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Abstract

Diatoms are one of the most ecologically important groups of organisms in the ocean.
They are the youngest and most species-rich group of phytoplankton, having colonized both
marine and terrestrial ecosystems. The ocean is constantly changing, and understanding the
mechanisms of species-diversification and adaptation in diatoms is important to assessing their
resilience to future environmental changes. Speciation and adaptation were investigated in three
diatom genera using genomic and genetic signals. One mechanism of speciation was tested by
bringing isolates of two populations of the planktonic diatom Ditylum brightwellii into the lab to
measure genome size differences indicated by cell size differences in the field. Genome sizes
differed by two-fold between individuals of each population, suggesting that the populations are
in fact cryptic species, thus corroborating previous research indicating reproductive isolation
between the populations. Growth rates of Ditylum isolates from within a species differed
significantly depending on where they were collected, southern or northern Pacific Ocean,
suggesting that they were differentially adapted to their local environments. Natural selection
acts directly on phenotypes; positively selected genes control those phenotypes and their
sequences vary among populations and between species. Positively selected genes were
investigated in Pseudo-nitzschia, Ditylum and Thalassiosira, but the greatest number of selected
genes was found within a single species, Thalassiosira pseudonana. All of the protein coding
genes from seven strains of T. pseudonana were analyzed and 809 (7%) were found to be
positively selected. These genes encode protein-binding proteins, transcriptional regulators, and
proteins associated with cell signaling and the cell wall. One quarter of the positively selected

genes was novel to T. pseudonana, thus differentiating this species while conferring a selective



advantage to individuals. Genome duplications, such as occurred in D. brightwellii, provide an
opportunity for increased genetic variability upon which selection may act under changing
environments. In the absence of polyploidization, genetic variability is maintained through
mutations accrued during each round of cell division. The positively selected genes presented
here for T. pseudonana provide future opportunities to test hypotheses concentrated on linking
genotypes of positively selected genes with the phenotypes that they control and their associated

selective pressures.
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INTRODUCTION

Diatoms are one of the most ecologically important groups of organisms in the ocean.
Historically in biological oceanography, diatoms were grouped with all of the other
photosynthetic organisms in the sea and measured as a single unit of phytoplankton. The
measurements included bulk chlorophyll a concentrations as a proxy for abundance and carbon-
14 uptake for total primary production. Gradually, discoveries that individual groups of
phytoplankton, eukaryotic and prokaryotic, provide functionally different contributions to the
ocean and atmosphere have increased the breadth of research within biological oceanography
(Chisholm et al., 1988, Nelson et al., 1995). Today the field is rich with research focusing on
community processes and the dynamics of single species using diverse tools that include
genomics and bio-informatics.

Diatoms are single-celled, eukaryotic algae with cell walls made of silica that achieved
ecological success rapidly. They likely originated ca. 250 mya in shallow seas during a time of
mass extinction, the boundary of the Permian and Triassic periods, (Raup, 1979, Gersonde &
Harwood, 1990, Sorhannus, 2007). Diatoms are the youngest members of the phytoplankton
community. It is hypothesized that a change in redox state of the ocean at this time selected for
groups of eukaryotic phytoplankton, including diatoms, which had different requirements for
trace metals than the green algae previously dominating the community (Quigg et al., 2003).
Diatoms were minor contributors to ocean processes until the Cretaceous-Paleogene extinctions
65 mya, after which they radiated both geographically and in species number. Today, diatoms
are the most species-rich group of phytoplankton; in the oceans there are ca. 10,000 described
species, whereas the are ca. 2000 species of dinoflagellates and 500 of coccolithophores (Mann
& Droop, 1996, Kooistra et al., 2007). Diatoms are adapted to many marine and terrestrial
ecosystems that have water and sunlight, including sea ice and sediments. The lifestyles of
diatoms are varied and include benthic and planktonic habitats, and they live as colonies or
single cells with or without motility. In the ocean, diatoms control the silicon cycle. Diatoms
are largely responsible for the 700-fold drawn-down of silicate concentrations that occurred in
the ocean over the last 65 million years (Siever, 1991). In much of today’s ocean, silicic acid
occurs at growth-limiting concentrations, but concentrations vary regionally and seasonally and

are greatest along the coasts. Diatoms are able to take advantage of high nutrient situations, and



form dense blooms through rapid asexual reproduction. Their share of primary production is 20
% of that on Earth (Nelson et al., 1995, Field et al., 1998).

The silicon and carbon cycles in the ocean are coupled through diatoms, which provide
an interactive link to climate changes. Silicon is transported to the ocean by terrestrial
weathering and hydrothermal activity. Weathering, and thus silicon transport, increases during
periods of glaciations, and decreases during warmer times. As the ocean continues its warming
trend, the availability of silicon to diatoms is likely to decrease as the water becomes more
stratified, and ocean mixing decreases. Stratification is predicted to select for smaller sized
diatoms (Litchman et al., 2009), and in extreme cases lead to a community shift from one
including diatoms to one dominated by cyanobacteria (Karl et al., 2001). It is therefore
important to understand the mechanisms of speciation and adaptation in the diatoms to begin to
link environmental selection pressures to their selected phenotypes and associated genes.

Species are an arbitrary, but necessary, unit of biological classification used to aid
scientists in describing the organisms they study. Species do have biological merit in that
organisms are grouped by similar traits, whether they are sexual, asexual, eukaryotic or
prokaryotic. Originally (since the early 1700s), diatom species were based on their distinct cell
wall morphologies. The predominate phase of the diatom life history is asexual, but over time,
the importance of sexual reproduction within the life history has been recognized and applied to
taxonomy, and the biological species concept is generally accepted for this group (Mann, 1999).
Species, as defined by the biological species concept, are groups of organisms that can
interbreed; speciation is indicated when reproductive isolation develops between populations
with a species (Mayr, 1969). The relationship of diatom species to other protists (Adl et al.,
2005), and their relationships to one another phylogenetically (Medlin & Kaczmarska, 2004,
Sims et al., 2006, Theriot et al., 2010, Alverson et al., 2011), are well studied, but the details are
still debated (Medlin, 2010, Williams & Kociolek, 2010). Diatoms have large census population
sizes, and numerous means of dispersal, the most notable of which are wind and water currents
(Kristiansen 1996). Widespread distribution of morphotypes is sometimes used as evidence to
suggest that the majority of diatom species are cosmopolitan (Finlay et al., 2002). Many diatom
genera and some species are circum-global in distribution with latitudinal boundaries, but most
species have restricted distributions (Vanormelingen et al., 2008, Vyverman et al., 2010). Small

differences in morphology previously characterized as phenotypic plasticity within a species are



now being correlated to genetic divergence and reproductive isolation. New descriptions of
cryptic species include: the multi-species complexes related to Skeletonema costatum (Medlin et
al., 1991, Sarno et al., 2005, Sarno et al., 2007) and Cyclotella meneghiniana (Beszteri et al.,
2005, Beszteri et al., 2007); Pseudo-nitzschia mannii within the P. pseudodelicatissima complex
(Amato & Montresor, 2008), and P. arenyensis within the P. delicatissima complex (Quijano-
Scheggia et al., 2009). Hydrogeographic and ecological mechanism likely counter-act the
potential of continuous dispersal (Patarnello et al., 2007, Cermeno & Falkowski, 2009).
However, if mating information is unavailable, Fenchel (2005) cautions that differentiating
genetic and phenotypic data should be coupled with distinct geographic distributions or functions
when describing a new species.

Species specific differences are noted frequently in physiology experiments on diatoms
and occasionally attributed to different adaptive strategies among the species. However, fewer
studies systematically test for differences with respect to species distributions and their
associated environmental parameters. Estuarine, coastal, and open ocean species have tolerances
to varying salinities and fluctuations in light consistent with where they are most frequently
collected (Brand, 1984, Lavaud et al., 2007). Salinity effects how much silica is deposited into
the diatom cell walls. Freshwater species are more heavily silicified than marine species, which
has an interesting evolutionary consequence; diatoms that sink in a lake are more likely to be
returned to the photic zone through seasonal mixing than are diatoms that sink in the ocean
(Conley et al., 1989). Lightly silicified cell walls are advantageous in the ocean, but the largest
diatoms have buoyancy regulation mechanisms that allow them to descend to nitrogen sources in
deep water and return to the surface (Moore & Villareal, 1996, Villareal et al., 1999, Boyd &
Gradmann, 2002). The next example is unique because it tests the adaptive response of a single
protein, ribulose-1,5-bisphophate carboxylase oxygenase (RuBisCO), with respect to
temperature. The enzyme activity and substrate affinity of RuBisCO that was extracted from
Antarctic and temperate species reflected the temperatures in which the diatoms grew naturally
(Descolas-gros & Debilly, 1987). The differential function of RUBISCO between the species
links the mechanisms of cold-adaptation in Antarctic diatoms to a selective pressure, phenotype
and protein.

Adaptation is achieved when phenotypic traits of individuals are selected for by the

environment, have high rates of survival, and are passed along to offspring. Natural selection



requires individuals within populations to vary genetically and thus phenotypically. This
variation in functional, protein coding genes can be associated with the adaptation of
geographically distinct populations to local environmental conditions using genome scans of
numerous individuals from each population (Namroud et al., 2008, Bigham et al., Fischer et al.,
2011). Population genetic studies in diatoms usually use microsatellites, which are neutral
genetic markers, to assess genetic diversity within and between populations. Clonal diversity of
these neutral markers is high, 87 %, within an asexually dividing bloom population of the
planktonic diatom Ditylum brightwellii (Rynearson & Armbrust, 2005), suggesting that there
may also be a high level of functional genetic variation. In physiology experiments, adaptive
differences are found among diatoms with respect to pollutants. Skeletonema costatum isolated
from a highly polluted fjord had higher tolerance to zinc than the strain from a less polluted fjord
(Jensen et al., 1974). Interestingly, estuarine strains of several species with coastal to offshore
distributions tolerated novel and toxic chemicals better than strains isolated from the open ocean;
the estuarine strains could not have adapted to the chemical, but the adaptations they acquired
living in a fluctuating environment allowed them to survive the chemical, whereas the oceanic
strains from a stable environment died (Fisher, 1977).

Although there is a large amount of literature on the taxonomy, ecology and physiology
of diatoms, the genetic mechanisms of adaptation and speciation are understudied. In the
following chapters, I present data on a genomic mechanism of speciation, polyploidization, in
Ditylum brightwellii and genetics of natural selection in three genera, Ditylum, Pseudo-nitzschia
and Thalassiosira. Polyploidization increases the size of the genome by at least one haploid
complement of chromosomes, and can lead to immediate reproductive isolation. Speciation by
whole genome duplication is hypothesized for two co-occurring populations of D. brightwellii in
Puget Sound, WA because they have a two-fold difference in genome size. For the duplicated
genome, the emergence of novel gene functions can occur via mutation in duplicated genes,
among many other fates after duplication (Ohno, 1970, Zhang, 2003). The rate at which new
polyploids can adapt, relative to diploid progenitors, is dependent upon the amount of inherited
heterozygosity from the original diploid, and the amount of masking of new beneficial mutations
by the original genes (Otto & Whitton, 2000, Otto, 2007).

Differences in growth rates are indicative of genetic variation. Growth rates of D.

brightwellii differed between the two putative species, but they also differed within a species



between strains from New Zealand and Puget Sound, suggesting that those populations were
adapted to their local conditions. The findings in D. brightwellii led to investigating genes that
promote adaptation in diatoms. Positively selected genes have sequences that vary among
populations and between species, and they are the blueprints behind the phenotypes upon which
selection is acting. Positive selection is identified by analyzing the DNA sequence and its
translation to the amino acids of the protein and calculating the ratio of amino acid changing
(non-synonymous) substitutions to silent (synonymous) substitutions, dy:ds . If dy:dsis > 1.0,
positive selection is indicated for the gene. Ratios equal to and less than one indicate neutral and
purifying selection, respectively. Over 11,000 genes shared by seven strains of Thalassiosira
pseudonana were tested for positive selection because a preliminary analysis revealed that
comparisons within a species revealed the strongest signature of positive selection.

This is the first genome-wide scan for positive selection in any group of phytoplankton.
Previously, only three single gene tests for positive selection have been done on diatoms
(Sorhannus, 2003, Sorhannus & Pond, 2006, Alverson, 2007), due to constraints in available
DNA sequence. Advances in high-throughput sequencing technologies are creating more
opportunities to work with multiple genomes simultaneously, such as was done for this study for
T. pseudonana. Thalassiosira pseudonana is a good research model in many ways: it grows well
in the laboratory, has a lengthy history in the literature, it has a small genome, and as the first
diatom to have its genome sequenced, it is well-studied genetically (Armbrust et al., 2004).
Ditylum brightwellii may be considered a “non-model” organism, but it too has a rich literature
history including physiology and population genetics studies. Ditylum brightwellii is easily
brought into culture from natural populations. Although Pseudo-nitzschia plays a minor role in
this research, certain species have great impacts on ocean ecosystems because they produce a
neurotoxin that can severely affect humans. The identification of positively selected genes
introduces a powerful analysis tool to the biological oceanography community to understand

how phytoplankton are adapting to their environment.



Chapter I: Genome size differentiates co-occurring populations of the planktonic diatom
Ditylum brightwellii (Bacillariophyta)

Published: Koester, J.A., Swalwell, J.E., von Dassow, P., and Armbrust, V.E. 2010. Genome
size differentiates co-occurring populations of the planktonic diatom Ditylum
brightwellii (Bacillariophyta). BMC Evolutionary Biology. 10:1
doi:10.1186/1471-2148-10-1

Abstract

Diatoms are one of the most species-rich groups of eukaryotic microbes known. Diatoms are
also the only group of eukaryotic micro-algae with a diplontic life history, suggesting that the
ancestral diatom switched to a life history dominated by a duplicated genome. A key mechanism
of speciation among diatoms could be a propensity for additional stable genome duplications.
Across eukaryotic taxa, genome size is directly correlated to cell size and inversely correlated to
physiological rates. Differences in relative genome size, cell size, and acclimated growth rates
were analyzed in isolates of the diatom Ditylum brightwellii. Ditylum brightwellii consists of
two main populations with identical 18s rDNA sequences; one population is distributed globally
at temperate latitudes and the second appears to be localized to the Pacific Northwest coast of the
USA. These two populations co-occur within the Puget Sound estuary of WA, USA, although
their peak abundances differ depending on local conditions. All isolates from the more
regionally-localized population (population 2) possessed 1.94 + 0.74 times the amount of DNA,
grew more slowly, and were generally larger than isolates from the more globally distributed
population (population 1). The ITS1 sequences, cell sizes, and genome sizes of isolates from
New Zealand were the same as population 1 isolates from Puget Sound, but their growth rates
were within the range of the slower-growing population 2 isolates. Importantly, the observed
genome size difference between isolates from the two populations was stable regardless of time
in culture or the changes in cell size that accompany the diatom life history. The observed two-
fold difference in genome size between the D. brightwellii populations suggests that whole
genome duplication occurred within cells of population 1 ultimately giving rise to population 2
cells. The apparent regional localization of population 2 is consistent with a recent divergence
between the populations, which are likely cryptic species. Genome size variation is known to
occur in other diatom genera; we hypothesize that genome duplication may be an active and

important mechanism of genetic and physiological diversification and speciation in diatoms.



Introduction

Genotypic and physiological variation is frequently disguised by an apparent
morphological constancy traditionally assumed to be stable enough for the assignment and
identification of species. Cryptic species that display subtle variations in morphology associated
with reproductive isolation have been described in all major phylogenetic lineages of eukaryotic
marine phytoplankton (Medlin et al., 1991, Montresor et al., 2003, Saez et al., 2003, Rodriguez
et al., 2005), despite the fact that large population sizes and ocean mixing were expected to
facilitate gene flow and homogenize species distinctions. Diatoms are the youngest (Falkowski
et al., 2004) and the most species-rich group of phytoplankton (Mann & Droop, 1996, Kooistra
et al., 2007); they have risen quickly to become important contributors to oceanic ecosystems as
primary producers and intermediates in the global biogeochemical cycles of carbon and silicon
(Harrison, 2000, Nelson et al., 1995, Tréguer & Pondaven, 2000). The mechanisms of speciation
in diatoms remain under investigation.

Abrupt changes in an organism’s genome size through polyploidy can lead to
reproductive isolation and eventual speciation (Husband & Sabara, 2003, Soltis et al., 2007).
Diatoms are the only major group of eukaryotic phytoplankton with a diplontic life history, in
which all vegetative cells are diploid and meiosis produces short-lived, haploid gametes,
suggesting an ancestral selection for a life history dominated by a duplicated (diploid) genome.
Polyploidization accounts for 2-4% of speciation events in flowering plants and up to 7% of
speciation events in ferns (Otto & Whitton, 2000). In addition, stable polyploids were observed
among laboratory populations of the diatom species Thalassiosira weissflogii (Grunow) Fryxell
and Hasle (von Dassow et al., 2008). Polyploidization may underlie the variation in
chromosome number observed between and within diatom species (Kociolek & Stoermer, 1989,
Giri et al., 1990, Giri, 1991, Giri, 1992).

A change in genome size precipitates a cascade of cellular responses leading to nearly
universal relationships among genome size, cell size and metabolic rates (Gregory, 2001,
Cavalier-Smith, 2005). In accord with other divergent taxa, genome size and cell size in
phytoplankton are positively correlated (von Dassow et al., 2008, Holm-Hansen, 1969, Veldhuis
etal., 1997, Beaton & Cavalier-Smith, 1999). Growth rates are inversely correlated with
genome and cell sizes such that large-celled species with more DNA, including diatoms, grow

more slowly than small-celled species with less DNA (Williams, 1964, Shuter et al., 1983,
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Chisholm, 1992).

The relationship between cell size and genome size is of additional interest in diatoms.
Asexual mitotic division produces two daughter cells, one of which is smaller than the mother
cell due to the constraints of the rigid cell wall. Over time, the mean cell size within a clonal
culture decreases with each successive round of division, whereas the variance in size increases
(MacDonald, 1869, Pfitzer, 1871). Large cell sizes are restored through sexual reproduction, or,
less frequently, through asexual enlargement (Chepurnov et al., 2004). In a clonal lineage, the
original sexual offspring can have 100-fold larger volumes than the smallest cells produced
asexually. The smallest size that may be attained by a species is likely influenced by genome
size, but the sizes of the largest cells are likely the result of genetic and environmental
interactions during zygotic development.

High genetic divergence characterizes two co-occurring populations of the common
coastal diatom Ditylum brightwellii (T. West) Grunow in van Heurk, which has a wide-spread
coastal and estuarine distribution. In Puget Sound, WA, D. brightwellii is composed of two
metapopulations that are defined by DNA sequence differences in the ribosomal internal
transcribed spacers (ITS) (Rynearson et al., 2006, Rynearson et al., 2009). Both
metapopulations consist of two or more populations (defined by differences in microsatellite
allele frequencies) that can co-occur in the water column (Rynearson & Armbrust, 2000,
Rynearson & Armbrust, 2004, Rynearson & Armbrust, 2005, Rynearson et al., 2006, Rynearson
et al., 2009). For simplicity, the ITS-defined metapopulations will be referred to as populations
throughout this study. Based on ITS sequencing of clones from the eastern and western margins
of the Pacific and Atlantic Oceans including the Yellow Sea (Genbank: EU364892) and Gulf of
Maine (pers. obs.), population 1 appears to have a circum-global distribution in temperate
waters, while, to date, population 2 has been found only in Puget Sound (Rynearson et al., 2009).
By current taxonomic definitions, individuals from both populations are members of a single
species: their 18s rDNA gene sequences are identical, and there is no variation in the patterns of
the silica cell wall, which are used traditionally to delineate species (Rynearson & Armbrust,
2004, Rynearson et al., 2006, Rynearson et al., 2009). There are, however, differences between
individuals from the two populations. Field isolates from population 1 are smaller than those
from population 2 and the peaks of their blooms are temporally separated; this separation is

differentially correlated to in situ silicic acid concentration and daily light exposure (Rynearson



et al., 2006, Rynearson et al., 2009). Even though both populations can be found in the water
column at the same time, reproduction between them is limited, as evidenced by high Fsr values
(0.286) (Rynearson et al., 2006), which are consistent with the presence of cryptic species
(Caputi et al., 2007).

The observed differences in cell size and the limited gene flow between populations 1
and 2 of Ditylum brightwellii in the field led us to test the hypothesis that a difference in DNA
content is associated with differences in acclimated growth rates and cell size separating the
populations. Laboratory tests were performed within the context of two geographic scales,

locally within Puget Sound, and globally, including D. brightwellii from New Zealand.

Materials and Methods
Cell isolation and culturing

Single cells of Ditylum brightwellii were isolated from Puget Sound, Washington, USA
and from the mouth of Akaroa Harbour, New Zealand during the spring and summers of 2006
and 2007 (Fig. I. 1). Thirty-two clonal, non-axenic cell lines were obtained by micropipetting
individual cells through three aliquots of sterilized seawater into 0.5 ml /10 medium (Guillard &
Ryther, 1962) in a 48-well plate (Costar, Corning, NY). After one week, each clone was
transferred to 25 ml /2 medium and maintained as stock cultures at 13°C, with an irradiance of

approximately 40 umol photons m 2 s' and a photoperiod of 16:8 h light:dark.

DNA sequencing

Fifty to 100 ml of clonal culture were filtered onto 25 mm, 5 pm pore size, polycarbonate
membrane filters (Millipore) for DNA extraction using either the DNeasy Plant Mini Kit
(Qiagen) or the Easy-DNA Kit (Invitrogen), following manufacturer instructions. The internal
transcribed spacer sequence 1 (ITS1) was polymerase chain reaction (PCR)-amplified with
primers 1645F and Dit5.8sR as described in (Rynearson et al., 2006). Products from six
amplification reactions were pooled and purified in one of two ways. The pooled PCR product
was either directly purified using the High Pure PCR Product Purification Kit (Roche Applied
Science) or electrophoresed in 1% agarose gels and bands of the appropriate size were excised
and extracted from the agarose with the QIAquick Gel Extraction Kit (Qiagen). The resulting
fragments were sequenced using primers 1645F and Dit5.8sR with the DYEnamic ET
Terminator Cycle Sequencing Kit (GE Healthcare Bio-sciences Corp., New Jersey) and analyzed

9



on a MegaBACE 1000 automated sequencer (GE Healthcare Bio-sciences Corp., New Jersey).
Sequences were assigned to a population by aligning them to two type-sequences
[Genbank:DQ329268] (population 1; ITS1-1) and [Genbank:DQ329270] (population 2; ITS1-2).
Genbank accession numbers for ITS1 sequences from our study are [Genbank: GQ370472-

GQ370503].
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Figure I. 1. Sampling locations from which clones were isolated. A) Plan view of
the Pacific Ocean with insets for: B) Puget Sound and C) New Zealand’s Akaroa
Harbour. Stars and circles represent sampling sites for clones isolated in 2006

and 2007, respectively.
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Growth rate and size

Acclimated growth rates were determined using semi-continuous batch cultures
(Brand et al., 1981) of the clones isolated in 2006 plus one clone from population 1 isolated in
1997 and one from population 2 isolated in 1998 from Puget Sound by (Rynearson & Armbrust,
2000, Rynearson & Armbrust, 2004). The ITS1 sequences of the latter two clones were
confirmed in this study. In total, six isolates from New Zealand, seven from Puget Sound
population 1, and nine from Puget Sound population 2 were grown at 13°C under three different
light conditions: continuous light of 60 and 115 pmol photons m™ s™, and a 16:8 h light:dark
cycle of 110 pmol photons m™s™. The 60 pmol photons m™ s™ continuous light experiment was
completed prior to the other two, which were run simultaneously in separate incubators. Growth
rates were determined by measuring chlorophyll a fluorescence daily with a Turner 10-AU
Fluorometer (Sunnyvale, CA) and verified for a subset of clones by performing daily cell counts
(data not shown). Acclimated growth rates of each clone were defined as the specific growth
rates of cultures that were not significantly different over three consecutive transfers (ANCOVA;
(Zar, 1996)); the common slope and associated standard error are reported as the acclimated
growth rate.

Cell size was measured at two discrete times, once at the conclusion of the growth rate
experiments (from the light:dark treatment) and once in conjunction with the DNA content
experiments. Cells were preserved in a 1% final concentration each of formaldehyde and
glutaraldehyde buffered with sterile f/2 medium. Cell width is the dimension of size reduction in
Ditylum brightwellii; therefore, widths were measured in girdle view, perpendicular to the
pervalvar (long) axis at the widest point, at 400x magnification using a Nikon Eclipse TS100
inverted microscope equipped with an ocular micrometer. Differences in size and growth rates

among populations were analyzed using the statistics package SPSS (SPSS, Inc., Chicago, IL).

Relative genome size

Relative DNA content (diploid genome size) was measured using flow cytometry for 12
clones isolated in 2006 and maintained in culture for 18 months and 10 clones isolated in 2007
approximately six months and six weeks, respectively, prior to measurement. One hundred ml of
each clone were grown in a 16:8 h light:dark cycle with 110 pmol photons m™ s at 13°C.

Clones were harvested in mid-exponential phase, half way through the light cycle, and
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concentrated by centrifugation (15 min at 1700 — 2000 x g). The pellet was suspended in 15 ml
of 100% methanol at 4°C for 48 h to extract chlorophyll a (Vaulot et al., 1986). Samples were
centrifuged and washed twice with 4 ml phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 10.4 mM Na,HPO4-H,0, 1.8 mM KH,POy4, pH = 7.4) before being resuspended in 3 ml
PBS and treated with 30 ul RNase A (ca. 30 mg ml™; R4642; Sigma-Aldrich, St. Louis, MO) at
37°C for 60 min. The DNA was stained with SYBR GREEN I (Invitrogen), at 1x final
concentration, for at least 20 min. Fluorescent, 1 um latex beads (Polysciences, Warrington, PA)
were added as standards to each sample. Stained samples were kept on ice in the dark until run
on the flow cytometer. Each clone of a sampling set (2006 or 2007) was analyzed on a given
day, and replicate clonal samples were analyzed on separate days. Clones were grown and
processed independently for replicate measurements; duplicate and triplicate measurements of
relative genome size were made for 2006 and 2007 isolates, respectively. Mean sample sizes
ranged from 8400 — 24,000 cells per clone per replicate.

An Influx Cell Sorter (BD Biosciences, San Jose, CA) was modified to include a 500 um
sample line, and a 200 pm nozzle producing a sample stream intercepting a 300 mW, 457 nm
laser focused to 20 um. A 10x% objective lens and position sensitive detectors (Swalwell et al.,
2009) allowed for the detection of the SYBR signal (530/20 nm bandpass filter), which was
processed through an electronic integrator that produced a 16-bit data value (BD Biosciences,
San Jose, CA).

Integrated SYBR signals for each cell of a single clone were usually unique; therefore, a
central tendency, henceforth referred to as the mode, of the integrated SYBR signal was
determined for each clone using a custom MATLAB script (MathWorks, Natick, MA). Non-
uniform quantization was performed on the integrated SYBR signal for each replicate sample
such that bins were variable in width. The number of cells in each bin was constant (160 cells
bin™") and optimized by choosing a cell number that minimized the mean square error of the
integrated SYBR values within each bin and the number of equally narrow bins. The mean value
of the integrated SYBR signal from the narrowest bin, which represented the greatest
concentration of cells within the smallest range of integrated SYBR signals, was taken as the
mode. In the minority of cases in which two nearby bins were equally narrow, the mean of the
range of the two bins was calculated as the mode. Bimodality would be indicated by equally

narrow bins occurring at a distance apart.
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The integrator was calibrated for linearity by collecting the integrated fluorescent signals
of beads (1um) and their doublets as the gain was increased by 2x intervals across the dynamic
range of the integrator. The relationship between the linear input values of the beads and their
integrated SYBR signal was determined to be of the form f(x) = A, where f(x) = linear value, A
=0.6445,b=15.99 x 10”, and x = integrated SYBR signal yielded the best fit (SSE = 1.397; R* =
0.9972; CurveFit Toolbox, MATLAB). Modal values of the integrated SYBR signal were

applied to this equation with the linear output reported here.

Results

Thirty-two isolates from Puget Sound, WA, USA and Akaroa Harbour, New Zealand
(Fig. I. 1) were assigned to one of two Ditylum brightwellii populations based on the seven
informative sites that distinguish the two ITS1 type-sequences (Rynearson et al., 2006). The
ITS1 sequences from all 10 New Zealand clones and 11 Puget Sound clones were identical to the
type-sequence for population 1 (ITS1-1) from Puget Sound, including the seven informative
sites, and were assigned to population 1. The ITS1 sequences for nine Puget Sound clones were
identical to the ITS1-2 type sequence, including all of the informative sites, and were assigned to
population 2. The ITS1 sequences for two Puget Sound clones were identical to the ITS1-2 type
sequence at six of the seven informative sites. The ITS1 sequence of these two clones was
polymorphic (C/T) at the fourth informative site, which was previously determined to have low-
frequency variation between C and T and is therefore informative only if sequence at the other
positions is known (Rynearson et al., 2009). These two clones were also assigned to population
2.

Growth rates varied among clones within each of the three groups (New Zealand and
Puget Sound populations 1 and 2), but among-group differences in growth rates were greater
(Fig. I. 2A-C). When clones were maintained on a light:dark cycle, the mean growth rate of
clones from Puget Sound population 1 (1.24 + 0.11 d') was significantly faster than the mean
growth rates of clones from either New Zealand (1.09 + 0.04 d™') or Puget Sound population 2
(0.99+ 0.13 d") (ANOVA: F=11.18, p=0.001; Fig. I. 2A). Population 2 clones had the
greatest range of growth rates, which included the slowest growing clones of either population,
but the average growth rates of population 2 and New Zealand clones were not significantly
different (Fig. I. 2A). Under conditions of continuous light, a majority of the population 2 clones

failed to acclimate to the conditions within the eight week duration of each experiment
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Figure II. 2. Acclimated growth rates (A-C) and size distributions (D) of Ditylum brightwellii.
Growth conditions: A) 110 pmol photons m™ s71; 16:8 L:D; B) 115 pumol photons m2 s°1;

24 hour light; C) 60 pmol photons m™2 s-!; 24 hour light. For acclimated clones, the mean
growth rate + standard error is provided. UA denotes clones unable to acclimate and the
associated error bars indicate the range in growth rates. D) Boxplot parameters for the
distributions of cell width (um): bar = median; box = 15! and 3™ quartiles; whiskers = 10t
and 90' percentiles; filled circles = outliers. N = 120 cells per clone. In all panels, white
regions represent population 1 clones and grey regions represent population 2 clones.

(Fig. L. 2B, C). These un-acclimated clones grew, but no set of three consecutive transfer cultures
grew at the same rate. In contrast, a majority of the population 1 clones were able to acclimate to
growth under continuous light.

Cell widths were measured for clones included in the light:dark treatment of the growth
rate experiments. Population 1 clones from New Zealand and Puget Sound had the same modal
cell width of 14.6 um (Fig. I. 2D). Population 2 clones from Puget Sound had a modal cell width
of 43.9 um, and were significantly larger than population 1 clones (Mann-Whitney U test; U =
29,672; p =0.000), although individual clones from both populations did have overlapping size
ranges (Fig. L. 2D).

The relative difference in DNA content between the populations of Ditylum brightwellii
was determined using flow cytometry to measure the integrated SYBR GREEN 1 fluorescent
signal of 12 clones from the growth rate experiments and 10 fresh isolates. The resulting
distributions of DNA content were unimodal regardless of which clone was analyzed, suggesting
that when grown exponentially on a 16:8 light:dark cycle all clones had progressed similarly
through the cell cycle and were sampled while the majority of cells were in G1. The DNA
distributions of single clones from population 1 and 2 were significantly different from each
other (Fig 3; Mann-Whitney U test, U =3 x 10, p = 0.000). To diminish the potential
occurrence of multi-modality around the peaks of the distributions, non-uniform quantization of
the signal, rather than traditional histograms, was used for subsequent analyses. The non-
quantized value is termed the mode. Both methods of analysis resulted in distributions centered
on single values (the modes) interpreted as the diploid DNA content of G1 cells. There was no
indication of a second mode representing G2+M cells (e.g. Fig. I. 3). The DNA content per cell
was not significantly different among individual clones within a population; the mean integrated

SYBR signals of population 1 clones were 2.72 £ 0.78 and 3.11 £ 0.50, in relative units, for New
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Figure . 3. Linearly calibrated integrated SYBR signals of two clones of Ditylum
brightwellii. Population 1 (solid line) and population 2 (dashed line) are represented by
histograms each consisting of 200 bins of equal size.

Zealand and Puget Sound isolates, respectively. In contrast, the per cell DNA content of clones
from population 2, 5.65 + 0.82 relative units, was significantly greater than that of clones from
population 1 (Fig. I. 4A; ANOVA: F =73.29, p =0.000). The ratio of the relative DNA content
between populations 1 and 2 was 1.94 + 0.74.

Clones associated with the DNA content experiments were isolated 18 months apart and
cultured without controlling for size increases or decreases inherent in the diatom life history.
Distributions of cell width were pooled for clones within each population, and the resulting two
distributions were significantly different (Mann-Whitney U test, U = 63,932, p = 0.000).
Population 2 cells, which have a two-fold larger DNA content, tended to have greater minimum
and maximum widths than cells from population 1 (Fig. . 4B). A clear correlation between
genome size and cell size is obscured by the overlap of cell width distributions of individual
clones from each population (Fig. I. 4B). For example, clones 14-17 from Puget Sound
population 1 and clones 18-20 from population 2 are of similar size, yet they have distinct

genome sizes representative of their population of origin (Fig. I. 4A and B).
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Figure I. 4, Relative genome sizes (A) and cell size distributions (B) of Ditylum brightwellii
from two populations, A) The mean mode of the linearly calibrated integrated SYBR signal
is given for clones collected in 2006 (white circles) where the whiskers represent the actual
values of each duplicate, and clones collected in 2007 (black circles) where the whiskers
represent the standard deviation of the triplicate samples, B) Size distributions of the cell
width (jum) in each clone at the time of the flow cytometry measurements. N = 100 cells per
clone. Boxplot parameters: bar = median; box = 1% and 3™ quartiles; whiskers = 10th and
goth percentiles; filled circles = outliers, White boxes represent 2006 clones and grey boxes
represent 2007 clones. White panel-regions represent population 1 clones and grey

panel-regions represent population 2 clones.
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Discussion

Diatoms are a relatively young, but diverse, group of eukaryotic micro-organisms that
arose approximately 250 million years ago (Sorhannus, 2007). The genomes of diatoms appear
to be highly flexible and evolve rapidly with respect to their size and gene content, which allows
for ecological differentiation (von Dassow et al., 2008, Créach et al., 2006, Oliver et al., 2007,
Bowler et al., 2008, Armbrust, 2009). Here we present evidence that genomic flexibility
underlies the recent divergence of two closely related populations of Ditylum brightwellii,
distinguished from each other by a two-fold difference in DNA content. This difference in
genome size appears to be stable regardless of the amount of time isolates from the two
populations have been maintained as laboratory cultures.

The DNA content of D. brightwellii was previously estimated to be 12.9 pg per cell
(Holm-Hansen, 1969), which is the equivalent of 12.6 GB of DNA (assuming 980 MB pg™';
(Cavalier-Smith, 1985)) distributed amongst anywhere from 12-50 chromosomes in each diploid
cell (Gross, 1937, Eppley et al., 1967). At least part of the explanation for the wide range in
chromosome number is because karyotyping of diatoms is complicated by the presence of a rigid
silica cell wall that prevents the consistent flattening of cells required to spread the condensed
chromosomes apart for accurate enumeration (Sarma, 1983). We instead modified a flow
cytometer to analyze thousands of the D. brightwellii cells that are up to 150 um in width to gain
an accurate estimate of the range of relative genome sizes for cultured isolates from Puget
Sound, WA and from New Zealand. All distributions of DNA content were unimodal with a
skew (right hand tail) towards higher DNA content. Actively dividing cells appear to spend the
greatest proportion of their cell cycle in phases G1, forming the peak (or mode) of the
distribution, and S, represented by cells under the tail. Thalassiosira weissflogii, a diatom with a
six to twelve-fold smaller genome relative to D. brightwellii (Koester et al. unpublished data),
spends a third of its cell cycle in S phase when maintained in continuous light and otherwise
optimal growth conditions (Vaulot et al., 1986), suggesting that the S phase of the much larger
genome of D. brightwellii represents an even greater proportion of the cell cycle. The level of
experimental replication and consistency of the time of day that the cultures were collected and
preserved argues strongly that cell cycle dynamics were comparable for clones of both
populations, with few cells residing in the G2+M phase.

The most parsimonious explanation for the observed two-fold difference in DNA content
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between the two populations of D. brightwellii is a whole genome duplication event occurring
within cells of population 1 creating a polyploid lineage that ultimately gave rise to population 2
cells. Mitotic and meiotic failures are potentially important and immediate mechanisms
contributing to DNA content differences among diatom lineages, assuming that cells survive the
initial mutation and are able to propagate asexually. Triploid and tetraploid zygotes have been
observed in five genera of pennate diatoms (Mann & Stickle, 1991, Mann, 1994, Chepurnov &
Roshchin, 1995, Chepurnov & Mann, 2003, Chepurnov et al., 2002), and non-disjunction of
spermatocytes during meiosis was observed in the same species as stable polyploids (von
Dassow et al., 2008). Alternatively, genome size may increase via aneuploidy, gene duplication,
or the rapid proliferation of transposable elements. Transposable elements were previously
proposed as a primary mechanism of genome size expansion in diatoms (Bowler et al., 2008)
because there was no evidence of whole genome or segmental duplications in either of the two
diatoms with completed genome sequences, yet both contained long-terminal-repeat
retrotransposons (Bowler et al., 2008, Armbrust et al., 2004).

The relationship between genome size and cell size spans five orders of magnitude for
both factors and is a nearly universal trend in eukaryotes (Cavalier-Smith, 2005). Diatoms,
however, are unique in that cell-wall structure causes size reduction during asexual reproduction
and different cells within a clone may have vastly different sizes; therefore, a clear correlation
between cell size and genome size among closely related species with genomes of similar size is
unlikely to be found. Nevertheless, there are indications that genome size influences the
minimum size of Ditylum brightwellii clones. The appearance of large cells in clones dominated
by small sizes suggests that the majority of population 1 was within the sexually inducible size
range for D. brightwellii (Koester et al., 2007), and that minimum cell sizes were likely being
approached by all of the clones isolated in 2006 and maintained in culture for 18 months. It is
notable that the smallest cell sizes found in clones of population 2, which has the larger DNA
content, tended to be larger than the smallest cell sizes found in clones from population 1. Most
importantly, with regard to genome size and cell size, the diploid genome size is consistent
among clones within a population, regardless of the variation in cell size caused by life history
constraints.

Similar to traditional common garden experiments, our growth rate experiments tested for

genetic differences among clones of Ditylum brightwellii from two populations, differentiated by
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genome size, and two groups of clones from population 1 represented by different geographic
origins. The differences in growth rates between groups, populations 1 and 2 and New Zealand
versus Puget Sound population 1 isolates, were greater than any within group variability.
Growth rate variability may occur at the extremes of cell size within a clone (Paasche, 1973,
Amato et al., 2005), but those effects would be masked in our study by cell size variability
within each clone and diminished by the large difference in growth rates between the groups.
Population 2 clones grew more slowly than population 1 clones from the same region, consistent
with the expectation that cells with larger cell sizes and larger genomes will have slower growth
rates. However, population 1 clones from New Zealand grew more slowly than population 1
clones from Puget Sound, suggesting that other genetic factors are also responsible for setting
rates of growth. New Zealand clones are likely adapted to oceanic conditions that are distinct
from the estuarine waters of Puget Sound.

Rapid selection for cell and/or genome size among diatoms is indicated in the fossil
record and appears to be associated with climate variability (Finkel et al., 2005). Large cells (>
100 um diameter) of the morpho-species Azpeitia nodulifera (A. Schmidt) Fryxell and Sims
(previously described as Coscinodiscus nodulifer Schmidt) intermittently enter and exit the
sedimentary record, normally dominated by cells 40 um in diameter, over the course of
thousands of years (Arrhenius, 1952, Burckle & McLaughlin, 1977). The lack of variability in
morphology and the 18S rDNA gene between the two populations of Ditylum brightwellii
suggests that the genome duplication event was recent and rapid. Genomic plasticity has likely
contributed to speciation among diatoms and may be an important factor in the adaptation of

diatoms to future ocean conditions.

Conclusion
The majority of phytoplankton have haplontic life histories (Graham & Wilcox, 2000);

therefore, a transition to a stable duplicated genome and a diplontic life history are likely at the
root of the diatoms, the only phytoplankton group whose membership is diplontic. The
propensity for further duplications may be a key mechanism of speciation among diatoms.
Speciation is best identified by using a suite of divergent traits including reproductive isolation,
morphology, ecological and physiological differences facilitated by genetic divergence. A high
Fst value between the two populations of Ditylum brightwellii already indicated that that the

process of reproductive isolation was underway, and that these two populations could represent

20



separate species (Rynearson et al., 2006). Duplicated genes, arising from the hypothesized
whole genome duplication between the populations, may be released from selective pressures
allowing for mutations that may be masked until environmental regimes change and they provide
an adaptive advantage to the cell (Ohno, 1970). The apparent localization of population 2 to
Pacific Northwest waters appears to reflect a recent divergence of the populations initiated by a
whole genome duplication event. Population 1 and 2 most likely represent cryptic species in
which interbreeding is greatly reduced and phenotypic differentiation is enhanced. In
conjunction with previous work on genome size variation in diatoms, these results suggest that
polyploidization is an active mechanism contributing to the diversification and speciation of

marine diatoms.
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Abstract

Diatoms are the youngest and most species-rich group of phytoplankton, having adapted
to both marine and terrestrial ecosystems. They are one of the most ecologically important
groups of organisms in the ocean, contributing to primary production by forming dense blooms
through asexual reproduction. Mutations acquired during each cell division provide genetic, and
thus phenotypic, variability upon which natural selection may act. The genes promoting
adaptation are positively selected and detected by determining the ratio of amino acid changing
substitutions (dy) to silent substitutions (ds) within homologous genes of related organisms.
Genome and transcriptome-wide pair-wise comparisons within three diatom genera, Pseudo-
nitzschia, Ditylum, and Thalassiosira were made, allowing detection of positive selection (dy:ds
> 1.0) at decreasing phylogenetic distances. The signal of positive selection was greatest
between two strains of T. pseudonana, whereas purifying selection (dy:ds << 1.0) dominated the
genes tested between species of Pseudo-nitzschia. Further testing among seven strains of T.
pseudonana yielded 809 candidate genes of positive selection, representing 7 % of those coding
for proteins. Orphan genes and genes encoding protein binding domains and transcriptional
regulators were enriched within the set of positively selected genes relative to the genome as a
whole. Positively selected genes may be enhancing survival during suboptimal growth
conditions. For example, the differential co-expression of positively selected genes encoding
putative cell wall proteins and a putative anti-pathogenic protein suggests that there is an
adaptive response to growth in nutrient limited conditions in one strain of T. pseudonana. In
addition, strains isolated from waters with relatively stable temperatures had the greatest number
of positively selected genes among different subsets of strains tested. This was the first genome
scan performed within a group of phytoplankton to detect positively selected genes. These

results present an opportunity to test new hypotheses that integrate positively selected genotypes
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in T. pseudonana with their associated phenotypes and selective forces in both natural

populations and the laboratory.

Introduction
Diatoms are evolutionarily the youngest members of the phytoplankton, originating near

the boundary of the Permian and Triassic periods ca. 250 mya, a time of mass extinction in the
world ocean (Raup, 1979, Sorhannus, 2007). The number of diatom species has increased within
the last 65 my while the global silicic acid concentration has decreased in response to its
precipitation into the silica of diatom cell walls (Siever, 1991, Falkowski et al., 2004). In today’s
oceans, diatoms are the most species-rich group of phytoplankton (Kooistra et al., 2007), they
control the biological portion of the silicon cycle, and are important primary producers (Maliva
etal., 1989, Tréguer & Pondaven, 2000). Until recently, marine populations were expected to be
genetically homogenous and distributed widely by ocean currents. Instead, even marine species
with circum-global distributions have structured populations (Casteleyn et al., 2010, Rynearson
& Armbrust, 2004). The radiation of diatoms into marine, freshwater, soil and ice ecosystems is
evidence of genetic specialization and an exemplary ability to adapt.

Environmental fluctuations affecting diatoms, especially marine species, which are the
focus of this research, can occur with short periodicity. Estuarine and coastal species must be
adapted to daily fluctuations in light that may range from stressfully intense levels to very dim
due to turbidity, in contrast to the consistently clear water in which open ocean species live
(Lavaud et al., 2007). Coastal species may experience transitions from cool, high nutrient,
upwelling conditions to relaxed, warmer, low nutrient, downwelling states that change within a
week (Austin & Barth, 2002). The abundance of diatoms is normally low in the open ocean
because nutrient concentrations are low, but the formation of cold-core mesoscale eddies mixes
nutrients to the surface and allows diatoms to grow quickly into “blooms”’; eddies can form
within days and persist for up to a month (Benitez-Nelson et al., 2007).

Diatoms have a high capacity to accrue mutations upon which selection may act. They
are diploid, and mutations may accumulate because they are masked by redundant gene copies
until environmental conditions change, rendering them useful. The life history of diatoms is
dominated by asexual reproduction. Division rates are relatively quick, and cells can divide at

least once per day during bloom conditions (Furnas, 1990), presenting an opportunity to acquire
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new mutations. Sexual generation times are ca. 2 years in marine diatoms (D'Alelio et al., 2010,
Holtermann et al., 2010); thus, genetic variation is increased further and surviving mutations are
passed along relatively quickly. The mutational load carried by diatoms is evident in the
sequenced genomes of Thalassiosira pseudonana and Phaeodactylum tricornutum.
Thalassiosira pseudonana and P. tricornutum have accrued as much genetic diversity in 90 my
as mammals and fish have in 550 my (Bowler et al., 2008); however, when normalized to
generation time, the number of neutral substitutions per generation is equivalent between the
pairs. In addition, the genome of T. pseudonana has, on average, one polymorphism per every
150 bases (Armbrust et al., 2004), which is an order of magnitude less than the purple sea urchin
(Sodergren et al., 2006), but an order of magnitude more than humans (Altshuler et al., 2001).

Natural selection acts directly on phenotypes, and those that remain within a population
are generally adaptive. The gene variants associated with those adaptive phenotypes are said to
be under positive selection. Positive selection is detected in protein coding genes by determining
the ratio of the number of non-synonymous substitutions at possible non-synonymous sites to the
number of synonymous substitutions at synonymous sites (dy:ds) in homologs from two or more
organisms. The conventional definition of positive selection requires dy:ds to be greater than
one, such that amino acid changes, resulting from non-synonymous mutations, in the encoded
protein are beneficial. In genes under purifying selection, amino acid changes are not tolerated
within the encoded protein, therefore dy:ds is much less than one. When genes are evolving
neutrally, the rate of synonymous and non-synonymous mutations are equal. Maximum
likelihood estimation allows DNA alignments of protein coding genes and their phylogenies to
be tested against different parameter-rich models of evolution (e.g. neutral vs. selection) (Yang,
2007). Sites models estimate a distribution of dy:ds values across the codons of a gene for all
branches within a tree. Branch models estimate one dy:ds per set of branches of a tree, and
branch-site models estimate different dy:ds distributions for specified branches (Yang, 2007).
The latter models can be used to test hypotheses related to the ecological histories of certain
lineages.

For a gene to become positively selected it must first pass through a period during which
purifying selection is relaxed, meaning that non-synonymous mutations are allowed into the gene
and homologous protein sequences diverge. Rates of protein divergence tend to be higher in

lineage-specific, or “young” proteins, than in proteins with deep evolutionary histories (Alba &
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Castresana, 2005, Wolf et al., 2009). Concomitantly, mRNA expression of highly diverged and
positively selected genes is frequently restricted to specific tissues (Kosiol et al., 2008, Oliver et
al., 2010) and is lower than that of conserved genes which are responsible for basic cellular
functions such as protein production, maintenance and division (Pal et al., 2001, Subramanian &
Kumar, 2004). Purifying selection is also relaxed in proteins found at the periphery of networks,
and on the extracellular surface of cells interfacing with the environment (Julenius & Pedersen,
2006, Kim et al., 2007). Proteins encoded by positively selected genes are frequently mediators
of signal transduction, functioning in cell-cell recognition, immune response, and gamete
recognition; other reproductive proteins, membrane and intracellular transporters are also
selected (Bustamante et al., 2005, Castillo-Davis et al., 2004, Li et al., 2009, Nielsen et al., 2005,
Namroud et al., 2008, Voolstra et al., 2011).

Studies of positive selection in single-celled eukaryotes and phytoplankton, specifically,
remain limited (Li et al., 2009, Voolstra et al., 2011), primarily because little sequence data is
available. Selected sites within the sexually induced gene (SIG1) appear to be under positive
selection among four species of Thalassiosira (Sorhannus & Pond, 2006), but not within
different strains of Thalassiosira weissflogii (Grunow) Fyxell and Hasle (Sorhannus, 2003,
Suzuki & Nei, 2004). The ecologically important silicon transporter (SIT) gene family
experiences strong purifying selection among 45 marine and freshwater species within the
Thalassiosirales separated by 75 my of divergence (Alverson, 2007). It is possible that the
detection of positive selection within the SIT gene family was hindered by saturating rates of
synonymous mutation, which is evident among the three SIT genes of P. tricornutum (Sapriel et
al., 2009).

The extent of positive selection was quantified within three genera of diatoms, Pseudo-
nitzschia, Ditylum brightwellii and Thalassiosira pseudonana using transcriptomic and genomic
sequences. These diatoms were chosen because they represent a gradient of phylogenetic
relatedness from the well established species of Pseudo-nitzschia that diverged 5 — 10 mya to
strains within the cosmopolitan species T. pseudonana that diverged from Detonula confervacea
ca. 2 mya (Sorhannus, 2007). The two cryptic species of Ditylum brightwellii are differentiated
by genome size and likely diverged recently because the larger genome-sized species is thus far
found only in the northeastern Pacific Ocean (Koester et al., 2010). By rigorously testing genes

within seven strains of T. pseudonana using a phylogenetic framework we were able to identify a
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large suite of positively selected genes, and to explore links between the genes, potential
phenotypes and environmental selective forces using gene expression profiles and branch-site

models of selection among different strains.

Materials and Methods
Sequence data and identification of homologous genes

Transcriptomic and genomic data were used to detect positive selection in three diatom
genera, Pseudo-nitzschia, Ditylum and Thalassiosira. The Pseudo-nitzschia and Thalassiosira
data sets were compiled from archives of E.V. Armbrust, University of Washington, Seattle,
WA, USA and collaborators. ¢cDNA was sequenced by the Sanger method for three species of
Pseudo-nitzschia , P. australis, P. multiseries and P. multistriata. The Pseudo-nitzschia
multistriata sequence was provided by U. John at the Alfred Wegener Institute, Bremerhaven,
Germany and W.H.C.F. Kooistra at the Stazione Zoologica Anton Dohrn, Naples Italy. cDNA
from two clones of Ditylum brightwellii, one from each of the two cryptic sister species
population 1 and population 2 (Koester et al., 2010), was sequenced using pyrosequencing
technology (Schuster Laboratory, University Park, PA.) and is available (CAMERA 2.0 Portal).
The sequenced reads of D. brightwellii were assembled with CABOG default settings (Miller et
al., 2008).

Putatively homologous pairs of genes between three species of Pseudo-nitzschia and two
cryptic species of Ditylum brightwellii were identified and prepared for analysis using an
automated pipeline that integrated custom scripts with extant bioinformatic tools. In brief, the
open reading frame (ORF) for each gene contig was determined by retrieving all possible ORFs
at least 25 amino acids in length using getorf (EMBOSS) and comparing them to protein
databases including those of several phytoplankton and the non-redundant protein database of
NCBI using blastp at an e-value cut-off of 10~ (Altschul et al., 1997). The contig with the
lowest e-value was selected for further analysis. If a contig did not have a protein match, the
longest ORF was chosen. Putative homologs were paired between diatom species using a best
reciprocal blastp at an e-value cut-off of 107'°. Alignments of protein pairs were made using
CLUSTALW?2 (Larkin et al., 2007), and converted to the original DNA sequence with
revtrans.py (Wernersson & Pedersen, 2003). Aligned homologs were trimmed to blunt ends

with at least three identical amino acids at each end.
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Seven strains of Thalassiosira were sequenced with an ABI SOLiD and mapped with
BWA 0.5.9 (parameters: bwa aln -k 2 -1 18 -n .001) to the reference strain (CCMP 1335)
previously sequenced using the Sanger method (Armbrust et al., 2004). SOLiD sequenced reads
were trimmed based on quality (Iverson et al., 2012); reads less than 24 bp that did not meet the
quality threshold were discarded. The majority consensus sequence of each strain was used to
make gene alignments with start, stop and intron boundaries established from the Thalassiosira
pseudonana v. 3.0 gene models (http://genome.jgi.doe.gov/Thaps3/Thaps3.home.html). Introns

were removed.

Pair-wise tests for detecting positive selection within and among species

Gene alignments were converted to the PHYLIP format for input into the software
package Phylogenetic Analysis by Maximum Likelihood (PAML version 4.4 (Yang, 2007)).
Each set of paired genes was analyzed using the PAML program codeml| in runmode = -2
(pairwise), model = 0, NSsites = 0 (one dy:ds value), and fix_omega = 0 (estimates omega) and
cleandata = 1 such that sites with ambiguity codes were removed from analysis. The proportion
of amino acid substitution per non-synonymous (dy) sites and the proportion of silent amino acid
substitutions per synonymous sites (ds) were assessed individually for each gene pair. The ratio
of dy:ds was used to evaluate at what phylogenetic distance positive selection could be detected
(dn:ds > 1.0); genes saturated for synonymous substitutions (ds > 1.0) were removed from this

analysis.

Testing for positive selection among seven strains of Thalassiosira pseudonana

The pair-wise analysis was treated as an initial screen for genes of interest that could be
tested further. Approximately 80 % of genes with a dy:ds > 0.5 are under positive selection
(Swanson et al., 2004); therefore, the 3565 genes with dy:ds > 0.5 in the pair-wise analysis of T.
pseudonana were tested for positive selection among seven genetically distinct strains. A
coalescent tree was generated from 3565 individual gene trees (Fig. II. 1). Gene trees and the
coalescent tree were constructed with RaXML 7.2.5 (GTRPROTGAMMAWAG; (Stamatakis,
2006) and PhyloNet (unrooted minimum coalescence; (Than & Nakhleh, 2009)), respectively.
Selection experiments were run using codeml within PAML. Individual genes were tested for

positive selection by comparing a null model (M8a, nearly neutral) and a selection model (M8).
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Both models allow omega (dy:ds for the tree of seven strains) to vary at different sites along the
gene alignment. In the neutral model M8a, omega is distributed between zero and one, whereas
the selection model M8 includes an additional bin allowing values of omega greater than one.

The null and selection models were run three and four times, respectively, to evaluate

N.Pacifi Gyre

Wales, UK

ltaly

Virginia, USA

Perth, Australia

Puget Sound, WA, USA
900

New York, USA

Fig. II. 1. Coalescent tree of seven strains of Thalassiosira pseudonana. Branch lengths are
the estimated number of lineages that are required to converge on the last common ancestor.

convergence of the likelihood estimates. Any genes that did not converge within the selection
model were removed from further analysis. Likelihood ratio tests (Irt) were calculated for each
gene using the formula: Irt = -2.0*(Ln(likelihood)nurr — Ln(likelihood)sgr gcion). The test
statistic generally follows a chi-squared distribution, therefore nominal significance (p-value)
was determined by integrating the right-hand side of the chi-squared distribution for one degree
of freedom (number of parameters: M8a = 16, M8 = 17) by the Irt statistic. Statistical
significance was adjusted for multiple tests using a Bonferroni correction and a false discovery
rate (FDR) of 0.01 with Q-value (parameters: lamba = range 0.0 to 0.9 by 0.05; wp method =
bootstrapped; (Storey & Tibshirani, 2003).
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Testing for functional enrichment of genes under positive selection.

Thalassiosira pseudonana version 3.0 gene models were submitted to InterProScan
(Zdobnov & Apweiler, 2001) and blastp was performed against the non-redundant (nr) database
at NCBI to assess their functional annotations. Orphans are operationally defined as those genes
whose translated proteins either have no matches or matches with an e-value of 10~ or greater
from the blast-searched databases. Search databases included genomic and transcriptomic
sequence from five additional diatoms, two oomycetes, two cryptophytes, three prasinophytes,
one haptophyte, one amoeba, one ciliate, one green alga and the nr. Gene ontology (GO) terms
were extracted from InterProScan results to test for significant associations of GO terms within
the set of positively selected genes using GOSTATS (Falcon & Gentleman, 2007). Conditional,
hypergeometric tests for over-representation of GO terms was performed separately for each of
the GO ontologies, molecular function (MF), cell component (CC) and biological function (BP).

A Bonferroni correction and a FDR of 0.05 were used to adjust p-values for multiple tests.

Expression of positively selected genes in Thalassiosira pseudonana (strain CCMP 1335)

Thalassiosira pseudonana transcription data from Mock et al. (2008) was used to test the
hypothesis that positively selected genes have lower levels of expression than neutral or purified
genes and to identify growth conditions under which positively selected genes are co-expressed.
The relative level of expression for each gene was determined by taking the median fluorescence
of the aggregated (previously quantile-normalized) probes and replicates of each experimental
condition. Differences in the distributions of gene expression between positively selected genes
and genes evolving neutrally and under purifying selection were tested for each experimental
condition using one-sided Mann-Whitney tests (wilcox.text R v2.12.1). Two-way hierarchical
clustering (Cluster 3.0 (Eisen et al., 1998)), using the city-blocks distance algorithm, was
performed to group both genes and experimental conditions by similarity of expression patterns
to identify genes that were co-expressed under specific conditions, and thus potentially co-

evolving.

Testing positive selection along specified lineages of Thalassiosira pseudonana
Experiments were designed such that plausible selective forces could be associated with

environmental conditions at the site each strain was collected. Specifically, the 3565 genes with
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dn:ds > 0.5 were tested for positive selection in different subsets of strains. Two hypotheses
addressed seasonal temperature variability. Strains were grouped into two groups based on the
variability in seasonal sea surface temperature where they were collected and the positively
selected genes associated with each group were identified. Differences in seasonal sea surface
temperature (SST) were plotted and calculated using the Smith and Reynolds climatology from
the NCEP NOMADS Meteorological Data Server for SST between January and July 1970 —
2000 at the location each strain was collected:
(http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/# cch2 1007146782). Hypotheses
that ecosystem type and geographic isolation promote positive selection were tested using the
open ocean strain (CCMP 1014) and the Adriatic strain (RcTP), respectively. These tests were
performed using branch-site models. The null branch-site model A1l fixes omega to 1.0 on the
branch(es) of interest, while the selection model A estimates a distribution of omega values
across the gene on the chosen branch(es).

Time in culture was also tested as a potential selective force using branch models.
Omega values were estimated for strains based on the decade in which they were collected.
Branch models estimate one omega value per designated set of lineages for the entire gene. The
null model MO fixes omega to 1.0 and the selection model (model = 2) estimates omega along
each set of lineages. Positive selection was detected for sets of strains for which the likelihood
ratio test was significant and omega > 1.0 for the specified set of branches.

The branch-site and branch models used the same tree topology and statistics as
described above with the exception that individual model parameters differed. Branches of the
tree were annotated to support each of the different hypotheses being tested. The background
omega was applied to internal branches unless both tips originating from a node were being
tested with the same omega, then that internal branch would be assigned to the alternative,

estimated omega.

Results
Pair-wise tests for positive selection

Pair-wise comparisons of homologs within and between species were used to determine
the best phylogenetic distance at which to detect positive selection in diatoms. These tests were

conservative, estimating a single dy:ds for each gene pair. The proportion of gene pairs saturated
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for synonymous substitutions was greatest in the inter-species comparisons, accounting for 89 %
of those tested between Pseudo-nitzschia multistriata and P. multiseries (Table I1. 1). Gene pairs
saturated for synonymous substitutions could not be used to detect positive selection because the
synonymous substitution rate is uncertain. Rates of synonymous and non-synonymous
substitutions decreased with decreasing phylogenetic distance. The rates of synonymous
substitution between homologs of the sister-species of Ditylum and strains of Thalassiosira were
one and two orders of magnitude less, respectively, than the inter-species comparisons of
Pseudo-nitzschia (Table II. 1). The length of gene alignments does not appear to affect the

estimates of the rates of substitution.

Table II. 1. Rates and saturation of synonymous (ds) and non-synonymous (dy) mutations in homologs of three
diatom genera.

Saturated
pairs Unsaturated Pairs ds <1.0
ds >1.0
. Mean
Raw  Paired .
Seq. Genes Align. # % # % Mean  Mean
) @) Length dn ds
(bp)
T. pseudonana (NY) 11390 11355 1488 9 0.08 11346  99.92 0.002 0.006
T. pseudonana (Wales) 11390
D. brightwellii pop. 1 3910 113 204 4 3 110 96 0.007  0.048
D. brightwellii pop. 2 477
P. australis 920 277 324 176 64 101 36 0.090 0.726
P. multistriata 16512
P. australis 920 404 336 266 66 138 34 0.103  0.718
P. multiseries 16535
P. multistriata 16512 2653 483 2359 89 294 11 0.086  0.795
P. multiseries 16535

The majority of homologous pairs that are not saturated for synonymous substitutions are
under strong purifying selection with dy:ds < 0.1 in all comparisons except the Thalassiosira
strains (Fig. II. 2). Few Pseudo-nitzschia homologs had dy:ds > 1.0 indicating that they were
under positive selection, and for most dy:ds was < 0.4, consistent with purifying or somewhat

relaxed purifying selection. Intermediate values of dy:ds for both the homologs of Ditylum and
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Fig. 1. 2. Frequency distributions of the dy:dg of homologs between pairs of diatoms.
Genes saturated for silent mutations (i.e. for genes where dy:d < 1.0) are not included.
Number of genes analyzed is in parentheses.

32



Thalassiosira suggested that many were experiencing relaxed purifying selection.
Approximately 10 and 20 % of the Ditylum and Thalassiosira homologs, respectively, had

signatures of positive selection.

Positive selection among seven strains of Thalassiosira pseudonana

The 3565 genes in T. pseudonana with dy:ds > 0.5 were tested more rigorously to
determine the statistical support for positive selection of these genes. The maximum likelihood
approach incorporated a phylogenetic model that included seven genetically distinct strains, and
allowed omega (dy:ds for a gene tree) to vary across the alignment of each gene. Maximum
likelihood analysis identified 2035 genes with a nominal p-value < 0.05 (Table I1. S1). After
correcting for multiple tests, 809 (Bonferroni, p-value < 1.5%107) and 1784 (FDR = 0.01) genes
emerged as strong candidates of positive selection representing 7 and 16 % of the protein coding
genome, respectively (Table II. S1). The set of 809 genes is a subset of 1784 genes, and will be
referred to as the positively selected set.

Functions of proteins encoded by the 809 positively selected genes were assessed using
the Gene Ontology (GO) data structure and InterPro for greater resolution of information
concerning protein domains. GO terms were assigned to 329 (41 %) of the 809 positively
selected genes and 5875 (52 %) of the 11390 total coding genes. Enrichment analysis was
performed for those genes with GO terms. Six GO terms, that included 146 unique genes, were
over-represented in the positively selected set of genes relative to the distribution of GO terms
for all protein coding genes. The majority (112) of over-represented genes encoded proteins
involved in protein-protein interactions (Table II. 2). One third (34 %) of the 329 positively
selected genes with GO terms were represented by GO:0005515, the term for protein binding, in
contrast to 18 % of all genes with GO terms. Genes encoding biosynthetic and metabolic
regulatory proteins were also over-represented within the positively selected set (Table II. 2).
Transcription factors dominated the regulatory genes with the majority (25 of 28) represented by
G0O:0009889; 8.5 % of positively selected genes versus 4.3 % of all genes with GO terms were
represented by this term (Table II. S2). Protein domains with the greatest representation are
WDA40, zinc fingers, tetratricopeptides (TPR), PDZ and domains associated with heat shock
(Table II. S2). Orphan genes, for which no homologs were found in other organisms, represent

24 % (191 genes) of the positively selected genes and 15 % (1718 genes) of all coding genes.
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Table II. 2. Functional enrichment in 809° positively selected genes of Thalassiosira
pseudonana.

Ontology  p-cut* GOID p-value  Odds-Ratio Exp* Obs®  Total’ Term
MEF® 18 GO:0005515 6.05E-12 243 62 112 1098  protein binding *t
GO:0009982 0.001353 4.34 2.23 8 39 pseudouridine
synthase activity
CcC 6 GO:0005634 0.007638 1.89 16 26 313 nucleus
BP 23 G0:0009889 2.69E-05 2.63 13 29 282 regulation of
biosynthetic *+
process
GO:0060255 3.53E-05 2.54 14 30 301 regulation of
macromolecule *F
metabolic process
GO0:0090304 4.20E-05 2.19 24 43 530 nucleic acid "
metabolic process l
GO:0051171 7.57E-05 2.46 14 29 298 regulation of
nitrogen compound ~ *t
metabolic process
GO:0031323 0.000126 2.34 15 30 322 regulation of
cellular metabolic *T
process
GO:0080090 0.000194 2.31 15 29 314  regulation of
primary metabolic T
process
G0:0001522 0.00022 5.90 2 8 37 pseudouridine +
synthesis
GO:0006355 0.00039 248 10 22 219  regulation of
transcription, T
DNA-dependent
GO0:0032774 0.000819 2.33 11 22 231 RNA biosynthetic
process l
GO:0050789 0.000878 1.89 24 39 513 regulation of i
biological process
GO0:0034641 0.001622 1.64 47 65 1017  cellular nitrogen
compound T
metabolic process
GO:0016567 0.001646 10.51 1 4 12 protein .
ubiquitination !

4329 of 809 genes were annotated by GO terms

® Ontologies: MF = molecular function, BP = Biological Process, CC = cellular component.

¢ p-cut: the number of GO IDs with p-values less than 0.05 in the hypergeometric tests for each GO ID.
4 Exp: expected number of genes for the GO term in positively selected set if the function is not enriched
¢ Obs: Observed number of genes in the positively selected set of genes

fTotal: The total number of genes in the T. pseudonana genome annotated for a specific GO term

* Significant with Bonferroni corrections per Ontology (MF =1.4E-4; CC = 3.7E-4; BP = 9.6E-5)

+ Significant with false discovery rate of 0.05 using g-value correction
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Expression of positively selected genes Thalassiosira pseudonana (strain CCMP 1335)

Relative mRNA expression of T. pseudonana CCMP 1335 from a publicly available data
set was analyzed with respect to the positively selected genes. Thalassiosira pseudonana had
been limited for growth by silicic acid, iron, nitrate, carbon dioxide, or low temperature (4 °C) or
maintained under nutrient replete conditions (Mock et al., 2008). The dataset of expressed genes
was comprised of 8996 genes of which 636 were in the positively selected set of 809. Positively
selected genes are expressed at lower levels than those under neutral and purifying selection

(Fig. II. 3). In each experimental treatment, the highest value of expression was an order of
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Figure IL 3. Boxplots and statistics of the expression of positively selected (gray)
and neutral and purified (white) genes of Thalassiosira pseudonana (CCMP 1335)
grown in a nutrient replete control, nutrient limitation (8i, Fe, NO3 and COy), and

a 4 °C cold treatment. Boxplots: Box = 13 and 3" quartiles, whiskers = 1.5 x IQR,
notch = median of expression as log;,(median aggregated probe intensity per gene).
Menn-Whiiney 1ests (N = 636 selected genes, N = 8357 neutral and purified genes;
* gsignificance at p << 0.01),
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magnitude less for positively selected genes than genes evolving neutrally or under purifying
selection (Fig. II. 3). In addition, the frequency distributions of gene expression for positively
selected and neutral and purified genes were significantly different (Mann-Whitney; Fig. II. 3).
Two-way hierarchical clustering of the expression of the 636 positively selected genes
highlighted similarities and differences among groups of genes with respect to the different
treatments (Fig. II. 4). Each gene is represented by a row in the heatmap of Fig. II. 4, and the
dendrogram on the left groups genes together by how similar their expression patterns are across
the treatments. The upper dendrogram groups treatments by the similarity of the patterns of
expression for all genes. Two groups of genes are of special interest because they have very low
and specific expression patterns, respectively. The first is a large group of genes that putatively
encode proteins associated with sexual reproduction and had consistently low expression across
all of the treatments (Fig. II. 4; Table II. S3). The second group contains five genes, four of
which were differentially upregulated in the silicic acid and iron limited conditions relative to the
control. One gene encodes a transcription factor, three appear to encode extracellular proteins
including one with a chitin binding domain, and the fifth has a transmembrane helix and possibly

binds lectins (Fig. II. 5).

Positive selection along specified lineages of Thalassiosira pseudonana

The different T. pseudonana strains were grouped according to similarities in
environmental conditions at the locations the strains were collected to test hypotheses that those
conditions promoted positive selection. Four strains were isolated from locations where sea
surface temperature is relatively stable year-round, with a seasonal fluctuation up to 6 °C (Table
II. 3). These strains have five-fold more genes under positive selection than strains isolated from
regions where the sea surface temperature is more variable with seasonal fluctuations from 13 —
15 °C (Table II. 3). Forty-one of the 121 positively selected genes associated with stable sea
surface temperatures had GO terms. Eighteen (44 %) of the 41 genes interacted with other
proteins, GO:0005515, and were statistically enriched after Bonferroni correction (GOSTATS:
p-value 0.00012). Gene ontology terms were assigned to nine of the 22 positively selected genes
associated with variability in sea surfaces temperature; four of the encoded proteins had protein
binding activity, but none were related to heat stress. The strain from the Pacific Gyre was the

only representative from the open ocean, which is characterized by lower nutrient concentrations
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Figure 11. 4. Relative expression for 636 of 809 positively selected genes in Thalassiosira
pseudonana (CCMP 1335) grown under nutrient limitation (Si, Fe, NO; and CO5), a nutrient
replete control, and a 4 °C cold treatment. The similarity relationship of gene expression is
represented by the dendrogram to the left. The upper dendrogram represents similarity of
responses among treatments. A) Genes associated with sexual reproduction, B) Five putative
cell wall-associated. Data is from Mock et al. 2008; Logig(median aggregated probe intensity
per gene) is plotted.
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Figure TI. 5. Relative expression and annotations of five co-expressed cell wall-associated genes
that are positively selected in Thalassiosira pseudonana. Table headers: SP = signal peptide,
DE = differentially expressed relative to control in Mock et al. (2008). Within table: Y = yes,

S = secretory pathway, TF = transcription factor; PP = protein-protein interacting,

TM = transmembrane region. Scale is log;g(median aggregated probe intensity per gene).

than coastal and estuarine areas. Two genes are positively selected in the Pacific Gyre strain, and
neither was assigned a GO term.

The population of T. pseudonana from which the northern Adriatic Sea strain was
collected is potentially geographically isolated from other populations because there are three
hydrogeographic and genetic barriers for other species between it and the Atlantic Ocean
(Patarnello et al., 2007). Similar to the open ocean strain, no positively selected genes were
detected within the Adriatic Sea strain (Table II. 3).

Influences of culturing were tested with a branch model to test for positive selection upon
strains based on the decade in which they were isolated (Table II. 3). Time in culture does not
appear to promote positive selection. There were 468 genes with a nominal p-value < 0.05,
meaning that estimated omegas of the specified branches were significantly different from one,
but they could be significantly greater or less than one. Twenty-five of the 468 genes were

significant at a Bonferroni corrected value (p < 1.5x107), but none had an omega > 1.0.
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Discussion
Phylogenetic distance at which positive selection is best detected in diatoms

The greatest number of positively selected genes was identified in the intra-species
comparison of two Thalassiosira pseudonana strains. Therefore, an appropriate phylogenetic
distance to detect the greatest signal of positive selection in diatoms appears to be intra-specific.
Thalassiosira pseudonana diverged from Detonula confervacea ca. 2 mya, based on a molecular
clock applied to the divergence of the DNA encoding the 18S subunit ribosomal RNA
(Sorhannus, 2007). The 18S DNA sequences of T. pseudonana and D. confervacea differ by
0.4 % over 1758 base pairs (from accession numbers used in (Sorhannus, 2007)); therefore
comparisons of diatoms with similar 18S sequence divergence should be tractable for identifying
positively selected genes. This is not to say that positive selection cannot be detected at greater
phylogenetic distances. Many sexual reproduction genes evolve rapidly, and those involved in
gamete recognition are implicated in maintaining reproductive isolation (Lyon & Vacquier,
1999). The putative diatom gamete recognition gene, SIG1, is positively selected among four
species of Thalassiosira (Sorhannus & Pond, 2006). SIG1 is not positively selected within the
seven strains of T. pseudonana, suggesting that these laboratory strains would still function
within the reproductive species unit even though they were collected over distances of time and
space. Selecting the appropriate phylogenetic distance to detect positively selected genes is,
therefore, also contingent upon the functions of the proteins they encode.

The homologs that were detected between Pseudo-nitzschia species are currently subject
to strong purifying selection, suggesting that their functions are conserved in other groups of
organisms as well. Interestingly, the distribution of dy:ds in Pseudo-nitzschia homologs is of the
same shape, and the rates of non-synonymous mutations per codon are in the same range as
genes shared by mice and humans that also have homologs in plants and yeast (Alba &
Castresana, 2005). These genes have deep evolutionary histories of hundreds of millions of
years (Alba & Castresana, 2005). The apparent difference in the time required to accrue similar
amounts of genetic variation, 10 versus 100s of million years, is likely due to the high frequency
of asexual reproduction in diatoms providing an opportunity for mutation on a daily basis.

The cryptic sister species of Ditylum have a two-fold difference in genome size that is
hypothesized to be the result of whole genome duplication (Koester et al., 2010). Positively

selected genes would potentially be associated with speciation and niche differentiation
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reflecting the two species different adaptive strategies. The proportion of genes indicated to be
under positive selection in Ditylum was intermediate to the Pseudo-nitzschia species and
Thalassiosira strain pairs. This may be because the Ditylum species diverged only recently, and
too little time has passed to identify selective substitutions. Increasing the length of alignments
and the number of homologs compared between the Ditylum species may lead to the
identification of more genes likely to be under positive selection. In addition to the divergence
of alleles between the two species, positive selection may act on paralogs within the putative

tetraploid (Han et al., 2009), but this hypothesis remains to be tested.

Candidate genes under positive selection among seven strains of Thalassiosira pseudonana

Seven percent of the 11390 known genes in Thalassiosira pseudonana are strong
candidates for positive selection. This estimate is statistically conservative, but it may include
genes whose sequence variation is the product of unidentified gene duplications collapsed onto a
single locus when sequenced reads are mapped to the reference genome. This is a challenging
complication to consider: the signal of positive selection is accurate, but instead of applying to a
single-locus alignment including sequence from seven strains, the alignment contains the
consensus sequence of multiple loci for one or more strains. Therefore, the indication of positive
selection may be based both on intra- and inter-strain divergence, instead of just inter-strain
differences.

Positively selected genes are accrued at different rates across organisms, highlighting
differences in selective pressures and mechanisms retaining beneficial mutations within
populations. Thalassiosira pseudonana and humans both have ca. 7% of their loci under positive
selection (Biswas & Akey, 2006), but the length of time that humans have been diverging from
their last common ancestor is two to three times longer than that between T. pseudonana and D.
confervacea. Two coral species Acropora millepora and A. palmata diverged from one another
10 — 12 mya (van Oppen et al., 2001), and have a similar proportion of positively selected genes
in their genomes (Voolstra et al., 2011). Approximating sexual generation times for diatoms,
acroporid corals, and humans as 2, 4, 20 yr respectively, these groups have accrued the same
relative number of positively selected genes in 1.0 x 10°, 2.8 x 10°, and 3.0 x 10 generations.
Even though positively selected genes are the most rapidly evolving genes within a genome,

many factors affect the fate of beneficial mutations within a population. The moderate
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proportion of positively selected genes within T. pseudonana might be due to large population
sizes, which increase the time required for beneficial alleles to become fixed within a population.
Cell counts for single diatom species can range as high as a million cells per liter during blooms
(Lassiter et al., 2006), although the effective population size is likely much smaller than that.
Other factors affecting the fate of beneficial mutations include the amount of allelic variability
within a population, gene flow with other populations and the interaction of these factors with
the strength and periodicity of environmentally selective forces (Lynch et al., 1991).

Versatility within the regulatory networks of gene expression provides a mechanism for
cells to react quickly to environmental fluctuations (Li & Chen, 2010). Transcription factors are
nodes within a network; therefore, positive selection in a single transcription factor potentially
affects the expression of many proteins at once. Transcription factors comprise ca. two percent
of the protein coding genes in T. pseudonana (Rayko et al., 2010) and were the most specific
group of over-represented proteins encoded by the positively selected genes (Table II. 2; Table
II. S2). Ten percent of the 258 transcription factors are positively selected in T. pseudonana
suggesting that differential gene regulation is an important component of adaptation for these
strains. Positively selected genes were identified within the families of basic leucine zipper
(bZip), heat shock, Myb, and zinc finger transcription factors. Transcription factors are also
over-represented within the positively selected genes among human populations (Bustamante et
al., 2005), and between two species of the nematode Caenorhabditis (Castillo-Davis et al.,
2004), but not between two closely related corals (Voolstra et al., 2011). In mammals, families
of zinc finger transcription factors are extensive, and positively selected genes have been
identified within this family (Emerson & Thomas, 2009). In T. pseudonana only the TAZ group
of zinc finger transcription factors is under positive selection; two of the six members of this
family are selected. In mammals, TAZ factors co-regulate the response to hypoxic stress and are
integrated into protein complexes of embryos that sense cell density and mediate embryo
development (Freedman et al., 2003, Varelas et al., 2010).

Responding to the molecular signals of biotic and abiotic stressors is within the purview
of both bZip and heat shock transcription factors; genes from both families also function under
normal homeostatic physiologies. These two families are of special interest in diatoms because
their relative sizes differ from those of other organisms. There are 10-fold fewer bZip

transcription factors in diatoms and their phylogenetic group, the stramenopiles, than in plants
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and animals (Montsant et al., 2007, Rayko et al., 2010). Yet, 20 % of the genes in the bZip
transcription family are under positive selection in T. pseudonana. Diatoms have an expanded
family of heat shock transcription factors (HSFs), currently estimated to contain 94 members in
contrast to the one to four HSFs found in yeast and metazoans (Montsant et al., 2007, Rayko et
al., 2010, Fujimoto & Nakai, 2010). Six of the 39 (ca. 15 %) heat shock factors in a diatom-only
clade, Group 2 HSFs, are positively selected (Fig. 1 of Rayko et al. 2010). The Group 2 clade of
transcription factors highlights the importance of gene duplication in evolution and the potential
for mutations in one of the duplicates to eventually provide a selective advantage (Zhang et al.,
1998, Briscoe et al., 2010).

In T. pseudonana, 77 % of the proteins over-represented within any functional category
are engaged in protein-protein interactions. The specific GO term over-represented in T.
pseudonana is not among those over-represented among positively selected genes in other
organisms, but genes encoding proteins with related functions including signal transducers, and
receptors for various proteins are over-represented in animals (Bustamante et al., 2005, Voolstra
etal., 2011). Adaptive amino acid substitutions in interacting proteins can alter the binding
efficiency and function of the protein complex, thus providing the potential to optimize the
interaction through co-evolution of binding partners (Presgraves & Stephan, 2007, Clark et al.,
2009). Interacting proteins are co-expressed; therefore the expression of the encoding mRNA
may follow a similar pattern. No obvious examples of interacting proteins, such as heat shock
transcription factors and heat shock proteins, were found within groups of co-expressed genes in
T. pseudonana strain CCMP 1335. Genes encoding protein binding domains are expressed
simultaneously but additional testing is required to determine if any of these proteins are actually
binding partners, and consequently co-evolving.

Lineage-specific genes are found throughout the evolutionary tree of life (Tautz &
Domazet-LoSo, 2011). These fast evolving genes experience relaxed levels of purifying
selection; the increased numbers of non-synonymous mutations may lead to novel protein
functions and adaptive advantages (Domazet-Loso & Tautz, 2003, Voolstra et al., 2011).
Orphan genes of T. pseudonana were defined as those genes lacking any sequence-homology to
the genes of other organisms at an e-value cut-off of 10°. There are proportionally more orphan
genes in the positively selected set (24 %) than in the genome as a whole (15 %). These genes,

encoding proteins of unknown function, are important to conferring an adaptive advantage to
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individuals of T. pseudonana. For example, the gene families of cyclins and heat shock factors
have been greatly expanded in diatoms, and both families have genes found only in diatoms
(Huysman et al., 2010, Rayko et al., 2010). A small number of genes are positively selected
within the diatom-only cyclins and heat-shock factors. Two major mechanisms are hypothesized
to create orphan or lineage-specific genes. First, one member of a duplicated pair may mutate
faster than the other rendering it unrecognizable as a homolog (Domazet-Loso & Tautz, 2003);
alternatively, homologs along specific evolutionary branches may mutate quickly without
duplication (Elhaik et al., 2006). The second hypothesis promotes non-coding DNA to protein
coding genes through spurious transcription of RNA (Cai et al., 2009). The creation of orphan

genes provides a long-term source of genetic variability upon which selection may act.

Expression of positively selected genes

Levels of gene expression in yeast and vertebrates are inversely correlated to protein
divergence, and are hypothesized to exercise indirect control over mutation rates, such that
highly expressed genes are the most conserved (Pal et al., 2001, Subramanian & Kumar, 2004).
In addition to being expressed at lower levels than genes subject to neutral or purifying selection,
positively selected genes tend to be expressed in restricted conditions, or specific tissues in
multi-cellular organisms (Kosiol et al., 2008). Positively selected genes in T. pseudonana
CCMP 1335 had significantly lower expression than more conserved genes across six different
experimental treatments (Fig. II. 4). Similar to other organisms, the adaptive genes in T.
pseudonana are likely functioning in specialized capacities and to enhance survival during sub-
optimal growth conditions.

Sexual reproduction genes are a classic example of genes with restricted expression and
rapid rates of evolution in diverse organisms (Clark et al., 2006, Oliver et al., 2010).
Thalassiosira pseudonana belongs to the multipolar diatoms that produce flagellated sperm, as
do the centric diatoms. Genes encoding flagella-associated and putative sperm activating
proteins are under positive selection in T. pseudonana, and are among the genes with the lowest
levels of expression among six experimental growth conditions (Fig. II. 4; Mock et al., 2008).
This pattern of expression for genes involved in sexual reproduction is consistent with
observations that there were no cells differentiating into gametangia in these experiments (Mock

et al. 2008). Sexual reproduction is not yet documented in T. pseudonana, but it is an obligate
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phase of the life history of many diatoms (Chepurnov et al., 2004). The signature of positive
selection suggests that these genes are functional; otherwise, they would be expected to degrade
into non-functional pseudogenes. Sexual reproduction in diatoms tends to be episodic, thus the
genes would only be expressed periodically. For example, the putative gamete recognition gene
SIG 1 is positively selected among related species of Thalassiosira (Sorhannus & Pond, 2006),
but it is expressed above background levels only after the initiation of gametogenesis in T.
weissfloggi (Armbrust, 1999).

Co-expression of multiple genes suggests that their protein products are functioning in
the same metabolic pathway or that they are affecting the same phenotype. The environmental
conditions in which the genes are expressed provide additional information when the function of
their encoded proteins is unknown. One of the most obvious patterns of co-expression in T.
pseudonana CCMP 1335 was associated with five positively selected genes that were up-
regulated when the cells were limited for silicon and iron (Fig. II. 5, Mock et al, 2008). The first
gene in this group is a MYB transcription factor that also is highly expressed under other
conditions, similar to expression patterns of MYB genes in plants where they respond to
environmental stress and regulate growth and development (Chen et al., 2006). Two genes
encode proteins that appear to interact with chitin: protein 12594 possesses a chitin binding
domain and a signal peptide suggesting that it is secreted; protein 21085 does not have a signal
peptide, but is does have a transmembrane domain and it is a member of a superfamily of
proteins that bind lectins, suggesting that it may also interact with chitin. The fourth member of
this cluster encodes a protein (21587) with a transmembrane domain, but possesses no other
functional annotation. The fifth gene contains a V5/Tpx-1 domain, commonly found in
extracellular sensory proteins that recognize signals and proteins from other, frequently
antagonistic and pathogenic organisms (Cantacessi et al., 2009). Gene expression of this cluster
is associated with a distinctive morphology induced by both silicon and iron limitation — an
elongated, bent-cell phenotype in which chitin is deposited in the girdle region of the wall
(Durkin et al., 2009). Healthy cells have tight connections between silica cell wall components;
therefore, secretion of chitin-binding proteins is hypothesized to shore up the silica cell wall
when those connections are weakened (Davis et al., 2005, Durkin et al., 2009). The pattern of
expression and putative localization of these five proteins provides a possible link between

selective agents of nutrient limitation, functional genes and a cell wall phenotype.
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Selection of specified strains with respect to environment

Branch-site models of positive selection were used to explore the hypothesized selective
forces of geographic isolation, ocean environment and temperature, on subsets of the strains
collected from sites associated with these environmental variables (Table II. 3). Three
hydrogeographic barriers separate the Adriatic Sea from the Atlantic Ocean, and population
structure is differentiated by these boundaries in other planktonic organisms living in the
Mediterranean Sea (Patarnello et al., 2007, Yebra et al., 2011). Although the Adriatic strain is
potentially geographically isolated, there do not appear to be any differentiating environmental
pressures. Instead, the genes of the Adriatic strain are evolving under purifying and neutral
selection. Genes evolving neutrally have non-synonymous mutations that contribute to protein
divergence, but their rates do not outpace those of silent mutations. Interestingly, the Adriatic
strain and the strain from Wales share a branch on the coalescent tree, and do not have
intermediate lineages separating them, suggesting that they are from the same population.
However, manual review of numerous gene alignments indicates that the relationship between
the two strains is an artifact of long-branch attraction grouping them together because they
consistently had the most different protein sequences. Together, these results suggest that the
Adriatic strain may be from a population subject to random genetic drift. Further population
level experiments are required to test this hypothesis.

The open ocean strain from the Pacific Gyre was collected from an environment very
different than the other six estuarine strains, including the one from the Adriatic. The gyre has
stable light, salinity and low nutrients compared to coastal regions and estuaries, which are
characterized by dynamic fluctuations of those same parameters (Karl, 1999). Therefore, it was
hypothesized that the open ocean strain would have a strong genetic signal of differential
adaptation to its unique environment. Surprisingly, only two genes were found to be positively
selected in the open ocean strain. Both encode predicted proteins with unknown functions.
Increasing the number of strains from other oceanic regions would increase the power to detect
genes that are being selected for by this environment.

Temperature can be a strong selective agent (Husby et al., 2011), and two hypothesis
tests analyzed genes for positive selection associated with seasonal variation in sea-surface

temperatures. The four strains collected from locations where summer-winter sea surface
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temperatures varied 6 °C, or less, shared 121 positively selected genes. The presence of three
heat shock factors, one heat shock protein, and over-represented protein binding proteins within
this set of positively selected genes suggests adaptation to stress conditions. Fewer positively
selected genes are shared by the three strains collected from regions where there is a strong
seasonal fluctuation in temperature, but one gene is notable because it encodes a UV radiation
resistance protein. This protein may not be directly affected by temperature, but it would be
affected by available sunlight altering the temperature of water. These data provide
circumstantial evidence that seasonal temperature variation may act as selective agents; however,
it is more likely that absolute temperature, the timing of seasonal changes and interactions
between available light and temperature are more effective in selecting fit phenotypes (e.g.
Namroud et al., 2008).

Branch-site experiments are usually performed to identify positive selection associated
with speciation events in macroscopic, non-planktonic organisms, where differentiating
environmental niches are readily inferred (Briscoe et al., 2010, Shen et al., 2010). Although the
results from our branch-sites experiments are difficult to interpret without ambiguity, these data
are robust in that the majority of genes found to be positively selected among subsets of strains
were identified in the original set of 809 positively selected genes. Therefore, the positively
selected genes identified by the branch-site models remain strong candidates for further
physiological experiments in the laboratory to test the fitness of the alleles carried by each strain

(Yang & dos Reis, 2011).

Conclusion
These were the first transcriptome and genome scans performed to identify positively

selected genes within a phytoplankton group. Intra-species comparisons are appropriate for
detecting the greatest number of genes evolving under positive selection, but inter-species
analyses are still important for genes of certain functions. As more genomes become available
for diatom species with high ecological and human impact, analyzing multiple strains of those
species will be important to understanding their survival strategies and the conditions under
which they bloom. Seven percent of the protein coding genes in Thalassiosira pseudonana are
strong candidates for positive selection. Selection for transcription factors suggests that the
adaptive response cascades and affects many more genes than just those that are selected by the

fluctuating conditions in which diatoms live. Five positively selected genes may be linked to a

47



cell wall phenotype facilitating survival in stressful conditions, specifically shortages of the
obligate nutrients of silicon and iron, both of which are in growth limiting concentrations in large
regions of the world’s oceans. Specific alleles of each of these genes are functioning in
individual diatoms to confer a selective advantage; however, to understand which genetic variant
is connected to which phenotype and selective pressure more directed research is required. These
results present an opportunity to test hypotheses that integrate positively selected genes in T.
pseudonana with their associated phenotypes and selective forces through manipulative
laboratory experiments and in the field by taking a population genetics approach to determine

allele distributions for populations living in different regions.
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CONCLUSION

The rapid diversification and success of diatoms were facilitated by genetic diversity
within populations that resulted in colonization and adaption to new environments. Partial and
whole-genome duplications are just two of many ways to introduce genetic diversification into
populations. The ability to form stable polyploids occurs in multiple diatom genera and appears
to be the mechanism of speciation in Ditylum brightwellii found in the northeastern Pacific
Ocean. Mutations accrued in one of the copies of the duplicate genes may lead to functional
innovations in the encoded proteins, thus promoting adaptation to different environmental
conditions. The putative tetraploid D. brightwellii population 2 is localized to the northeastern
Pacific Ocean and blooms during late spring and early summer when silicate concentrations are
less than during the peak bloom period of population 1 (Rynearson et al. 2006), suggesting that it
has adapted to those lower concentrations. This is a testable hypothesis that may be explored
through physiological experiments and genetic analysis on several strains from each species.
The hypothesis that silicate concentrations drive selection could be tested with kinetic uptake
experiments of silicate and competition experiments between the species at varying silicate
concentrations. In addition, increasing the sample size of the number of genes compared may
point to genes affected by positive selection and environmental pressures other than silicon
depending on encoded protein functions.

Diatoms have the potential to be a model system to study polyploidization. Several
genera are suspected of harboring polyploid species, but have yet to be tested (Rines, pers.
comm.). Two genera with putative polyploid species, Thalassiosira and Ditylum, have species
that occur frequently in environmental samples and are easily brought into culture. Interactions
between the environment and polyploids as well as the cellular dynamics of whole-genome
duplication may be tested. For example, biogeographic mapping may be used to determine if
there is a correlation between ploidy and range; the susceptibility of a species to form polyploids
repeatedly and/or successively could be tested with laboratory manipulations. The genes and
genomes themselves present countless hypotheses regarding the divergence of protein function

between the species and its association with the environment.
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In the absence of polyploidization, genetic diversity is maintained in diatom populations
through mutations likely accrued during asexual reproduction. The physiological difference in
the growth rates of Ditylum brightwellii population 1 strains from New Zealand and Puget Sound
is likely due to the selection for different alleles that promote their local adaptation. The
collection and characterization of D. brightwellii using a neutral genetic marker, genome size
analysis, and physiology broadened our detailed understanding of this cosmopolitan species.

Genes linked directly to adaptation were intensively investigated in Thalassiosira
pseudonana by analyzing every protein coding gene in the genome for positive selection using
seven different strains. Seven percent of T. pseudonana’s genes are statistically strong
candidates for positive selection. The results from this study present many new hypotheses that
may be tested in T. pseudonana. Population genetics studies can be used to assess the
distribution of alleles within populations from different regions to understand what
environmental variables are associated with them. Manipulative laboratory experiments can be
used to pinpoint selective pressures, and T. pseudonana can be engineered to fluorescently tag
the most interesting proteins whose functions are unknown to better link genotypes to
phenotypes. A putative link between selective pressures, a phenotype, and positively selected
genes was identified by combining the results from the analysis for positive selection with those
from a previously published experiment measuring gene expression of one T. pseudonana strain
grown under six environmentally relevant conditions. Combined analyses such as this one are
powerful, but will be more influential once similar data sets become available for more species

with high ecological and human impacts.
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