, an aliphatic GSL was recently mechanistically linked to drought
resistance in Arabidopsis, suggesting a potential role for abiotic factors to influence GSL
diversity (Salehin et al., 2019). More work is needed to dissect all the potential
components of an environment that influence selection on GSL chemotypes.

All three major aliphatic GSL loci display extensive allelic heterogeneity that is
shaped by a blend of evolutionary events at each locus reminiscent of either parallel or
convergent evolution. For this analogy, we are defining parallel evolution to be when a
new chemotype arises two or more independent times by independent mutations from
shared ancestral haplotype. Conversely, we are considering convergent evolution of a
chemotype to occur when independent mutations in independent ancestral haplotypes

derive the same chemotype. GS-OH provided clear evidence of parallel evolution where a
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single functional haplotype gave rise to at least four independent LOF alleles all with
similar phenotypic consequence. GS-4OP suggested the potential for convergent
evolution-style events leading to MSO chemotype arising from LOF events at the GS-
AOP locus. The first characterized LOF event was in the Col-0 accession that has a 5 bp
frameshift indel in the AOP2 gene arising within the alkenyl AOP2-dominant GS-

AOP haplotype. In this study, we identified additional parallel AOP2 LOF events in this
haplotype. More critical, we could identify multiple independent LOF events arising in
the AOP3 gene within the AOP3-dominant inversion GS-4OP haplotype. Thus, the same
GSL chemotype, MSO, arises from independent LOF alleles in two different

genes, AOP2 and AOP3, that represent two different ancestral haplotypes (Figure 6).
Thus, it appears that parallel-style events occur at all the loci and at least at the GS-
AOP locus there is potential for a convergent-style evolutionary event leading to a single
chemotype.

In addition to independent evolutionary events, three-way epistasis is shaping the
allelic heterogeneity at these loci and their evolutionary potential. For example, the
multiple independent GS-OH LOF variants all appear to have arisen in lineages where
the GS-AOP and GS-Elong loci had haplotypes that epistatically combined to block the
formation of the but-3-enyl GSL precursor for GS-OH (Figure 2). Thus, the parallel
evolution of GS-OH LOF alleles is epistatically conditioned by GS-AOP and GS-Elong.
A similar epistatic contingency also exists between the two independent AOP3 alleles
of GS-AOP (Figure 6D and E) and GS-Elong. Both of AOP3 alleles of GS-AOP are
coordinated with C3 haplotypes in GS-Elong. The AZE allele of GS-AOP is associated

with a novel geographically limited GS-Elong allele in clade 8 (Figure 5—figure

115



supplement 5) while the Central European AOP3 allele is limited to accessions containing
the clade 1, 3 or 6 C3 haplotypes of GS-Elong. There is also within-locus epistasis in

the GS-Elong locus wherein a functional MAM1 leads to the creation of C4 GSLs
regardless of the functional state of the MAM?2 gene and C3 haplotypes are marked by the
loss of MAM1. All of these within- and between-loci interactions create a directional
arrow for most loci where the haplotypes do not have equal evolutionary potential. For
example, the clade 4 haplotype of GS-Elong can equally mutate to create a C3 or C4
chemotype because it has both MAM 1 and MAM?2. However, the remaining clades like
clade 3 have lost one or the other gene limiting their ability to create alternative
chemotypes. In this case, the loss of MAM1 likely prevents the ability for this C3 lineage
to recreate the C4 chemotype. Thus, the potential evolutionary trajectory of a
haplotype/allele at one or even within one of these GSL loci may be epistatically
conditioned by the allelic state all the loci within a specific lineage.

This level of allelic diversity at these loci raises a question of how do pathways
with this level of diversity and structural variation pass through speciation boundaries
(Figure 5—figure supplement 4). Confounding this further is the observation that
Brassica ssp. have genetic variation at GS-Elong and GS-AOP creating the exact same
chemotypic variation found in Arabidopsis (Heidel et al., 2006; Ramos-Onsins et al.,
2004; Windsor et al., 2005). There is similar within-species (GS-4OP) and between-
species (GS-AOP and GS-Elong) variation between the closely related Arabidopsis sister
species, A. lyrata, A. petraea and A. halleri. However, the underlying genetic basis is
independent events at the AOP and MAM loci showing that the variation did not go

through the speciation boundary. Instead, this suggests that this variation has been
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recreated repeatedly in these species This raises the possibility that there may be a class
of loci that are being repeatedly sampled by pangenomic variation across species within a
family. To test this possibility would need a deeper phylogenetic sampling within and
between species, particularly for understanding the intersection of ecology and evolution
(Goktay et al., 2021; Durvasula et al., 2017).

Previous work on other biotic interactions genes like pathogen resistance gene-
for-gene loci had indicated a predominant model of having two moderate-frequency
ancient alleles creating the phenotypic variation within the species (Atwell et al.,

2010; Corrion and Day, 2001; MacQueen et al., 2016). In contrast to R-gene loci
characterized by old/stable biallelic variation, the GSL loci are characterized by a blend
of structural and SNP-based variation with numerous alleles that appear young. In other
cases, alleles of genes involved in biotic defense can present more complex patterns, for
example, natural variation in the immune gene ACCELERATED CELL DEATH 6 (ACD6)
is caused by a rare allele causing an extreme lesion phenotype. It is not yet clear what
selective pressures influence ACD6 genetic variation (Todesco et al., 2010; Zhu et al.,
2018). Thus, loci controlling resistance to diverse biotic traits under natural conditions
have diverse genetic architectures and further work is needed to assess the range of allelic
heterogeneity in these adaptive loci.

The allelic diversity at the GSL loci illustrates the benefit of simultaneously
tracking the phenotype and genotype when working to understand the distribution of trait
variation. For example, the Iberian Peninsula and the Mediterranean Basin had low
variability in aliphatic GSL chemotypes, which show strong geographic structure. By

contrast, Central/North Europe had high aliphatic GSL diversity with chemotypes
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showing overlapping geographic distributions. At first glance, this contrasts with
previous work showing that the Iberian Peninsula and the Mediterranean Basin are
genetically diverse. However, this discrepancy was caused by one of the causal loci.
Specifically, the GS-AOP locus was largely fixed as the Alkenyl allele in
Iberia/Mediterranean Basin with the alternative GS-4OP alleles enriched in Central
Europe. In contrast to GS-4OP, Iberia and the Mediterranean Basin were highly
genetically diverse for the GS-Elong locus and appear to contain almost all the variation
in GS-Elong found throughout Europe (The 1001 Genomes Consortium, 2016). Thus, the
chemotypic divergence from genomic variation expectations was driven by just the GS-
AOP locus. This indicates that the high level of chemotypic variation in Central Europe is
a blend of alleles that emerged in the south (GS-Elong) and alleles that possibly arose
locally (GS-AOP, both nulls and AOP3). Further, the chemotypes found in any one region
appear to be created by a combination of alleles as a result of a gene flow across the
continent, local generation of new polymorphisms and local selective pressures.

Another challenge potentially caused by allelic heterogeneity and differential
selective pressures, as displayed within this system, is detecting the known and validated
causal natural variants within a population. Specifically, the GWA with this collection of
797 accessions was unable to find 80% of the known causal loci including one of the
three major effect loci, GS-OH. Maximizing the number of genotypes and the SNP
marker density was unable to overcome the complications imposed by the complex
pressures shaping the distribution of these traits, potentially due to unequal dense
sampling from the different areas. In this system, the optimal path to identifying the

causal polymorphisms has instead been a small number of Recombinant Inbred Line
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populations derived from randomly chosen parents. In complex adaptive systems, the
optimal solution to identifying causal variants is likely a blend of structured mapping
populations and then translating the causal genes from this system to the GWA results
and tracking the causal loci directly.

In this work, we combined different approaches to uncover some of the
parameters shaping the aliphatic GSL content across Europe. Widening the size of the
population will enable us to deepen our understanding on the evolutionary mechanisms

shaping a phenotype in a population.

MATERIALS AND METHODS

Plant material

Seeds for 1135 Arabidopsis (4. thaliana) genotypes were obtained from the 1001
genomes catalog of 4. thaliana genetic variation (https://1001genomes.org/). All
Arabidopsis genotypes were grown at 22°C/24°C (day/night) under long-day conditions
(16 hr of light/8 hr of dark). Two independent replicates were performed, each of them
included the full set of genotypes. The replicates obtained from independent maternal
plants were grown in randomized fashion. In the analyses, only accessions from Europe
and around Europe were included (Figure 3A), resulting in an analysis of 797 accessions.

A list of the accessions can be found in Supplementary file 1.

GSL extractions and analyses
GSLs were measured as previously described (Kliebenstein et al.,

2001a; Kliebenstein et al., 2001b; Kliebenstein et al., 2001c¢). Briefly, ~3 mg of seeds
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were harvested in 200 uL of 90% methanol. Samples were homogenized for 3 min in a
paint shaker, centrifuged, and the supernatants were transferred to a 96-well filter plate
with DEAE sephadex. The filter plate with DEAE sephadex was washed with water, 90%
methanol and water again. The sephadex-bound GSLs were eluted after an overnight
incubation with 110 pL of sulfatase. Individual desulfo-GSLs within each sample were
separated and detected by HPLC-DAD, identified, quantified by comparison to standard
curves from purified compounds and further normalized to the weight. A list of GSLs and
their structure is given in Supplementary file 1A. Raw GSLs data are given

in Supplementary file 1B.

Statistics, heritability and data visualization

Statistical analyses were conducted using R software (https://www.R-project.org/)
with the RStudio interface (http://www.rstudio.com/). For each independent GLS, a linear
model followed by ANOVA was utilized to analyze the effect of accession, replicate and
location in the experiment plate upon the measured GLS amount. Broad-sense heritability
(Supplementary file 1C) for the different metabolites was estimated from this model by
taking the variance due to accession and dividing it by the total variance. Estimated
marginal means (emmeans) for each accession were calculated for each metabolite from
the same model using the package emmeans (CRAN, 2021a; Supplementary file 1D).
PCAs were done with FactoMineR and factoextra packages (Abdi and Williams, 2010).
Data analyses and visualization were done using R software with tidyverse (Wickham et
al., 2019) and ggplot2 (Kahle and Wickham, 2013) packages.

Maps were generated using ggmap package (Kahle and Wickham, 2013).

120



Phenotypic classification based on GSL content

For each accession, the expressed enzyme in each of the following families was
determined based on the content (presence and amounts) of short-chained aliphatic GSLs.
MAM enzymes: The total amount of three carbon GSLs and four carbon GSLs was
calculated for each accession. Three carbon GSLs include 3MT, 3MSO, 30HP and Allyl
GSL. Four carbon GSLs include 4MT, 4MSO, 40HB, 3-Butenyl and 2-OH-3-Butenyl
GSL (for structures and details, see Supplementary file 1). Accessions that the majority
of aliphatic short-chained GSL contained three carbons in their side chains were
classified as MAM?2 expressed (Figure 4—figure supplement 1). Accessions that the
majority of aliphatic short-chained GSL contained four carbons in their side chains were
classified as MAM1 expressed (Figure 4—figure supplement 1). The accessions were
plotted on a map based on their original collection sites (Figure 4—figure supplement 1).

AOP enzymes: The relative amount of alkenyl GSL, alkyl GSL and MSO GSL
was calculated in respect to the total short-chained aliphatic GSL as follows:

AlkenylGSL(AOP2expressed)=Allyl +2—OH—3—butenyl + 3—butenylTotal short ¢

hained GSLAlkenylGSL(AOP2expressed)=Allyl +2-OH—-3—butenyl + 3—butenylTotal sh
ort chained GSL
AlkylGSL(AOP3expressed)=30HP + 40HBTotal short chained GSLAIlkylGSL(
AOP3expressed)=30HP + 4OHBTotal short chained GSL
MSOGSL(AOPnull)=3MSO + 4MSOTotal short chained GSLMSOGSL(AOPnul

1)=3MSO + 4MSOTotal short chained GSL
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The expressed AOP enzyme was determined based on those ratios: Accessions
with majority alkenyl GSL were classified as AOP2 expressed. Accessions with majority
of alkyl GSL were classified as AOP3 expressed. Accessions with majority of MSO GSL
were classified as AOP null. The accessions were plotted on a map based on their original
collection sites (Figure 4—figure supplement 2).

GS-OH enzyme: The ratio between 2-OH-3-Butenyl GSL to 3-Butenyl GSL was
calculated only for MAMI-expressed accessions (accessions that the majority of GSLs
contain four carbons in their side chain). Accessions with high amounts of 2-OH-3-
Butenyl GSL were classified as GS-OH functional. Accessions with high amounts of 3-
Butenyl GSL were classified as GS-OH non-functional. The accessions were plotted on a
map based on their original collection sites (Figure 4—figure supplement 3).

Each accession was classified to one of seven aliphatic short-chained GSLs based
on the combination of the dominancy of the enzymes as follows: MAM2, AOP null:
classified as 3MSO dominant. MAM1, AOP null: classified as 4MSO dominant. MAM?2,
AOP3: classified as 30HP dominant. MAM1, AOP3: classified as 4OHB dominant.
MAM2, AOP2: classified as Allyl dominant. MAM1, AOP2, GS-OH non-functional:
classified as 3-Butenyl dominant. MAM1, AOP2, GS-OH functional: classified as 2-OH-
3-Butenyl dominant. The accessions were plotted on a map based on their original

collection sites and colored based on their dominant chemotype (Figure 4).

Environmental and demographic data

Environmental and demographic data (referred to as ‘genomic group’) were

obtained from the 1001 genomes website (https://1001genomes.org/, for geographical
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and demographic data) and from the Arabidopsis CLIMtools
(http://www.personal.psu.edu/sma3/CLIMtools.html, Ferrero-Serrano and Assmann,
2019) for environmental data. We chose the five variables that captured a majority of the
variance in this dataset based on PCA using different combinations of variables. The
chosen variables are maximal temperature of warmest month (WC2_ BIOS5), minimal
temperature of coldest month (WC2_BIO6), precipitation of wettest month
(WC2_BIO13), precipitation of driest month (WC2_BIO14) and distance to the coast (in
km). Each one of the above variables (including genomic group) was assigned to each

one of the accessions.

Environmental models

Linear models to test the effect of geographical and environmental parameters
(Figure 3—figure supplement 1 and Figure 4—source data 1) were conducted using dplyr
package (CRAN, 2021b) and included the following parameters:

Figure 3—figure supplement 1 linear models for collection sites: PC score ~ Latitude +
Longitude + Latitude * Longitude.

Table 1 and Figure 4—source data 1 for all the data: C length (C3 and C4) or the
chemotypes (Allyl and 2-OH-3Butenyl) ~ Genomic group + Geography (north versus
south) + Max temperature of warmest month + Min temperature of coldest month +
Precipitation of wettest month + Precipitation of driest month + Distance to the coast +
Geography * Genomic group + Geography * Max temperature of warmest month +

Geography * Min temperature of coldest month + Geography * Precipitation of driest
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month + Geography * Precipitation of wettest month + Geography * Distance to the
coast.

For the north and the south: C length (C3 and C4) or the chemotypes (Allyl and 2-
OH-3Butenyl) ~ Genomic group + Geography (north versus south)+ Max temperature of
warmest month + Min temperature of coldest month + Precipitation of wettest month +

Precipitation of driest month + Distance to the coast.

Genome-wide association studies

The phenotypes for GWA studies were each accession value for PC1 and 2. GWA
was implemented with the easyGWAS tool (Grimm et al., 2017) using the EMMAX
algorithms (Kang et al., 2010) and a minor allele frequency (MAF) cutoff of 5%. The

results were visualized as Manhattan plots using the qgman package in R (Turner, 2014).

Phylogeny

Genomic sequences from the accessions for MAM3 — AT5G23020, AOP2 — Chr4,
1351568 until 1354216, AOP3 — AT4G03050.2, GS-OH — AT2G25450 and MYB37 —
AT5G23000 were obtained using the Pseudogenomes tool
(https://tools.1001genomes.org/pseudogenomes/#select strains).

Multiple sequence alignment was done with the msa package (default settings) in
R using the ClustalW, ClustalOmega and Muscle algorithms (Bodenhofer et al., 2015).
Phylogenetic trees were generated with the ‘ape’ package (neighbor-joining tree) (Paradis
and Schliep, 2019) and were visualized with ggtree package in R (Yu, 2020). Each tree

was rooted by the genes matching A. /yrata’s functional orthologue or closest homologue.
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Bootstrap analyses (Bootstrap = 100) was done with ‘ape’ package in R (Paradis
and Schliep, 2019), with the same tree inference method as described before.
For MAMS3 bootstrap analysis, the accessions with low-quality sequencing were excluded.

Amino acid phylogenies: Sequences were taken from Abrahams et al., 2020,
which uses A. thaliana Col-0 genome and the MAM?2 amino acid sequence 1006452109
from the Arabidopsis Information Resource (TAIR) database. Alignments were run using
MAFFT (Katoh et al., 2017; Kuraku et al., 2013) and cleaned using Phyutility at a 50%
occupancy threshold (Smith and Dunn, 2008). RAXML was used for phylogenetic

inference (Stamatakis, 2014) with the PROTCATWAG model (Bootstrap = 1000).

Sequencing

PacBio long read-based de novo genome assemblies of the relevant accession were
generated as part of the 1001 Genomes Plus project. The genomes were assembled with
Canu (v1.71) (Koren et al., 2017) and polished using the long reads followed by a second

polishing step with PCR-free short reads.
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Figure A-1: Parallel and convergent evolution.

The schema describes our use of parallel (A) and convergent (B) evolution for within-species chemotypic
variation. The letters in the blue box represent the state of the source/ancestral haplotypes. The letters
within the yellow box represent the newly derived haplotypes that arose by genetic mutation in the source
haplotype. Finally, X, Y and Z show the chemotypes that arise from each haplotype. Blue and red arrows
represent parallel or convergent genetic changes (respectively), while mustard arrows represent the
enzymatic result.
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Figure A-2: Aliphatic glucosinolate (GSL) biosynthesis pathway.
Short names and structures of the GSLs are in black. Genes encoding the causal enzyme for each reaction
(arrow) are in gray. GS-OX is a gene family of five or more genes. OH-But: 2-OH-3-Butenyl.
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Figure A-3: Glucosinolate variation across Europe is dominated by two loci.

(A) The accessions are plotted on the map based on their collection site and colored based on their principal
component (PC)1 score. (B) Manhattan plot of genome-wideassociation analyses using PC1. Horizontal
lines represent 5% significance thresholds using Bonferroni (red) and Benjamini—Hochberg (blue).
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Figure A-4: Phenotypic classification based on glucosinolate (GSL) content.
(A) Using the GSL accumulation, each accession was classified to one of seven aliphatic short-chained
GSL chemotypes based on the enzyme functions as follows: MAM2, AOP null: classified as 3MSO
dominant, colored in yellow. MAM 1, AOP null: classified as 4MSO dominant, colored in pink. MAM?2,
AOP3: classified as 30HP dominant, colored in green. MAM1, AOP3: classified as 4OHB dominant,
colored in light blue. MAM?2, AOP2: classified as Allyl dominant, colored in blue. MAM1, AOP2, GS-
OH non-functional: classified as 3-Butenyl dominant, colored in black. MAM1, AOP2, GS-OH functional:
classified as 2-OH-3-Butenyl dominant, colored in red. The accessions were plotted on a map based on
their collection sites and colored based on their dominant chemotype. (B) The coloring scheme with

functional GSL enzymes in the aliphatic GSL pathway is shown with the percentage of accessions in each
chemotypes (out of the total 797 accessions) shown in each box.
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Figure A-5: MAM3 phylogeny.

(A) MAM3 phylogeny of Arabidopsis thaliana accessions, rooted by Arabidopsis lyrata MAMb, which is
not shown because of distance. Tree tips are colored based on the accession chemotype. (B) The genomic
structure of the GS-Elong regions in the previously sequenced accessions is shown based on Kroymann et
al., 2003. The structures in the box are based on sequences obtained in this work. The numbers left to the
structures indicate the number of sequenced accessions in this work (left) or by Kroymann et al.,

2003 (right). The numbers are colored based on their clades. Bright gray arrows

represent MAM I sequences, and dashed arrows represent MAM?2 sequences. Dark gray arrows

represent MAM3 sequences. The number to the right of the genomic cartoon represents the number of
carbons in the side chain. (C) Collection sites of the accessions colored by their clade classification (from
section A) and shaped based on the side chain length of the aliphatic short-chained glucosinolates (circles
for C3, triangles for C4).
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Figure A-6: AOP genomic structure.

The genomic structure and causality of the major AOP2/AOP3 haplotypes are illustrated. Pink arrows show
the AOP2 gene while yellow arrows represent AOP3. The black arrows represent the direction of
transcription from the AOP2 promoter as defined in the Col-0 reference genome. Its position does not
change in any of the regions. A-F represent the different structures. The black lines in C and F represent
theoretical positions of independent variants creating premature stop codons. The GSL chemotype for each
haplotype is listed to the right with the number of the accessions in brackets. The maps show the
geographic distribution of the accessions from each structure.
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ABSTRACT

The members of the tribe Brassiceae share a whole-genome triplication (WGT),
and one proposed model for its formation is a two-step pair of hybridizations producing
hexaploid descendants. However, evidence for this model is incomplete, and the
evolutionary and functional constraints that drove evolution after the hexaploidy are even
less understood. Here, we report a new genome sequence of Crambe hispanica, a species
sister to most sequenced Brassiceae. Using this new genome and three others that share
the hexaploidy, we traced the history of gene loss after the WGT using the Polyploidy
Orthology Inference Tool (POInT). We confirm the two-step formation model and infer
that there was a significant temporal gap between those two allopolyploidizations, with
about a third of the gene losses from the first two subgenomes occurring before the
arrival of the third. We also, for the 90,000 individual genes in our study, make parental
subgenome assignments, inferring, with measured uncertainty, from which of the
progenitor genomes of the allohexaploidy each gene derives. We further show that each
subgenome has a statistically distinguishable rate of homoeolog losses. There is little
indication of functional distinction between the three subgenomes: the individual
subgenomes show no patterns of functional enrichment, no excess of shared protein—
protein or metabolic interactions between their members, and no biases in their likelihood
of having experienced a recent selective sweep. We propose a “mix and match” model of
allopolyploidy, in which subgenome origin drives homoeolog loss propensities but where

genes from different subgenomes function together without difficulty.
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INTRODUCTION

Fifty years ago, Ohno (1970) published a forceful opus on the role of gene
duplication, and in particular of genome duplication (i.e., polyploidy), in evolutionary
innovation. Since then, evidence both of polyploidy's ubiquity (Wolfe and Shields
1997; Van de Peer et al. 2009, 2017; Soltis and Soltis 2012) and of its role in
evolutionary innovations such as yeast aerobic glucose fermentation, the organization of
the retinas of teleost fishes, and in plant defensive compounds, has continued to
accumulate (Conant and Wolfe 2007; Merico et al. 2007; van Hoek and Hogeweg
2009; Edger et al. 2015; Sukeena et al. 2016). Preeminent among the polyploid lineages
are the flowering plants, in which more than 180 ancient polyploidies are known (One
Thousand Plant Transcriptomes Initiative 2019).

When a new polyploid genome is created by the merging of similar but not
identical progenitor species, it is referred to as an allopolyploid. Among allopolyploidies,
the preferential retention of gene copies (homoeologs) from one of the parental
subgenomes, known as biased fractionation, has been observed in yeast, maize, cotton,
monkeyflower, Arabidopsis, Brassica, and nematodes (Thomas et al. 2006; Conant and
Wolfe 2008a; Cheng et al. 2012; Parkin et al. 2014; Renny-Byfield et al. 2015; Edger et
al. 2017; Emery et al. 2018; Schoonmaker et al. 2020). Allopolyploids also show a
tendency for genes from one of the subgenomes to be more highly expressed, and
silencing or loss of genes from the remaining subgenomes is correspondingly more likely
(Thomas et al. 2006; Schnable et al. 2011; Yoo et al. 2014). A number of sources of these
biases have been proposed, from variations in transposon silencing (Freeling et al.

2012; Woodhouse et al. 2014; Zhao et al. 2017; Alger and Edger 2020), to the disruption
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of organelle-nucleus communication (Sharbrough et al. 2017; Costello et al. 2020) and
epigenetic changes attributed to the genomic shock of polyploidy (McClintock

1984; Bird et al. 2018; Wendel et al. 2018). In this work, we sought to critically evaluate
one such proposal: that allopolyploids might bring together coevolved and conflicting
copies of multiprotein complexes (Codofier and Fares 2008; Gong et al. 2012; Scienski et
al. 2015; Emery et al. 2018). In this framework, early random gene losses from one
subgenome that partly resolved these conflicts might then set the polyploidy down a path
favoring losses from that subgenome. A related proposal was made by Makino and
McLysaght (2012), who argued that selection to maintain dosage balance among
interacting genomic neighbors could produce local, and eventually global, biases in
fractionation.

It is also notable that not all homoeologs are equally likely to revert to single copy
after a polyploidy, regardless of the level of biased fractionation. Duplicated genes
coding for transcription factors, ribosomal proteins, and kinases are over-retained after
independent polyploidies in flowering plants, yeasts, ciliates, and vertebrates (Seoighe
and Wolfe 1998; Blanc and Wolfe 2004; Maere et al. 2005; Aury et al. 2006; Makino and
McLysaght 2010). These patterns are best explained by a need to maintain dosage
balance among highly interacting genes (Birchler et al. 2005; Hakes et al. 2007; Birchler
and Veitia 2012, 2014; Conant et al. 2014). There are also genes that prefer not to be
duplicated: genes for DNA repair and those targeted to organelles have returned to single
copy rapidly after genome duplication (De Smet et al. 2013; Conant 2014).

The Brassiceae are the most morphologically diverse tribe in the family

Brassicaceae (Cheng et al. 2014) and contain important crops such as broccoli, cabbage,
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kale, mustard, and canola. This tribe experienced a hexaploidy (i.e., whole-genome
triplication [WGT]) between 5 and 9 million years ago after its divergence
from Arabidopsis thaliana (Wang et al. 2011). This Brassiceae WGT is a valuable system
for studying all the aforementioned phenomena because the triplication allows us to
explore each in unusual detail. This polyploidy was originally inferred with comparative
linkage mapping (Lagercrantz 1998; Lukens et al. 2004; Parkin et al. 2005; Schranz et al.
2006) and confirmed by chromosome painting (Lysak et al. 2005; Lysak 2009). The
patterns of biased fractionation observed in the genome of Brassica rapa suggested that
the triplication “event” was actually two separate allopolyploid hybridizations involving
three distinct diploid progenitor species, with the merger of the two currently highly
fractionated ancestral subgenomes occurring first, followed by the subsequent addition of
a third subgenome, which currently possesses the most retained genes (Cheng et al.
2012; Tang et al. 2012). However, this proposal is worth revisiting as it rests on
inferences from a single genome: a phylogenetically broader analysis of the genomes that
descend from the hexaploidy would more firmly ground our descriptions of its early
history. At the moment, we lack genomes from early diverging lineages with the
hexaploidy, such as those in the genus Crambe, which is sister to the
genus Brassica (Arias and Pires 2012). Biologically, Crambe species are not only
important industrial oilseed sources because of their high erucic acid content (Lazzeri et
al. 1997; Warwick and Gugel 2003; Carlsson et al. 2007) but also could serve as
resources for Brassica crop development (Rudloff and Wang 2011).

Using a new genome sequence from Crambe hispanica, we analyzed the

Brassiceae WGT with our tool for modeling post-polyploidy genome evolution: the
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Polyploidy Orthology Inference Tool (POInT) (Conant and Wolfe 2008a). We sought to
first confirm the two-step hexaploidy model and its relationship to the observed three
subgenomes in the extant genomes. POInT, which we recently extended to allow the
analysis of WGTs (Schoonmaker et al. 2020), is ideally suited to this task because it can
model homoeolog losses phylogenetically and test for biases in fractionation without ad
hoc assumptions. We then tested the proposal that functional differences between the
allopolyploid progenitors contributed to the biases in homoeolog losses using functional
hierarchies, gene coexpression information, protein interaction catalogs, and metabolic

network data.

RESULTS

A well-assembled and annotated genome of Crambe hispanica

The genome of Crambe hispanica was assembled using Pacific Biosciences
(PacBio) reads. This assembly had a contig N50 of 4.4 Mb across 1019 contigs with a
total assembly length of 480 Mb. Eleven terminal telomeres were resolved by the Canu
assembler (Koren et al. 2017). The assembly graph showed low heterozygosity and few
assembly artifacts, with the exception of one megacluster consisting of a high copy
number LTR across 500 contigs and spanning ~30 Mb. The draft assembly was then
polished using Illumina paired-end data. We also used Hi-C proximity ligation
sequencing data to scaffold the genome, which resulted in 18 scaffolds that include
99.5% of the original assembly with a scaffold N50 of 32.6 Mbp and scaffold N90 of
30.1 Mbp. The annotated genome is of high quality: we compared its gene set against the

Benchmarking Universal Single-Copy Orthologs (BUSCO v.2) (Simao et al. 2015) plant
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data set (embryophyta odb9), finding that 95.8% of these expected genes were present in

our annotation.

Inferring blocks of triple-conserved synteny in four triplicated Brassiceae genomes
and estimating an ancestral gene order

Based on their phylogenetic placement and assembly quality, we selected and
retrieved from CoGe (Lyons and Freeling 2008; Lyons et al. 2008a) three additional
mesohexaploid genomes for our analyses: those of Brassica rapa (version 1.5, CoGe id
24668) (Wang et al. 2011), Brassica oleracea (TO1000 version 2.1, CoGe id 26018) (Liu
et al. 2014; Parkin et al. 2014), and Sinapis alba (version 1.1, CoGe id 33284). For each
of these four genomes, we inferred blocks of triple-conserved synteny (TCS), with the
genome of Arabidopsis thaliana used as an unduplicated reference. We then merged
these blocks across all of the four genomes: we refer to each such locus as a “pillar.”
Each pillar consists of between one and three surviving genes in each of the four
genomes. As described in Methods, we used both a set of TCS blocks inferred with
POInT containing 14,050 pillars (Ppiars) and a separate ancestral genome reconstruction
that estimates the gene order that existed just before the WGT. The latter contains five
reconstructed ancestral chromosomes involving 89 scaffolds with a total of 10,868
ancestral genes. When we match these genes to the TCS blocks computed with POInT,

the result is 7993 ancestrally ordered pillars (Apittars).

Inferring the evolutionary relationships of the four Brassiceae genomes from gene

loss patterns
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We fit models of WGT evolution (see below) to several different orderings of the
14,050 pillars in the Prpiars set and to the Apinars (Supplemental Table S1). These orderings
of the Ppinars differed in their number of synteny breaks: we used the ordering with the
highest likelihood under the WGT 3rate G1Dom model for our remaining analyses (see
below). Similarly, we compared the fit of three possible phylogenetic topologies to the
pillars under this model: the remainder of our analyses use the topology shown in Figure
1, which has the highest likelihood. We note that one of the other two topologies,
although having a lower likelihood under POInT's models (Supplemental Fig. S1), is the
phylogeny estimated using plastid genomes (Arias and Pires 2012). Because
the Apiltars give similar parameter estimates but comprise a smaller data set, we will

discuss our results in terms of the Phpiitars.

The three subgenomes differ in their propensity for homoeolog copy loss

POINT uses user-defined phylogenetic Markov models of gene loss after WGT.
These models have seven states (Fig. 2): the triplicated state T, in which all three copies
from the WGT are still present; the “duplicated” states D12, D13, D23, in which one out
of the three gene copies has been lost, and three single-copy states, Si, Sz, and Ss.
Previous work suggested that the three subgenomes that formed these hexaploids are
distinct in their patterns of gene preservation (Cheng et al. 2012; Tang et al. 2012),
consisting of a less fractionated (LF) genome, a subgenome with intermediate levels of
gene loss (more fractionated 1 or MF1), and an even more fractionated subgenome
(MF2). We hence defined state St to correspond to LF and Sz and S3 to MF1 and MF2,

respectively
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POINT statistically assigned genes from each of the four mesopolyploid genomes
to the LF, MF1, and MF2 subgenomes with high confidence: 75% of the pillars have
subgenome assignments with posterior probabilities >0.84 (Supplemental Fig. S3). We
observe clear signals of biased fractionation: although we estimate that 2864 genes were
lost from the LF subgenome along the shared root branch (e.g., before the split of S.
alba from the other three species), the corresponding figures for MF1 and MF2 are 5373
and 6347, respectively (Fig. 1). These values are in qualitative agreement with previous
findings (Cheng et al. 2012, 2014; Liu et al. 2014; Xie et al. 2019).

We assessed the statistical support for these estimated differences in the
subgenomes’ rates of homoeolog loss using a set of nested models of post-WGT gene
loss. We started with a model (WGT Null) that did not differentiate between the
subgenomes, meaning that the shared base transition rate from T to D12, D13, or D23 is
defined to be a (0 < o < ) (Fig. 2). The transition rate from D12, D1,3, or D23 to S1, Sz,
or S3 is scaled by o; that is, it occurs at rate a X 6. We compared this model to a more
complex one that allowed losses of both triplicated and duplicated genes to be less
frequent from a posited LF subgenome (WGT 1Dom) (Fig. 2). This model introduces a
fractionation parameter f; (0 <f7 < 1), which potentially makes the transitions
between T and D3 rarer than the other T-to-D rates (a % f7) (Fig. 2). The WGT 1Dom
model fits the pillar data significantly better than does WGT Null (Fig. 2) (P < 1071,
likelihood ratio test with two degrees of freedom). We next compared the WGT 1Dom
model to a WGT 1Domg; model that gives MF1 and MF2 separate loss rates. Again, this
model gives a better fit to the pillar data than did WGT 1Dom (P < 1079, likelihood ratio

test with two degrees of freedom) (Fig. 2). We hence confirm the presence of three
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subgenomes, distinguishable by their patterns of homoeolog loss. Our approach does not
require the identification of these three subgenomes a priori: the probabilistic assignment
of genes to subgenomes is an integral part of the POInT orthology computation. As a
result, the inherent uncertainty in these assignments is accounted for in estimating the
various biased fractionation parameters. Our orthology inferences can be explored

visually with POInTprowse (http://wgd.statgen.ncsu.edu/).

Patterns of post-WGT gene loss support the two-step model of hexaploidy

To test the hypothesis that the WGT proceeded in two steps (Cheng et al.
2012; Tang et al. 2012), we used two approaches. First, we applied an extended version
of the WGT 1Domgs model in which each model parameter was allowed to take on
distinct values on the root branch and on the remaining branches (Root-spec. WGT
1Domgs) (Fig. 2). This extended model fits the pillar data significantly better than does
the original WGT 1Domgs model (P < 107!, likelihood ratio test with five degrees of
freedom) (Fig. 2). The biased fractionation parameters for the root branch differ from
those of the remaining branches: the value of /7,3 on the root is smaller than on later
branches (0.6445 vs. 0.7368), whereas /2,3 is larger (0.6766 vs. 0.4078). These values are
consistent with a two-step hypothesis: before the arrival of LF, there would have been a
number of losses from MF1 and MF2, meaning that the relative preference for LF would
be higher (smaller f7,3).

In our second approach, we developed a specific model of the two-step
hexaploidy (WGT 1Domgs+Rootir) (Fig. 2). This model describes the transition from a

genome duplication to a triplication. All pillars start in state D2 3: that is, the first
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allopolyploidy has just occurred and the MF1 and MF2 genes are present but not the LF
ones. We then model the addition of LF as transitions to either the T, D12, or

the D13 states (with rates 1, P12, or P13, respectively). State T is seen when no losses
occurred before the arrival of LF, the other states occur when either MF1 or MF2
experienced a loss before the arrival of LF. Any pillars that remain in D23 had no
corresponding gene arrive from LF. Of course, at the level of the individual pillar, we
have insufficient data to make such inferences; the utility of this model is to give global
estimates of the degree of fractionation seen in MF1 and MF2 before the arrival of LF.
This model offers a significantly improved fit over WGT 1Domgs (P < 1071, likelihood
ratio test with three degrees of freedom) (Fig. 2). More important, we can propose other
versions of this model in which either MF1 or MF2 is the last arriving subgenome; when
we do so, the model fit is much worse than seen with WGT 1Domgs+RootLr model
(Supplemental Table S1). Hence, we can conclude that subgenomes MF1 and MF2 had
already begun a process of (biased) fractionation before the addition of the LF
subgenome. These conclusions derive only from genes that were inferred to be present in

all three parental subgenomes, a requirement of the POInT models.

A gap between the two allopolyploidies

This root-specific model also allows us to estimate the state of MF1 and MF2
immediately before the arrival of LF. In particular, we can estimate the percentage of
pillars that had already experienced losses before LF's arrival. About 28% of all the MF1

homoeologs inferred to have been lost on the root branch were lost before the arrival of
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LF, with the equivalent number of MF2 losses being 38%. A negligible 0.3% of pillars do

not appear to have received a copy of the LF homoeolog.

Mixed evidence for differences in selective constraint between subgenomes

In our data set there are 218 loci that have retained triplicates in all four genomes
and have subgenome assignment confidence > 95%. For each locus we calculated the
selective constraints acting on the group of 12 genes using codeml (Yang 2007), allowing
the genes from each subgenome to have a different dn/ds value. On average, among these
retained triplets, genes from the LF subgenome show slightly smaller dn/ds values than
do those from MF1 and MF2, but these differences are not statistically significant
(Wilcoxon rank-sum tests LF to MF1: P = 0.300, LF to MF2: P =0.079) (Supplemental

Fig. S4).

Single-copy genes from multiple subgenomes are enriched in genes functioning in
DNA repair

GO overrepresentation tests were performed with the Arabidopsis orthologs of
genes returned to single copy by the end of the root branch from each subgenome.
Similar to previous findings (De Smet et al. 2013), we found that single-copy genes are
enriched in biological processes such as DNA repair and DNA metabolism
(Supplemental Fig. S5). More specifically, single-copy genes from the LF subgenome are
enriched in base-excision repair, whereas MF1 single-copy genes are enriched in
nucleotide-excision repair, non-recombinational repair, and double-strand break repair

(Supplemental Fig. S5A). Single-copy genes from both LF and MF1 show
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overrepresented molecular functions in endo- and exodeoxyribonuclease activities
(Supplemental Fig. S5B). LF single-copy genes are also enriched in RNA interference
processes, suggesting that such interference, targeted to the MF1 and MF2 subgenomes,

could be one mechanism by which biased fractionation was driven.

Genes from the same subgenome are not overly likely to physically or metabolically
interact

For genes with high subgenome assignment confidence (=95%), we mapped those
assignments (LF, MF1, or MF2) and the duplication status at the end of the root branch
onto the nodes (gene products) of the A. thaliana protein—protein interaction (PPI)
network (Methods). For comparative purposes, we also produced a mapping of an extant
network, based on the gene presence/absence data and subgenome assignments in B.
rapa. In the “ancient” network inferred at the end of the common root branch, there are a
relatively large number of nodes (1952) associated with surviving triplicated loci; these
nodes were connected by a total of 2384 triplet-to-triplet edges. The B. rapa-specific
network contains fewer nodes with retained triplets (662), and there were 263 edges
connecting these nodes (Fig. 3A).
The dosage constraints that affect surviving gene copies post-polyploidy will tend to
result in the retention of genes involved in multiunit complexes or in the same signaling
pathways (Birchler and Veitia 2007, 2012; Conant et al. 2014). Thus, we expected to see
that the retained triplets showed higher network connectivity. And indeed, our
permutation tests reveal that the retained triplets on the root branch are significantly

overconnected to each other in the PPI network (P = 0.018) (Supplemental Fig. S6). We
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also hypothesized that proteins coded for from the same subgenome would be more likely
to be connected because of preferential retention of genes from a single complex from the
same subgenome. To test this idea, we partitioned the gene products based on their
subgenome of origin. The LF subgenome contains more genes and thus more exclusive
connections (Fig. 3B). When considering only genes that had returned to single copy by
the end of the root (Fig. 3C), we identified 188 LF-LF edges among 886 single-copy LF
genes, with fewer edges exclusive to MF1 and MF2 genes (30 and 3, respectively). We
used randomization (Methods) to test whether the numbers of such subgenome-specific
edges differed from what would be expected by chance. When considering the network as
a whole, we found that there were significantly fewer LF-LF edges than expected (P =
0.022) (Supplemental Fig. S6). However, when we considered only the single-copy genes
in the network, the number of subgenome-specific edges did not differ from that seen in
random networks for any of the three subgenomes (P = 0.286 for LF-LF edges)
(Supplemental Fig. S6), suggesting that the original dearth of such edges was a statistical
artifact resulting from the excess of triplet-to-triplet edges.

We also explored the association of between genes’ role in metabolism and their
pattern of post-hexaploidy evolution using the 4. thaliana metabolic network (Methods).
However, again considering the state of each pillar at the end of the root branch, we did
not find an excess of shared metabolic interactions between triplicated or single-copy
genes in this network (Supplemental Fig. S6).

Finally, we asked whether genes from the same subgenome are more likely to be
coexpressed. We constructed a B. rapa coexpression network from the RNA-seq data

described in Methods. In this network, edges connect pairs of genes that are highly
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correlated in their expression (Methods). The inferred coexpression network contains
3933 nodes (e.g., genes) from the LF subgenome, 2310 nodes from MF1, and 1982 from
MF2. We then counted the number of edges connecting pairs of nodes from the same
subgenome. To assess whether there was an excess of such shared subgenome
coexpression relationships, we randomly rewired the network 100 times and compared
the edge count distributions from these randomized networks to those of the real network
(Pérez-Bercoff et al. 2011). We found that the real network did not show a significant
excess of shared edges between genes from the same subgenome when compared to the
randomized networks (LF-LF, P = 0.36; MF1-MF1, P = 0.82; MF2-MF2 P = 0.08) (Fig.

4A-F).

Subgenome of origin does not affect the propensity to have experienced a selective
sweep

We tested for associations between genes’ subgenome of origin and their
propensity to experience recent selective sweeps. Data on these sweeps was taken from a
recent scan in B. rapa by Qi et al. (2021). No subgenome had either an excess or a deficit
of observed sweeps relative to the other two (Supplemental Fig. S7). Genes from the
MF1 subgenome showed slightly negative association with selective sweeps (P = 0.0089,

¥ test).
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DISCUSSION

The combination of the new genome sequence of Crambe hispanica and our
modeling of the post-WGT evolution of the four Brassiceae genomes using POInT
allowed us to draw a number of conclusions regarding the Brassiceac WGT. We
confirmed previous work (Cheng et al. 2012; Tang et al. 2012) arguing that these
genomes derive from a pair of ancient allopolyploidies: more subtly, we also show that,
as had been proposed, the least fractionated subgenome (e.g., the one with the most
retained genes) is very likely the genome that was added last. To these proposals, we add
the new observation that these hybridization events were likely not particularly closely
spaced in time: our model predicts that on the order of one-third of the gene losses from
subgenomes MF1 and MF2 that occurred on the root branch occurred before the arrival
of the LF subgenome. Of course, one should not take this result to necessarily imply a
very large number of calendar years between the events; gene loss immediately after
polyploidy can be quite rapid (Scannell et al. 2007; De Smet et al. 2013). In the future, it
will be interesting to further refine the timing of these events; the problem, however, is a
challenging one because the allopolyploid nature of the events means that molecular
clock approaches will tend to estimate speciation times for the allopolyploid ancestors
rather than hybridization times.

Many forces shape genome evolution after polyploidy. A tendency for genes that
operate in multiunit complexes or that are involved in signaling cascades to remain
duplicated post-polyploidy is best explained by the presence of dosage constraints driven

by a need to maintain the stoichiometry and kinetics of assembly for such functional units
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(Birchler et al. 2005, 2016; Birchler and Veitia 2007, 2012; Conant et al. 2014). On the
other hand, genes involved in functions such as DNA repair very often return rapidly to
singleton status after duplication (Freeling 2009; De Smet et al. 2013). Our results
illustrate the importance of these dosage effects, with genes whose products interact with
many other gene products in 4. thaliana being overly likely to be retained in triplicate in
these Brassicae genomes. This pattern is not observed for metabolic genes, a result we
interpret as illustrating metabolism's dynamic robustness to gene dosage changes (Kacser
and Burns 1981).

We had previously argued that one force driving the biased fractionation that
distinguishes the LF, MF1, and MF2 subgenomes might be selection to maintain
coadapted complexes from a single parental subgenome (Emery et al. 2018). That such
coadapted complexes exist and respond to polyploidy is suggested by the gene
conversions seen after the yeast polyploidy among the duplicated ribosomal and histone
proteins (Evangelisti and Conant 2010; Scienski et al. 2015). However, these examples
may be exceptions rather than the rule, meaning that pressure to maintain coadapted
complexes is not a significant driver of biases in fractionation. We found that although
there was some degree of functional distinction for single-copy genes from the LF
subgenome (e.g., enrichment in biological processes such as DNA repair and RNA
interference), more generally speaking, there was no significant evidence of functional
incompatibilities between single-copy genes from different subgenomes. Thus, genes
from the same subgenome were not more likely to interact with each other physically, nor
were the genes returned to single copy on the common root branch functionally

subdivided among the subgenomes. Even the DNA repair enzyme genes that rapidly
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returned to single copy appear to derive from at least two of the three subgenomes. It
hence appears that the original hypothesis of De Smet et al. (2013) that these genes may
be prone to dominant negative interactions may best explain their preference for a single-
copy state.

It remains to be seen if the “mix and match” pattern of subgenome retention
observed here represents the dominant mode of evolution for allopolyploidies. Of course,
whether or not subgenome conflicts exist may be partly a question of the preexisting
differences between the progenitor species, and a more general survey of allopolyploidies
that includes estimates of the progenitor genomes’ divergence before the polyploidy
events would be most enlightening. If the pattern holds, however, the implications would
be significant, because hybridization represents an important means of adaption (Paterson
2005; Hollister 2015; Alix et al. 2017; Blanc-Mathieu et al. 2017; Smukowski Heil et al.
2017). Adding the effects of hybridization to polyploidy's known association with
innovation (Edger et al. 2015) and to the tendency of dosage sensitive genes to remain
duplicated for the longer periods needed for such innovations (Blanc and Wolfe
2004; Conant and Wolfe 2008b; Conant et al. 2014; Zhao et al. 2017; Liang and Schnable
2018; Qiu et al. 2020) makes a strong case for considering polyploidy a critical source of

material for innovation at the genomic level.

METHODS

Crambe hispanica (P1 388853) sample preparation and genome sequencing
Leaf tissue was harvested from 36 dark treated inbred plants (selfed for nine

generations; PI 388853). Dark treatment was performed to reduce chloroplast abundance
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and involved leaving the plants in a dark room for 3—4 d. After treatment, 5 g of tissue
was collected across 36 plants. This process was repeated three times, allowing us to
obtain a total of 15 g of tissue. This tissue was then sent to the University of Delaware
Sequencing and Genotyping Center at the Delaware Biotechnology Institute for high
molecular weight DNA isolation and library preparation before PacBio and Illumina
sequencing. Libraries were prepared using standard SMRTbell procedures, followed by
sequencing of 11 PacBio SMRT cells on a PacBio sequel and one PacBio SMRT cell of
RSII sequencing. Paired-end 150-bp reads were generated on an Illumina HiSeq 2500

system. For Hi-C scaffolding, 0.5 g tissue sample was sent to Phase Genomics.

Crambe hispanica v1.1 genome assembly and annotation

The assembly of the Crambe hispanica v1.1 genome was performed using Canu
v1.6 (Koren et al. 2017). In total, 3.9 million raw PacBio reads spanning 48 Gb were used
as input for Canu. The following parameters were modified for assembly:
minReadLength = 1000, GenomeSize = 500 Mb, corOutCoverage = 200 “batOptions=-dg
3-db3 —dr1-ca500-cp50”. All other parameters were left as default. The assembly
graph was visualized using Bandage (Wick et al. 2015) to assess ambiguities in the graph
related to repetitive elements and heterozygosity. The draft Canu assembly was polished
reiteratively using high-coverage Illumina paired-end data (82 million reads) with Pilon
v1.22 (Walker et al. 2014). Quality filtered Illumina reads were aligned to the genome
using Bowtie 2 (v2.3.0) (Langmead and Salzberg 2012) under default parameters, and the

resulting BAM file was used as input for Pilon with the following parameters: --flank 7, -
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-K 49, and --mindepth 8. Pilon was run recursively three times using the updated
reference each time to correct the maximum number of residual errors.

A Proximo Hi-C library was prepared as described (Phase Genomics) and
sequenced on an Illumina HiSeq 2500 system with paired-end 150 bp reads. The de novo
genome assembly of Hi-C library reads were used as input data for the Phase Genomics
Proximo Hi-C genome scaffolding platform.

The genome was annotated using MAKER (Campbell et al. 2014), using evidence
of protein sequences downloaded from the Araport 11 and Phytozome 12 plant databases
(Goodstein et al. 2012; Cheng et al. 2017) and C. hispanica transcriptome data. The
transcriptome data for genome annotation was extracted from bud, root, and leaf tissues
under standard daylight conditions using the Thermo Fisher Scientific PureLink RNA
Mini Kit. Library prep was done using Illumina TruSeq DNA PCR-free and sequenced
for nonstranded mRNA-Seq 2 x 250 on [llumina HiSeq. C. hispanica transcriptomic data
were assembled with StringTie (Pertea et al. 2015). Repetitive regions in the genome
were masked using a custom repeat library and Repbase Update (Bao et al. 2015) through
RepeatMasker Open-4.0 (Smit et al. 2015). Ab initio gene prediction was performed
using SNAP (Korf 2004) and AUGUSTUS (Stanke and Waack 2003). The resulting
MAKER gene set was filtered to select gene models with Pfam domain and annotation
edit distance (AED) <1.0. Then, the amino acid sequences of predicted genes were
searched against a transposase database using BLASTP and an E-value cutoff of
1071° (Campbell et al. 2014). If >30% of a given gene aligned to transposases after the

removal of low complexity regions, that gene was removed from the gene set.
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Triple-conserved synteny reconstruction

We developed a three-step pipeline for inferring the conserved synteny blocks
created by polyploidy (Emery et al. 2018). For the first step of this pipeline, we
used Arabidopsis thaliana Col-0 version 10.29 (CoGe genome id 20342) as a
nonhexaploid outgroup and identified homologous genes between it and each of the four
hexaploid genomes using GenomeHistory (Conant and Wagner 2002). Genes were
defined as homologous if their translated products shared 70% amino acid sequence
identity and the shorter sequence was at least 80% of the length of the longer. In the
second step, we sought to place genes from each of the hexaploid genomes into blocks of
triple-conserved synteny (TCS) relative to their A. thaliana homologs. To do so, we
inferred a set of “pillars,” each of which contains a single gene (or group of tandem
duplicates) from A. thaliana and between one and three genes from the hexaploidy
genome. Using simulated annealing (Kirkpatrick et al. 1983; Conant and Wolfe 2006),
we sought a combination of pillar gene assignments and relative pillar order that
maximized the TCS. In the third and final step, we merged the pillars across the four
hexaploid genomes, using their 4. thaliana homologs as indices. We then sought a global
pillar order that minimized the number of synteny breaks across all of the hexaploid
genomes (Supplemental Fig. S2). These three steps resulted in a set of 14,050 ordered
pillars, each with at least one surviving gene from each of the four genomes (Fig. 1) and a
corresponding “ancestral” gene from 4. thaliana. Supplemental Table S1 shows that
POInT's model inferences are consistent across a number of such estimated ancestral

orders.
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An ancestral genome order reconstruction

As a verification of our POInT pipeline, we also sought an independent inference
of the order of the genes in the parental subgenomes just before the first step of
the Brassica triplication. First, we used CoGe's SynMap (Lyons et al. 2008b) to identify
homologs between the A. thaliana and Arabidopsis lyrata genomes and those between B.
rapa and B. oleracea. The SynMap algorithm was applied with a chaining distance of 50
genes and a minimum of five aligned gene pairs to identify likely orthologous genes in all
pairwise comparisons of the four genomes. Paralogs were identified by self-comparisons
of each of the two Brassica genomes with SynMap. Then these orthologs and paralogs
were grouped into 24,011 homology sets with the OMG! program (Zheng et al. 2011).
Every homology set consists of one to three Brassica paralogs from each of the
three Brassica genomes and a single Arabidopsis gene from each of the
two Arabidopsis genomes, representing one “candidate gene” in the reconstructed
ancestral genome. Among these, 2178 homology sets contained the maximum of eight
genes (one each from the two Arabidopsis genomes and three each from the
two Brassica genomes).

The homology sets were used to retrieve the ancestral gene order from an
adjacency graph using an efficient algorithm called Maximum Weight Matching (MWM)
(Zheng et al. 2013). We identified all the gene adjacencies in the four genomes,
considering only the genes in the homology sets. Each adjacency was then weighted
according to how many of the eight possible adjacencies were actually observed. The
MWM produced an optimal set of 10,944 linear contigs containing all 24,001 putative

ancestral genes from the homology sets that included 13,057 of 45,982 total adjacencies
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in the data set, with the remaining adjacencies being inconsistent with this optimal set.
We used the contigs in the output of the MWM to reconstruct each of the five ancestral
chromosomes. There were 34 contigs containing large proportions of genes originating in
two or more of the ancient chromosomes that were discarded, as were any contigs
containing four or fewer genes from a Brassica genome. Although the 9712 contigs so
omitted represent 89% of all contigs, they represent only 55% of the genes, leaving a
small group of large contigs with strong synteny relations in our ancestral reconstruction.
We next identified adjacencies among the contigs themselves and applied a second
iteration of MWM on them, giving the optimal ordering of those contigs. Combining
these orders with the existing gene order information within each contig yields the
position of all the genes on each ancestral chromosome. This order was mapped to our set

of pillars of TCS, giving a subset of those pillars ordered by this ancestral order estimate.

The phylogenetic relationships of the triplicated members of the Brassicaceae
POInT fits the models shown in Figure 2 to the pillar data under an assumed
phylogenetic topology using maximum likelihood, allowing us to use that likelihood
statistic to compare different phylogenetic relationships among these four hexaploid taxa.
POInT's computational demands were too great to allow testing all 15 rooted topologies
of four species (POInT's models are not time reversible). However, by making the
reasonable assumption that B. rapa and B. oleracea are sister to each other, we were able
to test the three potential relationships of C. hispanica and S. alba to the
two Brassicas. Figure 1 gives the maximum likelihood topology: the two alternative

topologies and their likelihoods are given in Supplemental Figure S1.
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Selective constraints of the retained triplets

We identified 218 pillars that retained triplicated genes across all four genomes
and for which the confidence in their subgenome assignments was > 95%. For each such
pillar, the 12 sequences were aligned using T-coffee (Notredame et al. 2000). The
cladogram for each such set of 12 genes consists of three subtrees grouping four
sequences that belong to the same subgenome in the same sister group (Supplemental
Fig. S4). Using codeml in PAML (Yang 2007) with CodonFreq set to F3 x 4, we inferred
three distinct dn/ds ratios, one for each of the three subtrees deriving from the three

parental subgenomes.

Functional analysis of single-copy genes from different subgenomes

We performed functional analysis for genes where we have high (=95%)
confidence that they returned to single copy along the common root branch. Using the
corresponding “ancestral” locus from A. thaliana, we performed individual Gene
Ontology analyses with PANTHER (Mi et al. 2019) overrepresentation tests (release date
20190711) for genes from each subgenome. The background list used in all cases was the

loci that remained duplicated or triplicated at the end of the root branch.

Protein—protein interaction and metabolic network analysis
The A. thaliana protein—protein interaction (PPI) network was downloaded from
BioGRID (Arabidopsis Interactome Mapping Consortium 2011; Stark et al. 2011). The

root branch post-WGT subgenome assignments for each “ancestral” locus represented by
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an Arabidopsis gene were mapped onto the nodes (gene products) of the PPI network, so
long as our confidence in those subgenome assignments was >95%. Similarly, for the
extant B. rapa, we took loci with high subgenome assignment confidence >95% and
mapped their A. thaliana orthologs onto network nodes. The resulting PPI network (Fig.
3) was visualized using Gephi 0.9.2 (Bastian et al. 2009) with the Fruchterman Reingold
and Yifan Hu layout algorithms (Fruchterman and Reingold 1991; Hu 2006). To test
whether gene products from the same subgenome are overconnected in this network, we
permutated the subgenome assignments 1000 times, holding the network topology
unchanged. We then compared the actual number of edges connecting single-copy genes
from the same subgenome with the distribution of this value seen in the randomized
networks (Supplemental Fig. S6). We also asked whether the ancestral genes
corresponding to retained triplets showed an excess of connections among themselves.
Because the number of edges between retained triplets and between single-copy genes are
not independent, we performed an additional set of permutations, in which we held all the
triplet rows constant and only shuffled the subgenome assignments of the remaining
nodes.

We performed similar analyses using the AraGEM v1.2 metabolic network
from A. thaliana (de Oliveira Dal'Molin et al. 2010; Bekaert et al. 2012). In this network,
each node represents a biochemical reaction, and pairs of nodes are connected by edges if
their respective reactions share a metabolite. For each A. thaliana gene encoding an
enzyme catalyzing one such reaction, we mapped the root branch subgenome
assignments (again requiring >95% confidence), assigning to that gene three

presence/absence variables (one per subgenome). Then, for each subgenome, we counted
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the number of edges between pairs of nodes with at least one pair of single-copy genes
from a common subgenome. We assessed significance by holding the network topology
and Arabidopsis gene assignments constant and randomizing the subgenome assignments
1000 times. We then compared the distributions of the single-subgenome edge counts

from the simulations with the actual values (Supplemental Fig. S6).

Brassica rapa coexpression network analysis

We generated a gene expression data set for Brassica rapa spanning diverse
experimental conditions, including the following: a cold treatment in leaves (4 h and 28 h
post), methyl jasmonate treatment in leaves (4 h and 28 h post), anaerobic treatment in
leaves (4 and 8 h post), salt treatment in roots (4 h and 28 h post), and a diurnal time
course in leaves (every 4 h, six time points) in standard light-dark conditions but also in
complete dark and complete light conditions. Total RNA was extracted from above
organs using the Invitrogen Purelink RNA Mini Kit (Thermo Fisher Scientific),
converted into a library using the [llumina TruSeq RNA kit, and paired-end 100-bp reads
were sequenced on the HiSeq 2000 instrument at the VIC Genomics Sequencing
Laboratory at the University of California, Berkeley. The NextGENe V2.17
(SoftGenetics) software package was used to remove low-quality [llumina data, map
reads to the B. rapa FPsc (v1.0, CoGe id 20101) reference genome, and calculate
normalized reads per kilobase of transcript per million (RPKM) values for all genes.

We filtered the data set to only include genes that were missing a measured
expression value for at most one of the 32 RNA-seq libraries, leaving 24,907 B.

rapa genes in it. The gene identifiers used for the expression data set were from the B.
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rapa FPsc (v1.0, CoGe id 20101) reference genome, so we translated these identifiers to
those from B. rapa Chiifu (v1.5, id 24668) using CoGe SynMap (Lyons et al. 2008b). In
so doing, we only used B. rapa genes with one-to-one matches between the two
references. For any pair of genes in the expression data set, we calculated the Spearman's
correlation coefficient of their RPKM values. A coexpression network was then
constructed using highly correlated gene pairs, for example, pairs having Spearman's
correlation coefficients >0.9 (positive correlations), or <—0.9 (negative correlations).
Thus, the nodes of this coexpression network are B. rapa genes, and the edges represent
correlation in expression. The coexpression network was randomized 100 times by
rewiring the edges while holding the nodes and their subgenome assignments unchanged.
In other words, all edges were broken and randomly reconnecting, preserving the degree
of every node (Pérez-Bercoff et al. 2011). The distributions of inter-subgenome and intra-

subgenome edge counts are shown in Figure 4.

Association between recent selective sweeps in B. rapa and subgenomes origin

B. rapa genes were divided into those in the regions of selective sweeps detected
by SweeD (Pavlidis et al. 2013) in either turnip, toria, Indian sarson, pak choi, or Chinese
cabbage (vegetable types of B. rapa) and those showing no such signatures (Qi et al.
2017, 2021). We tested whether particular subgenomes (posterior probability >0.95) were
unusually likely or unlikely to have experienced a selective sweep using y? test. The
association plot as shown in Supplemental Figure S7 was visualized using the ved
package version 1.4-4 in R 3.6.0 (Meyer et al. 2006; Zeileis et al. 2007; R Core Team

2019).
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Figure B-1: Subgenome assignment and inference of gene loss after the shared WGT in four species.
After the WGT, each ancestral locus could potentially expand to three gene copies, but owing to biases in
the loss events, the number of surviving genes from the subgenomes are unequal. Our analyses (Results)
indicate the presence of a less fractionated (LF) subgenome and two more fractionated ones (MF1 and
MF2). These inferences are based on the gene losses observed across four genomes and along the
phylogeny depicted. Shown here is a window of 16 post-WGT loci (of the total 14,050 such loci) in four
species that share the WGT: Brassica rapa, Brassica oleracea, Crambe hispanica, and Sinapis alba. Each
pillar corresponds to an ancestral locus, and the boxes represent extant genes. Pairs of genes are connected
by lines if they are genomic neighbors (e.g., in synteny). The numbers above each pillar are the posterior
probabilities assigned to this combination of orthology relationships relative to the other (3!)*~1 = 1295
possible orthology states. The numbers above each branch of the tree give the number of genes in each
subgenome surviving to that point, with the number of gene losses in parentheses. The gene loss inferences
made by POInT are probabilistic: because some gene losses cannot be definitively assigned to a single
branch, the resulting loss estimates are not integers. The numbers below the branches in the first subtree are
POInT's branch length estimates (ar).
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Figure B-2: POInT's models for inferring WGT. Five different models of post-WGT evolution and their
In-likelihoods are shown. In each model, the colored circles represent different states. The brown circle
represents the triplicated state (T); the pink circles are duplicated states (D1,2, D13, and D2,3); the blue,
green, and yellow circles are three single-copy states (S1 for the LF subgenome, Sz for the MF1 subgenome,
and Ss for the MF2 subgenome). The transition rates between states are shown above the arrows: (o)
transition rate from triplicated state to duplicated states; (0o) transition rates from duplicated states to
single-copy states; (f) fractionation parameters; (B and 1) root model parameters. Red arrows connect pairs
of models compared using likelihood ratio tests (Methods). In the WGT Null model, transition rates are the
same across three subgenomes, modeling the scenario of no biased fractionation. In the WGT 1Dom model
with the biased fractionation parameter f7 (0 <f7 < 1), the MF1 and MF2 subgenomes are more
fractionated than LF subgenome. In the WGT 1Domgs model, two fractionation

parameters /7,3 and /2,3 were introduced, distinguishing the three subgenomes: MF2 is more fractionated
than MF1, and MF1 is more fractionated than LF. The Root-spec. WGT 1Domgs model is similar to the
previous model, but with two sets of parameters, one set for the root branch and the other for the remainder
of the branches. The WGT 1Domgs + Root model is a two-step hexaploidy model created by starting each
pillar in an intermediate state Da,3. This state represents the merging of the MF1 and MF2 subgenomes as
the first step of the hexaploid formation. The T, D1,2, and D13 states represent the second allopolyploidy,
with either no prior homoeolog losses (T) or a loss from one of the two MF subgenomes before that event
(D1,2, or D13).
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Figure B-3: Protein—protein interaction networks after the WGT. (4) The Arabidopsis PPI network at the
root branch (bottom), and the same PPI network colored by the Brassica rapa gene retention status (top).
The dark purple nodes represent retained triplets. (B) The PPI network partitioned by subgenome
assignment at the root branch: (LF) red, 4249 nodes and 8454 edges; (MF1) green, 3379 nodes and 6442
edges; (MF2) blue, 3073 nodes and 4961 edges. (C) A subset of the PPI network where only nodes encoded
by single copies genes and connected to other single-copy nodes are shown. Red nodes are from the LF
subgenome, green nodes are from the MF1 subgenome, and blue nodes are from the MF2 subgenome.
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Figure B-4: Subgenome-specific edge counts for 100 rewired Brassica rapa coexpression networks
compared to those from the actual network. (4) Distribution of the number of edges connecting pairs

of B. rapa genes from the LF subgenome in 100 rewired networks. (B) Distribution of the number of edges
connecting pairs of genes from the MF1 subgenome. (C) Distribution of the number of edges connecting
pairs of genes from the MF2 subgenome. (D) Distribution of the number of edges connecting LF genes to
MF1 genes. (E) Distribution of the number of edges connecting LF genes to MF2 genes. (F) Distribution of
the number of edges connecting MF1 and MF2 genes. In each panel, the dark gray dashed line shows the
number of edges with that set of subgenome assignments for the true network.
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