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ABSTRACT

Specialized metabolites are chemical tools produced by organisms to aid in their interaction
with the surrounding environment. These diverse compounds can often function as metabolic
weapons (e.g. antibiotics), structural components (e.g. lignins), or even attractants (e.g. flavonoids).
Because of their frequent utilization in niche environments, specialized metabolite production is
often lineage- or even species-specific. Therefore, knowledge between specialized metabolic
systems is often nontransferable, which poses a major obstacle in the characterization of these
bioactive and commercially relevant compounds. Beyond resolving the chemical composition of
a specialized metabolite, the identification of responsible pathway genes and the evolutionary
processes responsible for their formation is an arduous task. These gaps in knowledge are further
widened by the lack of genomic resources available for specialized metabolite producing species.
In this work, we present the genome assemblies of two organisms, each with unique specialized
metabolic pathways: the Chinese medicinal plant Lithospermum erythrorhizon and the toxic
golden alga Prymnesium parvum. Leveraging the predicted proteome of L. erythrorhizon, we
investigated the evolutionary history of specialized metabolic genes responsible for the production
of shikonin, a 1,4-naphthoquinone specialized metabolite. We identified a retrotransposition-
mediated duplication event responsible for the creation of the core shikonin biosynthesis gene,
PGT. In addition, we performed a global coexpression network analysis to identify regulatory and
enzymatic gene candidates involved in the shikonin biosynthesis pathway. We also built
phylogenetic trees of known and candidate shikonin genes to reveal patterns of lineage-specific
gene duplication and retroduplication. Like plants, unicellular algae are known for their production
of diverse, often toxic, specialized metabolites. However, these species are often enigmatic. For
example, previous studies have documented large phenotypic variation in both toxin chemotypes
and levels among different strains of P. parvum. To investigate the genetic basis of this variation,
we generated near chromosome level assemblies of two P. parvum strains and performed a broad
genome survey of thirteen additional strains. As a result, we identified a commonly studied
reference strain, UTEX 2797, as a hybrid with two distinct subgenomes. We also provide evidence
of significant variation in haploid genome size across the species. Collectively, these studies
supply genetic resources for the future study of these organisms, as well as provide insight into the

evolution of their specialized metabolic pathways.
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CHAPTER 1. INTRODUCTION

1.1 Evolution of the genome

1.1.1 Mechanisms of gene innovation

Gene innovation is the process whereby a new gene is introduced into a genome and evolves a
novel function. Two major mechanisms of gene innovation are horizontal gene transfer and gene
duplication®.

The transfer of genetic material from one species into another through non-sexual
processes is referred to as horizontal gene transfer (HGT). HGT is accepted as a common mode of
gene transfer in prokaryotes, and also in eukaryotes, but to a lesser extent?. Within eukaryotes,
fungal lineages appear to harbor the most instances of observable HGT, though the sampling bias
of fungal genomes relative to other lineages (particularly microbial, i.e., protist lineages) may
contribute to this finding?. Regardless of lineage, HGT events can confer immediate evolutionary
benefits and often offer ecologically-related advantages by introducing genes novel to the
recipient®.

Gene duplication has been postulated as a major mechanism in producing novel genetic
material since the work of Susumu Ohno in 1970* Duplication events can vary dramatically in
terms of the portion of the genome affected, from fragments of a single gene (e.g. exon
duplication®) to the entire genome (i.e. whole genome duplication or WGD). WGDs can be the
result of autopolyploidization, in which multiple copies of the same genome are created and
maintained, as well as allopolyploidization, in which two distinct species are hybridized together
to create two subgenomes. The effect of genome doubling per se compared to the impact of
merging pre-existing genetic diversity via hybridization in polyploids remains unclear®’.
Hundreds of whole genome duplications (WGDs), or polyploidization events, have been identified
in eukaryotes, some dating back to 500 million years ago®. Local or tandem duplications are also
prevalent mechanisms of gene duplication. Often resulting from unequal crossover events®, these
duplications can create additional gene copies proximal to the genomic region of origin. Tandem
duplicates are identifiable in a large proportion of sequenced genomes and are thought to be a
major contributor to single gene family expansions!®!!. Lastly, transposon-mediated gene

duplication is also an established source of gene duplication. Class | elements are transposons
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capable of retrotranscribing an RNA intermediate and reintegrating it into the genome!?. Unlike
class II elements, which excise and insert through a ‘cut-and-paste’ mechanism, class I elements
produce duplicates of the original element. In addition to creating a copy of the original element
itself, class | elements are also capable of retrotranscribing and integrating mRNA transcripts of
other unassociated genes*®.

Following HGT or gene duplication, new genes are typically subjected to one of four
possible evolutionary outcomes: retention of ancestral function, nonfunctionalization (i.e.
pseudogenization), subfunctionalization, or neofunctionalization. In the case of
nonfunctionalization, one gene copy accumulates deleterious mutations while the other continues
performing the function of the ancestral gene. Subfunctionalization describes an event in which
both genes lose partial functionality of the ancestral gene but complement each other to retain the
original function. Lastly, neofunctionalization results in the acquisition of a novel function, i.e.,
innovation.

Different evolutionary pressures dictate the fate of gene duplicates and vary dependent
upon the mode of duplication. Gene dosage, i.e., the number of copies of a gene in a genome, is
hypothesized as a major factor impacting fate of new genes, as some molecular processes and
pathways are more sensitive to changes in gene dosage than others!**®. For example, some
duplications leading to increased accumulation of gene product may be functionally beneficial®®.
In contrast, imbalances of transcriptional and translational levels in more sensitive systems could
lead to instability, such as those of multi-subunit protein complexes'’. Therefore, gene retention is
also thought to be influenced by physiological and metabolic factors.

Duplications impacting the entire genome have different effects on relative gene dosage
compared to duplications at the single gene level. By effectively multiplying the entire genome
after WGD, gene stoichiometry is still maintained. Therefore, the loss of a WGD-derived gene
could initiate an imbalance. This is consistent with the observation of genes involved in dosage
sensitive processes are often over-retained after WGDs®. It has also been observed in
allopolyploids that gene balance can be maintained through dominance in expression or retention
of one gene copy over another'®. Instances of subgenome dominance are often observed in
allopolyploids, in which gene retention and expression are biased towards one subgenome over

the other?®,
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1.1.2 Biochemical outcomes of gene innovation

An organism’s metabolism is often informally classified as primary or specialized. Primary
metabolism refers to metabolic pathways and processes directly involved in growth, reproduction,
and development. Specialized metabolism, on the other hand, consists of processes not absolutely
involved in the survival of an organism. Specialized metabolic processes are often unique to
specific lineages and thus pathways are not universally conserved across eukaryotes or sometimes
within a single species!®. Compared to animals, specialized metabolism is expanded in plants,
fungi, and many protist lineages. The specialized metabolites produced by these lineages can vary
considerably in their function; ranging from structural components (e.g. lignins) to allelopathic
toxins (e.g. juglone). Many specialized metabolites function at the interface of an organism and its
environment?,

While primary and specialized metabolism may differ in their essentiality, they share a
biochemical connection. Specialized metabolites are often derived from primary metabolite
precursors?, creating metabolic linkages between pathways classified as primary and specialized.
Enzymes in specialized metabolic pathways can evolve from enzymes in primary metabolism via
changes in regulation, enzyme promiscuity, and protein-protein interaction?’. These shared
metabolic and evolutionary connections blur the distinctions between primary and specialized
metabolic pathways.

The relative contribution of tandem gene duplication and WGD in the evolution of
specialized metabolic genes is unresolved with different analyses of different species finding
different patterns. For example, Chae et al.?? found specialized metabolic genes were enriched in
tandem duplicates and depleted in WGD-derived genes in land plants. In contrast, expansion of
specialized metabolic gene families was significantly associated with whole genome duplication
events in angiosperms?3.The exploration of the relative contributions between tandem and WGD
has only been employed in a small number of species and far less effort has been made to measure
the impact of other mechanisms such as retroduplication. Further work identifying the relevant
modes of duplication in more species and diverse lineages would provide crucial insight into
possible lineage-specific biases.

Examples of gene innovation are abundant in specialized metabolism. Many popular
cultivated plant species (e.g. strawberry, potato, cabbage) have undergone recent polyploidization
events which have resulted in expanded metabolic capacities®®. Additionally, subsequent
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neofunctionalization of MAM tandem gene duplicates involved in glucosinolate biosynthesis (a
specialized metabolite involved in plant defense in Brassicales) has resulted in significant
differences in the substrate specificity and inhibition dynamics of the encoded enzyme?.

Quantitative changes in the existing metabolic profile of an organism can also facilitate the
generation of novel chemical reactions. A change in intracellular localization or regulation of a
metabolic process can also yield significant changes in metabolism. For example, the accumulation
of betalain in the Caryophyllales was mediated by the evolution of a feedback-insensitive ADH
gene, which produced an abundance of betalain precursor?. Evolution of gene regulation by trans-
acting factors can also facilitate metabolic innovation through expression divergence?®’. For
example, members of the WRKY transcription factor family in plants?®® and velvet family of
regulatory proteins in fungi?® have been demonstrated to directly regulate specialized metabolic
pathways.

One proposed mechanism responsible for the regulation of specialized metabolism genes is
the formation of metabolic gene clusters (MGCs). MGCs are collections of functionally related
genes located proximally to each other in the genome. Genes encoding an entire metabolic pathway
can be co-located in a genome including enzymatic genes, transcription factors, and transporters®’.
MGCs are frequently observed in fungi and are often transferred between fungal lineages via
HGT?3L. MGCs are less common in plants®?, though several plant MGCs have been identified®.
While the mechanisms leading to the formation of MGCs are not fully understood, the convergent
evolution of similar MGCs from unclustered pathways suggests that clustering is evolutionary
advantageous®. Hypotheses for the benefit of MGCs are that they promote coregulation®* and co-
inheritance via genetic linkage®®. For example, the toxicity avoidance hypothesis, which states that
gene coregulation and genetic linkage of MGCs minimize the impact of toxic intermediates
produced by mis-regulation or unbalanced gene loss, respectively®.

1.2 Genomic signatures of evolution

1.2.1 Synteny

Synteny is a measurement of the conserved order of loci along a chromosome. Comparing synteny
is a powerful approach used to identify structural variation between genomes. The use of synteny

in genetics predates whole genome sequencing, when genetic mapping was relied upon to
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determine the order and linkage between loci®’. Currently, synteny is integral to comparative
genomics, as it is frequently utilized to study changes in genome architecture®=°, Genome
sequence alignments can identify disruptions in synteny such as the absence of genetic sequence
in one region compared to another (indel), the reversal of sequence order (inversion), the relocation
of sequence (transposition), or sequence redundancy (duplication). Further, synteny has been a

useful tool in estimating the age of WGD events*° and tracing the evolution of MGCs*!,

1.2.2 Sequence divergence

Comparing the accumulation of observable mutations throughout a genome and their retention via
vertical inheritance is used as a proxy of relatedness and divergence. Variation between gene
sequences can be used to infer phylogenetic relationships between species. For example,
comparisons of variation in the highly variable internal transcribed spacer (ITS) sequence from
ribosomal DNA loci between species can be used to estimate species relationships and construct
phylogenies*. Multi-gene phylogenies, complimentary to synteny analyses, can resolve more
phylogenetically complex relationships such as incomplete lineage sorting, allopolyploidy*® and
introgression*. Phylogenetics has also assisted in the tracing of a gene’s evolutionary history by

dating evolutionary events such as gene duplications and HGT.

1.2.3 Homology

Homology, or similarity between genes because of shared ancestry, is frequently used to predict
shared functional identity between homologous genes. Homologous genes that have descended
from a single gene copy via speciation are denoted as orthologous®. Paralogs on the other hand,
are homologous gene sets that are derived from a duplication event. The ortholog conjecture is a
common assumption that orthologs are more functionally similar than paralogs*®, which has served
as the foundation of many functional genome annotation pipelines*’. This conjecture is based on
the reasoning that orthologs are under stronger selective pressures to maintain ancestral function,
while paralogs are more likely to develop novel functionality due to relaxed selective pressures.
While the validity of this conjecture is being actively tested*®*°, the majority of predicted

functional annotations remain based upon sequence homology®. Thus, due to the major
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contribution of gene duplication, homology-based approaches have limited utility when attempting

to precisely classify genes involved in specific specialized metabolic pathways.

1.2.4 Expression modularity

Another common feature of many specialized metabolic pathways is the presence of a rapidly
inducible and tightly coordinated regulatory network? 52, It is hypothesized that the tight
transcriptional regulation of specialized metabolic pathways reflects the specific spatial and
temporal roles specialized metabolites play in ecological interactions. Gene coexpression can be
an effective tool to identify genes in specialized metabolic pathways. Network analysis can be
used to model complex interactions within cellular and metabolic systems®®. Coexpression
networks have recovered known specialized metabolic pathway genes as coexpressed modules and
successfully predicted novel roles for genes in specialized metabolism based on coexpression
associations®>’". However, approaches that use a global coexpression network typically rely on
hundreds to thousands of expression datasets derived from a diverse set of conditions. Because of
the limited taxonomic distribution of such expression datasets, global coexpression networks have
not been applied to non-model species. Dataset limitations aside, coexpression network analysis
is effective in recovering metabolic pathways regardless of gene clustering or colocalization?%®’.
Therefore, this approach is more applicable for identifying pathway genes compared to MGC

mining approaches®®, especially in plants where MGCs are less common®2.

1.3 Methodological considerations of comparative genomics

The greater the number and taxonomic distribution of sequenced genomes and transcriptomes, the
stronger the foundation for comparative genomic studies. The ongoing genomics revolution has
been facilitated by advancements in sequencing throughput and cost efficiency brought by next
generation sequencing (NGS) technologies®. Large scale sequencing efforts, such as the 1000
plants initiative (1KP)®, have increased available genetic resources for a diverse selection of
species. However, there remains a strong sampling bias towards model species®®. This biases our
understanding towards biological processes most relevant in model systems. Further, the relatively
narrow taxonomic distribution of specialized metabolism genes compounds these limitations,

emphasizing the need for capturing under-sampled lineages in these datasets.
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The study of specialized metabolic pathways in non-model organisms often requires the
generation of sequencing data. De novo transcriptome assembly has emerged as a popular
approach to identify specialized metabolic pathways for multiple reasons. First, the approach is
cheaper than carrying out a genome assembly. Secondly, the data used to construct the
transcriptome assembly can be of dual purpose and reused to perform expression analyses. Such
repurposing is particularly useful as expression analyses can be used to identify gene candidates
involved in specialized metabolic pathways. However, transcriptome assemblies produce notable
statistical errors®? and lack the genomic context of assembled sequences. Such information is
critical when studying specialized metabolic genes and their evolution such as duplication state,
products of retrotransposition, and gene clustering which are only identifiable from genome
assembly information.

The quality of a genomic resource dictates the power of subsequent analyses. The arrival
of third generation sequencing technology has greatly facilitated the creation of more quality
genomic resources. The longer read lengths produced from these technologies relative to NGS
facilitate the improved assembly of formerly unresolvable regions, such as repetitive sequence and
haplotypes®®. These new capabilities, therefore, aid in the identification of key features in

specialized metabolic gene innovation such as tandem duplications or polyploid subgenomes.
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CHAPTER 2. HYBRID DE NOVO GENOME ASSEMBLY OF THE RED
GROMWELL (LITHOSPERMUM ERYTHRORHIZON) REVEALS
EVOLUTIONARY INSIGHT INTO SHIKONIN BIOSYNTHESIS

*Qriginally published in Horticulture Research

Robert P. Auber, Thiti Suttiyut, Rachel M. McCoy, Manoj Ghaste, Joseph W. Crook, Amanda L.
Pendleton, Joshua R. Widhalm & Jennifer H. Wisecaver Hybrid de novo genome assembly of red
gromwell (Lithospermum erythrorhizon) reveals evolutionary insight into shikonin biosynthesis.
Horticulture Research 7, 82 (2020). https://doi.org/10.1038/s41438-020-0301-9

2.1 Declaration of collaborative work

Robert Auber performed the Oxford Nanopore sequencing, generated the genome and
transcriptome assemblies, and performed the gene expression analysis. Robert Auber and Dr.
Jennifer Wisecaver performed the gene family analyses and synteny analyses. Dr. Amanda
Pendleton assisted with genome-level analyses. Thiti Suttiyut, Rachel McCoy, Manoj Ghaste, and
Joseph Crook performed the molecular cloning, RNA-seq experiments, and qPCR. Robert Auber,
Dr. Joshua Widhalm, and Dr. Jennifer Wisecaver wrote the manuscript with input from all co-
authors. Robert Auber, Thiti Suttiyut, Dr. Joshua Widhalm, and Dr. Jennifer Wisecaver conceived

the project and were involved in experimental design.

2.2 Abstract

Lithospermum erythrorhizon (red gromwell; zicao) is a medicinal and economically valuable plant
belonging to the Boraginaceae family. Roots from L. erythrorhizon have been used for centuries
based on the antiviral and wound-healing properties produced from the bioactive compound
shikonin and its derivatives. More recently, shikonin, its enantiomer alkannin, and several other
shikonin/alkannin derivatives have collectively emerged as valuable natural colorants and as novel
drug scaffolds. Despite several transcriptomes and proteomes having been generated from L.
erythrorhizon, a reference genome is still unavailable. This has limited investigations into

elucidating the shikonin/alkannin pathway and on understanding its evolutionary and ecological
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significance. In this study, we obtained a de novo genome assembly for L. erythrorhizon using a
combination of Oxford Nanopore long-read and Illumina short-read sequencing technologies. The
resulting genome is ~367.41 Mb long, with a contig N50 size of 314.31 kb and 27,720 predicted
protein-coding genes. Using the L. erythrorhizon genome, we identified several additional p-
hydroxybenzoate:geranyltransferase (PGT) homologs and provide insight into their evolutionary
history. Phylogenetic analysis of prenyltransferases suggests that PGTs originated in a common
ancestor of modern shikonin/alkannin-producing Boraginaceous species, likely from a
retrotransposition-derived duplication event of an ancestral prenyltransferase gene. Furthermore,
knocking down expression of LePGT1 in L. erythrorhizon hairy root lines revealed that LePGT1
is predominantly responsible for shikonin production early in culture establishment. Taken
together, the reference genome reported in this study and the provided analysis on the evolutionary
origin of the shikonin/alkannin biosynthesis will be useful for guiding the elucidation of the
remainder of the pathway.

2.3 Introduction

The purple-colored roots of red gromwell (Lithospermum erythrorhizon; Fig. 2-1a,b), also known
as “zicao” in Chinese, “jichi” in Korean, and “murasaki” in Japanese, have been used as part of
traditional medicines, as a dyestuff, and in cosmetics across many cultures for centuries. The
responsible bioactive and pigmented compounds, shikonin—or its enantiomer, alkannin—-and
dozens of other acylated shikonin/alkannin derivatives (Fig. 2-1c), are synthesized in the root
periderm of L. erythrorhizon and several other Boraginaceae species™?. Shikonins/alkannins are
deposited into the rhizosphere where they function in plant-microbe interactions and interfere with
the growth of competing plants (allelopathy), roles suggested to have contributed to the invasion
success of species like Echium plantagineum?®. The presence of alkannins was also reported in
Plagiobothrys arizonicus leaves?, though the physiological and/or ecological significance of their

presence in aerial tissues is unclear.
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Figure 2-1 Shikonin is produced in the roots of Lithospermum erythrorhizon. a Intact roots of L. erythrorhizon
producing shikonin. b Hairy root culture of L. erythrorhizon producing shikonin. ¢ The structures of shikonin and its
enantiomer, alkannin. Shikonin and alkannin are precursor to dozens of acylated derivatives collectively produced
by members of the Boraginaceae. d The shikonin pathway starts with the conjugation of 4-hydroxybenzoic acid
(4HBA) and geranyl diphosphate (GPP) catalyzed by p-hydroxybenzoate:geranyltransferase (PGT).

Shikonins/alkannins have more recently been discovered to exhibit a range of
pharmacological properties®. Shikonin has been found to suppress human immunodeficiency virus
(HIV) type 1° and to display anti-tumor effects in breast cancer cells via multiple signaling
pathways’. Thus, combined with their traditional medicinal and cosmetic value, there has been
wide interest for many decades in scaling shikonin/alkannin production. Early efforts back in the
1970s and 1980s centered on producing shikonin in L. erythrorhizon cell cultures, which was also
the first industrial scale platform for producing a secondary metabolite in dedifferentiated plant
cells®. With advances in understanding of pathway precursors*®, strategies to increase shikonin
production in L. erythrorhizon through metabolic engineering were developed (e.g.X%). Current
efforts have extended to include synthetic chemistry for producing shikonin, alkannin, and
derivatives with higher specificity and potency'?!3. Moreover, the use of comparative
transcriptomics (e.g.}* %) and proteomics'’ approaches for elucidating the shikonin/alkannin
pathway has uncovered several gene candidates as well as to the identification of the
geranylhydroquinone hydroxylase (GHQH; CYP76B74)!8. Comparatively less attention has
focused on the evolutionary origin of shikonin/alkannin pathway genes!®® and on the ecological
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significance of producing the compounds?. It was only recently that the E. plantagineum genome
was published, the first from a shikonin/alkannin-producing species or a member of the
Boraginales?!.

Despite being among the longest-studied plant natural products, there are still many gaps in
knowledge about shikonin/alkannin pathway genes, architecture, and regulation. In this study, we
report the first de novo genome for L. erythrorhizon, generated by combining Oxford Nanopore
Technology (ONT) long reads with Illumina HiSeq short reads. From this assembly, we identified
the existence of 11 previously unreported p-hydroxybenzoate:geranyltransferase (PGT; Fig. 2-1c)
homologs and provide insight into their contribution to shikonin biosynthesis based on (i) their
distribution amongst shikonin/alkannin-producing species within the Boraginaceae and (ii) L.
erythrorhizon knock-down hairy root lines with reduced expression of LePGT1. Taken together,
the results of our study provide evolutionary insight into the origin of the shikonin/alkannin
pathway, and the genome assembly offers a major resource for exploring outstanding questions in

shikonin/alkannin metabolism.

2.4 Results

2.4.1 Genome assembly and annotation

To create a reference genome, we combined L. erythrorhizon ONT genomic DNA (gDNA) reads
generated in-house from Siebold & Zucc. plants with publicly available Illumina gDNA reads
sequenced by Nanjing University in 2018 from an unknown accession (SRR5644206). The
Illumina data consisted of ~21.7 Gb Illumina HiSeq paired-end short reads (150 bp) with an
estimated heterozygosity of 0.39% and projected genome size of 369.34 Mb (Fig. S1a). Our in-
house ONT data consisted of ~7.6 Gb long-reads (N50 = 15.03 kb) providing roughly 20-fold
genome coverage. The short and long reads assembled into 2465 contigs using the DBG20LC
hybrid assembler??, yielding a 367.41 Mb genome with a longest contig of 3.44 Mb and an N50
contig length of 314.31 kb (Table 2-1).
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Table 2-1 Summary of L. erythrorhizon genome assembly and gene models

Genome assembly statistics

Total length 367,405,101
No. contigs 2,465
Largest contig length 3,439,996
N50 contig length 314,306
N90 contig length 61,630
Counts of N50 (no. contigs) 233
Counts of N90 (no. contigs) 1,370
Genome GC content 35.17%
Gene model statistics

Gene number 27,720
Gene density (kb/gene) 13.25
Mean gene length 3,772
Avg. no. exons per gene 7

Mean exon length 320

Exon GC content 39.32%

Using a de novo repeat modeler, 51.78% of assembly bases were denoted as repetitive
elements and were subsequently masked (Table S1). Of these elements, the majority were long
terminal repeats (LTRs) which comprised 23.43% of the genome assembly. Unclassified elements
were the second most common, accounting for 21% of the genome. DNA repeat elements
comprised 4.45% of the genome. The repeat content in L. erythrorhizon is comparable to the repeat
content observed in the other sequenced Boraginaceae, E. plantagineum (43.3% repetitive; 23.08%
LTRs)%.

Protein-coding genes were identified through a combination of ab initio, homology-based,
and transcriptome-based prediction methods. A total of 27,720 genes encoding 39,395 proteins
were predicted (Table 2-1). The average protein-coding gene was 3,772 bp long and contained 7
exons. Functional annotations were assigned to 80.02%, 72.89%, 59.30%, 23.57%, 7.53%, 5.85%
of genes using the InterPro?*, Pfam?®, GO?®, Trans Membrane (TMHMM), KEGG, and MetaCyc?’
databases, respectively (Supplementary Dataset S1).
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2.4.2 Quality assessment

To evaluate the completeness and coverage of the assembly, we aligned the ONT gDNA, Illumina
gDNA, and Illumina RNA reads to the L. erythrorhizon genome assembly. Coverage histograms
of the ONT and Illumina gDNA reads indicated a single peak at ~18-fold and ~45-fold coverage,
respectively (Fig. S1b,c), indicative of the genome being largely homozygous. The alignment rates
of the lllumina gDNA reads was high at 95.97%; however 46% of the assembled genome lacked
gDNA read support (Fig. S1c). This is likely due to the Illumina gDNA reads being generated via
a PCR amplified library, leading to inconsistent coverage across the genome. The amount of
coding-regions with Illumina gDNA read support was 89.6% (> 10 mapped reads). The alignment
rate of the RNA reads ranged from 59.29% - 72.71% (in the case of libraries prepared via
ribosomal depletion) to 86.74% - 90.15% (in the case of libraries prepared via polyA capture)
(Table S2).

We then used BUSCO? to assess the completeness of the predicted proteome. Within the
L. erythrorhizon protein-coding gene set, 1142 of 1400 conserved embryophyta genes (79.3%)
were identified as complete, of those 93.43% were present in single-copy and 6.57% were
duplicated (Table S3). Furthermore, 279 of 303 conserved eukaryota genes (92.08%) were
identified as complete, of those 78.14% were present in single-copy and 21.86% were duplicated
(Table S3). Lastly, we calculated the Alien Index (Al) for all predicted proteins of the genome
assembly to assess possible contamination?®. No assembly contig had a majority of their predicted
proteins with Al scores > 0, indicating no detectible contamination in the assembly. Only 50 of the
39,395 total proteins (0.13%) had Al scores > 0.05, which could be indicative of horizontal gene
transfer (HGT) (Supplementary Dataset S2). However, manual inspection of each of these proteins
did not yield any strong HGT candidates.

2.4.3 Gene family analysis

To investigate the evolution of different gene families, including those involved in the production
of shikonin, we performed an OrthoFinder®® analysis using the protein-coding genes of L.
erythrorhizon and 31 other eudicot species (Table S4). Incorporated into our analysis were four
additional Boraginaceae species, including three species known to produce shikonin (E.

plantagineum, Arnebia euchroma, and Lithospermum officinale) as well as Mertensia paniculate,
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a Boraginaceae whose transcriptome was sequenced by the 1000 Plants Initiative (oneKP3!) and
whose ability to produce shikonin is unknown. We also included 14 additional Boraginales species
sequenced by the oneKP project (Table S4). Our OrthoFinder-inferred species tree had the
Boraginales sister to a large clade consisting of the Solanales, Gentianales, and Laminales (Fig. 2-
2). This placement is in disagreement with the analysis by Tang et al.? that showed the Boraginales
sister to the Solanales. This conflict is unsurprising as the evolutionary relationships of these lamiid
orders remains uncertain®2. Additional work is needed to resolve these relationships and determine
the source of the phylogenetic discordance.

The OrthoFinder analysis identified 100,874 orthogroups (predicted gene families), of
which 24,346 consisted of two or more species in the analysis (Table S5). Of the 14,885
orthogroups containing one or more L. erythrorhizon sequences, 3441 orthogroups (23.13%) were
present in all species, 3003 (20.17%) were L. erythrorhizon specific, and 8441 (56.71%) consisted
of L. erythrorhizon and one or more additional species (Fig. 2-2; Table S6). In total, 36,392 of
39,395 L. erythrorhizon proteins (92.38%) were assigned to an orthogroup containing sequence(s)
from one or more additional species (Table S6; Supplementary Dataset S3). The total number of
L. erythrorhizon orthogroups (14,885) was comparable to the other sequenced genomes in the
analysis (average 15,227), which ranged from 12,666 in Solanum lycopersicum (tomato) to 19,349
in Actinidia chinensis (kiwi). Furthermore, the percentage of L. erythrorhizon orthogroups that
was species-specific (20.17%) was also comparable to the other sequenced genomes (average
22.47%), ranging from 5.05% in tomato to 46.55% in Utricularia gibba (a carnivorous aquatic
bladderwort). The other three species known to produce shikonin showed an increased number of
orthogroups (average 26,040.33), which is likely a result of their predicted proteomes being
derived from de novo transcriptome assemblies rather than sequenced genomes. The average
percentage of species-specific orthogroups found in the oneKP transcriptomes (0.50%) was
noticeably lower that the other species in the analysis (Fig. 2) due to these proteomes being filtered

prior to publication®Z.
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Figure 2-2 OrthoFinder gene family analysis. The OrthoFinder inferred species phylogeny is displayed on the left.
The branch thickness is scaled based on the number of predicted duplicated events to have occurred at the
descendent node; thinner branches indicate fewer duplications, thicker branches indicate more (see Table S7).
Internodes discussed in the text (N1, N5, N10, and N15) are labeled (the species tree with all labeled internodes can
be accessed in Table S7). Asterisks (*) indicate known shikonin/alkannin-producing species. Horizontal bar plots
(right) indicate the number of orthogroups that are species-specific (red), maintained in all 32 species (green), or
present in more than one but less than all species in the analysis (blue).

To identify orthogroups that had expanded in one or more ancestors of L. erythrorhizon,
we parsed the number of OrthoFinder-predicted gene duplications at each node of the inferred
species tree (Fig. 2-2; Table S7). The average number of orthogroups that duplicated one or more
times at a given internode (i.e. non-leaf node) was 1489.55 and ranged from 41 duplications at
internode N5 (the common ancestor of Daucus carota and A. chinensis) to 4489 duplications at
internode N1 (the common ancestor of Caryophyllales and asterids) (Table S7). A total of 2818
orthogroups duplicated at internode N10 (the common ancestor of the five Boraginaceae species),
and the L. erythrorhizon genes that duplicated at this internode were enriched in 21 Gene Ontology
(GO) categories (Benjamini-Hochberg adjusted p-value < 0.1; Table S8) including transferase
activity (G0:0016740; p = 1.10e-3), signal transduction (GO:0007165; p = 6.45e-4), and
transmembrane transporter activity (GO:0022857; p = 0.08). Similarly, the L. erythrorhizon genes
from the 3908 orthogroups that duplicated at internode N15 (the common ancestor of the four

Boraginaceae species known to produce shikonin) were enriched in 14 GO categories (Benjamini-
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Hochberg adjusted p-value < 0.1; Table S8) including transferring of acyl groups transferase
activity (G0:0016746; p = 0.3), DNA-binding transcription factor activity (GO:0003700; p =
3.79e-3), and transmembrane transport (GO:0055085; p = 0.07).

2.4.4 Evolution of p-hydroxybenzoate:geranyltransferase (PGT) genes for shikonin
biosynthesis

One orthogroup predicted to have undergone multiple duplication events in the last common
ancestor of shikonin/alkannin-producing species was OG0000509. This orthogroup was comprised
of genes that code for prenyltransferases, including the characterized ubiquinone prenyltransferase
in Arabidopsis thaliana, AtPPT1 (Coq2; At4g23660)%. In addition, OG0000509 contained 13 L.
erythrorhizon genes (Table S9), including Leryth 015068 (hereafter referred to as LePGT1),
which encodes a protein 97.06% identical to LePGT1, and Leryth 002561 (hereafter referred to
as LePGT2), which encodes a protein 100% identical to LePGT2**. The p-
hydroxybenzoate:geranyltransferases (PGTs) catalyze the conjugation of 4-hydroxybenzoic acid
(4HBA) and geranyl diphosphate (GPP), the first and committed step of the shikonin pathway (Fig.
2-1d)%+%, and have been identified from several shikonin/alkannin-producing species!®3"-%,

To better understand the evolutionary history of LePGT1 and LePGT2, we constructed a
robust phylogenetic tree of OG0000509 prenyltransferases (Fig. 2-3a). Of the 13 sequences in L.
erythrorhizon, one was excluded from the phylogenetic analysis due to it being a suspected
pseudogene (Leryth_015069). This suspected pseudogene is located ~10 kb away from LePGT1
and was likely the result of a tandem duplication event (Fig. S2). Pseudogenization is suspected
due to the fact that the sequence appears truncated and is missing the conserved NDXXD motif
indicative of putative prenyl diphosphate binding (Fig. S3)%*. In agreement with the OrthoFinder
analysis, the phylogeny shows a large radiation of prenyltransferase genes in the Boraginales
followed by an additional radiation in the Boraginaceae. The Leryth_011786 gene copy is notable
in that it is on a small branch relative to the other L. erythrorhizon sequences and groups closest
to homologs in the other lamiids (Fig. 2-3a), suggesting it is likely the “missing” ubiquinone

prenyltransferase® (hereafter referred to LePPT1).
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Figure 2-3 Phylogenetic analysis of prenyltransferase homologs in orthogroup OG0000509.
a Maximum likelihood tree of orthogroup OG0000509 rooted on Arabidopsis thaliana
ubiquinone polyprenyltransferase, AtPPT1. Nodes with IQ-TREE ultrafast parametric support
values > 0.95 are indicated by grey circles on the preceding branch. The branches and outer color
bar are color-coded to match the taxonomic classification of each sequence. Lithospermum
erythrorhizon sequences are indicated by the red font. The hypothetical location of the inferred
duplication via retrotransposition in the ancestor of genes encoding PGTs and PGT-like
homologs is indicated by the grey arrow. b Heatmap showing the gene expression pattern of L.
erythrorhizon prenyltransferase genes in whole roots (R), aerial tissue (A), root periderm (P),
root vascular (V), hairy root grown in the dark (D), and hairy root grown in the light (L).
Conditions where shikonin is most abundant are indicated with an aterisk (*).The cladogram
(left) shows the evolutionary relationship between prenyltransferase genes according to the
overall maximum likelihood phylogeny in part a.
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As recognized by Kusano et al.**, LePGT1 and LePGT2 are both comprised of a single
exon (Fig. S2). The six L. erythrorhizon genes most closely related to LePGT1 and LePGT2
(Leryth_008226, Leryth 0276609, Leryth 027448, Leryth 000057, Leryth 020476,
Leryth 003298) are also single exonic. In contrast, AtPPT1, as well as its predicted L.
erythrorhizon ortholog, LePPT1, are multi-exonic, each containing eight exons. The three
remaining unclassified L. erythrorhizon genes in the phylogeny were found to contain a variable
number of exons: Leryth 023194 with ten exons, Leryth 011510 with eight exons, and
Leryth 006101 with ten exons. The loss of exons in LePGT1 and LePGT2, and the six additional
PGT-like genes, suggests that a retrotranspotition event is responsible for the duplication that gave
rise to the specialized prenyltransferase genes involved in the production of shikonin.

We performed a syntenic block analysis to investigate possible whole genome dupliation
(WGD) in the ancestor of L. erythrorhizon. The distribution of synonymous substitutions (Ks)
indicates a peak at roughly ~0.45, which is suggestive of a potential polyploidy event*! (Fig.S4a).
This peak roughly matches the results of Tang et al (2020), who performed a larger analysis of
WGD in the Boraginaceae. In the Tang analysis, the Ks peak of ~0.417 was proposed to have
arisen via a WGD in the ancestor of the Boraginaceae roughly 25 MYAZ. Only two syntenic
blocks containing PGT and PGT-like genes were identified (Table S10). The first syntenic block
had a median Ks of 0.534 and contained PGT1 (Leryth_015168) and another single exonic PGT-
like gene (Leryth_008226)(Fig. S4b). The second syntenic block had a median Ks of 0.466 and
contained two multi-exonic PGT-like genes (Leryth_011510 and Leryth006101) (Fig. S4c). Given
that the median Ks of the two syntenic blocks containing PGT and PGT-like genes lies near the
peak of ~0.45 in the Ks distribution (Fig. S4a), it is possible that these duplications arose via the
WGD event. The fact that there is shared synteny between two multi-exonic homologs as well as
between two single-exonic homologs—but that there is no shared synteny between a multi-exonic
gene and a single-exonic gene—suggests that the retrotransposition event occurred prior to the
whole genome duplication.

Aside from the suspected pseudogene, all other encoded prenyltransferases in orthogroup
OG0000509 contain the conserved NDXXD motif indicative of putative prenyl diphosphate
binding (Fig. S3)%4. All but two unclassified homologs (Leryth 023194 and Leryth_006101) also
maintained the GX(K/Y)STAL sequence motif conserved in this subfamily of
4HB:prenyltransferases (Fig. S3)**. One of these unclassified homologs, Leryth 023194, also
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contained an N-terminal chloroplast targeting sequence (Table S11). None of the other
prenyltransferase homologs contained a detectable signal or transit peptide. Lastly, we checked
the relative gene expression of all prenyltransferase homologs in three tissue/growth condition
comparisons in which shikonin was variably abundant: L. erythrorhizon whole root tissue versus
above ground tissue, root outer periderm versus inner vascular tissue, and hairy root tissue cultures
grown under dark versus lighted conditions. Shikonin production is higher in the former of all
three comparisons. LePGT1 and LePGT2, along with PGT-like homologs Leryth 027448 and
Leryth 027669 were significantly overrepresented (adjusted pvalue < 0.05, logfold change > 1) in
conditions associated with increased shikonin production (whole root tissue, root periderm tissue,
and hairy root grown in the dark; Fig. 2-3b; Table S9). Additionally, PGT-like homolog
Leryth 020476 was significantly overrepresented in whole root and root periderm tissue (Fig. 2-
3b; Table S9). Lastly, Leryth 000057 and Leyrth 023194 were significantly overrepresented in

root periderm tissue. The other sequences showed zero to low expression in all samples.

2.45 LePGT1is the predominant PGT functioning in the shikonin pathway

LePGT1 is considered as the key regulatory enzyme in the shikonin pathway*243, As there are no
reported genetic studies with PGTs, and in light of the newly identified PGT-like encoding genes
found in the L. erythrorhizon genome (Fig. 2-4), we knocked down LePGT1 expression in L.
erythrorhizon hairy roots to investigate if LePGT1 is indeed the predominant PGT controlling
shikonin production. Several independent PGT1-RNAIi (PGT1i) lines were generated, excised,
transferred to B5 media plates for selection, and then screened based on total shikonins (the sum
of shikonin plus its derivatives) production in liquid culture using HPLC coupled with diode array
detection (DAD). Individual lines were cultured in liquid B5 in constant light without selection for
14 d and then transferred to M9 and constant darkness to induce shikonin production. Analysis of
culture media 3 d after transfer to M9 and darkness revealed 17 PGTL1i lines producing between
1% and 59% of the total shikonins synthesized by control hairy roots sampled at the same time
(Fig. 2-4a). Two lines, PGT1i-21 and PGT1i-79, were further analyzed by qRT-PCR. Both lines
were found to have greater than 95% reduced LePGT1 levels while expression of LePGT2
remained statistically unchanged compared to the control (Fig. 2-4b). Because the gene encoding
LePGTL1 is more similar to LePGT?2 than any of the PGT-likes (Fig. 2-3a), these data indicate that
the RNAI construct specifically targeted LePGT1. Analysis of the culture media from the same
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hairy roots used to perform gRT-PCR revealed that the absence of LePGT1 expression (Fig. 2-4b)
correlated with a more than 95% decrease in total shikonin content (Fig. 2-4c). These results
provide further support for LePGT1 being predominantly responsible for the formation of 3-
geranyl-4HBA. They also imply that the PGT-like proteins encoded in the L. erythrorhizon

genome likely do not play a major role in shikonin production.
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Figure 2-4 In vivo characterization of LePGT1. a Screening of LePGT1-RNAI (PGTL1i) lines
based on total shikonin levels present in liquid culture media 3 d after transfer of 14-d-old hairy
roots to M9 and darkness. b Expression levels of LePGT1 and LePGT2 in hairy roots of two
independent PGTL1i lines compared to control. ¢ Analysis of total shikonin in same lines used to
measure expression in panel b. All data are means + SEM (n = 3-4 biological replicates).
Different letters indicate significant differences via analysis of variance (ANOVA) followed by
post-hoc Tukey test (a. = 0.05). In panel b, lowercase and capital letters correspond to statistical
comparisons for LePGT1 and LePGT2 expression, respectively.

2.5 Discussion

In this study, we report the first de novo assembly of a L. erythrorhizon genome obtained through
a combination of ONT long-read and Illumina HiSeq short-read sequencing technologies. The
~367.41 Mb assembly contained 27,720 predicted protein-coding genes that were clustered into
14,885 orthologous gene families, 79.84% of which were also found in other species in our
comparative phylogenetic analysis (Fig. 2-2). A significant number of these orthogroups (2818)

appear to have duplicated in the last common ancestor of the five Boraginaceae species in our
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analysis, and another 3908 orthogroups appear to have duplicated in the last common ancestor of
the four known shikonin/alkannin-producing species. Among the 6726 orthogroups duplicated at
these internodes is OG0000509, the orthogroup containing AtPPT1 and LePPT1 (genes involved
in the primary metabolic process of ubiquinone biosynthesis) as well as the specialized genes
LePGT1 and LePGT2 involved in shikonin biosynthesis. An additional nine homologous
prenyltransferases of unknown function were also identified in the L. erythrorhizon genome. This
analysis illustrates the importance of gene duplication in the evolution of the shikonin/alkannin
pathway, in agreement with other analyses of specialized metabolism in plants (e.g.**%). In the
case of the PGT and PGT-like sequences in L. erythrorhizon, the initial duplication event appears
to have occurred via retrotransposition based the fact that these sequences appear to have lost all
introns (Fig. 2-3a; Table S9). The relative contribution of retrotransposition compared to other
processes that generate gene duplicates (e.g. whole genome duplication) to metabolic innovation
in plants remains to be investigated. Overall, this genomic resource will complement the available
E. plantagineum genome?! and the extensive sets of transcriptomes (e.g.'**) and proteomes'’
published from Boraginaceae species for elucidating the shikonin/alkannin pathway and its
evolutionary origin, as well as the evolution of specialized metabolism more generally in this
family.

The connection between shikonin/alkannin and ubiquinone biosynthesis is not limited to
homologous prenyltransferases. The hydroxybenzene ring, ring A (Fig. 2-5), of
shikonin/alkannin’s naphthazarin moiety is derived from L-phenylalanine via cinnamic acid and
AHBA**"_the same route that is partially responsible for forming the benzoquinone ring of
ubiquinone (coenzyme Q) in plants®®#. Like the shikonin/alkannin pathway, ubiquinone
biosynthesis starts off with the conjugation of 4HBA with a polyprenyldiphosphate, catalyzed by
a PPT (Fig. 2-5). In addition to the analogous PPT- and PGT-catalyzed reactions, the ubiquinone
and shikonin/alkannin pathways share other similar ring modification reactions that occur early in
their respective pathways (Fig. 2-5). Both ubiquinone and shikonin/alkannin biosynthesis require
the prenylated 4HBA ring to be decarboxylated and hydroxylated at the C1 position, though the
sequence of reactions and necessary enzymes are unknown in both pathways. In the Escherichia
coli ubiquinone pathway, the non-oxidative ring decarboxylation of 3-polyprenyl-4HBA is
catalyzed by UbiD in concert with a UbiX chaperone for substrate reorientation®®. Orthologs of

genes encoding UbiD and UbiX are absent from plant genomes. Therefore, if plants also use a
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series of non-oxidative decarboxylation and hydroxylation steps to modify the C1 position of the
4HBA ring, they do so using other evolved enzymes. It is also possible that plants have evolved to
achieve the decarboxylation and hydroxylation via an oxidative decarboxylase that would carry
out both reactions. Whatever the mechanism for C1 decarboxylation and hydroxylation, if it is
indeed shared between shikonin/alkannin and ubiquinone biosynthesis, it is possible that there is
an evolutionary linkage among the enzymes involved given the other metabolic connections
between the two pathways.

Downregulation of LePGT1 expression by 95% was sufficient to reduce shikonin
production by more than 97% 3 d after transfer of hairy roots to M9 media and darkness (Fig. 2-
4b,c). While this provides strong evidence that LePGT1 is principally controlling shikonin
formation, it does not rule out that LePGT2 still plays a significant role. Like LePGT1, LePGT2 is
highly expressed under shikonin producing conditions (Fig. 2-3b; Table $9)**°1, One explanation
for achieving near abolishment of shikonin by only knocking down LePGT1 could be that LePGT1
and LePGT2 form heteromers in vivo. Biochemical studies, however, suggest that LePGT1 is
capable of functioning homomericly*>*®, so this appears unlikely. Another possibility is that
LePGT1 functions early in shikonin formation and LePGT2 takes over later. LePGT1 has 5- and
10-fold higher affinities for 4HBA and GPP, respectively, compared to LePGT2%. It can be
envisioned that early in hairy root culture establishment, when precursor concentrations are a
priori low, that LePGT1 is the de facto PGT responsible for forming 3-geranyl-4HBA. In this
study, shikonin levels were measured at day 3, the first day that visible production occurred in
control cultures. It is possible that over time, as precursor pools increase, the relative contribution
of LePGT2 would become greater. If any of the PGT-like proteins encoded in the L. erythrorhizon
genome also contribute PGT activity, their relative contributions would also increase over the
culture period. In light of the current study, reports of multiple PGT unigenes and their variable
expression patterns in other transcriptomic studies'®* should be re-investigated to determine if
any encode PGT-like proteins. More detailed investigations looking at shikonin formation over
time using metabolic flux analysis with stable isotopic labeling are needed to determine the
temporal contributions of PGTs.
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Figure 2-5 Similarities between shikonin and ubiquinone biosynthesis. The committed steps
of the shikonin and ubiquinone pathways rely on homologous prenyltransferases that conjugate
4-hydroxybenzoic acid (4HBA), derived from phenylalanine, with a prenyl diphosphate
precursor. Subsequent decarboxylation and hydroxylation at the C1 position of the 3-
prenylated/geranylated 4HBA ring is required in both pathways, although the responsible
enzymes (depicted by “?”) in each route remain unknown. Non-oxidative decarboxylation of the
prenylated-4HBA ring is shown as it occurs in bacteria. It is possible that plants use an oxidative
decarboxylation mechanism, which would result in concomitant decarboxylation and
hydroxylation at the C1 position, bypassing the phenolic intermediates. Abbreviations: GHQH,
geranylhydroquinone hydroxylase; PGT, p-hydroxybenzoate:geranyltransferase; PPT,
polyprenyltransferase.

2.6 Conclusions

The first genome assembly from the medicinally and economically important plant L.
erythrorhizon is expected to advance understanding of the evolutionary history of the Boraginales.
As just the second genome from a member of this order, the other coming from E. plantagineum?,

the L. erythrorhizon genome will provide another piece of the puzzle needed to reconstruct the
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phylogenetic relationships among the Boraginales, Solanales, Gentianales, and Laminales (Fig. 2-
2). The L. erythrorhizon genome will also serve as a novel tool for elucidating the remaining
missing steps in the shikonin/alkannin pathway and for filling gaps in knowledge about its
metabolic origin. Our phylogenetic analysis of prenyltransferases encoded in the L. erythrorhizon
genome (Fig. 2-3a) has already led to the remarkable discovery of several additional encoded PGTSs.
It also provided evidence to suggest that PGTs arose in a common ancestor of modern
shikonin/alkannin-producing Boraginaceae species via a retrotransposition-derived duplication
event and subsequent neofunctionalization of an ancestral prenyltransferase gene. Based on
homology between PGTs and PPTs it is possible that this points to an evolutionary link between
ubiquinone and shikonin/alkannin biosynthesis, especially considering the other metabolic
similarities shared between the two pathways (Fig. 2-5). This would not be the first connection
found between primary and specialized quinone metabolism in plants as it was recently reported
that the pathway to synthesize the naphthoquinone moiety of juglone in black walnut trees (Juglans
nigra) is shared with the phylloquinone (vitamin K1) pathway®2. Taken together, the results from
our study provide several new leads for investigating the evolution of specialized metabolism in
the Boraginaceae.

2.7 Materials and methods

2.7.1 Plant materials, growth conditions, and general experimental procedures

Seeds of L. erythrorhizon (accession Siebold & Zucc.) were obtained from the seed bank at the
Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) in Germany and plants were
propagated under standard greenhouse conditions to bulk seeds.

For all hairy root culture work, L. erythrorhizon Siebold & Zucc. seeds were sterilized by
chlorine gas according to Lindsey et al.>. After exposure to chlorine gas for 2 h, seeds were rinsed
five times with sterile water and shaken in 200 pg/mL cefotaxime overnight. They were then rinsed
with sterile water and plated on half-strength Murashige and Skoog (MS, Phytotech Labs) media
with 0.1% Plant Preservation Mixture (PPM™, Plant Cell Technology). Seeds were stratified at
4°C for 2 weeks and moved to room temperature under 12:12 light:dark cycle. Once germinated,
seed coats were removed, and each seedling was transferred to a magenta box with half-strength

MS media. Plants with their second pairs of true leaves were used in hairy root transformation.
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Hairy roots were maintained in solid Gamborg B5 media (Phytotech Labs) containing 3%
sucrose and 10mg/L Basta (PlantMedia™). Hairy roots were subcultured every two weeks. For
quantification of shikonin, 1-cm hairy root fragments were transferred to 20 mL liquid Gamborg
B5 media and grown under constant light at 28°C for two weeks without Basta. Shikonin
production was then induced by transferring hairy roots to M9 media® and culturing at 28°C in

constant darkness without Basta.

2.7.2 Nanopore sequencing

For nanopore sequencing, leaves from an in vitro cultured 3-month-old L. erythrorhizon Siebold
& Zucc. plant were frozen in liquid nitrogen, ground by mortar and pestle, and high molecular
weight genomic DNA was extracted using a CTAB phenol chloroform extraction protocol
(available on protocols.io: dx.doi.org/10.17504/protocols.io.bamnic5e) and purified using a
Genomic DNA Clean and Concentrator kit (Zymo Research). At least 2 ug of gDNA was used as
input for an Oxford Nanopore LSK-109 library ligation kit and sequenced on R9 MinION flow
cells. Base calling was performed with Guppy v2.3.5%. Reads less than 3 kilobase pairs long or
with quality scores less than 7 were discarded. Reads are available for download at the NCBI
Sequence Read Archive (PRINA596998).

2.7.3 Genome assembly

Lithospermum erythrorhizon Illumina gDNA PE reads sequenced by Nanjing University in 2018
from an unknown accession were downloaded from NCBI SRA database experiment SRR5644206
and assembled with Abyss v2.1.5% using a k-mer size of 75. The assembled Abyss contigs and the
ONT long reads served as input for the DBG20OLC hybrid assembler using the following
parameters: KmerCovTh 2, AdaptiveTh 0.0001, MinOverlap 20, RemoveChimera 1, k 1722, The
resulting hybrid assembly was error corrected via five rounds of polishing with the Illumina gDNA
reads using Pilon v1.23%. Five additional rounds of Pilon polishing were performed using L.
erythrorhizon Siebold & Zucc. stranded RNA-seq reads (see RNA-seq experiments section below)
as input to fix single nucleotide errors in transcribed regions. Genome size was estimated using
GenomeScope® with a k-mer (k=21) depth distribution of the Illumina gDNA reads calculated

using Jellyfish v2.2.10%°. Illumina gDNA reads were mapped back to the final assembly using
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BWA v0.7.15%, RNAseq reads were mapped using STAR v2.5.45! and ONT reads were mapped
using minimap2 v2.13%2. Histograms of Illumina and ONT read depth when mapped to the final
assembly were generated by the program purge_haplotigs v1.1.1 to assess the level of assembly

heterozygosity®3.

2.7.4 Genome annotation

De novo repeat identification was performed using RepeatModeler v1.0.9 and masked using
RepeatMasker v4.0.7 (http://repeatmasker.org). Gene model and protein prediction was conducted
with MAKER2 v2.31.10% by supplying protein homology-based evidence, transcriptomic
evidence in the form of a genome guided transcriptome assembly generated from in-house Siebold
& Zucc. stranded RNA-seq reads (see RNA-seq experiments section below) using Trinity v2.5.1%°,
and ab initio gene calling using SNAP® and BRAKER2%". Gene models with an AED score < 0.9
or ones that encoded a predicted protein < 30 amino acids long were excluded from the final gene
set. Additional information on the full annotation pipeline is presented in Fig. S6. Conservation of
core genes was performed using BUSCO v2.0%. Functional annotation of the final protein set was
performed using InterProScan® and TargetP®S,

We checked the genome for possible contamination using the Alien Index (Al) pipeline

(https://github.rcac.purdue.edu/jwisecav/phylo-pipe; last updated August 26, 2019) as previously

described?. Briefly, each predicted protein sequence was queried against the NCBI RefSeq
database (release 97) using Diamond v0.9.22.123%, and the Al score was calculated based on the
output. The Al score is given by the formula: Al=nbsO-nbsk, where nbsO is the normalized bit
score of the best hit to a species outside of the eudicot lineage, nbsE is the normalized bit score of
the best hit to a species within the eudicot lineage (skipping all hits to L. erythrorhizon present in
the RefSeq database). Al scores range from -1 to 1, being greater than zero if the predicted protein

sequence had a better hit to a non-eudicot species, suggestive of either HGT or contamination?®.

2.7.5 RNA-seq experiments

For the L. erythrorhizon root periderm and vascular tissues RNA-seq experiment, 3-month-old
Siebold & Zucc. plants grown in soil under standard greenhouse conditions were harvested. Roots

were collected from nine individual plants and divided into three groups, each containing three
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unique individuals. The periderm and vascular tissues were isolated by peeling the periderm from
the roots (Fig. S5a), and the prepared portions from the three individuals in each group were pooled.
Tissues were frozen in liquid nitrogen, ground by mortar and pestle, and 100 mg was used to
analyze total shikonins content each sample (Fig. S5b). From the same sets of samples, RNA was
extracted as described below, quantified, and DNase-treated (NEB) according to the
manufacturer’s instructions. A total of six cDNA libraries from the three biological replicates
prepared from each of the L. erythrorhizon periderm and vascular tissue pools, were constructed
using a ribominus TruSeq Stranded Total RNA library prep kit (Illumina, San Diego, CA), and
101-bp paired-end reads were generated via lllumina HiSeq 2500 at the Purdue Genomics Center,
with at least 67 million reads per library. Sequence quality was assessed by FastQC (v. 0.10.0;
http://www.bioinformatics.babraham. ac.uk). The raw data were submitted to the Sequence Read
Archive (http://www.ncbi.nlm.nih.gov/sra/) and are available at the NCBI Sequence Read Archive
(PRINA596998)

The experimental design for the RNA-seq experiment comparing L. erythrorhizon hairy
roots sampled in B5 in the light and M9 in the dark was based on a previous report of observed
rapid increases in expression of shikonin precursor pathway genes, and in PGT, within 2 hrs after
switching L. erythrorhizon cell cultures from growth in B5 in the light to growth in M9 in
darknesses’™. In this study, several cultures from three independently generated L. erythrorhizon
hairy root lines were started in liquid Gamborg B5 media containing 3% sucrose at 28°C in the
light (~100 UE m™2 s1). After 2 weeks, hairy roots from three cultures for each of the three lines (n
= 3 biological replicates per line) were harvested and pooled to represent the B5 light-treated
samples. The remaining hairy root cultures were transferred to M9 media and darkness. After 2
hrs, hairy roots from three cultures for each of the three lines (n = 3 biological replicates per line)
were harvested and pooled to represent the M9 dark-treated samples. Samples were frozen in liquid
nitrogen, ground by mortar and pestle, and RNA was extracted as described below. Six cDNA
libraries were generated with a TruSeq Stranded mRNA library prep kit (Illumina, San Diego, CA)
and were sequenced on an Illumina NovaSeq 6000 at the Purdue Genomics Center. Sequence
quality assessment were performed as described above for the periderm and vascular tissues RNA-
seq experiment. The raw data were submitted to the Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/sra/) and are available at the NCBI Sequence Read Archive
(PRINA596998).

43



Additionally, unstranded RNA-seq data of L. erythrorhizon whole roots and aerial tissue
from an unknown accession was downloaded from the NCBI SRA (experiments SRR3957230 and
SRR3957231) to include in the gene expression analysis. Gene abundance estimates of PGT and
PGT-like genes (Fig. 2-3b, Table S9) were measured using Kallisto v0.45.0"* and normalized for
library depth using DESeq2’2. Differential expression status was determined using the EdgeR
v3.24.37 package. For the EdgeR analysis, raw counts were normalized into effective library sizes
using the trimmed mean of M-values (TMM) method’®, and exact tests were conducted using a
trended dispersion value and a double tail reject region. A false discovery rate was calculated using
the Benjamini—Hochberg procedure’. Genes with a logfold change in abundance greater than 1

and false discovery rate less than 0.05 were considered as differentially represented.

2.7.6 De novo transcriptome assemblies of additional Boraginaceae

[llumina RNA-seq reads from additional shikonin-producing species L. officinale, Arnebia
euchroma and Echium plantagineum*®3® were downloaded from the following NCBI SRA
experiments: SRR4034889, SRR4034892, SRR4034890, SRR4034891, SRR6799516,
SRR6799517, and SRR6799518. Raw RNA-seq reads were normalized and error corrected with
the BBnorm using a target size of 40 and a minimum depth of 2 (software last modified October
19, 2017) and Tadpole using default parameters (software last modified June 27, 2017), programs
from the BBMap software package’®. The resulting clean reads were assembled de novo using
Trinity v2.5.1% with default parameters for stranded (L. officinale) and unstranded (E.
plantagineum and A. euchroma) libraries. Coding regions were inferred using TransDecoder
v3.0.177.

2.7.7 ldentification of orthologous gene families

Homology between the predicted proteomes of L. erythrorhizon and 31 other eudicot species was
determined with OrthoFinder v2.1.2 using the following parameters: -S diamond -M msa -T
fasttree®. The species tree in Fig. 2-2 was generated using TreeGraph2 v2.15.07®. Hypergeometric
tests were performed in python using the SciPy library hypergeom, and p-values were adjusted for
multiple comparisons using the StatsModels library multitest with the Benjamini & Hochberg (BH)

method”®.
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2.7.8 Phylogenetic analysis

We performed a separate phylogenetic analysis of the orthogroup containing LePGT1 and LePGT2
(OG0000509). Three sequences were excluded due their long branches, including the suspected
pseudogene Leryth_015069. The remaining sequences were aligned with MAFFT v7.407 using
the E-INS-1 strategy and following parameters: --maxiterate 1000 --bl 45 --op 1.0 --retree 37°. The
maximum likelihood phylogeny was constructed using 1Q-TREE version 1.6.10% using the built
in ModelFinder to determine the best-fit substitution model® and performing SH-aLRT and
ultrafast bootstrapping analyses with 1,000 replicates each. The gene tree in Fig. 2-3a was

generated using iTOL v4%2,

2.7.9 Synteny analysis

Regions of shared synteny within the genome of L. erythrorhizon were detected using SynMap2
on the online Comparative Genomics Platform (CoGe) using default settings with the exception
that the merge syntenic blocks algorithm was set to Quota Align Merge, syntenic depth algorithm
was set to Quota Align, and the CodeML option was activated to calculate substitution rates
between syntenic CDS pairs. For syntenic blocks containing PGT genes and their homologs, the

encompasing contigs were aligned using promer (v3.07) of the MUMmer4 alignment system®,

2.7.10 Cloning and generation of LePGT1i hairy root lines

For the LePGT1-RNAI construct, DNA containing two spliced LePGT1 cDNA fragments of the
coding region corresponding to nucleotides 179-698 and 179-502, the latter in antisense orientation
to create a hairpin structure, was synthesized (Genscript, Piscataway, NJ). 5’-CACC was added
for subcloning into pENTR™/D-TOPO (Invitrogen™, Carlsbad, CA), sequence verified, and
transferred into the destination vector, pB2GW?784, by recombination using LR Clonase Enzyme
Mix™ (Invitrogen). The final construct, pB2GW7-PGTL1i, was transformed into Agrobacterium
rhizogenes strain ATCC 15834 competent cells by freeze-thaw transformation®. Briefly,
competent cells were incubated with 100 ng of pB2GW?7-PGT1i for 15 min on ice. Then, cells
were snap frozen in liquid nitrogen for 5 min and consecutively thawed at 37°C for 5 min. Nutrient
Broth (NB) media was added to the culture and kept in 37°C with shaking for 2 h before being
plated on NB agar containing 50 pg/mL spectinomycin for selection.
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L. erythrorhizon hairy root PGT1i lines were generated based on the protocol from Fang
et al.® with slight modification. A. rhizogenes containing pB2GW7-PGT1i was inoculated in NB
with 50 pg/mL spectinomycin and kept in shaking incubator at 28°C until reached ODgoo= 1. Then,
acetosyringone was added to the media to a final concentration of 0.1 mM and the culture was
grown further for 4 h in dark followed by centrifugation. The pellet was then washed and
resuspended in half-strength MS containing 0.1 mM acetosyringone. Each stem of sterile plants
grown in tissue culture was wounded by surgical blade and the prepared culture was applied to the
wounded area by cotton swab. The plants were then kept in darkness for 1 d and returned to normal
growth conditions. The hairy roots emerged between 10-28 d post infection. Emergent roots were
excised and placed on Gamborg B5 media with 3% sucrose and 200 pg/mL cefotaxime to eliminate
A. rhizogenes. After 2 weeks, hairy roots were transferred to Gamborg B5 media containing 3%
sucrose and 10 mg/L Basta for selection for 2 weeks. Hairy root lines transformed by A. rhizogenes
without pB2GW7-PGT1i were generated to use as control.

2.7.11 RNA extraction and qRT-PCR

The total RNA was extracted from approximately 20 mg of hairy root tissues according to the
protocol from Ghawana et al.” Briefly, the samples were frozen by liquid nitrogen and ground by
mortar and pestle. 2 mL of RNA extraction buffer (phenol containing 0.1% sodium dodecyl sulfate,
0.32M sodium acetate, and 0.1 M ethylenediaminetetra acetic acid) was added to the sample in the
mortar and mixed, followed by addition 0.8 mL of RNAse-free water. After mixing, the mixture
was incubated for 5 min before transferring to microtubes. 0.3 mL of chloroform was added, and
the sample was vortexed and centrifuged at 4°C, 13,000 rpm for 10 min. The supernatant was then
transferred to the new tube containing 0.6 mL isopropanol. Next, the sample was mixed by
inverting, and nucleic acids were precipitated at -20°C for 10 min. After precipitation, the sample
was centrifuged at 4°C for 10 min. The pellet was washed with 70% ethanol before air drying. The
RNA pellet was dissolved in RNase free water. The total RNA was concentrated and purified using
an RNA Clean & Concentrator Kit (Zymo Research) with on-column DNase treatment (Zymo
Research) using the manufacturer protocol. cDNA synthesis was performed by 5X All-In-One RT
MasterMix (abm) according to manufacturer instructions using 500 ng of total RNA.

Expression of LePGT1 and LePGT2 was measured by gRT-PCR with comparative
quantification using the 2-22°T method®®. Primers were designed using Primer-BLAST on NCBI®.
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Due to the sequence similarity of members of the LePGT and LePGT-like (Table S9) gene family,
each primer was checked against all members for possible off-target matches. To minimize off-
target amplification, primer pairs were selected that had either (i) four or more mismatches in a
primer to all other LePGT and LePGT-like family genes or (ii) two mismatches in one primer and
three mismatches in the other primer to all other LePGT and LePGT-like family genes®. gRT-PCR
reactions were performed using a QuantStudio™ 6 (ThermoFisher) in a 10 L reaction as follows:
5 uL of 5x Fast SYBR Green PCR master mix (ThermoFisher), 1 pL each of the forward and
reverse primers (50-900 nM final concentration; Table S12), and 3 pL of diluted cDNA.
Expression was normalized to L. erythrorhizon glyceraldehyde 3-phosphate dehydrogenase
(LeGAPDH) using primers from Zhao et al (2015)%.

2.7.12 Shikonin extraction and quantification

The extraction of total shikonins was modified from Boehm et al.%. Briefly, a 4 mL sample of
growth media from each hairy root line was sampled at day 3 after transfer to M9 and darkness,
extracted with 4 mL of chloroform, and then the chloroform layer was separated and dried under
a gentle stream of N2 at 40°C. Base hydrolysis was performed on the remaining residue in the tube
by adding 2 mL of 1 M NaOH and shaking for 1 h at room temperature. The solution was
neutralized by adding 1 mL of 6 M HCI and vortexed. Shikonin was extracted by adding 3 mL of
ethyl acetate by liquid-liquid extraction. The ethyl acetate layer was separated and dried under No,
dissolved in 250 pL methanol, and 20 puL was used for detection by high performance liquid
chromatography with diode array detection (HPLC-DAD). The extraction procedure was
performed in reduced light to minimize the photo-degradation of shikonin.

HPLC-DAD analyses were performed with an Agilent 1260 Infinity HPLC system
(Agilent Technologies). Chromatographic separation of shikonin was achieved using a Zorbax SB-
C18 column (4.6 x 250 mm, Agilent) kept at 25°C. The mobile phase gradient started at 60% A
(30:70 acetonitrile and water with 0.1% formic acid) and 40% B (30:70 isopropanol and
acetonitrile with 0.1% formic acid) with 1 min hold and then linearly increased to 99% B over 15
min with a hold of 4 min, and then returned to 40% B from 19 to 20 min with a hold of 1 min.
Shikonin eluted at 8.4 min and was detected at 520nm by DAD. Instrument operation and data
analysis steps were performed through the Agilent ChemStation software. Shikonin quantitation

by DAD was done by running a linear range of 1.25, 2.5, 5, 10 and 20 nmol calibration standards,
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followed by a linear regression formula calculation. Differences between shikonin content in each
line (n = 3-4 biological replicates) was analyzed using one-way ANOVA and the means were
compared with Tukey's HSD post hoc test at 95% significant level.

For analysis of shikonins from L. erythrorhizon root periderm and vascular tissues by
HPLC coupled with fluorescence detection (HPLC-FLD; Fig. S5), chromatographic separation
was conducted using a Zorbax Eclipse XDB-C18 column (4.6 x 150 mm, Agilent). The column
was eluted at 25°C using a linear gradient starting from 70% A (water with 0.1% formic acid) and
30% B (acetonitrile with 0.1% formic acid), to 1% A and 99% B over 40 min at a flow rate of 0.5
mL min, followed by a 10 min re-equilibration step. Shikonin eluted at 25.9 min and was detected
by fluorescence using Aex =228 nm and Aem = 390 nm after passing through an in-line post-column
dry reactor packed with zinc dust, which was previously used for detection of the 1,4-
naphthoguinone juglone®2.

2.8 Supplemental data

Supplemental tables, figures, and datasets are available at https://doi.org/10.1038/s41438-020-
0301-9
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CHAPTER 3. INTEGRATIVE ANALYSIS OF THE SHIKONIN
METABOLIC NETWORK IDENTITFIES NEW GENE
CONNECTIONS AND REVEALS EVOLUTIONARY INSIGHT INTO
SHIKONIN BIOSYNTHESIS

*QOriginally published in Horticulture Research

Thiti Suttiyut & Robert P Auber, Manoj Ghaste, Cade N Kane, Scott A M McAdam, Jennifer H
Wisecaver, Joshua R Widhalm, Integrative analysis of the shikonin metabolic network identifies
new gene connections and reveals evolutionary insight into shikonin biosynthesis, Horticulture
Research, Volume 9, 2022, uhab087, https://doi.org/10.1093/hr/uhab087

3.1 Declaration of collaborative work

Robert Auber performed the gene coexpression network analysis, promoter analysis, phylogenetic
analyses, and synteny analysis. Thiti Suttiyut generated the RNAi knockdown lines and performed
the subsequent inhibitor experiments and RNAseq analysis of gene expression. Cade Kane and Dr.
Scott McAdam performed the analysis of abscisic acid. Thiti Suttiyut and Manoj Ghaste performed
the analysis of additional metabolites. Thiti Suttiyut, Robert Auber, Dr. Jennifer Wisecaver, and
Dr. Joshua Widhalm wrote the manuscript with input from all coauthors. Thiti Suttiyut, Robert
Auber, Dr. Jennifer Wisecaver, and Dr. Joshua Widhalm conceived the project and were involved

in experimental design.

3.2 Abstract

Plant specialized 1,4-naphthoquinones present a remarkable case of convergent evolution. Species
across multiple discrete orders of vascular plants produce diverse 1,4-naphthoquinones via one of
several pathways using different metabolic precursors. Evolution of these pathways was preceded
by events of metabolic innovation and many appear to share connections with biosynthesis of
photosynthetic or respiratory quinones. Here, we sought to shed light on the metabolic connections
linking shikonin biosynthesis with its precursor pathways and on the origins of shikonin metabolic

genes. Downregulation of Lithospermum erythrorhizon geranyl diphosphate synthase (LeGPPS),
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recently shown to have been recruited from a cytoplasmic farnesyl diphosphate synthase (FPPS),
resulted in reduced shikonin production and a decrease in expression of mevalonic acid and
phenylpropanoid pathway genes. Next, we used LeGPPS and other known shikonin pathway genes
to build a coexpression network model for identifying new gene connections to shikonin
metabolism. Integrative in silico analyses of network genes revealed candidates for biochemical
steps in the shikonin pathway arising from Boraginales-specific gene family expansion. Multiple
genes in the shikonin coexpression network were also discovered to have originated from
duplication of ubiquinone pathway genes. Taken together, our study provides evidence for
transcriptional crosstalk between shikonin biosynthesis and its precursor pathways, identifies
several shikonin pathway gene candidates and their evolutionary histories, and establishes
additional evolutionary links between shikonin and ubiquinone metabolism. Moreover, we
demonstrate that global coexpression analysis using limited transcriptomic data obtained from
targeted experiments is effective for identifying gene connections within a defined metabolic

network.

3.3 Introduction

The shikonins are a group of red-pigmented naphthoquinones produced in the root periderm of
many members of Boraginaceae2. They include shikonin (Fig. 3-1), its enantiomer alkannin, and
several shikonin/alkannin derivatives that are excreted into the rhizosphere, where they function
in defense, mediate plant-microbe interactions, and/or elicit allelopathic effects on other plants.
For example, the invasion success of Paterson’s curse (Echium plantagineum) in southeast
Australia is attributed, at least in part, to the synthesis and release of shikonins®. Shikonins are also
the bioactive compounds responsible for the various pharmacological properties of medicinal
plants like red gromwell (Lithospermum erythrorhizon)* and have emerged as scaffolds for semi-
synthesis of novel cancer therapeutics®. The structure of shikonin is comprised of a redoxactive
naphthazarin (5,6-dihydroxy-1,4-naphthoquinone) ring fused with a 1-hydroxy-4-methyl-3-
pentenyl side chain (Fig. 3-1). The hydroxybenzene ring, ring A, of shikonin’s naphthazarin
moiety is derived from Lphenylalanine via cinnamic acid and 4-hydroxybenzoate (4-HBA)®’. This
is the same route predominantly responsible for forming the benzoquinone ring of ubiquinone
(coenzyme Q) in plants®®. Many of the genes responsible for synthesis of the 4-HBA precursor of

shikonin have already been cloned and investigated (e.g.1%*?). In contrast, the genetic basis and
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regulation underlying the unique formation of the prenyl diphosphate precursor providing
shikonin’s quinone ring, ring B, and its six-carbon atom isoprenoid side chain is not as well

characterized.

Phenylpropanoid MVA
Pathway Pathway

LeGPPS

4-HBA GPP 4— IPP/DMAPP

3-geranyl-4-HBA

l >
GHQ
l CYP76B100/101
(CYP76B74)
GHQ-3"-OH

l ?
'

Deoxyshikonin

l CYP82AR
OH O OH

OH O
Shikonin

Figure 3-1 The shikonin metabolic network. Depicted is the current understanding of the enzymes and
intermediates involved in synthesizing shikonin from precursors of the phenylpropanoid (4-HBA) and the MVA
(GPP) pathways. Question marks indicate proposed steps lacking experimental evidence. Abbreviations: 4-HBA, 4-
hydroxybenzoate; CYP76B74 (Arnebia euchroma) and CYP76B100/101 (Lithospermum erythrorhizon), GHQ 3"-
hydroxylase; CYP82AR, deoxyshikonin hydroxylase; DMAPP, dimethylallyl diphosphate;

GHQ, geranylhydroquinone; GPP, geranyl diphosphate; GPPS, geranyl diphosphate synthase; IPP, isopentenyl
diphosphate; MVA, mevalonic acid; PGT, p-hydroxybenzoate:geranyltransferase.

The shikonin pathway begins with the conjugation of 4-hydroxybenzoate (4-HBA) and
geranyl diphosphate (GPP) catalyzed by p-hydroxybenzoate:geranyltransferase (PGT)'® to
produce 3-geranyl-4-HBA (Fig. 3-1). GPP and other prenyl diphosphates are synthesized from
the condensation of the five-carbon building blocks isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). In plants, GPP is typically produced by plastidial GPP
synthases (GPPSs) that catalyze the condensation of one IPP and one DMAPP derived from the
methylerythritol phosphate (MEP) pathway localized in plastids®®. Plants also produce IPP and
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DMAPP via the mevalonic acid (MVA) pathway, a route separated from the MEP pathway that is
compartmentalized across the cytoplasm, endoplasmic reticulum, and peroxisomes®™*’. The MVA
pathway is generally considered to generate isoprenoid precursors for farnesyl diphosphate (FPP)
synthases (FPPSs), which catalyze the condensation of one DMAPP with two IPP molecules to
produce FPP and two molecules of pyrophosphate in the cytoplasm. Experimental evidence by
Gaisser and Heide!® and others (reviewed in Widhalm and Rhodes*) long suggested that shikonin
biosynthesis unconventionally relies on GPP produced by a cytoplasmic GPPS. The recent
discovery and biochemical characterization of L. erythrorhizon GPPS (LeGPPS, Fig. 3-1)°
revealed that it is a neofunctionalized cytoplasmic farnesyl diphosphate synthase (FPPS) and that
mutation(s) adjacent to the first aspartate-rich motif resulted in acquisition of GPPS activity*°.
Previous analysis by our group of the L. erythrorhizon genome uncovered an evolutionary link
between PGTs and the ubiquinone prenyltransferase gene, demonstrating that retrotransposition-
derived gene duplication and subsequent neofunctionalization contributed to the evolution of PGT
genes®. Coupled with the evolution of LeGPPS from a cytoplasmic FPPS®® and whole genome
duplication (WGD) in the Boraginaceae®®?!, the evolutionary history of the shikonin pathway
appears to be marked by several events of metabolic innovation. Taken together, this raises the
prospect of additional evolutionary links between the shikonin and ubiquinone pathways and opens
new questions about the metabolic intersection of the isoprenoid, phenylpropanoid, ubiquinone,
and shikonin pathways in the Boraginaceae. In this study, we investigated the metabolic
connections linking shikonin biosynthesis with its precursor pathways by downregulating
expression of LeGPPS and testing the capacity of the MEP and MV A pathways to supply GPP for
shikonin production. We also explored whether network analysis of transcript abundances could
identify genes coexpressed with LeGPPS and other established shikonin pathway genes.
Integrative computational analyses of candidate genes identified by the model suggest likely
metabolic roles for these genes and give insight into the evolution of metabolic innovation in the
shikonin pathway. Our study provides evidence of crosstalk between the MVA, MEP, and
phenylpropanoid pathways and reveals additional evolutionary links between shikonin and
ubiquinone biosynthesis. Given the other links between specialized and primary quinone
metabolism??23, the mechanistic insights uncovered here are expected to broadly guide
investigation into the convergent evolution of specialized 1,4-naphthoquinone metabolism in

plants.
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3.4 Results

3.4.1 Cytoplasmic LeGPPS supplies GPP to the shikonin pathway using MVA pathway-
derived IPP/DMAPP

To investigate the in vivo role of LeGPPS, which sits at the interface between the MVA,
phenylpropanoid, and shikonin pathways, we knocked down expression of its encoding gene in L.
erythrorhizon hairy roots. Several independent LeGPPS-RNAI (LeGPPSi) lines were generated,
excised, and transferred to B5 selection media plates and subsequently screened for levels of total
shikonins excreted into the growth media 4 d after transfer to M9 and darkness. Analysis of 10
independent LeGPPS-RNAI lines revealed that total shikonins were reduced by more than 95%
compared to the lowest producing emptyvector control line (Fig. 3-2a). Further analysis of two
independent lines, LeGPPSi-45 and LeGPPSi-75, revealed that LeGPPS expression was reduced
by more than 95% compared to empty-vector control EV-26 without any affect on expression of
the canonical plastidial GPPS gene LepGPPS (Fig. 3-2b). Re-analysis of total shikonins excreted
from LeGPPSi lines 45 and 75 confirmed nearly 95% reduction compared to EV-26 (Fig. 3-2¢),
thus indicating that cytoplasmic LeGPPS is predominantly responsible for supplying GPP
precursor to the shikonin pathway. Concievably, MEP pathway-derived GPP could contribute to
the shikonin pathway if it or MEP pathwayderived IPP/DMAPP were exported from the plastid to
the cytoplasm and used as substrate by LeGPPS. To test for MEP pathway involvement in shikonin
production we carried out two inhibitor experiments on the EV26 and LeGPPSi-45 lines (Fig. 3-
1). We predicted that if the MVA pathway is predominantly responsible for supplying
IPP/DMAPP to LeGPPS, then treatment with the MVA pathway inhibitor mevinolin should
decrease shikonin accumulation in EV-26 lines but not in the LeGPPSi-45 RNAIi line. Indeed, total
shikonins produced by mevinolin-treated EV-26 lines were reduced by 76% compared to those in
the EV-26 control lines (Fig. 3-3a), while shikonins in mevinolin-treated LeGPPSi-45 lines were
unchanged compared to the LeGPPSi-45 control lines (Fig. 3-3b). If the MEP pathway does not
supply IPP/DMAPP precursor to the shikonin pathway, we expected no change in shikonin
accumulation in EV-26 lines treated with the MEP pathway inhibitor fosmidomycin compared to
controls. If, however, the MEP pathway is contributing to the remaining shikonin produced by
LeGPPSi-45 lines, treatment with fosmidomycin should further reduce shikonin accumulation

compared to LeGPPSi-45 controls. Instead, we observed that shikonin production increased by 73%
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and 108%, respectively, in EV-26 and LeGPPSi45 lines treated with fosmidomycin compared to
their corresponding controls (Fig. 3-3a,b). This result points to crosstalk between the MEP and
MV A pathways such that when flux through the MEP pathway is impaired, flux through the MVA
pathway is increased. Taken together, our genetic and inhibitor studies support the work of Ueoka
et al.° by showing that LeGPPS is required for shikonin formation and it shows that the MEP
pathway does not supply IPP or DMAPP substrates, or direct GPP precursor to the shikonin
pathway.

3.4.2 Downregulation of LeGPPS reveals crosstalk between phenylpropanoid and
isoprenoid metabolism

The observed increase in shikonin content in LeGPPSi-45 RNAI lines treated with the MEP
pathway inhibitor fosmidomycin (Fig. 3-3b) led us to hypothesize that the smaller pool size of
shikonin in LeGPPS-RNA. lines (Fig. 3-2) may be due, in part, to an upstream effect on the MVA
pathway. To investigate if MVVA pathway gene expression is changed, we performed RNA-seq
analysis of LeGPPSi-45 lines compared to EV-26 control. This analysis confirmed that LeGPPS
but not LepGPPS is significantly downregulated the LeGPPSi-45 line (Fig. S1a). Our analysis
showed 6115 differentially expressed genes (DEGS); 2903 genes were significantly overexpressed
in LeGPPSIi-45 lines compared to EV-26 while 3212 were significantly underexpressed (Table
S1), including shikonin pathway genes LePGT1, LePGT2, CYP76B100, and CYP82AR (Fig.
S1b). Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment analysis of genes
underexpressed in the LeGPPSi-45 line revealed an enrichment of genes involved in various
metabolic pathways connected to shikonin metabolism (BH-adjusted p-value <0.05; Fig. 3-4a, Fig.
S2). The category “monoterpenoid biosynthesis,” which encompases metabolic genes downstream
of GPP was significantly enriched among underexpressed genes. The KEGG category “terpenoid
backbone biosynthesis,” which contains the MV A and MEP pathway genes, was not significantly
enriched (BH-adjusted p-value =0.097; Fig. S2). Yet, 11 of the 17 MVA pathway genes involved
in IPP biosynthesis were found to be significantly underexpressed in LeGPPSi-45. This included
six of the eight genes encoding 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), which is
generally considered to catalyze the rate-limiting step of the MV A pathway (Fig. 3-4a, Table S1)?.
This suggests that lower expression of upstream MVA pathway genes may have contributed to
reduced shikonin production in LeGPPS-RNAI lines (Fig. 3-2). These data also point to an
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Figure 3-2 In vivo characterization of LeGPPS. Screening of LeGPPS-RNAI (LeGPPSi) lines based on total
shikonin levels present in liquid culture media 3 d after transfer of 14-d-old hairy roots to M9 and darkness (a).
Expression levels of LeGPPS and the canonical plastid-localized GPPS gene (LepGPPS) in hairy roots of two
independent LeGPPSi lines compared to an empty-vector control line (EV-26) (b). Analysis of total shikonin in the
same cultures used to measure expression in panel b (c). All data are means + SEM (n =3—4 biological replicates).
Different letters indicate significant differences via analysis of variance (ANOVA) followed by post-hoc Tukey test
(0=0.05). In panel b, lowercase and capital letters correspond to statistical comparisons
for LeGPPS and LepGPPS expression, respectively.
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Figure 3-3 Effect of MVA and MEP pathway-specific inhibitors on formation of total shikonins. Total
shikonin levels present in liquid culture media were measured in empty-vector control line 26 (EV-26) (a)
and LeGPPS RNA. line 45 (LeGPPSi-45) (b) following mock treatment or treatment with 100 uM of the MVA
pathway inhibitor mevinolin (+ mev) or the MEP pathway inhibitor fosmidomycin (+ fos). Inhibitor treatments were
administered immediately upon transfer of 14-d-old hairy roots to M9 and darkness. Total shikonins were measure
at 6 d after transfer of 14-d-old hairy roots to M9 and darkness. All data are means + SEM (n = 3-4 biological

replicates). Statistically significant differences are indicated (*P < 0.05, Student’s t test).

The KEGG pathway analysis also revealed that genes involved in “phenylpropanoid
biosynthesis” and “ubiquinone and other terpenoid-quinone biosynthesis” were enriched in those
underexpressed in LeGPPSi-45 (Fig. S2). This is noteworthy because the phenylpropanoid
pathway supplies p-coumaroyl-CoA to make the 4-HBA precursor that becomes the
hydroxybenzene ring, ring A, of shikonin’s naphthazarin moiety (Fig. 3-1) and of ubiquinone’s
benzenoid moiety®. Further examination of genes underexpressed in LeGPPSi-45 showed that
several genes in the core phenylpropanoid pathway are underexpressed, including multiple genes
encoding phenylalanine ammonia-lyases (PALS) (Fig. 3-4b, Table S1). Moreover, one copy of the
At4919010-like peroxisomal p-coumarate-CoA ligase genes (Leryth 018919) was significantly
underexpressed (Fig. 3-4b, Table S1). In Arabidopsis thaliana, it was demonstrated that
At4g19010 is responsible for activating the propyl side chain of p-coumarate for B-oxidative
shortening to supply 4-HBA precursor for ubiquinone biosynthesis®. These results suggest that,
like the MV A pathway, an unknown factor links downregulation of LeGPPS to reduced expression

of phenylpropanoid and benzenoid pathway genes.
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Figure 3-4 Effect of LeGPPS RNAI downregulation on expression of MVA, MEP, phenylpropanoid, and
benzenoid pathway genes. The average log.fold-change in expression for each gene in LeGPPSi-45 lines compared
to EV-26 lines in the mevalonic acid (MVVA) and methylerythritol phosphate (MEP) pathways (a) and in the
phenylpropanoid and benzenoid pathways (b) are shown. Abbreviations: 4CL, 4-coumarate CoA-ligase; AACT,
acetoacetyl-CoA thiolase; AA04, Arabidopsis Aldehyde Oxidase 4; C4H, cinnamate 4-hydroxylase; CDP-ME, 4-
Diphosphocytidyl-2-C-methylerythritol; CDP-MEP, 4-Diphosphocytidyl-2-C-methylerythritol 2-phosphate; CHD,
cinnamoyl-CoA hydratase/dehydrogenase; CMK, 4-(cytidine 5’ -diphospho)-2-C-methyl-D-erythritol kinase; CoA,
coenzyme A; DMAP, dimethylallyl phosphate; DMAPP, dimethylallyl diphosphate; DOXP, 1-deoxy-D-xylulose 5-
phosphate; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; DXS, 1-deoxy-D-xylulose 5-phosphate
synthase; FPP, farnesyl diphosphate; FPPS, farnesyl diphosphate synthase; G3P, D-glyceraldehyde 3-phosphate;
GPP, geranyl diphosphate; GPPS, geranyl diphosphate synthase; HDR, (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; HDS, (E)-4- hydroxy-3-methylbut-2-enyl diphosphate synthase; HMG-CoA, 3-hydroxy-3-
methylglutaryl-CoA; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-3-methylglutaryl-
CoA synthase; HMP-PP, (E)-1-hydroxy-2-methylbut-2-enyl 4-diphosphate; IDI, isopentenyl diphosphate isomerase;
IP, isopentenyl phosphate; IPK, isopentyl phosphate kinase; IPP, isopentenyl diphosphate; KAT, 3-ketoacylthiolase
1; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; MDD, mevalonate diphosphate decarboxylase;
MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MEcPP, methylerythritol cyclodiphosphate; MK,
mevalonate kinase; MPD, phosphomevalonate decarboxylase; MVAP, mevalonate 5-phosphate; MVAPP,
mevalonate diphosphate; NUDX1, Nudix enzyme 1; OPP-CoA, 3-0xo-3-phenylpropionoyl-CoA; PAL, L-
phenylalanine ammonia lyase; PMK, phosphomevalonate kinase; PXAL, peroxisomal ABC transporter 1; TE,
thioesterase.

65



3.4.3 Coexpression network analysis recovers known shikonin pathway gene associations
and predicts new connections

We hypothesized that LeGPPS and other known shikonin biosynthesis genes, including LePGT1,
would appear as hub genes that we could use to identify coexpressed genes with roles in shikonin
biosynthesis. To construct a transcriptional network model with a high likelihood of recovering
the shikonin biosynthetic pathway as a module, we used publicly available comparative RNA-seq
experiments from tissues and conditions divergent in their shikonin levels (NCBI Sequence Read
Archives PRINA596998%° and PRINA331015). These included whole L. erythrorhizon root tissue
versus above ground tissue; root periderm versus root vascular (inner) tissue; and hairy root
cultures grown in M9 media in the dark versus roots grown in B5 media in light conditions. In all
three experiments, the former tissue or condition in each comparison was previously shown to
contain higher LePGT1 expression and shikonin content?, Like LeGPPS, LePGT1 functions at the
interface of the phenylpropanoid, MVA, and shikonin pathways (Fig. 3-1). Therefore, we
constructed the model based on the hypothesis that genes involved in the shikonin pathway and
upstream metabolism would also be more highly expressed in the same tissues or conditions as
LePGT1.

One potential source of noise in coexpression analyses is the inclusion of genes that are
either not expressed or are constitutively expressed at a constant level across all conditions. These
genes may appear significantly coexpressed with other genes in the dataset artifactually?®.
Although this is less of a concern when working with dozens or hundreds or RNA-seq samples?®,
our dataset consisted of only 14 RNA-seq samples across six total tissues or conditions. To control
for this source of false positive coexpression, we only included genes likely to be DEGs in at least

one of the three comparisons at a false discovery rate (FDR) cutoff of <0.1. A total of 8680

transcripts were included using this approach (Table S2). Within this set of transcripts, 23.9%
(2077) were overexpressed in whole root; 37.9% (3290) were overexpressed in root periderm; and
21.6% (1876) were overexpressed in hairy roots sampled in the dark (Table S3). The overlap of
all three comparisons contained 374 genes that were overexpressed in the shikonin accumulating
condition (Fig. 3-5a). These included several genes already implicated in shikonin biosynthesis:
LePGT1, LePGT2, two additional PGT-like genes?®, LeGPPS®®, CYP82AR2%’, L. erythrorhizon
pigment callus-specific gene 2 (LePS-2)%, and LeMYB1%® (Table S4).
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Decreased accumulation of transcripts encoding core phenylpropanoid and B-oxidative
benzenoid biosynthetic genes (Fig. 3-4b) raises the possibility that 4-HBA availability might also
limit shikonin production in GPPSi-RNAI lines (Fig. 3-2). To test this, shikonin levels were
determined in EV-26 and LeGPPSi-45 lines supplied with exogenous 4-HBA. The amount of
shikonin produced, however, remained unchanged compared to the unfed controls (Fig. S3)
suggesting that 4-HBA availability does not limit shikonin production in LeGPPS knockdown
lines. Taken together, the in vivo investigation of LeGPPS demonstrates that in addition to
LeGPPS being involved in shikonin biosynthesis, the expression of LeGPPS is highly connected
to other genes in the larger shikonin metabolic network including those in the shikonin, MVA,
phenylpropanoid, and benzenoid pathways.

The 8680 DEGs were used as input for a global coexpression network analysis (Table S5).
Pairwise measurements of gene coexpression were specified as mutual ranks (MRs), which are
calculated as the geometric mean of the rank of the Pearson’s correlation coefficient (PCC) of gene
A to gene B and the PCC rank of gene B to gene A®. Ranking the PCCs in this manner has been
shown to improve the recovery of known pathways as discrete subgraphs in global coexpression
networks®!. We constructed four MR-based networks (N1-N4), using different coexpression
thresholds for assigning edge weights (i.e. connections) between nodes (i.e. genes) in the network.
Networks were ordered by size (i.e. total number of edges between nodes), such that N1 represents
the smallest network and N4 represents the largest network. Graph-clustering implemented by
ClusterONE®? was used to discover coexpressed subgraphs (hereafter referred to as gene modules)
within the global networks (Dataset S1). The benefit of using ClusterONE over other graph-
clustering methods, e.g. MCL® is its capacity to assign genes to multiple overlapping modules,
which is more reflective of complex biological networks. We chose to focus our analysis on four
target genes based on evidence of their involvement in shikonin metabolism: LeGPPS?® (Fig.3-2),
LePGT1%°, LeCYP76B101%*%, and LeMDR®. Because ClusterONE modules can overlap, each
target gene was assigned to multiple modules within the larger networks. For example, LePGT1
was found in 3, 2, 3, and 6 different modules in network N1, N2, N3, and N4, respectively (Dataset
S1). To address this redundancy, we collapsed all modules within a network that contained one or
more of the four target shikonin metabolic genes into non-intersecting metamodules (Fig. 3-5b;
Fig. S4)?°. Collectively, these metamodules are models, which we refer to as shikonin metabolic

subnetworks.
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Figure 3-5 Analysis of gene expression in Lithospermum erythrorhizon. Venn diagram showing the overlap of
genes that are significantly overexpressed in conditions where shikonin is abundant (bold) (a). Network map of
genes coexpressed with target genes LePGT, LeGPPS, LeCYP76B101, and LeMDR using the N2 global
coexpression network (b). Nodes in the map represent genes, and edges connecting two genes represent the weight
(transformed MR score) for the association. Genes are colored according to its coexpression status with known
shikonin genes (grey). Network maps were drawn using a Fruchterman-Reingold force-directed layout using the
edge-weighted spring embedded layout in cytoscape (https://cytoscape.org)

The number of genes recovered in the shikonin metabolic subnetworks varied from 102,
152, 359, and 1268 genes in networks N1, N2, N3, and N4, respectively (Tables S6-S9). We
focused our subsequent analyses on the N2 network, which contained a large number of candidate
genes to investigate while also limiting the number of peripheral genes that appeared only weakly
connected to shikonin biosynthesis (Fig. S4). The N2 shikonin metabolic subnetwork was
comprised of two metamodules (Fig. 3-5b). The first N2 metamodule contained 125 genes
including LeGPPS, LePGT1, and LeCYP76B101; whereas, the second metamodule contained 27
genes including LeMDR. To be considered coexpressed in our analysis two genes must have at
least one shared module within the larger metamodule. For example, LeGPPS and CYP76B101
were coexpressed with one another, being members of three shared modules: N2M94, N2M298,
and N2M317 (Dataset S1). Within metamodule 1, 60 genes were coexpressed with LeGPPS and
CYP76B101; 6 genes were uniquely coexpressed with LeGPPS; and 59 genes were uniquely
coexpressed with LePGT1 (Fig. 3-5b; Table S7). Four genes (Leryth 014746, Leryth 025160,
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Leyrth 004583, Leryth 002195) coexpressed with all three LeGPPS, LePGT1, and LeCYP76B101
(Fig. 3-5b; Table S7). Although the genes of metamodule 2, including LeMDR, were not
coexpressed with the three other target shikonin genes in network N2, the two larger networks N3

and N4 did show a small amount of overlap (Fig. S4).

Table 3-2 Shikonin pathway gene candidates identified via coexpression network analysis

Gene InterPro Network | Coexpressed DE DE DE
with DvL PvV RvL

Leryth_ 021809 | Cytochrome P450 N2 LeMDR yes yes yes

Leryth 001242 | Cytochrome P450 N2 LeMDR yes yes

Leryth_000257 | Cytochrome P450 N2 LeMDR yes

Leryth_ 002195 | Ubiquinone biosynthesis | N2 LeGPPS, yes yes yes
protein COQ4 LePGT,

CYP76B101

Leryth_019821 | Ubiquinone biosynthesis | N2 LeMDR yes yes
O-methyltransferase
C0oQ3

Leryth_021171 | Ubiquinone biosynthesis | N2 LeGPPS, yes yes
O-methyltransferase CYP76B101
COoQ3

Leryth_001358 | Prephenate N2 LePGT yes yes
dehydrogenase

Leryth 020454 | Quinoprotein N4 LeGPPS, yes yes yes
glucose/sorbosone LePGT,
dehydrogenase CYP76B101

Leryth 012925 | Chloramphenicol N2 LePGT yes yes
acetyltransferase-like

Leryth 015823 | Chloramphenicol N2 LeGPPS, yes yes
acetyltransferase-like CYP76B101

In agreement with previous studies®’8, six genes were recovered in N2 metamodule 1
encoding enzymes with annotations related to the phenylpropanoid and MV A pathways including
PAL, HCT, HMGS, and HMGR (Fig. 3-5b; Table S7). Past studies have identified additional
candidate genes possibly involved in the shikonin pathway including LePS-228, LeACS-1%,
LeMYB1%, and LeDI-2%. Of these, only LePS-2 was coexpressed with any validated shikonin
biosynthetic genes, being coexpressed with LePGT1, LeGPPS, and LeCYP76B101 in the larger
N3 and N4 networks (Tables S8,59).

The N2 shikonin subnetwork was enriched in 62 Gene Ontology (GO) categories (BH-
adjusted p-value <0.05; Table S10) including broad enzymatic categories such as GO:0016491
oxidoreductase activity (18 genes), and GO:0016740 transferase activity (36 genes). Another
enriched category, intramembrane

ATPase-coupled lipid transport activity (2 genes;
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Leryth 023505, Leryth 019206) is of high interest because the previous implication of an
ARF/GEF-like system required for shikonin transport*!.

To identify shared 5' cis regulatory regions among the coexpressed genes, we performed a

motif enrichment analysis on the genes of the N2 shikonin subnetwork using Motif Indexer®?. The
most overrepresented motif within the upstream region of shikonin subnetwork genes was
AmrGTCwA (p-value =9.67x10—10; FDR =0.007; Table S11), the reverse compliment of which
(TWGACyYKT) is similar to the canonical W-box element sequence motif (T)TGAC(C/T)
recognized by the WRKY family of transcription factors*®. Of the 152 genes in the N2 shikonin
subnetwork, 47.37% of genes (N=72) contained this motif including all four target genes:
LePGT1, LeGPPS, LeMDR, and CYP76B101. Five WRKY transcription factors were identified
in the N2 shikonin subnetwork (Fig. 3-5b) two of which (Leryth 027519 and Leryth_002564)
were also significantly overexpressed in all three conditions where shikonin was abundant (Table
S7).

3.4.4 Expansion of the LeFPPS gene family in the Boraginales gave rise to LeGPPS

We next performed a phylogenetic analysis to gain insight into the evolutionary events giving rise
to genes in the shikonin metabolic network. Previous work demonstrated that LeGPPS encodes an
enzyme having GPPS-like activity but is a member of the FPPS gene family*®. To better understand
the evolutionary history of LeGPPS, we reconstructed the phylogeny of the FPPS gene family
using homologous sequence groups downloaded from the PLAZA 4.0 database (Table S12)*. In
addition to L. erythrorhizon, we included in our analysis de novo transcriptome-based proteomes
from 18 additional Boraginales species including three other shikonin producing plants (E.
plantagineum, Arnebia euchroma, and Lithospermum officinale), one additional Boraginaceae that
does not produce shikonin (Mertensia paniculata), and 14 additional Boraginales species that do
not produce shikonin (Table S13)?%%>, The Boraginales contain two distinct subfamilies in the
FPPS gene family phylogeny (Fig. S7). Subfamily I contains LeGPPS and was present in 17 of the
19 Boraginales in the analysis, including all four shikonin-producing species (Fig. S7). Subfamily
| was absent in Heliotropium karwinsky and Heliotropium sp. Subfamily Il, the canonical FPPS
group, contains LeFPPS1 (Leryth_005102) and 29 other sequences. Subfamily Il was present in
all four shikonin-producing species and absent in Heliotropium calcicole and Heliotropium
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texanum. The absence of subfamily I or Il in some Heliotropium species is likely artifactual due
to these gene sets being transcriptome derived. Subfamily Il also contained two additional genes
from L. erythrorhizon, Leryth 007856 (referred to as LeFPPS2 by Ueoka et al.?%) and
Leryth 010152 (hereafter LeFPPS3) (Fig. S7).

We searched for shared synteny between genome assembly contigs containing FPPS genes
in L. erythrorhizon to investigate whether whole genome duplication (WGD) was involved in the
evolution of the subfamily 1. A WGD is proposed for the Boraginaceae roughtly 25 MYAZ?! and L.
erythrorhizon and E. plantagineum have similar distributions of synonymous substitution (Ks)
between syntenic paralogs at 0.45 and 0.417, respectively?®?l, The contigs containing LeFPPS1
and LeFPPS3 (Fig. S5) were syntenic and the syntelogs in these two contigs have a median Ks
value of 0.484 (Table S14). The median Ks of this syntenic block is similar to the peaks in Ks
distribution described by Auber et al.?° and Tang et al.?, consistent with the Boraginaceae WGD
giving rise to LeFPPS1 and LeFPPS3. In contrast, the lack of shared synteny between LeGPPS
and any of the three genes in the FPPS group suggests that LeGPPS did not arise via WGD. Intron
position is conserved between LeGPPS and the three FPPS genes, with only LeFPPS3 showing

some divergent intron positioning toward its 3' end (Fig. S6), which is consistent with segmental

duplication or DNA transposition giving rise to the LeGPPS homolog rather than
retrotransposition.

Previous work by Ueoka et al.*® demonstrated that the histidine (His) residue adjacent to
the first aspartate-rich motif in LeGPPS was responsible for its GPPS-like activity. Examination
of our FPPS gene family sequence alignment shows that this His residue is present in all sequences
of the GPPS group (subfamily 1), with the exception of two transcriptome-derived sequences from
two non shikonin-producing species Ehretia acuminata and Heliotropium greggii that are both
missing this region (Fig. S7). In contrast, all sequences in the FPPS group (subfamily I1) contain
the canonical leucine (Leu) residue adjacent to the Asp-rich motif, with the exception of three
transcriptome-derived sequences that are missing the region (Fig. S7). We identified a His residue
in place of Leu in three additional sequences from Fragaria vesca (woodland strawberry), Pyrus
bretschneideri (Chinese white pear), and Solanum tuberosum (potato) (Figs. S7,S8). Like the
Boraginales, each of these three species maintained a second FPPS gene that retains the canonical
Leu adjacent to the Asp-rich motif (Fig. S8). A similar observation was made with FPPS homologs
from Fragaria x ananassa (strawberry), Malus domestica (apple), and Prunus persica (peach)™°.
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Thus, the recruitment of a cytoplasmic FPPS to function as a GPPS convergently evolved multiple

times in plants and has likely contributed to the diversification of plant terpenoid metabolism.

3.4.5 Shikonin pathway gene candidates provide insights into specialized metabolic
innovation in the Boraginaceae

We extended our phylogenetic analysis to additional shikonin gene candidates (Table 3-1). We
first considered gene candidates that could be responsible for missing enzymes in the shikonin
pathway. It is estimated that 97% of cytochromes P450 in plants are associated with specialized
metabolic pathways*®. Therefore, considering that missing steps in the shikonin pathway require
decarboxylation, hydroxylations, or carbon—carbon ring closure, we examined cytochromes P450
in the coexpression network. In addition to LeCYP76B101, which was used as a known target in
metamodule construction, three additional cytochromes P450 were recovered in the N2 shikonin
subnetwork, all three of which were coexpressed with LeMDR metamodule 2 (Fig. 3-5b; Table
S7). None of the three additional cytochromes P450 correspond to the LeCYP82AR2 recently
described to catalyze deoxyshikonin hydroxylation in vitro?”. Although LeCYP82AR2
(Leryth 026973, Table S3) was not recovered as a candidate in the N1 or N2 shikonin
subnetworks, it was coexpressed with LePGT1, LeGPPS, and LeCYP76B101 in our N3 network
(Fig. S4c) and was also overexpressed in all shikonin-abundant conditions (Table S3).

One of the three cytochromes P450 identified was Leryth_021809, which encodes a
CYP76B6-like enzyme and was significantly overexpressed in all shikonin-abundant conditions
(Table S3). Other CYP76B genes, including CYP76B74 in A. euchroma®® and CYP76B100/101%
in L. erythrorhizon (Fig. 3-1), have already been implicated in oxidative reactions in shikonin
biosynthesis, but the evolutionary relationships between these genes has been unclear. A
phylogeny of CYP76B6-like genes reveals that AeCYP76B74 and LeCYP76B101 are orthologs
(Fig. S9). LeCYP76B100 is the mostly closely related paralog to LeCYP76B101 but groups more
closely to other sequences in A. euchroma, E. plantagineum, and Mertensia paniculata (Fig. S9).
This indicates that the gene duplication event that gave rise to LeCYP76B100/101 occurred in the
last common ancestor of these Boraginaceae species. Leryth 021809, the additional CYP76B6-
like gene recovered in the coexpression analysis, is within a separate clade that has expanded

within shikonin producing species. The closest homolog in M. paniculata (the only Boraginaceae
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in our analysis that does not produce shikonin) groups closer to a different cytochrome P450 in L.
erythrorhizon (Leryth_021691; Fig. S9).

A phylogeny of sequences homologous to the second cytochrome P450 candidate
(Leryth_001242), which encodes a CYP76A2-like enzyme, also shows an expansion of gene
copies in the Boraginaceae (Fig. S10). This gene is one of three homologs in a tandem repeat,
including Leryth 001243 and Leryth_ 001244 indicating that tandem gene duplication has
expanded this cytochrome P450 subfamily in L. erythrorhizon (Fig. S11). Leryth_ 001243 and
Leryth_001244 were not captured in the shikonin subnetwork but their expression is greater in
whole root versus above ground tissue (Table S3). Lastly, the phylogeny of sequences homologous
to the third cytochrome P450 candidate (Leryth _000257), which encodes a CYP89A2-like
enzyme, shows a smaller group of Boraginales sequences without the rounds of expansion present
in the other two trees (Fig. S12).

The production of geranylhydroquinone (GHQ) from 3-geranyl-4HBA (Fig. 3-1) may
occur via decarboxylation and subsequent hydroxylation or a single oxidative decarboxylation
event®. In addition to cytochromes P450, we examined the generated shikonin network for non-
cytochrome P450 candidate genes that may function in either hypothesized mechanism. One
candidate to consider is a prephenate dehydrogenase-like (PDH-like) gene. PDH catalyzes
oxidative decarboxylation of prephenate to 4-hydroxyphenylpyruvate for synthesis of tyrosine®’.
Leryth 001358 encodes a PDH-like protein and is coexpressed with LePGT1 in the N2 subnetwork
(Fig. 3-5b; Table S7). Similar to other genes in our analysis, the phylogeny of PDHs shows an
expansion of this gene family within the Boraginaceae (Fig. S13). Coexpression of the PDH-like
gene may simply be related to the connection between shikonin and aromatic amino acid
metabolism via phenylpropanoid metabolism, further research is needed to determine if a
duplicated PDH could evolve to utilize another 4-hydroxylated substrate.

Given the dozens of shikonin and alkannin derivatives collectively present in the
Boraginaceae®®, we looked for genes in the shikonin subnetwork that may encode tailoring
enzymes involved in the synthesis of shikonin derivatives. Recently, two BAHD acyltransferases,
shikonin O-acyltransferase (LeSAT1) and alkannin O-acyltransferase (LeAAT1), were discovered
to mediate enantiomer-specific acylation in L. erythrorhizon*. Neither LeSAT1 nor LeAAT1 were
recovered in the coexpression networks but expression of both is more abundant in at least one
shikonin-abundant condition (Table S3). In our N2 shikonin subnetwork (Fig. 3-5b; Table S7),
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two additional genes encoding putative transferases (Leryth 012925, Leryth 015823) were
recovered. Phylogenetic analysis of the Leryth 015823 transferase and its homologs places
Leryth 015823 in a group that contains all Boraginaceae species in our analysis (Fig. S14). In
contrast, phylogenetic analysis of Leryth 012925 and its homologs shows Leryth 012925 on a
long branch and lacking closely related homologs in other Boraginaceae (Fig. S15), which may
make it a potential candidate for a L. erythrorhizon-specific shikonin/alkannin tailoring enzyme

that is absent in the other shikonin-producing species in our analysis.

3.4.6 Coexpression network analysis reveals candidates with links to ubiquinone
biosynthesis

It has already been demonstrated that LePGT1 and LePGT2 evolved via duplication of a primary
metabolic prenyltransferase involved in ubiquinone biosynthesis®. Given this previously observed
connection, the coexpression of a COQ4 ubiquinone biosynthesis-like gene with LePGT1,
LeGPPS, and LeCYP76B101 in the N2 network appeared remarkable (Fig. 3-5b; Table S7).
Although the precise biochemical function of COQ4 is unknown it is thought to function as a
scaffold protein binding proteins and lipids required for efficient ubiquinone biosynthesis®. The
phylogenetic tree of the COQ4 gene family (Fig. S16) is strikingly similar to that of the ubiquinone
prenyltransferase gene family?®. Both phylogenies contain two subfamilies of Boraginales
sequences. One subfamily has shorter branch lengths and contains a single sequence per species,
suggesting that this subfamily has retained the ancestral COQ4 ubiquinone biosynthesis activity
(Fig. S16). The second Boraginales subfamily has longer branches and shows a radiation of COQ4
paralogs and includes the candidate gene (Leryth_002195; Fig. S16), which was overexpressed in
all shikonin-abundant conditions (Table S3). Given the similarities in the precursors and
biosynthetic steps in the ubiquinone and shikonin pathways®’, this COQ4 paralog (Leryth_002195)
could fulfill an analogus function and participate in assembling a shikonin biosynthesis metabolon.

In addition to the COQ4-like genes, we al identified two COQ3-like O-methyltransferase
genes in the N2 shikonin subnetwork (Leryth 019821 and Leryth_021171). Leryth 019821 was
coexpressed with LeMDR and Leryth 021171 was coexpressed with LeGPPS and LeCYP76B101
(Fig. 3-5b). A phylogenetic tree of the COQ3 gene family suggests that the two copies in L.
erythrorhizon diverged in an ancestor of the Boraginaceae; the Leryth 021171 subfamily

contained a sequence from M. paniculata, whereas the Leryth 019821 subfamily appears to be
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unique to shikonin producing species (Fig. S17). The metabolic significance of this network
connection remains enigmatic, though it is possible that these enzyme could function in formation
of shikonin derivatives.

A final connection to ubiquinone metabolism uncovered in the coexpression analysis was
the recovery of a quinoprotein dehydrogenase gene (Leryth_020454) in the largest N4 subnetwork
that coexpressed with LeGPPS, LePGT1, and LeCYP76B101 (Fig. S4d; Table S9). Leryth 020454
was also significantly overexpressed in all shikonin-abundant conditions (Table S3). Quinoprotein
dehydrogenases catalyze the oxidation of glucose to gluconate with concomitant reduction of
ubiquinone to ubiquinol®®. It is conceivable that such an enzyme could function to maintain
shikonins and/or pathway intermediates in reduced states to protect the cell. Alternatively, it could
function to ensure a pathway intermediate(s) remains in its reduced form. A similar chemical
prerequisite is necessary for transmethylation of the 1,4-naphthoquinone ring of
demethylphylloquinone in the vitamin K1 pathway®?.. The phylogeny of quinoprotein
dehydrogenases shows two copies of this gene in the Boraginaceae (Fig. S18). The clade that
contains Leryth_020454 appears unique to shikonin producers and is absent in M. panticulata (Fig.
S18). Collectively, the analyses provided here suggest there are multiple genes in the shikonin

coexpression network that originated from duplication of ubiquinone pathway genes.

3.5 Discussion

In this study, we downregulated expression of LeGPPS to explore the connections linking the
shikonin pathway with the pathways supplying its metabolic precursors. In doing so, we showed
that the recently discovered LeGPPS, an FPPS with evolved GPPS activity'®, is required for
shikonin production (Fig. 3-2) and that LeGPPS supplies GPP precursor to the shikonin pathway
using MV A-pathway derived IPP/DMAPP (Fig. 3-3). We also performed a series of computational
analyses to investigate the evolutionary history of metabolic innovation in the shikonin pathway.
Synteny analysis of the L. erythrorhizon genome revealed one syntenic block in contigs containing
LeFPPS1 and LeFPPS3 (Fig. S5) suggesting that WGD in the Boraginaceae was responsible for a
duplication giving rise to these canonical FPPS paralogs (Fig. S7). However, the absence of shared
synteny between LeGPPS and any other FPPS genes, suggests that LeGPPS did not arise via
WGD. There is also no clear evidence of tandem duplication, and the presence of introns likely

rules out retro duplication similar to what occurred with PGT evolution?. Instead, conservation of
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intron positions between LeGPPS and other FPPS genes (Fig. S6) is consistent with a segmental
or DNA transposition event.

Wisecaver et al.?® previously showed that network analysis based on abundant
coexpression data (i.e. hundreds of RNA-seq and/or microarray samples) is a powerful strategy
for high-throughput discovery of genes involved in specialized metabolic pathways in plants. We
utilized a similar computational approach here with a limited but strategically selected set of
transcriptome samples (N = 14) to construct a shikonin metabolic network model. We chose to
focus our analysis on LeGPPS'® (Fig. 3-2), LePGT1%°, LeCYP76B101***°, and LeMDR® given
their demonstrated roles in shikonin metabolism. Using conventional differential gene expression
analysis to refine the gene coexpression matrix, we uncovered a L. erythrorhizon shikonin gene
network model that predicts strong associations between MV A pathway genes and known shikonin
biosynthesis genes, as well as links between shikonin genes and several uncharacterized enzyme-
coding genes (Fig. 3-5) that present new candidates for missing shikonin biosynthesis steps (Fig.
3-1). Moreover, L. erythrorhizon produces high amounts of rosmarinic acid and other specialized
metabolites®. It is therefore important to note that the gene connections uncovered in the shikonin
coexpression subnetworks may extend beyond shikonin biosynthesis. However, examining
expression of the rosmarinic acid biosynthesis gene CYP98A654 (Leryth_006600) and five other
CYP98AG6-like genes present in the L. erythrorhizon genome (see Table S1 and S3) showed that
none were recovered in any of our shikonin subnetworks, including the largest (N4). Plotting the
spearman’s correlation of each CYP98A6 homolog against the eigengene® for each module within
the N2 shikonin subnetwork shows that CYP98A6 homologs are poorly correlated with the
shikonin subnetwork (Fig. S19). This is consistent with results from hierarchical clustering
analysis of proteomic data showing that CYP98AG6 clusters separately from shikonin biosynthesis
proteins®.

Similar to LeGPPS (Fig. S7) and the PGTs?®, Boraginales-specific gene family expansions
were observed in the phylogenies (Figs. S8,59,511-S17) of the genes identified by coexpression
network modeling (Table 3-1). Therefore, gene duplication appears to be the primary mechanism
contributing to metabolic innovation in the Boraginales. Synteny analysis suggests that WGD was
unlikely to be responsible for the expansion in the gene families for these candidates (data not
shown). Furthermore, examination of the genomic regions surrounding these candidates suggests

that tandem duplication did not contribute to their respective gene family expansions either, except
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for the cytochrome P450 encoded by Leryth 001242 (Fig. S11). Though Leryth 001243 and
Leryth 001244 were not candidates identified in the coexpression network, their transcript
abundance is higher in roots than in aboveground tissues (Table S3). These cytochromes P450 are
predicted to encode CYP76A2-like enzymes. Other CYP76A members have been found to
catalyze oxidation cascades involved in formation of terpenoid-derived specialized
metabolites®®®’, thus making Leryth 001242 and its paralogs intriguing shikonin pathway
candidate genes.

The shikonin pathway relies on precursors from both isoprenoid and phenylpropanoid
metabolism. Inhibitor experiments with LeGPPS-RNA. lines led us to discover an additional layer
of regulatory complexity coordinating flux between the phenylpropanoid, MVA, and MEP
pathways. Inhibition with the MEP pathway inhibitor fosmidomycin, for example, unexpectedly
led to increased shikonin levels in both the EV-26 and LeGPPSi-45 lines (Fig. 3-3). This not only
provides further evidence that neither IPP/DMAPP derived from the MEP pathway, nor GPP
produced from MEP pathway-derived IPP/DMAPP, is exported to the cytoplasm for shikonin
biosynthesis but it likely points to an increase in flux through the MVA pathway due to the
impairment of the MEP pathway.

To test if impairment of the MVA pathway affects regulation of the MEP pathway, we
examined expression of MVA and MEP pathway genes in EV-26 lines treated with mevinolin
(Fig. S20). Treatment with mevinolin increased expression of MVVA pathway genes and decreased
expression of early MEP pathway genes, including one of the copies encoding the first and rate-
limiting enzyme 1-deoxy-D-xylulose-5-phosphate synthase (DXS). These data implicate the
existence of unknown factors coordinating flux from central carbon metabolism into the MVA and
MEP pathways, adding another level of control to the complex regulation of these parallel routes
in plants®®.

Comparative RNA-seq analysis of EV-26 and LeGPPSi-45 hairy root lines revealed that
downregulation of LeGPPS results in transcriptional changes of genes throughout the terpenoid
and phenylpropanoid metabolic networks (Fig. 3-4). The decreased expression of upstream MVA
pathway genes and increased expression of genes encoding cytoplasmic enzymes utilizing
IPP/DMAPP (i.e. NUDX1!" and FPPS) may indicate that IPP/DMAPP accumulates when the
LeGPPS step is limiting. The increased pool of IPP/DMAPP may then be sensed by the cell leading
to transcriptional reprogramming of isoprenoid metabolism to redirect the C5 building blocks
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toward other products. While levels of sterols (cytoplasmic IPP/DMAPP-derived product) and
abscisic acid (plastidial IPP/DMAPP-derived product) were not significantly different, the levels
of ubiquinones (mitochondrial IPP/DMAPP-derived product) were increased by 36% in LeGPPSi-
45 lines compared to EV-26 lines (Fig. S21). The observed increase in ubiquinone levels is also
noteworthy because it further suggests that its precursor pools are shared with the shikonin
pathway.

The WRKYs are strong candidates for factors coordinately regulating expression of
phenylpropanoid and terpenoid metabolic genes. As one of the largest classes of plant transcription
factors, they are involved in regulating processes in response to a number of developmental cues
and environmental stimuli. Moreover, they can act as activators or repressors and in doing so they
create a regulatory network modulating signaling events from organelles and the cytoplasm to the
nucleus®®. Here, we found that 72 of the 152 genes in the N2 shikonin subnetwork, including
LePGT1, LeGPPS, LeMDR, and CYP76B101, contain a canonical W-box element sequence motif
(T)TGAC(C/T) (Table S11) recognized by the WRKY family of transcription factors*3. From our
analyses we identified five candidate transcription factors containing WRKY domains in the N2
shikonin subnetwork (Fig. 3-5b) including two, Leryth_027519 and Leryth_002564, which were
both overexpressed in all shikonin-abundant conditions in the analyzed RNA-seq datasets (Table
S3).

In addition to sharing 4-HBA and MV A-derived prenyl diphosphate metabolic precursors
and having a common origin of their prenyltransferase genes, the shikonin and ubiquinone
pathways rely on multiple analogous biochemical ring modifications?°. This raises the prospect
that neofunctionalization of duplicated ubiquinone biosynthesis genes facilitated evolution of the
shikonin pathway. Considering this hypothesis, we explored the shikonin coexpression
subnetworks for other connections to ubiquinone biosynthesis-like genes. Interestingly, COQ3-
like O-methyltransferase and a quinoprotein dehydrogenase genes were found in the coexpression
network that are unique to shikonin-producing species (Figs. S16 and S17). Whether these genes
function in shikonin metabolism or point to another functional connection between shikonin and
ubiquinone remains unclear. Moreover, we identified that in addition to encoding a canonical
COQ4, L. erythrorhizon has a COQ4-like gene that was coexpressed with LePGT1, LeGPPS, and
LeCYP76B101 in the N2 network and was overexpressed in shikonin-abundant conditions (Fig. 3-

5b; Tables S3 and S7). COQ4 is a scaffold protein found in plants, fungi, and animals, including
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humans, that is required for ubiquinone biosynthesis. While its specific function is unknown, it
binds proteins and lipids and thus likely assembles a metabolon for efficient ubiquinone
biosynthesis®. Whether COQ4-like functions similarly in shikonin biosynthesis is an open
question that should be explored, especially considering any insight may inform the function of
the canonical COQ4 found throughout eukaryotes. Given that shikonin is abundant and non-vital,
it may provide a better model for genetically studying the COQ4 gene family.

In summary, our study has i) indicated transcriptional and metabolic connections linking the
shikonin pathway with it precursor pathways; ii) established a shikonin coexpression network
model that includes genes encoding candidates for missing shikonin pathway steps and regulatory
factors; iii) revealed instances of Boraginales-specific gene family expansion facilitated by
duplication events for genes in the shikonin metabolic network; and iv) uncovered evolutionary
links between shikonin metabolic network genes and ubiquinone pathway genes. The evolution of
other plant specialized 1,4-naphthoquinone pathways appears to be linked to primary metabolic
quinone pathways?>?%, Thus, we expect that the evolutionary mechanistic insights gained here,
combined with the demonstration that a robust coexpression network can be built from a small set
of RNA-Seq experiments relying on spatial- and condition-specific metabolite correlations, can be
used to guide further investigation into the convergent evolution of specialized 1,4-

naphthoquinone metabolism in plants.

3.6 Materials and methods

3.6.1 Plant materials and hairy root culturing

L. erythrorhizon (accession Siebold & Zucc.) seeds were obtained from the Leibniz Institute of
Plant Genetics and Crop Plant Research (IPK) seed bank (Gatersleben, Germany). Propagation of
plants to bulk seeds and the generation and maintenance of hairy roots were performed as done

previously?.

3.6.2 Generation of LeGPPSi and empty-vector control hairy root lines

The LeGPPS-RNAI (LeGPPSi) construct was created by synthesizing (Genscript, Piscataway, NJ)
spliced fragments of the LeGPPS coding region corresponding to nucleotides 165-727 and 165—

519, the latter in antisense orientation to create a hairpin structure. A 5’-CACC sequence was
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added for subcloning into pENTR™/D-TOPO (Invitrogen™, Carlsbad, CA) and subsequent
transfer into the destination vector, pB2GW7°°, by recombination using LR Clonase Enzyme
Mix™ (Invitrogen). The final construct, pB2GW7-GPPSi, was transformed into Agrobacterium
rhizogenes strain ATCC 15834 competent cells by freeze-thaw transformation® and plated on
Nutrient Broth (NB) agar containing 50 ug/mL spectinomycin for selection.

L. erythrorhizon hairy root GPPSi lines were generated by applying prepared cultures of
A. rhizogenes containing the pB2GW?7-GPPSi construct to wounded stems of L. erythrorhizon
plants in tissue culture as previously described?. Emergent roots from plants 2—4 weeks after
infection were excised and transferred to Gamborg B5 media plates containing 3% sucrose and
200 pg/mL cefotaxime to eliminate A. rhizogenes. After 2 weeks, hairy roots were transferred to
Gamborg B5 media containing 3% sucrose and 10 mg/L Basta for selection for 2 weeks. Hairy
root lines transformed by A. rhizogenes carrying an empty pB2GW?7 vector were generated in

parallel as controls.

3.6.3 RNA extraction and qRT-PCR analysis

Total RNA was extracted from ~100 mg of flash-frozen hairy root tissue and gRT-PCR reactions
were performed using a QuantStudio™ 6 (ThermoFisher) as previously described?’. Expression
of LeGPPS and LeGPPS2 was measured with comparative quantification using the 2—AACT
method®. Primers were designed using Primer-BLAST on NCBI® (Table S15). Expression was
normalized to L. erythrorhizon glyceraldehyde 3-phosphate dehydrogenase (LeGAPDH)®%2,

3.6.4 Metabolite extraction and quantification

Extraction and analysis of ABA by liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) was performed as previously described®. Extraction of total shikonins
from growth media of hairy root cultures and quantification on an Agilent 1260 Infinity high
performance liquid chromatography with diode array detection (HPLC-DAD) system (Agilent
Technologies) was done as previously described?’. Sterols were extracted from 100-200 mg of
ground flash-frozen hairy root tissue, derivatized with BSTFA, and analyzed on an Agilent 7890B
gas chromatograph (GC) coupled with a 5977A mass spectrometer (MS) equipped with a DB-5MS
column (30 m x 0.25 mm x 0.25 um film; Agilent Technologies) and employing Chemstation
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software as previously described®®. Ubiquinones were extracted from 100-200 mg of ground flash-
frozen fresh tissue in 3 mL of 95% ethanol spiked with 4 nmol ubiquinone-4 internal standard and
incubated overnight with shaking at 4°C. The next day, samples were centrifuged at 500 x g to
pellet debris. Then, 1.5 mL of water was added to supernatant and partitioned twice with 4.5 mL
hexane. The hexane layers were combined and concentrated under nitrogen gas at 37°C. Nearly
dry samples were resuspended in 1 ml 90:10 methanol:dichloromethane and filtered through 0.2
um PTFE syringe filters. Care was taken throughout the extraction process to protect samples from
light. Samples were analyzed by HPLC-DAD on an Agilent Zorbax SB-C18 column (5 um, 250 x
4.6 mm) thermostatted at 25°C and eluted in isocratic mode with 30% 60:40 isopropanol:hexanes
and 70% 80:20 methanol:hexanes®. Ubiquinones were detected spectrophotometrically at 255 nm
and had retention times of 4.8 min for ubiquinone-4, 11.4 min for ubiquinone-9, and 14.3 min for
ubiquinone-10. Instrument operation and data analysis steps were performed through the Agilent
ChemStation software. Quantification of ubiquinones was done by DAD using signals obtained in
the linear range of calibration standards (0.0313, 0.0625, 0.125, 0.250 and 0.500 nmol). The data
were corrected for recovery according to the ubiquinone-4 internal standard, and final
quantifications were made using linear regression. Differences in total shikonin and ubiquinone-9
and ubiquinone-10 content produced by empty-vector control and LeGPPSi lines (n =4 biological
replicates) were analyzed using one-way ANOVA and means were compared with Tukey’s HSD

post-hoc test at a 95% significance level.

3.6.5 RNA-sequencing analysis of LeGPPSi and empty-vector control lines

For RNA-seq analysis of L. erythrorhizon EV-26 and LeGPPSi-45, three independent hairy root
cultures of each line were started in liquid Gamborg B5 media containing 3% sucrose and grown
at 28°C in 100 uE m—2 s—1 light. After two weeks, the hairy roots were transferred to M9 media
containing 3% sucrose and darkness for six days. The hairy roots were then frozen in liquid
nitrogen, ground by mortar and pestle, and RNA was extracted from ~100 mg of tissue as described
above. For RNA-seq analysis of L. erythrorhizon EV-26 lines, three independent hairy root
cultures were grown as just described. Mock (control) and 100 uM mevinolin treatments were
administered immediately upon transfer of 14-d-old hairy roots to M9 and darkness. Total RNA

was extracted at 6 d after transfer of 14-d-old hairy roots to M9 and darkness.
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Library construction (NEBNext Ultra RNA Library Prep Kit, New England Biolabs Inc.)
from 1 pg RNA, Illumina sequencing, and analyses of DEGs were performed by Novogene
Corporation Inc. (Sacramento, CA). Paired-end clean reads were mapped to the L. erythrorhizon
reference genome?® using HISAT2 software [65] For each sequenced library, read counts were
adjusted by TMM [66] and DEG analysis was performed using DESeq2°” with p-value adjusted
using an FDR calculated with Benjamini-Hochberg (BH) methods®®. Genes were considered
significantly differentially expressed if they had a BH-adjusted p-value of 0.005 and a log2 fold
change of 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses
of DEGs was implemented by the clusterProfiler R package® and KEGG pathways with BH-
adjusted p-value <0.05 were considered significantly enriched. The raw data were submitted to the
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra/) and are available at the NCBI
Sequence Read Archive (PRINA811172).

3.6.6 Analysis of transcriptomes used to build shikonin gene coexpression networks

[llumina RNA-seq reads of L. erythrorhizon root periderm, root vascular, and hairy root cultures
were generated as described?®® and are available at the NCBI Sequence Read Archive
(PRINA596998). Additional lllumina RNA-seq reads of L. erythrorhizon whole roots and above
ground tissue (pooled leaves and stems) were downloaded from the NCBI SRA database,
experiments SRR3957230 and SRR3957231 respectively. L. erythrorhizon gene functional
annotations were downloaded from Auber et al.?°.

L. erythrorhizon RNA-seq raw reads were error corrected using the Tadpole (default
parameters; software last modified June 27, 2017) program from the BBMap software package
(https://sourceforge.net/projects/bbmap/). Gene expression was quantified with Kallisto™® by
aligning the error corrected reads to a collection of the longest transcript per gene of the L.
erythrorhizon genome. The LePS-2 gene was previously implicated in shikonin biosynthesis?® but
was not present in v1.0 of the L. erythrorhizon gene set?®. Therefore, we identified a putative
coding sequence for LePS-2 in the L. erythrorhizon genome assembly manually and added its
sequence to the total gene set prior to gene expression quantification.

Analyses of differential gene expression was performed using the edgeR package’. Gene
expression counts were normalized using the TMM (trimmed mean of M values) method®®. Exact

tests were conducted using a trended dispersion value and a double tail reject region. FDRs were
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calculated using the BH procedure®®. Genes that did not have a significant differential expression
status in at least one comparison (FDR <0.1) were excluded from downstream coexpression

analyses.

3.6.7 Coexpression network analysis

Raw gene expression counts were normalized using the transcripts per million method and
transformed using the variance-stabilizing transformation method in DESeq2°’, and global gene
coexpression networks were constructed as previously described?®. Briefly, a Pearson’s correlation
coefficient (PCC) was calculated between gene pairs and converted into a mutual rank (MR) using
scripts available for download on GitHub (https://github.rcac.purdue.edu/jwisecav/coexp-pipe).
MR scores were transformed to network edge weights using the exponential decay function
e—(MR—1/x); four different networks were constructed with x set to 5, 10, 25, and 50, respectively.
Edges with a weight <0.01 were trimmed from the global network. Modules of coexpressed genes
were detected using ClusterOne v1.0 using default parameters®. Module eigengenes were
calculated using WGCNA®* "2, Overlapping modules within each coexpression network were
combined by collapsing all modules containing the known Shikonin pathway genes LeGPPS*®,
LePGT1®, LeCYP76B101% and LeMDR™ into a subnetwork. Modules were visualized in
Cytoscape using the spring embedded layout. Tests for functional enrichment of Gene Ontology
(GO) terms in the different shikonin subnetworks (Table S10) were performed using
hypergeometric tests using the SciPy library hypergeom, and p-values were adjusted for multiple
comparisons using the StatsModels library multitest using the BH procedure®. GO terms and other

gene functional annotations were taken from Auber et al. %°.

3.6.8 Promoter analysis

Nucleic acid sequence motifs enriched in promoter regions of genes in the N2 shikonin subnetwork
(N =152) were identified with Motif Indexer*? using a 1000 base pair window upstream of all
transcriptional start sites using the same upstream region of all L. erythrorhizon genes as
background. Identified motifs were consolidated and ranked using the KeyMotifs.pl perl script

provided by Motif Indexer. To calculate a false discovery rate, 1000 random sets of 152 genes
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were run through Motif Indexer determine a p-value threshold. No motif identified from a random

gene set had a p-value less than 1x10-9.

3.6.9 Phylogenetic analysis

To construct gene phylogenies, the gene family containing the best A. thaliana BLAST hit to the
query gene was downloaded from the PLAZA 4.0 Dicots comparative genomics database**.
Homology between the predicted proteomes of L. erythrorhizon and 18 additional Borginales was
determined with OrthoFinder v2.1.2 using the following parameters: -S diamond -M msa -T
fasttree’. OrthoFinder orthogroups containing the query gene were combined with the Plaza 4.0
gene family to obtain the final sequence sets. Sequences were aligned with MAFFT® using the E-
INS-I strategy and following parameters: —maxiterate 1000 —bl 45 —op 1.0 —retree 3. The
maximum likelihood phylogeny was constructed using IQ-TREE'® using the built in ModelFinder
to determine the best-fit substitution model”” and performing SH-aLRT and the ultrafast
bootstrapping analyses with 1000 replicates each. For the cytochrome P450 and acetyltransferase
gene candidates, because the PLAZA 4.0 gene families were so large, a quick guide tree of the
entire gene family was built using FastTree’®. Regions of the guide tree that contained candidate
genes of interest were identified; sequences within these regions were realigned using MAFFT,

and phylogenies were built using 1Q-TREE as described above.

3.6.10 Synteny analysis

Regions of shared synteny within the genome of L. erythrorhizon were detected using SynMap2
on the online Comparative Genomics Platform (CoGe) using default settings with the exception
that the merge syntenic blocks algorithm was set to Quota Align Merge, syntenic depth algorithm
was set to Quota Align, and the CodeML option was activated to calculate substitution rates
between syntenic CDS pairs. For syntenic blocks containing genes of interest and their homologs,

the encompassing contigs were aligned using promer of the MUMmer4 alignment system?®.

3.7 Supplemental data

Supplemental tables, figures, and datasets are available at https://doi.org/10.1093/hr/uhab087
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CHAPTER 4. HYBRIDIZATION, PLOIDY, AND GENOME SIZE
VARIATION IN THE TOXIC ALGA PRYMNESIUM PARVUM

4.1 Declaration of collaborative work

Robert Auber performed the Oxford Nanopore sequencing, generated the genome assemblies, and
performed all genome-level analyses. Olga Yurchenko assisted with DNA isolation for lllumina
sequencing. Dr. Jennifer Wisecaver assisted with genome-level analyses. Robert Auber and Dr.
Jennifer Wisecaver prepared figures.

4.2 Introduction

Prymnesium parvum, also known as the golden alga, is notorious for forming toxic algal blooms
around the world. This eukaryotic microalga is globally distributed and capable of acclimating to
both marine and brackish water systems?. In addition to being an obligate autotroph, P. parvum
can also display mixotrophic behaviors®*. Micropredation in P. parvum is thought to be facilitated
by the production of toxic metabolites known as prymnesins®’ which also function as
allelochemicals against grazers and competitors®®. Additionally, prymnesins are potent
ichthyotoxins that induce massive fish Kkills during bloom events, which heavily disrupt
ecosystems'%L,

A remarkable amount of phenotypic variation has been observed among P. parvum strains.
Abiotic factors including temperature!?13 salinity?1213 pH and light'*® have all been
demonstrated to have distinct effects on the growth of different strains. Further, rates of
mixotrophy and prymnesin production in response to environmental factors also vary between
strains®!21516 Even strains isolated from the same bloom event have displayed significant
variations in growth and mixotrophy®. Beyond these physical measurements, strains of P. parvum
also vary in the types of prymnesin they produce. Three major classes of the prymnesins, A-type,
B-type, and C-type, have been shown to be variably produced between P. parvum strains®’.
Together, our knowledge of the wide phenotypic variation observed in P. parvum is extensive,

however, our understanding of the underlying genotypic variation is comparatively limited.
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Prior to molecular phylogenetics, scale morphology was the primary diagnostic approach
used to classify species within the Prymnesium species complex'’. However, molecular data later
suggested the species complex was conspecific and morphology is not a proxy of genetic
relationship®®1°. Phylogenies built from ITS sequences revealed that the three major P. parvum
clades each produce a unique prymnesin, indicating that these compounds are of monophyletic
origin”?. Dramatic genome size variation has also been reported in P. parvum and has been
interpreted as differences in ploidy state?!. Several species of Prymnesiophyceae are haplo-diploid
and are capable of mitotic cell division in both haploid (1C) and diploid (2C) lifecycle stages®.
The two stages may even be morphologically indistinguishable from one another, as has been
proposed for Chrysochromulina polylepsis, a species closely related to P. parvum?. However, the
life cycle of P. parvum has yet to be described. Our ability to further pursue questions pertaining
to the phenotypic, metabolic, and genetic variation present in P. parvum is limited by a lack of
genomic resources for the species.

Here, we report near chromosome-scale assemblies of two P. parvum strains and
complementary phylogenomic analyses with thirteen additional strains to investigate the
occurrence and scale of genome size variation in the species. In doing so, we provide evidence of
hybridization and suggest the three phylogenetically and genomically distinct chemotypes of P.

parvum actually represent three separate cryptic species.

4.3 Results

We obtained Hi-C scaffolded, highly contiguous genome assemblies of two P. parvum strains from
Texas: UTEX2797 and 12B1. UTEX2797 was selected due to its status as a common reference
strain used in numerous studies of P. parvum e.g.”3142024-26 However, preliminary analysis of
k-mer frequencies revealed that UTEX2797 displays high sequence level heterozygosity (Fig. 4-
1A,B), which can complicate genome assembly. Therefore, we also selected strain 12B1° due to
its small estimated haploid genome size and lower measure of heterozygosity (Fig. 4-1C,D). The
nuclear DNA content of both strains was estimated using flow cytometry combined with
propidium iodide staining. Preliminary data indicates 12B1 had 0.11 pg of DNA which
corresponds to approximately 112 Mbp and UTEX2797 had 0.23 pg, corresponding to

approximately 222 Mbp (Jennifer Wisecaver, personal communication).
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Figure 4-1. K-mer frequency plots showing estimated heterozygosity in P. parvum strains 12B1 and
UTEX2797. A) Linear k-mer profile of UTEX2797 lllumina gDNA reads. Blue bars indicate observed k-mer
frequencies and black lines indicate expected distribution for GenomeScope model for diploid genomes. B) Log
transformed k-mer profile of UTEX2797. C) Linear k-mer profile of 12B1 with expected haploid GenomeScope
model. D) Log transformed k-mer profile of 12B1.

The resulting nuclear genome assembly of 12B1 is 93.6 Mbp and consists of 34 scaffolds
with a scaffold N50 of 3.2 Mbp (Table 4-1). The UTEX2797 assembly is 197.6 Mbp, over twice
the length of the 12B1 assembly, and consists of 66 scaffolds with a scaffold N50 of 3.4 Mbp
(Table 4-1). Compared to other sequenced haptophytes, the UTEX2797 and 12B1 assemblies are
the second and third most contiguous (Fig. 4-2A); only the genome of Isochrysis galbrata is more
complete with an N50 = 6.99 Mbp?’. We predicted and annotated 23,820 and 45,535 genes in the
genomes of 12B1 and UTEX2797, respectively (Table 4-1). The completeness of the annotation
sets was assessed with BUSCO?; 216 of 255 conserved eukaryotic genes (84.7%) were recovered
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as complete within both predicted proteomes (Table 4-1). This level of BUSCO recovery is the

greatest of any currently available haptophyte assembly (Fig. 4-2A, Table 4-1). Whereas only 5.1%
of BUSCO genes were duplicated in the 12B1 assembly, 75.5% were duplicated in UTEX2797.
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Figure 4-2 Summary of haptophyte genome assemblies and UTEX2797-12B1 synteny. A) Scatter plot
indicating contiguity and completeness of sequenced haptophyte genome assemblies and gene annotations. B) Depth
ratios of syntenic gene blocks in UTEX2797 to 12B1 (left) and 12B1 to UTEX2797 (right). C) Dot plot of synteny
between UTEX2797 and 12B1 assemblies.
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Table 4-3 Summary statistics of sequenced haptophyte genome assemblies and gene annotations.

Genome Genome | Protein | BUSCO | Scaffold
assembl Assembly | Coding | Score N50 Reference
y Size (Mbp) | Genes | (%) (Mbp)
';:?ng: 92.7 14,900 | 80 7 Chen et al. 2020 https://doi.org/10.22541/au.160881384.48495723/v1
Prymnesium
parvum 197.6 45,535 85 3.4 This work
UTEX2797
Prymnesium 93.6 23820 | 85 3.2 This work
parvum 12B1
Pahnig‘;gzit: 1989 | 41,088 | 70 16 https://phycocosm.jgi.doe.gov/Phaant1/Phaant1.home.html
Tisoschrysis lutea 82.6 20,582 59 0.93 Carrier et al. 2018 Algal Research; Berthelier, et al. 2018 SEANOE
D'?ﬁ[ﬁ:ﬁma 435 14,446 | 84 0.85 Hulatt et al. 2021 Genome Biology and Evolution
Emiliania huxleyi 167.7 30,569 56 0.4 Read et al. 2013 Nature
Pgallggg)éztls 155.8 32,196 60 0.36 https://phycocosm.jgi.doe.gov/Phaglol/Phaglol.home.html
Pavlovales sp. 165.4 26,034 55 0.25 https://phycocosm.jgi.doe.gov/Pavlov2436 1/Pavliov2436 1.home.html
Chrysotf;‘)ri‘r’]m““”a 501 | 16770 | 53 0.024 Hovde et al. 2015 PLoS Genetics
Chrys%?r:/%m“"”a 65.8 28,185 | 71 0.016 Hovde et al. 2019 Algal Research

aBUSCO score represents the total percentage of conserved eukaryote genes identified in the predicted proteome of each species.




Synteny and collinearity analyses further highlight the duplicated state of the UTEX2797
assembly. A strong 2:1 synteny pattern is observed between the UTEX2797 and 12B1 assemblies,
with 93% of UTEX2797 genes syntenic to one block in 12B1 while 84% of 12B1 genes are
syntenic to two blocks in the UTEX2797 genome (Fig. 4-2B). Similarly, most 12B1 scaffolds are
collinear with two syntenic regions in the UTEX2797 assembly, but an abundance of structural
variants (e.g., inversions, indels, translocations) were unique to each strain and even distinguished
within the paired syntenic blocks of UTEX2797 (Fig. 4-2C). A cryptic haplo-diplonic life cycle
has been proposed for P. parvum?, raising the hypothesis that 12B1 and UTEX2797 represent
haploid and diploid stages, respectively. However, neither syngamy nor meiosis has been observed
in this species. Given the high levels of heterozygosity and structural differences between syntenic
UTEX2797 scaffolds, an alternative hypothesis is that UTEX2797 has undergone
allopolyploidization (whole genome doubling through hybridization).

In search of phylogenetic signals that would arise from distinct subgenomes, we performed
an OrthoFinder analysis to construct gene families from the predicted proteomes of the UTEX2797
and 12B1 long read Hi-C guided assemblies as well as short read assemblies of eleven additional
P. parvum strains (Table 4-2). Two Chrysochromulina species were used as outgroup taxa?%%,
Two P. parvum strains were excluded from the analysis to reduce phylogenetic discordance that
could arise by including genomes that are highly heterozygous (12A1; Figure 4-5) or non-clonal
(K0081Y). To construct a species tree, we employed a multi-labeled tree reconciliation approach
capable of modeling polyploidy events®. Using 8,903 maximum likelihood nucleotide trees built
from gene families containing 12B1:UTEX2797 syntelogs present in a 1:2 relationship (See
Methods), we resolved a species tree in which UTEX2797 is present twice (Figure 4-3); grouping
sister to 12B1 (inside subclade X) as well as sister to CCMP2941 (inside subclade Y). These
phylogenomic results indicate that UTEX2797 possesses two distinct subgenomes resulting from

a hybridization event that occurred between one subclade X parent and one subclade Y parent.
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Table 4-4 Genome assembly statistics of all P. parvum strains used in this study

Assembly Total No. No. Scaffold Scaffold | Contig N50
Strain Clade Type Length Scaffolds Contigs N50 (kbp) L50 (kbp) Contig L50
12A1 A-type Abyss 88,266,609 42,808 44,207 3.82 6,575 3.636 6,864
12B1 A-type Abyss 77,503,769 14,364 16,637 9.719 2,417 8.181 2,823
12B1 A-type Phase 93,569,082 34 227 3,203.049 11 852.115 30
12B1 A-type Masurca 94,718,270 274 275 1,058.297 23 1,058.297 23
CCMP2941 A-type Abyss 78,590,816 22,671 24,881 5.965 3,859 5.378 4,244
CCMP3037 A-type Abyss 77,045,749 17,653 19,643 7.339 3,113 6.578 3,433
K0081 B-type Abyss 82,796,649 37,232 39,077 3.414 7,063 3.251 7,405
K0252 C-type Abyss 86,921,338 27,208 29,111 5.553 4,609 5.137 4,957
K0374 B-type Abyss 88,174,406 30,365 33,059 4.816 5,474 4.464 5,852
KAC39 B-type Abyss 87,657,693 30,825 33,083 4.696 5,555 4.391 5,915
RCC1433 C-type Abyss 84,595,500 17,325 19,275 8.872 2,793 7.902 3,114
RCC1436 C-type Abyss 92,933,357 30,186 32,494 5.244 5,163 4.858 5,567
RCC191 C-type Abyss 83,763,833 17,791 20,007 8.472 2,930 7.553 3,261
RCC3426 B-type Abyss 85,734,123 32,591 34,736 4.25 5911 4.002 6,261
RCC3703 A-type Abyss 79,820,517 21,306 23,284 6.249 3,711 5.743 4,043
UTEX2797 A-type Phase 197,592,770 66 585 3,431.116 21 548.273 106
UTEX2797 A-type Canu 238,271,893 1,081 1,081 656.552 97 656.552 97
UTEX995 C-type Abyss 87,218,798 33,070 35,047 4.297 5,869 4.104 6,101
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Figure 4-3 Hybrid genome structure of UTEX2797. Multi-label species tree of P. parvum strains with UTEX2797
modeled as an allopolyploid (top left) and Circos plot of UTEX2797 genome assembly (center). Track 1 represents
assembled scaffolds. Track 2 is a heatmap displaying gene density along scaffolds in 250kb windows. Track 3 is a
bar plot projected outwards displaying the number of genes in a 250kb window that phylogenetically group in clade

Y in the species tree (orange) Track 4 is a bar plot projected inwards displaying the number of genes in a 250kb

window that phylogenetically group in clade X in the species tree (pink). If the number of genes grouping in clade X

are greater than clade Y, the bars of track 3 are colored orange, and vice versa for track 4. Track 5 displays syntenic

blocks between scaffolds in the form of grey bands connecting syntenic regions.

To investigate if the two subgenomes can be distinguished at the assembly level, we
identified the sister taxa of individual UTEX2797 genes. A clear pattern emerges between syntenic
scaffolds in which one scaffold is primarily comprised of genes that group with subclade X, while
the other is largely comprised of genes that group with subclade Y (Figure 4-3).

A second species tree was constructed to resolve phylogenomic relationships between
strains with low heterozygosity, excluding strains 12A1, UTEX2797, and KO081 (Figure 4-4). The
topology of this tree depicts the three chemotypes as three major phylogenetic clades. Additionally,
the average nucleotide sequence identity between strains was calculated using 11,083 single copy
gene families (Figure 4-4). Average identities ranged from 94.4% to 99.6% with the greatest

dissimilarity occurring between A-type and C-type strains.

99



Percent identity
95 97 . 99

Chrysochromulina tobin

—*C Chrysochromulina parva
12B1 [ | |
CCMP3037
— RCC3703
CCMP2941
K0374
RCC3426
KAC39
RCC191
RCC1433
UTEX995
RCC1436
K0252

GCF
* 2 0.01
* 50 —
® 75
® 100

-
[e0]
~N
-

~
)
o
)
o.
=
|
(¥

RCC3703
CCMP2941
K0374
RCC3426
KAC39
RCC191
RCC1433
UTEX995
RCC1436
K0252

Figure 4-4 Species tree and average sequence identity of P. parvum strains. Species tree (left) of strains with low
measures of heterozygosity and gene concordance factors (GCF) of each node displayed as proportional black
circles. Heatmap (right) displaying average pairwise nucleotide identities between strain coding sequences.

To further explore genome variation in P. parvum, the haploid genome size and amount of
heterozygosity for all strains was estimated in silico using the distribution of k-mer frequencies in
whole genome lllumina sequencing data®’. Illumina reads were first filtered to exclude
contamination and normalized to permit inter-strain comparison of k-mer coverage (See Methods).
Seven strains (12B1, CCMP3037 KAC-39, K-0374, RCC3426, RCC191, RCC1433) showed no
evidence of heterozygosity, as illustrated by a single homozygous peak in k-mer plots (Fig.4-5).
The coverage of maximal unique k-mers (CMUK) varied across these seven strains according to
their chemotypes (Fig. 4-5, Table 4-3). Here, CMUK serves as a proxy for haploid genome size,
with larger CMUKS indicative of smaller haploid genomes and vice versa. A-types, 12B1 and
CCMP3037, had the largest CMUKSs of 116 and 126, respectively. The two C-type strains,
RCC191 and RCC1433, had intermediate CMUKSs of 107 and 102, respectively. B-types had the
smallest CMUKSs (KAC-39 = 54, K-0372 = 54, and RCC3426 = 56), indicating that these strains

had significantly larger haploid genomes compared to A- and C-type strains.
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In addition to the seven strains that lacked discernable heterozygosity, five strains
(CCMP2941, RCC3703, UTEX995, RCC1436, K-0252) had medium levels of genome
heterozygosity, as illustrated by a second smaller heterozygous peak in k-mer plots at half the
CMUK of the dominate homozygous peak (Fig. 4-5). The B-type strain K-0081 had a k-mer
frequency plot without clear heterozygous and homozygous peaks, which could be due to the non-
clonal nature of the strain as suggested in a previous study?. Lastly, two A-type strains 12A1 and
UTEX2797 had pronounced heterozygous peaks indicative of very high levels of heterozygosity
(Fig. 4-5). Despite high variations in heterozygosity, the homozygous peaks of A-type strains were
consistent (mean CMUK = 120.2, Fig. 4-5, Table 4-3)
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Figure 4-5 Normalized k-mer frequency plots of P. parvum strains. K-mer frequency plots of Illumina gDNA
libraries following contamination filtration and depth normalization. Plots are arranged by A-type (top row), B-type
(center row), and C-type (bottom row) as inferred through chemotyping and phylogenetic placement. Lines are
drawn at coverages of maximal unique frequency (CMUK) at homozygous peaks.
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Table 4-5 Haploid genome size ratios. CMUK = Coverage of maximal unique k-mers at homozygous peak in
[llumina gDNA k-mer profile. An (*) denotes chemotypes that are inferred from phylogenetic placement

Strain Chemotype CMUK homozygous peak

12A1 A 112
12B1 A 116
CCMP2941 A 130
CCMP3037 A 126
RCC3703 A 111
UTEX2797 A 127

K-0081 B 59

K-0374 B 54

KAC-39 B 54
RCC3426 B* 56
K-0252 C 80
RCC1433 C 102
RCC1436 C 75
RCC191 C 107
UTEX995 C* 77

4.4 Discussion

In this study, we provide evidence of hybridization as well as large genome variation in P. parvum.
Through the generation of two highly contiguous genome assemblies coupled with phylogenomic
analyses, we identified the presence of two unique subgenomes in the widely studied P. parvum
strain UTEX2797. Further, subgenomes are identifiable at the assembly level, though genes
identified as subgenome X are more present than those of subgenome Y at a ratio of 1.36:1.
Additionally, putative post-hybridization structural rearrangements do appear throughout the
UTEX2797 genome as indicated by alternations in phylogenetic signal along a scaffold, though
closer inspection of proper assembly at these regions is needed.

The two subgenomes of UTEX2797 group phylogenetically within the larger A clade are
characterized by the production of A-type prymnesin. Notably, subclade X is composed of strains
isolated from North American locations (12B1 from Texas and CCMP3037 from Wyoming), while
subclade Y is composed of strains isolated from the United Kingdom (RCC3703) and Russia
(CCMP2941). The introduction of P. parvum into North American waters has previously been
suggested to be a result multiple introduction events from European populations®. If global
transfer of P. parvum strains is a common enough occurrence, hybridization between formerly

geographically distant strains could be possible, creating a hybrid vigor effect by equipping the

102



hybrid with adaptations to both environments. However, sampling of more A-type strains is needed
to more accurately infer the evolutionary history and geographic origin of the two parental strains
of UTEX2797 as well as the timing of hybridization.

As the first identification of hybridization in the haptophyte lineage, the prevalence of this
phenomena still needs to be further assessed. Preliminary measurements of heterozygosity in P.
parvum strain 12A1 also display high levels of heterozygosity (1.48%) similar to UTEX2797
(1.72%). Interestingly, both strains 12A1 and UTEX2797 were isolated eight years apart from the
Colorado River Basin in Texas, USA. Additionally, putative haploid strain 12B1 was isolated from
the same bloom event as 12A1, supporting the possibility bloom events are comprised of multiple
genotypes and ploidy states.

Our analysis of the k-mer profiles of thirteen additional P. parvum strains reveals major
differences in haploid genome sizes. Using CMUK as an inverse proxy of haploid genome size,
we show over two-fold differences in haploid genome size between strains. Haploid genome sizes
are generally consistent within chemotypes, with B-types showing the largest haploid genome size
(mean CMUK=55.8), A-types the smallest size (mean CMUK=120.3), and C-types with an
intermediate size (mean CMUK=88.2). Sexual recombination between strains with such large
discrepancies in haploid genome size and nucleotide identity is likely not feasible and by this

definition, supports the three chemotypes as discrete or cryptic species.

45 Methods

4.5.1 Culturing methods

Strains and their respective media types are summarized in Table 4-4. Cultures were kept at 20°C
using a 12:12 light dark cycle in 200 umol? of light.
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Table 4-6 Summary of strains and their respective prymnesin types, culturing conditions. Reference 17,
reference 2%, and PC (personal communication with Timothy Fallon) denote sources of chemotype information

Strain Prymnesin Type PSU Media Location
12A1 A-type (PC) 8 | L1-Si+NHA4CI Texas, USA
12B1 A-type (PC) 8 | L1-Si+NHA4CI Texas, USA
CCMP2941 A-type (PC) 25 L1-Si Lake Repnoye, Russia
CCMP3037 A-type (PC) 16 Black Sea Wyoming, USA
K-0081 B-type (Ref. 1,2) 8 | L1-Si+NH4CI Thy, Denmark
K-0252 C-type (Ref. 1), B-type (Ref. 2) | 8 | L1-Si+NH4CI Victoria, Australia
K-0374 B-type (Ref. 1,2) 8 | L1-Si+NHA4CI Norway
KAC-39 B-type (Ref. 1,2) 8 | L1-Si+NH4CI Norway
RCC1433 C-type (Ref. 1,2) 32 L1-Si Sallanelles, France
RCC1436 C-type (Ref. 1,2) 32 L1-Si Plestin Les Gréves, France
RCC191 C-type (Ref. 1,2) 32 L1-Si Dorset, UK
RCC3426 Unknown 32 L1-Si Ryfylke, Norway
RCC3703 A-type (PC, Ref. 1) 32 L1-Si Millport, UK
UTEX2797 A-type (Ref. 1,2) 8 | L1-Si+NHA4CI Texas, USA
UTEX995 Unknown 32 L1-Si Essex, UK

4.5.2 Genome sequencing and assembly

Genomic DNA for Illumina sequencing was extracted from P. parvum cell pellets using the CTAB

method according to the following protocol https://dx.doi.org/10.17504/protocols.io.b5qhg5t634.

Extracted DNA was purified using a Genomic DNA Clean and Concentrator kit (Zymo Research).
Sequencing libraries were constructed and sequenced to produce 150-bp paired-end reads using
one of two approaches: 1) libraries were prepared using a TruSeq DNA PCR-Free library prep kit
(Mumina, San Diego, CA), and sequenced using an lllumina NovaSeq 6000 at the Purdue
Genomics Center 2) libraries were prepared using an NEBNext DNA library prep kit (New
England Biolabs Inc.) and sequenced using an Illumina NovaSeq 6000 by Novogene Corporation
Inc. (Sacramento, CA). lllumina gDNA read quality was assessed by FastQC v0.10.0%. Short-read
only genome assemblies were performed by Abyss v2.2.4% using a k-mer size of 96. Contigs less
than 500 bp in length were discarded.

For long-read sequencing with Oxford Nanopore Technologies (ONT), high molecular
weight DNA was extracted from isolated P. parvum nuclei using the following protocol
https://dx.doi.org/10.17504/protocols.io.7b7hirn®. At least 1.5 pg of gDNA was used as input for
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an Oxford Nanopore LSK-109 library ligation kit and sequenced on R9 MinlON flow cells. Base
calling was performed with Guppy v2.3.5%. Reads less than 3 kbp long or with quality scores less
than 7 were discarded. Different assembly approaches were selected to optimize for either
assembly contiguity (in the case of low heterozygosity 12B1) or the amount of resolved haplotypes
(in the case of high heterozygosity UTEX2797). The 12B1 long-read assembly was created using
both Nanopore and Illumina gDNA data via MaSuRCA v3.3.1% with the following parameters:
LHE COVERAGE=60, CA_PARAMETERS=cgwErrorRate=0.15, K-
MER_COUNT_THRESHOLD=2, CLOSE_GAPS=1, JF_SIZE=5000000000. The UTEX2797
long-read assembly was created using only Nanopore data via Canu v2.1.1%° with an expected
genome size of 200 Mbp. Both assembly types were error corrected via five rounds of polishing
with lllumina gDNA reads using Pilon v1.23%,

Chromatin conformation capture data was generated using a Phase Genomics (Seattle, WA)
Proximo Hi-C 2.0 Kit, which is a commercially available version of the Hi-C protocol*?. Following
the manufacturer's instructions for the Kkit, intact cells were crosslinked using a formaldehyde
solution, digested using the DPNII restriction enzyme, end repaired with biotinylated nucleotides,
and proximity ligated to create chimeric molecules composed of fragments from different regions
of the genome that were physically proximal in vivo. Molecules were pulled down with
streptavidin beads and processed into an Illlumina-compatible sequencing library. lllumina gDNA
reads were mapped back to the Abyss assemblies using BWA v0.7.15*%. Sequencing was
performed on an Illumina HiSeq. Reads were aligned to the long-read assemblies (Canu assembly
for UTEX2797 and Masurca assembly for 12B1) following the manufacturer's recommendations.
Briefly, reads were aligned using BWA-MEM?*® with the -5SP and -t 8 options specified, and all
other options default. SAMBLASTER* was used to flag PCR duplicates, which then excluded.
Alignments were then filtered with samtools® using the -F 2304 filtering flag to remove non-
primary and secondary alignments. Putative misjoined contigs were broken using Juicebox*¢47
based on the Hi-C alignments. Kraken v2*® was used to identify eukaryotic contigs, which were
separated from prokaryotic contaminants and selected for scaffolding. The same alignment
procedure was repeated from the beginning on the resulting corrected assembly. Phase Genomics'
Proximo Hi-C genome scaffolding platform was used to create chromosome-scale scaffolds from
the corrected assembly as previously described*. As in the LACHESIS method®®, this process

computes a contact frequency matrix from the aligned Hi-C read pairs, normalized by the number
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of DPNII restriction sites (GATC) on each contig, and constructs scaffolds in such a way as to
optimize expected contact frequency and other statistical patterns in Hi-C data. Approximately
60,000 separate Proximo runs were performed to optimize the number of scaffolds and scaffold
construction to make the scaffolds as concordant with the observed Hi-C data as possible.

4.5.3 Gene prediction

De novo repeat identification was performed on the phase assemblies of strains 12B1 and
UTEX2797 using RepeatModeler v2.0.1%, and repeats were masked using RepeatMasker v4.0.7.
For the short-read only assemblies, repeats were masked using the UTEX2797 repeat library.

To maximize capture of the P. parvum transcriptome for gene calling, we performed RNA-
seq of UTEX2797 cultures growth in 6 different conditions and 4 diurnal timepoints (Table 4-5).
Starting 100 mL cultures were inoculated at 10,000 cells/mL. Starting at five days post inoculation,
cultures were maintained using semi-continuous replacement every three days by discarding 10%
of the culture and replacing with fresh media. Cell density was measured every three days to track
culture growth. Upon reaching densities of ~1x10® cells/mL, cultures were harvested by
centrifugation at 4,500xg for 5 minutes and snap freezing in liquid nitrogen. RNA extracted from
pelleted cells using the following protocol: dx.doi.org/10.17504/protocols.io.3byl4k6r8vo5/vl.
Stranded RNAseq libraries were prepared with a NEBNext Ultra TM RNA Library Prep Kit (NEB,
USA) following manufacturer's recommendations. Illumina RNA-seq reads were aligned to the
UTEX2797 phased assembly using STAR v2.7.8a°.
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Table 4-6. Conditions of RNA-seq experiments. Micronutrient concentrations are in proportion to full L1-Si
media concentrations

- Salinity | Vitamins Light Phosphorus | Nitrogen .
Condition (psu)y Conc. (umgl"Z) anc. Con?:. Replicates
Standard (12pm) 32 Full 200 Full Full 5
Standard (6pm) 32 Full 200 Full Full 1
Standard (12am) 32 Full 200 Full Full 1
Standard (6am) 32 Full 200 Full Full 1
Medium salinity 11 Full 200 Full Full 1
Low salinity 2 Full 200 Full Full 1
Low vitamin 32 1/10 200 Full Full 1
Low phosphorus 32 Full 200 1/25 Full 1
Low nitrogen 32 Full 200 Full 1/25 1
Low light 32 Full 30 Full Full 1

Gene model and protein prediction was first conducted on the UTEX2797 phased assembly
with BRAKER2 v2.1.5°*%, BRAKER2 was supplied a repeat softmasked genome, a custom
protein database comprised of Swiss-Prot and all haptophyte predicted proteins from the Marine
Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP®), and the aligned
UTEX2797 Illumina RNA-seq data. The resulting Augustus species-specific training
configuration file®® was saved and passed to the BRAKER?2 runs for all other assemblies along

with the custom protein database.

45.4 Bacterial contamination

Bacterial contamination in the short-read only assemblies was identified using Blobtools v1.1.1°%".
For each strain, lllumina gDNA reads were aligned to the Abyss assembly using BWA v0.7.15%
to generate a coverage BAM file. Assembly contigs were queried against the NCBI nucleotide (nt)
database using blastn v2.11.0%. DIAMOND v2.0.8.146°° was used to query predicted proteins
against a custom protein databases that consisted of NCBI RefSeq (release 98)%° and was
supplemented with additional predicted protein sequences from MMETSP®® and the 1000 Plants
transcriptome sequencing project (OneKP)5. The blobtools taxrule ‘bestsumorder’ was used to
determine the taxonomic assignment of each contig prioritizing information from protein hits first.

Contigs denoted as non-eukaryotic in origin were removed to produce the final filtered assembly.

107



Lastly, BBSplit v38.8752 was used to exclude all Illumina reads that did not map to the filtered

assembly.

455 Heterozygosity

Heterozygosity and coverage of maximal unique k-mers was estimated in silico from
contamination-filtered Hlumina gDNA reads using GenomeScope v2.0%? with a k-mer (k=21)
depth distribution calculated using KMC v3.1.1%. For generation of normalized k-mer profiles,
the same number of reads were randomly subsampled from the Illumina gDNA libraries of each

strain.

45.6 Functional annotation

Assessment of conserved single-copy eukaryotic genes was performed by BUSCO v4.0.6%% by
searching the predicted proteomes of each strain against the eukaryote_odb10 database. Functional
annotation of predicted proteomes was performed using InterProScan v5.50-84.054,

4.5.7 ldentification of orthologous gene families

Homology between the longest predicted proteins from each gene of select P. parvum strains and
two other haptophyte species Chrysochromulina tobin and Chrysochromulina parva was
determined with OrthoFinder v2.3.11% using the following parameters: -S diamond -M msa -T

fasttree.

4.5.8 Phylogenetic tree building

For nucleotide sequences, the longest transcript of each gene was aligned with Guidance v2.02%¢
using the following parameters: --msaProgram MAFFT —seqType codon. For peptide sequences,
the longest encoded proteins of each gene were aligned with MAFFT v7.471 (Katoh and Standley
2013) using the E-INS-I strategy and following parameters: --maxiterate 1000 --bl 45 --op 1.0 --
retree 3. Gene trees were built from alignments using IQ-TREE v1.6.12%" and the built in
ModelFinder®® test to determine the best-fit substitution model and performing SH-aLRT and the
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ultrafast bootstrapping analyses with 1000 replicates each. For the multi-labeled species tree,
Orthogroups were filtered to retain gene families containing one 12B1 gene and two UTEX2797
genes that were identified as syntelogs from the CoGe analysis (see below). The number of
sequences in the other strains was allowed to vary; however, orthogroups containing more than 20
sequences and or less than 13 strains were excluded. The resulting 8,903 nucleotide trees built
from these gene families and the species tree provided by OrthoFinder were used to build a multi-
labeled species trees with GRAMPA v1.33%. Sister taxa of each UTEX2797 gene was parsed from
the nucleotide trees using custom python scripts and visualized using Circos v0.69-9%°. Total
subgenome gene content was assessed using resolved gene trees supplied by OrthoFinder. The
single label species tree was constructed with 1,468 single copy gene trees built from amino acid
alignments with average bootstrap values greater than 75 using the IQ-TREE concatenation
approach with the edge-linked proportional partition model and ultrafast bootstrapping with 1000
replicates. Nucleotide alignments used to calculate strain pairwise sequence identity were first
removed of gaps using Trimal v1.4.17° with the -nogaps parameter. Strain identity was determined
as the average of trimmed nucleotide alignment identities calculated using the PhyKit

pairwise_identity function’,

4.5.9 Synteny analysis

Pairwise synteny between the Hi-C scaffolded genomes of UTEX2797 and 12B1 was identified
and visualized with the JCVI pipeline’. Syntenic blocks within the UTEX2797 scaffolded genome
were detected using SynMap2”® on the online Comparative Genomics Platform (CoGe) using

Quota Align and Quota Align Merge for syntenic depth and merge syntenic blocks algorithms.
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CHAPTERSS. PERSPECTIVES

5.1 Metabolic innovation in shikonin biosynthesis

1,4-Naphthoquinones are a major class of specialized metabolites that have independently evolved
in a diverse set of plant lineagest. Through the study of the shikonin biosynthesis pathway in L.
erythrorhizon, we investigated how metabolic innovation of 1,4-naphthoquinones arose in
shikonin producers. The Boraginales order, which encompasses shikonin-producing plants, has
been predicted to have undergone multiple rounds of whole genome duplication?. While WGD is
recognized as a major source of gene duplication, our discovery of a retrotransposition-based
duplication creating the core shikonin pathway gene PGT suggests that retrotransposition is also a
relevant mechanism of metabolic gene innovation in this lineage. The relative contribution of
retrotransposition to total genome-wide duplication levels is relatively unknown and further
genome level analyses parsing exon structures of paralogous genes or target site duplications could
assist in answering this question.

An evolutionary linkage between primary and specialized metabolic pathways was also
revealed in our analysis of shikonin biosynthesis genes. In addition to sharing a 4HBA substrate,
the proposed reactions in the biosynthetic pathways of shikonin and ubiquinone are highly
analogous. Beyond this metabolic connection, our discovery of shared homology between the
functioning prenyltransferases of shikonin (PGT) and ubiquinone (PPT) biosynthesis also provides
an evolutionary connection. Thus, further elucidation of shikonin pathway genes could be guided
by the evolutionary history of gene candidates. Interestingly, our coexpression analysis recovered
several ubiquinone biosynthesis pathway gene homologs as coexpressed with core shikonin
pathway genes. While the function of these homologs in ubiquinone biosynthesis are unknown
(e.g. COQ4), functional characterization of their role in shikonin biosynthesis could reciprocally
be used to inform their function in primary metabolism.

In addition to ubiquinone homologs, our analyses identified strong regulatory and
enzymatic shikonin pathway gene candidates. Cytochrome P450 and acyltransferase gene
candidates which could perform hydroxylation and acylation reactions on shikonin intermediates,
respectively, are still to be experimentally tested. RNAI in hairy root cultures of L. erythrorhizon

is a feasible approach to functionally confirm the roles of these genes in the shikonin pathway. Our
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motif analyses also identified the enrichment of WRKY transcription factor binding domains
upstream of genes coexpressing with known shikonin pathway genes. Notably, five genes
annotated as WKRY transcription factors were recovered as gene candidates and serve as high
priority candidates for validation experiments.

5.2 Harnessing global coexpression networks for specialized metabolic pathway
elucidation

Global coexpression networks are recognized as useful tools to recover metabolic pathway genes®.
However, this approach has typically been employed with large scale datasets with hundreds of
conditions used as input. Because specialized metabolic pathway discovery is primarily conducted
in non-model species, these datasets are usually not readily available. In our experimental design,
we chose six conditions that varied shikonin content by differences in tissue localization, light,
and media type. Our study demonstrates that global coexpression networks are still effective with
a small number of datasets, given they are designed to perturb the pathway of interest. In theory,
this approach can be employed to guide pathway discovery efforts in other specialized metabolic
systems. Further, correlation of metabolite abundance data with gene expression data can also
prove as a powerful approach?. Simultaneous sampling of both data types in L. erythrorhizon could
prove effective in probing the shikonin biosynthesis pathway as well as other unelucidated
metabolic pathways.

5.3 Genome variation in Prymnesium parvum

5.3.1 Hybridization

Prior to our study, allopolyploidzation had not yet been identified in the haptophyte lineage. Even
across protist lineages more generally, few instances have been reported®®. This could possibly be
due to the lack of genomic resources for protists. The ability to fully resolve haplotypes or
homoeologous subgenomes requires a multi-platform sequencing approach and robust assembly
algorithms’. Now that hybridization has been identified in P. parvum, further work understanding
the phenotypic implications of hybridization in P. parvum needs to be done. For example, the
hybrid strain UTEX2797 grew faster than putative C-type strain UTEX995 in a series of growth
experiments®. However, phenotypic measurements taken between UTEX2797 and other A-type
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strains closely related to subgenome parental strains would be more appropriate to gauge the effect
of hybridization. Further, metabolic quantification of prymnesin content would also provide
insight into a possible dosage effect of prymnesin biosynthesis genes.

The geographical distance between the closest relatives of the parental strains of
UTEX2797 warrants further investigation. While 12B1 and CCMP3037 were isolated from North
American locations, the strains from subclade Y were isolated from the UK and Russia. Sampling
of additional isolates from North America will likely assist in the identification of a closer relative
of the ancestral parents. Additionally, another highly heterozygous strain, 12A1, was identified in
our genome survey. Similar to UTEX2797, 12A1 was isolated from Texas and is a putative
allopolyploid. However, the evolutionary history of 12A1 still needs to be investigated
phylogenetically.

Given the hybrid genome structure of UTEX2797 and the significant retention of genes
from both subgenomes (ratio of 1.36:1), questions remain concerning the expression dynamics
between homeologous genes. In plants, hybridization often leads to one subgenome maintaining
more genes and therefore becoming dominant over the other subgenome in order to maintain gene
dosage balance®. To investigate expression dynamics in UTEX2797, | have performed RNA-seq
experiments on both UTEX2797 and 12B1 (Table 5-1). Conditions were chosen to subject strains
to as many micronutrient, abiotic, and biotic stressors possible, while also eliciting variation in
prymnesin production’®. For example, the addition of glycerol to cultures of P. parvum grown in
darkness has been documented to affect growth rate and induce toxicity!*!2. By identifying
homoeologous gene pairs within UTEX2797 through synteny and homology, we can observe
global trends in expression between subgenomes, as well as trends within modular pathways.
Further, comparing expression between subgenome X and 12B1, a closely related strain to the
ancestral parent of subgenome X, also allows us to observe the effects of hybridization on global
gene expression. Beyond hybridization, UTEX2797 produces a significantly larger amount of
prymnesin relative to 12B1 (Tim Fallon, personal communication,). Strain 12B1 has also been
demonstrated to have a fitness advantage when grown in pure culture compared to putative hybrid
12A1, which has a fitness advantage when co-cultured with algal prey®®. By comparing expression
profiles of 12B1 and UTEX2797, we can search for candidate prymnesin biosynthesis genes that

show preferential expression in conditions known to elicit toxicity or mixotrophy?°.
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Table 5-1 Conditions of RNA-seq experiments performed to explore UTEX2797 and 12B1 gene expression
dynamics. An (*) denotes conditions that are shock treatments.

. Light Salinity ) Glycerol
Condition (umol?) Temp (C) (psu) Phosphorus Co-culture (M)
Standard 150 20 8 Full None 0
Dark Toxicity 0 20 8 Full None 0.5
Temt;‘gvture* 150 10 8 Full None 0

SalLiﬁ‘i’;’y* 150 20 3.2 Full None 0
Sa'm]gi?y* 150 20 32 Full None 0
Pho';&‘:‘g s | 150 20 8 1/50 None 0
Prey feeding* 150 20 8 1/50 CCMP1179 0

5.3.2 Genome size variation

The large difference in estimated haploid genome size between phylogenetically distinct
chemotypes of P. parvum is a strong indication that P. parvum is a cryptic species complex. Such
genotypic divergence between chemotypes likely contributes to the major phenotypic differences
observed between strains. The large putative genome size of B-types may be due to two scenarios.
The common ancestor of A- and C-type strains may have experienced genome streamlining, or
more parsimoniously, B-type strains may have undergone genome expansion. The amplification
of transposable elements and other non-genic DNA in genomes has been a common mechanism
of expansion in eukaryotic lineages** 8. To test this hypothesis in P. parvum, a more contiguous
genome assembly of a B-type strain would permit a detailed inspection of transposable elements
in the genome.

With new knowledge of the genetic differences between chemotypes, more informative
phenotypic experiments can be designed. Further, identification of ploidy state may also contribute
to phenotypic diversity. The presence of heterozygous peaks in A-type strains (CCMP2941,
RCC3707), B-type strains (K0081), and C-type strains (RCC1433, UTEX995, K0252) is
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indicative of ploidy states greater than one. Measurements of nuclear DNA content in these strains

using propidium iodide staining and flow cytometry will complement our in silico approaches to

determine if there are additional variations in ploidy states. Prior to the knowledge of this genetic

variation, studies have identified differences in the scale structure of P. parvum strains using

electron microscopy'’. Perhaps such differences are unique to chemotypes or ploidy states, which

has been observed in other haptophyte species'®. Additionally, the proper assignment of

phenotypic characteristics to each genotype or ploidy state could translate into more accurate

modeling of natural P. parvum bloom events.
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