SUPPLEMENTARY INFORMATION

doi:10.1038/nature20803

Table of contents
Supplementary Information 1 Culture strain and preparation of genomic DNA....................... 2
Supplementary Information 2 Estimation of haploid genome size using quantitative real-time
PCR ............................................................................................................................................ 3
Supplementary Information 3 Sanger genome sequencing and assembly ................................. 8
Supplementary Information 4 Genome annotation .................................................................. 11
Supplementary Information 5 PacBio genome re-sequencing and assembly to confirm the
haplotype and allelic divergence of the Fragilariopsis cylindrus genome .............................. 19
Supplementary Information 6 Annotation of metal-binding protein families ......................... 28
Supplementary Information 7 Evolutionary genetic analysis of expanded zinc ion binding
MYND protein domains .......................................................................................................... 34
Supplementary Information 8 Comparative analysis of gene and gene family content in
Fragilariopsis cylindrus........................................................................................................... 41
Supplementary Information 9 Ice-binding proteins in Fragilariopsis cylindrus ..................... 46
Supplementary Information 10 Identification of a bacterial rhodopsin in F. cylindrus .......... 51
Supplementary Information 11 The light-harvesting complex (LHC) family of Fragilariopsis
cylindrus ................................................................................................................................... 53
Supplementary Information 12 Intra-genomic analysis of F. cylindrus comparing diverged
with non-diverged alleles ......................................................................................................... 57
Supplementary Information 13 Identification of Fragilariopsis cylindrus-like transcripts from
Southern Ocean metatranscriptome ......................................................................................... 58
Supplementary Information 14 Fragilariopsis cylindrus RNA-seq transcriptome sequencing
.................................................................................................................................................. 67
Supplementary Information 15 Putative gene promoter analysis ............................................ 76
Supplementary Information 16 Evolutionary genetic analysis ................................................ 83

WWW.NATURE.COM/NATURE | 1

doi:10.1038/nature20803

RESEARCH SUPPLEMENTARY INFORMATION

Supplementary Information 1
Culture strain and preparation of genomic DNA
Thomas Mock*
*To whom correspondence should be addressed (t.mock@uea.ac.uk)
Fragilariopsis cylindrus (Grunow) Krieger CCMP1102 was obtained from the
National Centre for Marine Algae and Microbiota (NCMA, East Boothbay, ME, USA). It was
isolated from Southern Ocean seawater samples taken at 64.08° S 48.7033° W (South Orkney
Island Research Cruise, Station 12, 16th March 1979)82. Bacterial contaminations were
eliminatzed by subjecting cultures to ampicillin (50μg mL-1) and chloramphenicol (1μg mL-1)
for 3 days. Fluorescence microscopy combined with 4’,6-diamidino-2-phenylindole (DAPI)
fluorescence nucleic acid staining was used to confirm axenic cultures before sequencing.
Axenic cultures were single cell sorted into 96 well plates (InFlux flow cytometer, BD
Biosciences, San Jose, CA, USA) and one of these uniclonal and axenic cultures was used for
whole-genome sequencing. Genomic DNA for genome sequencing was extracted using a
cetyltrimethylammonium bromide (CTAB) method28 with minor modifications. Briefly, cell
pellets from exponentially growing cultures were obtained by centrifugation and resuspended
in pre-heated extraction buffer (3% CTAB, 1.4 M NaCl, 0.2% β-mercaptoethanol, 20 mM
EDTA, 100 mM Tris-HCl pH 8.0). The lysate was incubated at 60 °C for 3 h in presence of
Proteinase K and RNase A, followed by phenol extraction and ethanol precipitation. DNA
was resuspended in TE or molecular grade water.
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Doyle, J. J. & Doyle, J. L. Isolation of plant DNA from fresh tissue. Focus 12, 13-15
(1990).
National Centre for Marine Algae and Microbiota. CCMP1102 Fragilariopsis
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Supplementary Information 2
Estimation of haploid genome size using quantitative real-time PCR
Jan Strauss*, Thomas Mock
*To whom correspondence should be addressed (jan.strauss@embl-hamburg.de)
The genome size of F. cylindrus was assessed using a quantitative real-time PCR
approach as described previously29, and which had been successfully applied to other diatom
species83.
Primer design. Sequence-specific oligonucleotides (Supplementary Table 1) were
designed

using

the

web-based

RealTimeDesign

Software

(available

at

http://www.biosearchtech.com/realtimedesign, Biosearch Technologies, Novato, CA, USA)
aiming for an amplicon length of 80 – 150 bp (optimum 115 bp), a GC content of amplicon
and primer of 30 – 80%, a primer length of 18 – 30 bp and a primer melting temperature (TM)
of 63 – 68 °C. BLAST searches of primer sequences against the F. cylindrus genome
sequence (http://genome.jgi-psf.org/Fracy1/Fracy1.home.html) were performed and if
necessary primer sequences were modified manually to ensure maximum specificity.
Oligonucleotides were assessed for, hairpins, and primer dimers using the web-based tool
OligoAnalyzer 3.1 (available at http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer,
Integrated DNA Technologies, Coralville, IA, USA) parametrised with concentrations for
oligos of 0.4 µM, Na+ of 50 mM, Mg++ of 5.5 mM and dNTPs of 0.5 mM. Primers were
synthesised by Eurofins MWG Operon (Ebersberg, Germany).
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Supplementary Table 1. Primers used for quantitative real-time PCR estimation of haploid genome size
Gene Target/protein ID

Primer sequence (5' - 3')

Amplicon
size (bp)

Actin-like protein
(ACTIN_LIKE)/228346

Fwd: TGACACGTACTCCGTTGGTC
Rev: TTGGTGCCTGATACCGTTCTG

111

Hypoxanthine phosphoribosyl transferase
(HPRT)/184309

Fwd: TCAACCCAGCATCATTGGAAG
Rev: TGTAGTCGAGACCATACCCTAC

129

Large ribosomal protein
(L27)/269038

Fwd: GTCCGTCATATCTTCCCAACAC
Rev: TACTCGACGTTCCGCATCAAC

93

Large ribosomal protein
(L22)/270383

Fwd: TGCACATGGTCGAATTGGTA
Rev: GTTTGGCGGCCATCTTTCTG

131

Large ribosomal protein
(L14b/L23e)/269874

Fwd: GCCTGGAATTGTGGTTCG
Rev: ACATTCCTTTGCAACAGGTC

145

Peptidylprolyl isomerase A
(PPIA)/271442

Fwd: ATGGCAAGCACGTTGTCTTC
Rev: TGGTTGTTCCAGATTGTGATCC

90

RNA polymerase II
(RNAP II)/183218

Fwd: TCGGAGCTGCTTCCTTTTCTC
Rev: TTGTGGACTGGATGGGTTGTAAC

128

Small ribosomal protein
(RPS11)/268264

Fwd: TACTGCCTTACACATCAAAGTTC
Rev: AGAGGGGATTGGTGTGACATC

142

Preparation of plasmid DNA standards for qPCR. Plasmid DNA standards for qPCR
were generated by amplification of gene fragments using conventional PCR and genomic
DNA as a template, followed by cloning of PCR products with the TOPO-TA cloning system
(TOPO TA Cloning Kit for Sequencing, Invitrogen). A 25 µL PCR reaction contained 0.4 µM
of each forward and reverse primer, 0.2 µM of each dNTP (dATP, dCTP, dGTT and dTTP), 2
mM MgCl2, 1.25 units GoTaq DNA polymerase (Promega, Madison, WI, USA), 1× Green
GoTaq Flexi Buffer, and ~50 ng genomic DNA template. No template controls without DNA
template were included. The amplification profile consisted of 5 min initial denaturation at 95
°C, followed by 35 cycles of 95 °C for 20 sec, 60 °C for 20 sec, 72 °C for 20 sec extension,
final extension at 72 °C for 5 min and final hold at 10 °C.
PCR-amplified fragments were purified from 1.2% TAE agarose gels (40 mM Tris
acetate, 1 mM EDTA, 0.5 μg mL-1 Ethidium bromide) with illustra GFX PCR DNA and Gel

Band Purification Kits (GE Healthcare UK Ltd., Little Chalfont, UK) using 500 µL capture
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buffer, adding an additional washing and dry spin step and final elution with 13 µL Elution buffer
type 4 (10 mM Tris-HCl, pH 8).

Purified PCR fragments were then cloned into a pCR 4-TOPO plasmid vector using a
one-step TOPO cloning strategy (TOPO TA Cloning Kit for Sequencing, Invitrogen Life
Technologies, Carlsbad, CA, USA). The TOPO Cloning Reaction was performed according
to the manufacturer’s instructions using 4 µL of gel-purified PCR product and incubating at
room temperature for 30 minutes. Subsequently, 2 µL of TOPO cloning reaction were
transformed into TOP10 chemically competent E. coli using a chemical transformation protocol
that included incubation on ice for 30 minutes, followed by heat-shock for 30 seconds at 42°C
and recovery for 1 h at 37°C. Volumes of 25 µL or 50 µL were spread onto selective LB plates
containing 2% agar and 50 µg/mL kanamycin and were incubated overnight at 37°C.

Colonies were manually picked and grown overnight in 5 mL LB media containing 50
µg/mL kanamycin to isolate plasmid DNA using PureLink Quick Plasmid Miniprep Kit (Life
Technologies, Carlsbad, CA, USA) according to the manufactures instructions. Purified
plasmid DNA was sequenced (Eurofins Genomics, Ebersberg, Germany) using capillary
sequencing technology (Sanger method) and M13 forward (-20) primer to confirm that
plasmids contain correct inserts.
Plasmid DNA was linearized using NotI (New England Biolabs, Ipswich, MA, USA)
after screening plasmid sequences for single recognition sites of restriction enzymes. A 50 uL
restriction enzyme reaction contained 10 units of enzyme, 1 × reaction buffer containing 100
µg/mL BSA and ~1 – 2.5 µg plasmid DNA. Restriction reactions were incubated for 2 h and
the enzyme was inactivated by heating to 65°C for 20 min. Linearized plasmid DNA was
then purified with illustra GFX PCR DNA and Gel Band Purification Kits (GE Healthcare
UK Ltd., Little Chalfont, UK) using 500 µL capture buffer, an additional washing and dry spin
step, and final elution with 25 µL molecular grade water.

The quality and concentration of plasmid and genomic DNA samples were determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
accuracy of spectrophotometric measurements was confirmed using eight λ DNA standards
containing 0, 5, 10, 20, 40, 60, 80, and 100 ng/μL (Quant-iT™ broad range dsDNA Assay
Kit, Invitrogen).
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The molecular weights of quantitative PCR plasmid standards with insert were
calculated using the respective JavaScript application of the Sequence Manipulation Suite
Version 2 (ref. 84) (available at http://www.bioinformatics.org/sms2/). To prepare plasmid
DNA standards for qPCR a 10-fold dilution series with a range of 500 – 5 × 107 copies/µL
was prepared in molecular grade water.
Quantitative real-time PCR. Quantitative real-time PCR experiments were used to
determine copy numbers of a target sequence in genomic DNA samples. 20 µL reactions were
performed in white 96-well plates and contained 250 nM forward and reverse primers, 1 ×
SensiMix SYBR Green NoROX Master Mix (Bioline, London, UK), and 2 µL of DNA
template (genomic DNA or 103 – 108 copies of plasmid DNA standards). All samples,
including no template controls were run in duplicates on a CFX96 Real Time System (BioRad, Hercules, CA, USA). The reaction protocol consisted of an initial denaturation at 95 °C
for 10 minutes, followed by 40 amplification and quantification cycles of 15 seconds at 95
°C, 15 seconds at 59 °C, and 15 seconds at 72 °C. Finally, a melting curve analysis (65 °C to
95 °C, increments of 0.5 °C, dwelling time 5 seconds) was carried out to check for primer
dimers and non-specific amplification. Data were analysed using the manufacturer’s analysis
software with default settings. Calibration curves obtained for linearized plasmid DNA
standards were used to determine the copy numbers of target sequence in genomic DNA
samples.
Calculation of the haploid genome size. The genome size of F. cylindrus was
calculated according to ref. 29, and the size of one haploid genome (C-value) was calculated
according to the equation
𝐶 =

𝑚
𝑁

,

where m is the mass of genomic template DNA (as determined by spectrophotometric
measurement) and N is the copy number of target sequence (as determined by qPCR). Using
the calculated C-value, the genome size Γ (i.e. number of base pairs per genome) was then
calculated using the equation
Γ=C ×

𝑁𝐴
𝑀𝑏𝑝

,
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where NA is Avogadro’s constant (6.022 × 1023) and Mbp the average molal mass of a
base pair (660 g mol-1), assuming the selected genes are single copy genes.
The 1C-value of F. cylindrus (accession CCMP1102) was estimated at 0.06 pg (0.02
SD), which corresponds to 57.92 Mb (16.9 SD) based on qPCR amplification of eight
different target genes from isolated genomic DNA. These results could be confirmed using
genomic DNA from independent cell cultures and are consistent with genome size estimates
of 61.107 Mb and 59.7 Mb for the nuclear genome assemblies using Sanger sequence
(Supplementary Information 3) and PacBio data (Supplementary Information 5), respectively.
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Supplementary Information 3
Sanger genome sequencing and assembly
Jeremy Schmutz*, Igor Grigoriev
*To whom correspondence should be addressed (jschmutz@hudsonalpha.org)
All sequencing reads were collected with standard Sanger sequencing protocols on
ABI 3730XL capillary sequencing machines at the Department of Energy Joint Genome
Institute (Walnut Creek, CA, USA). Three different sized libraries were used as templates for
the plasmid subclone sequencing process and both ends were sequenced. 270,371 reads from
the 2.5 kb sized library, 319,392 reads from the 6.3 kb sized library, and 81,408 reads from a
35.4 kb fosmid library were sequenced.

Genome assembly and chromosome anchoring
The sequence reads were assembled using a modified version of Arachne v.20071016
(ref. 30) with parameters maxcliq1=100, correct1_passes=0, n_haplotypes=2 and
BINGE_AND_PURGE=True. The resulting output of this assembly was then passed through
Rebuilder

(max_overlap_to_accept=200000

max_errors_in_align=10000
max_gap_in_swgap=6000
(TRIM_LAP_TO=700)

to

max_overlap_score=200000

end_stretch_in_align=24
max_indel_in_swgap=6000)
merge

adjacent

assembled

use_sw_gap=True
and

alternative

SquashOverlaps
haplotypes,

and

subsequently run through another complete Arachne assembly process to finalize the
assembly. This produced 286 scaffold sequences with N50 of 1.3 Mb, 105 scaffolds larger
than 100 kb, and total scaffold size of 80.8 Mb. Each scaffold was screened against bacterial
proteins, organelle sequences in GenBank and removed if found to be a contaminant.
Additional scaffolds were removed if they consisted of greater than 95% 24mers that
occurred 4 other times in the scaffolds larger than 50kb or if the scaffold contained only
unanchored RNA sequences. The final assembly contains 271 scaffolds that cover 76.2 Mb of
the genome with a contig N50 of 78.2 kb and a scaffold N50 of 1.3 Mb.

Construction of the 8× scaffold assemblies
A total of 671,171 reads (see Supplementary Table 2 for clone size breakdowns) were
assembled using a modified version of Arachne v.20071016 (ref. 30) parameters
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maxcliq1=100, correct1_passes=0, n_haplotypes=2 and BINGE_AND_PURGE=True. The
resulting

output

of

this

assembly

was

then

passed

through

Rebuilder

(max_overlap_to_accept=200000 max_overlap_score=200000 max_errors_in_align=10000
end_stretch_in_align=24

use_sw_gap=True

max_gap_in_swgap=6000

max_indel_in_swgap=6000) and SquashOverlaps (TRIM_LAP_TO=700) to merge adjacent
assembled alternative haplotypes, and subsequently run through another complete Arachne
assembly process to finalize (see Supplementary Table 3 for scaffold and total contigs).
Supplementary Table 2. Genomic libraries included in the Fragilariopsis cylindrus genome assembly and
their respective assembled sequence coverage levels in the final release.
Library Type

Average Insert Size

Read Number

Assembled Sequence Coverage (X)

3kb

2549

270,371

3.00

8kb

6,347

319,392

3.41

Fosmid

35,369

81,408

0.83

671,171

7.25

Total

Supplementary Table 3. Summary statistics of the output of the whole genome shotgun assembly before
screening and removal of organelles and contaminating scaffolds. The table shows total contigs and total
assembled basepairs for each set of scaffolds greater than the given size.
Size

Number

Contigs

Scaffold Size

Basepairs

% Non-gap Basepairs

5,000,000

1

106

5,926,375

5,826,571

98.32%

2,500,000

9

524

30,702,325

30,212,363

98.40%

1,000,000

20

1,497

46,070,277

44,756,064

97.15%

500,000

43

2,528

62,285,212

60,068,013

96.44%

250,000

75

3,731

73,261,580

69,742,092

95.20%

100,000

105

4,268

78,351,810

74,199,917

94.70%

50,000

119

4,389

79,342,919

75,064,483

94.61%

25,000

128

4,426

79,679,094

75,355,845

94.57%

10,000

161

4,492

80,165,304

75,827,635

94.59%

5,000

198

4,532

80,447,003

76,105,102

94.60%

2,500

283

4,619

80,762,447

76,419,775

94.62%

1,000

284

4,620

80,763,864

76,421,192

94.62%

0

286

4,622

80,764,958

76,422,286

94.62%
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Screening and final assembly release
We classified the remaining scaffolds in various bins depending on sequence content.
We identified contamination using megablast against Genbank NR and blastp against a set of
known microbial proteins. No scaffolds were identified as contamination. We classified
additional scaffolds as chloroplast (1), mitochondrion (5), under 1kb in length (2), and small
repetitive (7). The resulting final statistics are shown in Supplementary Table 4.
Supplementary Table 4. Final summary release assembly statistics.
Scaffold total

271

Contig total

4,602

Scaffold sequence total

80.5 MB

Contig sequence total

76.2 MB (5.4% gap)

Scaffold L/N50

16/1.3 MB

Contig L/N50

164/78.2 KB

% GC

38.5

References
30
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Supplementary Information 4
Genome annotation
Robert P. Otillar, Asaf Salamov, Igor Grigoriev*
*To whom correspondence should be addressed (ivgrigoriev@lbl.gov)
The genome assembly was annotated to predict gene models, functional annotation
and evolutionary conservation using the JGI annotation pipeline as described previously17.
Genome assembly and annotation were released as a public web portal available at
http://genome.jgi-psf.org/Fracy1/Fracy1.home.html. Genome statistics for F. cylindrus are
shown in Supplementary Table 4 and Supplementary Table 5.
Supplementary Table 5. Genomic features of sequenced diatom genomes. F. cylindrus genome statistics are
presented for its single haplotype gene set (see text).
F. cylindrus

P. tricornutum

T. pseudonana

Genome size

61.1 Mb

27.4 Mb

32.4 Mb

G+C content (coding %)

39.8%

50.6%

47.8%

Predicted genes

21,066

10,402

11,776

Species-specific genes

7,432

1,346

2,543

Species-specific paralogs

4,841

485

1,067

Average gene length

1,575 bp

1,621 bp

1,745 bp

WWW.NATURE.COM/NATURE | 11

doi:10.1038/nature20803

RESEARCH SUPPLEMENTARY INFORMATION

Methods
Multiple methods were used to generate independent sets of gene models.
Subsequently, gene models were functionally annotated and filtered to select one optimal
gene model at each assembly locus as previously described17. The F. cylindrus assembly was
masked for repeats using RepeatMasker35, the RepBase library36, and the most frequent
(>150 times) repeats were recognized by RepeatScout37. Protein-coding gene models were
predicted using three levels of evidence: ab initio Fgenesh38; homology-based Fgenesh+38
and Genewise39 seeded by BLASTx alignments against the NCBI NR database; and
transcriptome-based Fgenesh. After initial testing with P. tricornutum parameters, final
Fgenesh-based modeling performed using improved custom parameters we developed for F.
cylindrus. tRNAs were predicted using tRNAscan-SE40. All predicted proteins were
functionally annotated using SignalP41 for signal sequences, TMHMM42 for transmembrane
domains, interProScan43 for integrated collection of functional and structural protein
domains, and protein alignments to NCBI nr, SwissProt44, KEGG45 for metabolic pathways,
and KOG46 for eukaryotic clusters of orthologs. InterPro and SwissProt hits were used to map
Gene Ontology terms47.

Identification and annotation of diverged alleles
For each genomic locus, automated filtering selected the best model based on
homology and transcriptome support, which resulted in a set of 27,137 gene models.
Subsequent analyses indicated probable incorporation of alternate allelic sequence in the
genome assembly (partial diploidy), resulting in individual in vivo genes being represented as
gene models at multiple assembly loci (Supplementary Figure 1). To produce a nonredundant gene set with only one copy of each in vivo gene, we aligned genomic assembly
against itself using BLAT61 and using thresholds of at least 95% nucleotide identity and at
least 50% alignment coverage of the smaller scaffold. This resulted in alignments of 210
smaller scaffolds against larger scaffolds, with total length of 15.9 Mb and for majority of
them (74.3%) alignment covered the entire length of the smaller scaffold. We then removed
6,071 gene models of the aligned smaller scaffolds which on the transcript level formed best
bi-directional Blastn hits with corresponding genes on larger scaffolds and with > 90%
nucleotide identity. This produced a non-redundant final filtered set of 21,066 protein coding
gene models (Supplementary Table 5). Statistics on homology support and functional
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assignments for that final gene set are shown in Supplementary Table 6. However, we also
defined the set of diverged alleles in the genome of F. cylindrus. Alleles on the larger
scaffolds were referred to as alleles 1 and the ones on the smaller scaffolds as alleles 2.
Syntenic scaffolds were homologous over their entire length with a SNP/polymorphism rate
of about 6% according to a multiple alignment of conserved genomic sequence with
rearrangements using Mauve genome alignment software62,85. Please see Supplementary
Figure 2 for an example pair of syntenic scaffolds containing allelic pairs. Most of the
polymorphisms were found to be non-genic. Average exon coverage for allele set 2 was only
about half of the coverage for allele set 1 (Supplementary Figure 3).

Validation of haplotype-resolved genome
We experimentally validated the haplotype-resolved genome assembly from wholegenome shotgun Sanger sequences (see above) using single haplotyped Sanger finished
fosmids that were not included in the genome assembly and aligned them to genomic scaffold
sequences (Supplementary Data 1 and 2). We then assessed nucleotide alignments between
annotated protein sequences from the genome assembly scaffolds and the haplotyped Sangerfinished fosmid clones that were not included in the genome assembly (Supplementary Data
1 and 2). Finally, under the assumption that gene duplicates are more diverged than alleles,
we compared the sequence similarity between predicted diverged alleles and duplicates. We
independently validated the sequence similarity for the alleles by Sanger sequencing of
diverged F. cylindrus alleles from a natural sea ice population (see below, Amplification and
sequencing of F. cylindrus alleles from environmental samples).
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Supplementary Figure 1. Self-dotplot of allelic variant pairs.
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Supplementary Figure 2. Mauve analysis of syntenic scaffolds 4 (Fracy1/scaffold_4:1-430000) and 48
(Fracy1/scaffold_48) showing an alignment of both scaffolds. Conserved blocks are highlighted in colour and
rearrangements are shown on the opposite site of the lower panel. SNPs/polymorphisms are plotted as
coloured vertical lines within boxes. Non-genic SNPs/polymorphisms are about 6% and
SNPs/polymorphisms within codons are mostly at 3rd codon position as revealed by codon usage analysis
and population genetics analysis (see below).
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Supplementary Table 6. Homology support and functional assignment statistics for F. cylindrus CCMP1102
gene models
Number of genes

21,066

100%

KEGG

13,109

62%

KOG

11,222

53%

Swissprot

12,834

70%

nr_b_b

10,912

52%

HMMPfam

8,690

41%

Number of genes with complete CDS

18,025

86%

Proteins with transmembrane helices

4,670

22%

Proteins with signal peptide

4,434

21%

Hits to databases
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a

b

c

Supplementary Figure 3. Histograms for read coverage of genomic scaffolds, (a) collapsed haplotype
scaffolds, (b) scaffolds containing allele set 1, (c) scaffolds containing allele set 2.
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Supplementary Information 5
PacBio genome re-sequencing and assembly to confirm the haplotype
and allelic divergence of the Fragilariopsis cylindrus genome
Pirita Paajanen*, Mark McMullan, Cock van Oosterhout, Thomas Mock, Matthew D.
Clark
*

To whom correspondence should be addressed (pirita.paajanen@jic.ac.uk)

Part 1: PacBio assembly and estimated genome size
Introduction

The genome size of F. cylindrus (Fc) based on Sanger sequencing and genome
assembly using ARACHNE was estimated to be about 61.1 megabases (Mb) (Extended Data
Table 1, Supplementary Information 2 and 3). However, the assembly is composed of 46 Mb
collapsed and 15.1 Mb diverged haplotypes. The latter represent the set of diverged alleles of
the same genetic loci. To validate the ARACHNE assembly and the allelic divergence of
genes in this assembly, we performed PacBio re-sequencing of the Fc genome with
subsequent de novo genome assembly using the diploid aware PacBio assembler FALCON
0.3.0.
Genome size estimation based on PacBio sequencing and assembly

To resolve the question of the genome size, we created a 20 kb fragment length library
and sequenced 3 SMRT cells with the P6C4 chemistry on the PacBio RSII instrument. The
total yield was 1.37 Gb of data. The final N50 of read length varied between 8215 to 8898 bp.
We also created a 4kb insert size library and sequenced 4 SMRT cells with the P6C4
chemistry on the PacBio RSII instrument. The total amount of data was 3.85 Gb and the N50
ranged from 2558 to 2680 bp between the SMRT cells. We combined the data from these 7
SMRT cells and the total coverage of the raw data was 87×. After filtering the shortest reads,
we had 3.8 Gb of data which gave 63× coverage.
We used the diploid aware PacBio assembler, FALCON 0.3.0 (ref. 32) that has
recently been successfully used to assemble highly heterozygous genomes33 to assemble the
Fc genome. The cut off for long reads was 2000 bp. We noted that the length of the genome
was not a parameter that the assembler required.

WWW.NATURE.COM/NATURE | 19

RESEARCH SUPPLEMENTARY INFORMATION

doi:10.1038/nature20803

The output of the FALCON assembler was divided into two parts. The haploid
assembly resulted in primary contigs from which we deduced a genome size of 59.7 Mb.
However, the assembler also produced alternate contigs, which were the result of the string
graph86, as the assembler traversed the graph through alternate routes, which represent two
diverged haplotypes for those regions. The assembly metrics of the two sets of contigs are
shown in Supplementary Table 7.
Supplementary Table 7. Statistics of the FALCON assembly
Names

No contigs

N50

Mean

Max

Length

Primary

745

245 kb

352 kb

1.26 Mb

59.7 Mb

Alternate

288

41 kb

47 kb

127 kb

9.1 Mb

The string graph produces so-called “bubbles”, which are regions of the contig where
the assembler has given two alternative paths between the nodes on the string graph. Each
one of these paths corresponds to one of the two diverged haplotypes (or diverged alleles).
Supplementary Figure 4 illustrates a representative case, which shows that the highly
divergent parts of the genome have been split by the assembler into two significantly
diverged haplotypes. This interpretation of the genome divergence and the resulting assembly
corresponds to the results obtained by ARACHNE based on Sanger sequencing (see
Supplementary Information 3 and 4).

Supplementary Figure 4. The string graph represents scaffold 000002F. Highly diverged parts of the genome
are split by the FALCON assembler into two significantly diverged haplotypes creating “bubbles”, where the
primary scaffold is obtained, when the graph is traversed following the black edges; the alternate edges
have their length marked in red. The numbers at each node leading to a bubble are relating to the mauve
plots (Supplementary Figure 6).

Several contigs larger than 1 Mb have been obtained for which we could identify
telomeric regions at the ends according to the conserved sequence motifs CCCTAA and
CCCCAA. This gives clear indication that we were able to assemble complete chromosome
arms.
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Local accuracy

We used QUIVER to polish the PacBio assembly using part of the smrtanalysis
2.3.0p5 (www.pacb.com) pipeline. We assessed the accuracy of this assembly using the
Sanger finished haplotyped fosmids, which we aligned with bwa 0.7.12 (ref. 34) using the
bwa mem –x pacbio command. The polished assembly was highly accurate, ranging from
99.65 % to 100%, with all fosmids aligning to it. One of the fosmids aligned perfectly over
43010 bp. Out of the remaining 13 fosmids, 8 had an accuracy of > 99.9%.
Long range contiguity

We used nucmer87 to align this assembly to the JGI assembly and found synteny
across (Supplementary Figure 5).

Supplementary Figure 5. A nucmer plot showing the contiguity between the scaffolds of ARACHNE assembly
on the X-axis and contigs of the FALCON assembly as a dots aligning to the particular loci. The Y-axis
represents the percent similarity of the FALCON contigs against the ARACHNE scaffolds. The gaps on the
bottom show areas were no FALCON contig covered the ARACHNE scaffold, the multiple dots on the Y-axis
represent that several FALCON contigs cover this position. Red indicates forward alignment and blue reverse
alignment.

Sequence content

The total length of the FALCON assembly is 85.6% of the ARACHNE assembly, so
when aligning the FALCON assembly to the ARACHNE assembly, we had 44 Mb aligning
perfectly (>99.999%), 11 Mb where the FALCON assembly collapsed, and 24 Mb where the
ARACHNE assembly did not get alignment from the FALCON assembly. Total 69.8% of the
ARACHNE assembly is covered by the FALCON assembly. Vice versa, 84.3% of the
FALCON assembly is covered by the ARACHNE assembly, with 41 Mb aligning perfectly,
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and 16 Mb where the ARACHNE assembly collapsed, and 11Mb where the FALCON
assembly did not get alignment from the ARACHNE assembly.
Coverage

Genomic regions with low sequence divergence are collapsed, and hence, they are
predicted to be at a significantly higher coverage compared to the diverged non-collapsed
regions (i.e. the “bubbles”). To provide evidence that the coverage of the genome varies
significantly between areas of higher and lower sequence divergence, we created circular
consensus (ccs) reads from the 4kb insert size library using a cut-off of 500 bp as minimum
read length using smrtanalysis 2.3.0p5 pipeline. The circular consensus reads had an average
number of 10 passes, and the mean read quality of the inserts was > 0.9862 for all four SMRT
cells. The total number of reads was 119,511 with a mean of 2,429 bp. The total number of
bases of ccs reads was 290,305,468 bp, resulting coverage of 4.8x over a genome of size ca.
60 Mb. We aligned these reads to the primary and alternate contigs of the assembly using bwa
0.7.12 with the command bwa mem –x pacbio (ref. 34). Analysis of scaffold 000002F
showed that the mean (±SEM) coverage of the primary contigs (4.60 (±0.0024)) was
significantly higher than that of the alternate contigs (2.51 (±0.0025)), (Two Sample T test: T
= 601.17, df = 1,649,460, P < 0.00001). This is a further corroboration of our hypothesis that
the diverged haplotypes have not been collapsed in the assembly, and that these represent
diverged alleles and not duplicated copies. Genomic regions with low sequence divergence
are collapsed, and hence, they are predicted to be at a significantly higher coverage (i.e.
approximately twice the coverage) compared to the diverged non-collapsed regions (i.e. the
“bubbles”, representing the individual alleles). Note that a very similar difference between
the coverage of primary and alternate contigs was observed for the ARACHNE assembly
based on Sanger reads (Supplementary Information 3, Supplementary Figure 3).
Haplotype divergence

The level of divergence differed between contigs. Contig 000000F had only one
alternate contig with a length of 6047 bp attached to it despite being 1,246,115 bp long.
Contig 000002F, on the other hand, was similar in length (1,246,645 bp), yet it contained 14
“bubbles” (diverged regions), of a total sequence length of 633,764 bp (Supplementary
Figure 4) Thus, in the latter case, the diverged part of the genome of this contig is more than
half of the total contig length. The Mauve plots85 in figure 3 show local sequence alignment
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between the sequences on each side of the “bubble” and the level of divergence between the
primary and alternate contigs on scaffold 000002F.

Supplementary Figure 6. Continued on next page
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Supplementary Figure 6 continued. Mauve plots of the alignment of alternate contigs associated with the
corresponding sequence in primary contig 000002F. The numbering corresponds to the “bubbles” in
Supplementary Figure 4. Each of the Mauve plots shows blocks of homologous alignment, in the same
orientation, connected by the red line. There are no rearrangements, as demonstrated by only one colour in
each picture. Inside each block, Mauve draws a similarity profile of the genome sequence. The height of the
similarity profile corresponds to the average level of conservation in that region of the genome sequence.
Areas that are completely white were not aligned, which is due to the sequence content being present in
one but not on the other haplotype, potentially due to local genome duplications and/or deletions resulting
e.g. in copy number variation, and assembly errors. The height of the similarity profile is calculated to be
inversely proportional to the average alignment column entropy over a region of the alignment.
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Part 2: Diverged alleles and paralogs
Introduction

The FALCON assembly was used to validate the allelic divergence observed in the
ARACHNE assembly. For this analysis, the 15 longest scaffolds were used, which accounted
for 21 Mb of primary sequence and 2 Mb of alternate sequence.
Results

To study the genes in FALCON assembly, we used megablast to perform blast
searches of the JGI gene annotations (Fracy1_GeneModels_FilteredModels1_nt.fasta) against
the QUIVER-polished FALCON assembly. We then filtered the blast results using custom
python scripts based on the lengths of the JGI genes (identified by protein IDs), and kept only
those that were ±1% of the length of the JGI gene. The results were filtered in order to a)
identify only those genes that had two hits in the 15 longest primary and associated alternate
contigs, b) filter out duplicates, and c) to keep only those protein IDs where the sequence
similarity between PacBio and Sanger sequences was at least 95%, leaving a total of 335
genes. The agreement with the ARACHNE assembly for these genes was good, with 134 of
them showing 100% similarity to the FALCON assembly for at least one of the hits. Thus, we
used the sequence similarity of the second hit as our sequence similarity measure. We
discovered 305 genes which possessed two diverged alleles identified in the string graph by
being in alternate sides of the "bubbles", and the remaining 30 were classified as paralogs.
See Supplementary Figure 7, for a schematic view of the pipeline. The JGI protein IDs and
sequence similarities are listed in Supplementary Data 3.
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Supplementary Figure 7. Analysis pipeline used to identify alleles and paralogs in the FALCON assembly,
based on custom python scripts for filtering steps.

The sequence similarity of the 305 alleles (mean (±SEM) = 99.06 (±0.070) is
significantly higher than that of the 30 paralogous genes also identified on these 15 contigs
(mean (±SEM) = 94.67 (±1.19)%), (Kruskal-Wallis Test: H=14.78, P < 0.0001) (Extended
Data Figure 1).
Discussion

Our data (Extended Data Figure 1, Supplementary Data 3) give significant evidence
of paralogs and diverged alleles in the PacBio based FALCON assembly and therefore
validate results obtained by the ARACHNE assembly, which, however, was based on Sanger
sequencing. Diverged alleles could be separated from paralogs (Extended Data Figure 1,
Supplementary Data 3) even though the polishing step of the FALCON assembly might have
cleared some SNPs as errors. However, this shows that the FALCON assembly is accurate
enough to separate segmental duplications from true alleles, and even with using conservative
estimates, at least 305 diverged alleles and 30 paralogs could be retained from the 15 longest
scaffolds, accounting for 21 Mb of primary sequence and 2 Mb of alternate sequence
(Extended Data Figure 1, Supplementary Data 3). Consequently, re-sequencing the genome
of Fragilariopsis cylindrus using PacBio confirmed the observed allelic divergence and
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therefore gives strong support that this characteristic feature is the consequence of
evolutionary adaptation to the extreme and variable conditions of the Southern Ocean.
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Supplementary Information 6
Annotation of metal-binding protein families
Chris Dupont (cdupont@jcvi.org)

Methods
The Structural Classification of Proteins (SCOP) database version 1.75 (ref. 48)
includes 38,221 Protein Data Bank49 three dimensional structures sorted into a hierarchy
encompassing class, folds, fold superfamilies (FSF), fold families (FF), and domains. The
Superfamily database53,54 provides hidden markov models for each of the FSFs and FFs
within the SCOP database that can be used to annotate protein sequences according to
structural domain composition. The collection of phytoplankton and Phytophthora genomes
within PHYTAX were analysed using the Superfamily HMMs and HMMER3. Note that most
proteins are composed of multiple structure domains. Previous work has shown that the
number of annotated domains scales to genome size in the same manner across all genomes,
thus the number of annotated domains provides a normalization for genome size.
Metal annotations of the SCOP database were built upon those in refs 50, 51. 600 new
FFs and FSFs have been added to SCOP since that annotation; these were manual curated
according to metal binding. This manual curation involves an examination of the structure,
and where possible, the literature associated with it. Particular attention must be paid to the
domain boundaries in proteins; many metal FFs recombine with non-metal FFs. An
automated annotation of metal binding by SCOP FFs from the Procognate database52 was
compared to the manual annotations. Generally the two annotations agreed (30 mismatches
out of 2602 FFs). Occassionally, Procognate assigned Mg as a ligand when the actual element
was Mn. In select cases, a non-native metal was used in the crystallization matrix; here,
literature surveys resolved the disagreement. Assignments made by KEGG or GO contained
upwards of 50% false positives/negatives. In total, 602 FFs were designated as metal binding.
If all structures within a FF bound the same metal, it is described as X-metal binding, with X
being Fe, Zn, Cu, Co, Ni, Mo, Ca, or Mn. In the circumstances where the structures within a
FF bind different metals, that FF was categorized cambialistic.
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Results and discussion
It has been shown previously that the total number of metal-binding domains within a
genome scales to the total predicted genome size as a power law, with different slopes for
different metals and the three superkingdoms of life51. At that time, only two phytoplankton
genomes were available. For Zn and Mn, the phytoplankton genomes exhibit size-dependent
power law scaling with slopes consistent with all Eukarya. Ni, Co, and Mo do not have such
clean scaling relationships, but are not particularly different from other eukayotic genomes.
The phytoplankton genomes are enriched in Fe binding domains relative to the nonphotosynthetic but related Phytophthora (Supplementary Figure 8). Essentially, both green
and red lineages of phytoplankton contain a similar number of Fe-binding protein domains,
but are enriched relative to the genomes of non-photosynthetic eukarya (Supplementary
Figure 8), even if they did contain a plastid during their evolutionary history.

Supplementary Figure 8. Annotation of metal-binding protein families in phytoplankton genomes
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Copper binding domains in phytoplankton genomes scale in abundance to genome
size with a power law slope of 1.8. This indicates that a doubling of phytoplankton genome
size results in nearly a quadrupling in the number of copper binding domains (Supplementary
Figure 9). While such a scaling is empirical and thus says little about how domain
accumulation occurs (e. g. duplications, gene transfer), the selective retention of Cu binding
domains is inarguable. Both the power law slope and the total Cu binding proteome in
eukaryotic phytoplankton far exceeds that observed for the prokaryotic superkingdoms50. The
preferential recruitment and retention of Cu binding domains by eukaryotic phytoplankton is
consistent with their evolution after O2-driven changes in global trace metal geochemistry, as
hypothesized previously88.

Supplementary Figure 9. Scaling of copper (Cu)-binding domains according to genome size. Shown are
annotated Cu-binding domains as function of all annotated domains for selected eukaryotic genomes.

Even within the shared scaling several phytoplankton deviated from the global trend
and might be considered Cu-rich genomes (Supplementary Figure 8). These include F.
cylindrus, Aureococcus anophagefferens, and C. reinhardtii. In each case, a select few Cu
binding proteins are greatly expanded in abundance, with different selections for each
lineage. For example, the F. cylindrus genome contains a disproportionate abundance of
domains belonging to the Plastocyanin/azurin-like FF (SCOP ID 49504). In contrast, the
genome of A. anophagefferens is enriched in the hemocyanin FF (SCOP ID 48057). The
putative plastocyanin proteins from the F. cylindrus genome were manually examined. One
(Fc protein ID 272258) is a clear plastocyanin with a putative plastid targeting sequence. The
remaining 10 have conserved His and Cys residues, providing a known Cu binding site.
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These putative copper binding domains are found at the N-terminus of multidomain proteins,
though the C-terminus could not be annotated by the Superfamily HMMs.
While the phytoplankton genomes adhere to a shared scaling in terms of the total
number of Zn-binding protein domains, each genome has different dominant Zn-binding
domains. The F. cylindrus genome contains an overabundance of the MYND Zinc fingers
(SCOP ID 144233), occurring in 120 proteins (Supplementary Figure 10). The MYND
domains, which are always found in combination with other protein domains, contain 7
conserved Cys and one His residue that form two Zn binding sites89. Mutations in MYND
domains in proteins from other Eukarya result in altered transcriptional profiles and a host of
diseases89. However, the MYND domain does not actually bind DNA90, but rather facilitates
protein-protein interactions. A BLAST based analysis found that most of the MYND
containing proteins in F. cylindrus appear to be lineage specific (see below, p41). Of the
MYND-associated domains that were annotated, most, such as ankyrin repeats, HCP
domains, F box domains, RING domains, and tetracopeptide repeats, are involved in DNA
binding or protein-protein interactions. Two MYND domains were found associated with the
Fe containing HIF domains (Hypoxia Induction Factor prolyl hydroxylase; SCOP ID 82194),
which modulate the cellular response to changing oxygen in Eukarya. The MYND-associated
domains were generally (98/128) not annotated by the Superfamily HMMs. To estimate how
many structurally uncharacterized protein families MYND recombines with in F. cylindrus,
the protein sequences from the 98 MYND proteins that only had one domain annotation were
clustered using CD-HIT. The vast majority of MYND proteins did not cluster at either 40 or
60% identity, though one 14 protein cluster was formed at 40% identity (Supplementary
Figure 11) and is a clear candidate for future characterization. In summary, MYND domains
are greatly expanded in F. cylindrus and appear to have been paired with a diverse array of
uncharacterized protein domains.
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Supplementary Figure 10. Expansion of Zinc (Zn)-binding domains in F. cylindrus. Nnumber of total Znbinding domains as function of total annotated domains.

Supplementary Figure 11. Clustering of MYND domains using CD-HIT. To estimate how many structurally
uncharacterized protein families MYND recombines with in F. cylindrus, the protein sequences from the 98
MYND proteins that only had one domain annotation were clustered using CD-HIT. The vast majority of
MYND proteins did not cluster at either 40 or 60% identity, though one 14 protein cluster was formed at
40% identity.
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Supplementary Information 7
Evolutionary genetic analysis of expanded zinc ion binding MYND
protein domains
Mark McMullan*, Cock van Oosterhout
*To whom correspondence should be addressed (mark.mcmullan@tgac.ac.uk)

Introduction
F. cylindrus proteins that harbour a MYND domain have expanded in comparison to
their temperate counterparts P. tricornutum and T. pseudonana (Supplementary Table 8). This
expansion of zinc ion binding domains in the polar diatom has seen an increase in the number
of clusters more than 6 times, from 7 to 8 in the temperate species, to 51 clusters in the polar
diatom (Supplementary Table 8). Two clusters in particular have expanded extensively, and
include 39 and 12 sequences in clusters 44 and 248, respectively. These clusters are not found
in the temperate diatoms and they account for 49.3% of the increase in MYND sequences in
F. cylindrus. Here we explore the role of selection in the expansion and diversification of the
MYND domain of the polar diatom. The nucleotide divergence in both clusters is high, which
suggests they diverged before the split of F. cylindrus from P. tricornutum. In addition we
find evidence for positive selection acting to increase non-synonymous sequence divergence
within clusters.
Supplementary Table 8. Diatom MYND domain sequences retrieved from the JGI genome website.
Sequences are grouped into clusters using a Markov Cluster Algorithm (MCL) method which groups proteins
based on blast scores.
T. pseudonana

P. tricornutum

F. cylindrus

MYND sequences

7

8

111

MYND clusters

7

8

51

Sequences/cluster

1

1

2.18 (range 1-39)

Nucleotide diversity (StDev)

0.594 (0.048)

0.486 (0.032)

0.65162 (0.013)

Methods
Nucleotide sequences with introns removed were aligned as codons using Muscle
within Mega 5 (ref. 55). Three sequences were removed because their sequence length was
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>1.96 standard deviation from the mean amino acid length. DNAsp v5 (ref. 56) was used to
generate measures of nucleotide diversity within species and within focal clusters 44 and 248.
We used BEAST 1.6.2 (ref. 57) to simultaneously infer tree topology and relative
divergence times between sequences within the 44 and 248 gene clusters against MYND
sequences from other diatom species. Bayesian phylogenetic trees were constructed with a
HKY+G nucleotide substitution model58 under a relaxed (uncorrelated lognormal) molecular
clock59 and a Yule tree prior60. Six calibration points (one for each cluster) were used to set
the rate of divergence between genes. These calibrations included clusters separated by
speciation events between F. cylindrus and P. tricornutum (clusters 2638, 4549, 7195 and
7328), F. cylindrus and T. pseudonana (cluster 7583), and F. cylindrus P. tricornutum and T.
pseudonana (cluster 2708). The calibration time of sequence clusters shared by pennate
diatoms was 30 mya and between pennate and centric diatoms was 90 mya divergence
(±10%)91,92. We ran ten independent MCMC analyses each of 50 million steps on the
GRACE cluster (University of East Anglia, Norwich, UK) and discarded the first 10% of
each run as a burn-in. MCMC chain mixing was assed using Tracer 1.5 which showed ESS
>3000 for each statistic and the maximum clade credibility tree was selected from the
sampled posterior trees with the program TreeAnnotator. An assumption of this analysis is
that we compare duplicated genes at multiple loci and that concerted evolution is not
operating to reduce paralogous sequence divergence.
Next we investigated whether the expansion of clusters 44 and 248 in F. cylindrus was
a neutral process or driven by (diversifying) selection. Divergent selection was measured by
analysing ω (omega), nonsynonymous/synonymous rate ratio (dN/dS) in PAML 4.5 (ref. 76).
Under a situation of purifying selection we expect relatively more synonymous site mutations
(ω < 1) while positive selection results in an omega exceeding unity (ω > 1). We compared
three models of positive selection (M3—discrete, M2a—positive selection, M8—beta and ω)
to their null models of neutral evolution (M0—one ratio, M1a—nearly neutral, and M7—
beta, respectively). The M0 assumes one ω ratio which is averaged over all sites in the
protein and over all lineages of the tree. The M1a model assumes two site classes, conserved
(0 < ω0 < 1) and neutral (ω1 = 1) and M2a adds the positive selection site class (ω2 > 1). The
M3 model estimates the proportion of conserved, neutral, and unrestricted codons from the
data. M7 and M8 models assume an ω ratio with a beta distribution among sites, where M8
adds the extra site class (ω > 1). To determine the significance of improved fit of alternative
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models against the null model, we multiplied the log likelihood times two (2ΔlnL), and used
a likelihood ratio test, and compared it to a χ2 distribution with 2 degrees of freedom. The
Bayes Empirical Bayes posterior probabilities93 were used to identify codons under positive
selection (posterior probability >0.95) in cases where selection models were a significantly
better fit compared to null models. In addition, we assessed amino acid diversity within
clusters 44 and 248 using enoLOGOS94.

Results and discussion
Clusters 44 and 248 are not present in P. tricornutum or T. pseudonana diatoms even
though the divergence of these lineages is dated at 120 mya, which means they appear to
predate the separation of the centric and pennate species (Supplementary Figure 12). This
suggests that these clusters have been lost from P. tricornutum and T. pseudonana diatoms, or
that the mutation rate accelerated in these clusters. Without calibration points within the focal
clusters, we cannot discriminate between these hypotheses. Furthermore, it is possible that
these clusters have been introgressed in the F. cylindrus genome through horizontal gene
transfer, although this seems to be the least likely explanation. While clusters 44 and 248
have apparently ancient origins, much of the duplication within these clusters has occurred
within the last 30 mya. Adaptation to the extreme and fluctuating environmental conditions in
the polar ice sea may have driven functional divergence of binding sites and account for the
maintenance of so many novel variants within these clusters. To test this hypothesis we used
PAML to identify a signal of positive selection in the expanded 44 and 248 clusters.
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Supplementary Figure 12. MYND domain maximum clade credibility tree from centric (T. pseudonana) and pennate (F. cylindrus and P. tricornutum)
diatoms, including expanded F. cylindrus clusters 44 (red) and 248 (blue). Tree sampled from Bayesian MCMC algorithm generated in BEAST using a HKY+G
nucleotide substitution model under a relaxed molecular clock (uncorrelated lognormal). Time scale (million years) was calibrated using six clusters
occurring among diatom species (2638, 2708, 4549, 7195, 7328 and 7583) and node labels show posterior support.
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The random sites models implemented in PAML (M3, M2a and M8) gave a
significantly better fit than models without positive selection when analysing sequences of
cluster 248 (P < 0.001, Supplementary Figure 13, Supplementary Table 9). The most likely
model was M3 which assumes three site classes and suggests that 18.6% of the sites are
under positive selection (ω2 = 9.59). For cluster 44, only the M2a model showed significant
evidence of positive selection (P < 0.001, Supplementary Figure 13, Supplementary Table 9),
and it implicated four codons as being under positive selection.

Supplementary Figure 13. Signal of adaptive nucleotide variation in the F. cylindrus MYND domain of
clusters 44 (A) and 248 (B) recorded from PAML M2a model. A signal of positive selection (ω = dN/dS > 1) is
recorded at codons with a significant posterior probability (BEB > 0.95). Selection appears to be operating at
alternative codons in each of the MYND (Supplementary Table 9). Amino acid frequency is displayed in the
x-axis (separate x-axis and scale for each cluster).
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Supplementary Table 9. Log-likelihood Values and Parameter Estimates Under Random-sites Models for
MYND clusters 44 and 248. For cluster 44 M2a model is significantly (P<0.001) more likely than M1a though
M8 is not significantly more likely than M7 (p>0.05). For cluster 248 both M2a and M8 are significantly more
likely than their null models (P<0.001).
Model
44

248

Parameter estimates

Positive selected sites

M0 (one ratio)

Loglikelihood
-2344.41

ω=0.251

None

M3 (discrete)

-2194.67

Not allowed

M1a (nearly neutral)

-2208.56

p0=0.271, ω0=0.001, p1=0.063, ω1=0.031, p2=0.667,
ω2=0.509
p0=0.333, ω0=0.011, p1=0.667, ω1=1.000

M2a (positive
selection)
M7 (beta)

-2199.83

2V, 5S, 23K, 43R

-2184.03

p0=0.333, ω0=0.012, p1=0.516, ω1=1.000, p2=0.151,
ω2=2.730
p=0.272, q=0.497

M8 (beta&ω)

-2182.98

p0=0.891, p=0.298, q=0.732 ,p1=0.109, ω=1.49

Not significant

M0 (one ratio)

-980.643

ω=0.412

None

M3 (discrete)

-899.687

Not allowed

M1a (nearly neutral)

-911.254

p0=0.437, ω0=0.033, p1=0.377, ω1=1.150, p2=0.186,
ω2=9.590
p0=0.466, ω0=0.032, p1=0.534, ω1=1.000

M2a )positive
selection)
M7 (beta)

-900.354
-910.045

p0=0.425, ω0=0.024, p1=0.385, ω1=1.000, p2=0.190,
ω2=6.388
p=0.144, q=0.159

6E, 11E, 14S, 21L,
42S, 43D
Not allowed

M8 (beta&ω)

-900.734

p0=0.809, p=0.129, q=0.163 ,p1=0.191, ω=5.568

6E, 11E, 14S, 21L,
42S, 43D

Not allowed

Not allowed

Not allowed

To conclude, there has been a considerable expansion of zinc ion binding domains in
F. cylindrus, and two clusters in particular have expanded dramatically. This radiation is
dated before the split of F. cylindrus and T. pseudonana and P. tricornutum, which suggests
they have been lost in the latter species. The signature of nucleotide divergence within both
clusters suggests that the expansion was not a strictly neutral process, and that positive
selection has been operating to drive functional divergence within these clusters.
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To identify the gene repertoire contributing to adaptation of F. cylindrus a
comparative analysis of the gene content in all three sequenced diatoms and other eukaryotes
and prokaryotes was performed.
To define a diatom-specific gene set, as well as a pennate diatom-specific gene set, we
performed a BLASTP search (e-value cut-off of 10-5 and 50 amino acids overlap) of its
complete gene models set (filtered Fragilariopsis cylindrus gene models 1; FM1) and single
haplotype gene models set (filtered Fragilariopsis cylindrus gene models 2; FM2) against
three datasets: (1) Phaeodactylum tricornutum-specific gene set, (2) diatom-specific gene set
(i. e., genes present only in P. tricornutum and T. pseudonana) and (3) eukaryotic core gene
set95. Summaries are shown in Supplementary Table 10 and Excel tables are available on
request showing which proteins are present and which are absent.
Remarkably, 1040 of the 1083 diatom-specific proteins are also found in F. cylindrus,
as are 2097 (for complete gene models set FM1) and 2079 (for single haplotype gene models
FM2) of the 2887 Pt-specific proteins (Supplementary Table 10). As expected, almost all of
the core eukaryotic proteins are also found in F. cylindrus (2860 out of 2913 for FM1; 2858
out of 2913 for FM2). Almost all proteins within the diatom-specific group are present in F.
cylindrus and those that are absent are of unknown function.
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Supplementary Table 10. Summary of the genes in Fragilariopis cylindrus (Fc) from the complete gene model
set (FM1) and single haplotype gene model set (FM2) shared with P. tricornutum (Pt)-specific genes, diatomspecific genes and the eukaryotic core gene set.
Fragilariopsis
cylindrus
(FM1/ FM2)

Diatom-specific
proteins
(FM1/ FM2)

Pt-specific
proteins
(FM1/ FM2)

Core eukaryotic
proteins
(FM1/FM2)

Total number of
proteins in sample

27137/ 18077

1083/ 1083

2887/ 2887

2913/ 2913

Number of query
sequences with at
least one hit in Fc

-

1040/ 1040

2097/ 2079

2860/ 2858

Number of Fc
sequences as hits

-

3961/ 2600

5577/ 3648

7310/ 4667

We then expanded our comparative analysis to include other eukaryotic and
prokaryotic sequences and performed a reciprocal BLASTP (e-value cut-off of 1×10-9) search
of all 27,137 predicted gene models from the F. cylindrus complete gene model set
(Fracy1_filteredModels1_aa.fasta.txt) and 18,077 predicted single haplotype gene models
(Fracy1_filteredModels2_aa.fasta.txt) against a custom database comprised of peptides
obtained from KEGG, GenBank, JGI, ENSEMBL, CAMERA, and various other repositories
was

performed

(phylodb_1.04).

Subsequently,

OrthoMCL96

available

at

http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi was used to define orthologs and paralogs
and calculate gene families present in F. cylindrus, P. tricornutum, and T. pseudonana to give
an overview of the general structure of gene family expansions.
Results were used to further define a F. cylindrus specific, diatom specific and diatom
core genome (i.e. genes present only in F. cylindrus, only in diatoms or in the genomes of F.
cylindrus, T. pseudonana and P. tricornutum, regardless of which other organisms have
orthologs). Several venn diagrams were constructed to illustrate these results. Three
(Supplementary Figure 14, Supplementary Figure 15) and four (Supplementary Figure 16)
section venn diagrams were constructed in order to compare gene family distributions
between F. cylindrus, other diatoms and bacteria, plants, and animals.
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Supplementary Figure 14. Three section venn diagrams showing genes of the diatom core genome shared
with bacteria, unikonts and plantae (including red algae). Left: Analysis based on single-haplotype gene set
containing 18,077 genes; Right: Analysis based on diffuse haplotype gene set containing 27,137 genes. The
diatom core genome is composed of genes present in all three sequenced diatom genomes including F.
cylindrus, P. tricornutum and T. pseudonana. 7161/6659 genes were shared by all three diatoms (reciprocal
best BLASTP against phylodb_1.04, E-value < 1e^-9). 5213/5399 diatom core genes have orthologs in other
organism and 1948/1260 genes from the diatom core genome are specific to diatoms. Left number in
brackets shows the number of paralogous families from OrthoMCL clustering and right number shows the
total number of genes in those families.
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Supplementary Figure 15. Three section venn diagram showing the distribution of Fragilariopsis specific
genes and genes shared with bacteria, unikonts and plantae (including red algae). Analysis is based on
single-haplotype gene set containing 18,077 genes .The Fragilariopsis specifc set is comprised of gene
families present only in Fragilariopsis and absent in other taxonomic groups. 6,913 proteins appear to be
specific to Fragilariopsis and 7897 are absent from other diatoms.
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Supplementary Figure 16. Four section venn diagrams showing shared and unique genes in F. cylindrus
(Fragilariopsis), P. tricornutum (Phaeodactylum), T. pseudonana (Thalassiosira), Prasinophycea and
Rhodophyta. Left: Analysis based on single-haplotype gene set containing 18,077 genes
(Fracy1_filteredModels2_aa.txt); Right: Analysis based on diffuse haplotype gene set containing 27,137
genes (Fracy1_filteredModels1_aa.txt). Numbers in brackets refer to the number of paralogous families that
account for a given number of genes. Fragilariopsis specific refers to genes with no hits to sequences from
Thalassiosira, Phaeodactylum, Prasinophyceae and Rhodophyta.
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Supplementary Information 9
Ice-binding proteins in Fragilariopsis cylindrus
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Methods
Candidate ice-binding protein genes were obtained using tblastn searches of the
genome and known diatom ice-binding protein sequences as the query. N-terminal signal
peptides were identified with SignalP97,98. N-terminal transmembrane domains were
identified with SOSUI99 and TMHMM42. Phylogeny was analyzed with PhyML algorithm
v3.0 (ref. 100) with the following settings: model for amino acid substitution WAG, initial
tree: BioNJ, 1000 bootstraps. For this analysis all sequences identified as potential IBPs and
IBPDs from the genome of F. cylindrus were used. F. cylindrus IBP and IBPD sequences
retrieved from the genome portal are listed in Supplementary Table 11 and Supplementary
Table

12,

respectively.

The

sequences

were

aligned

with

Mafft

7

(http://mafft.cbrc.jp/alignment/server/; mafft --reorder --leavegappyregion --maxiterate 1000
--retree 1 --globalpair input).

Results and discussion
The haploid genome has genes for 11 unique ice-binding protein (IBP) isoforms
scattered throughout the genome (Supplementary Table 11). All have N-terminal signal
peptides, suggesting that they are secreted proteins. Most of them are similar to F. cylindrus
IBP sequences previously identified101,102. ESTs exist for all but three of the isoforms,
indicating that most of them are expressed. Most of the genes have no introns, while a few
have single, short introns near the 3' end. In other diatoms, the average intron number is about
one per gene16,103. The IBPs are largely comprised of a domain of unknown function
(DUF3494, Pfam identifier PF11999) that has so far been found in over 170 proteins from
microorganisms from all habitats. These include IBP genes from many cold-and ice-adapted
bacteria. The IBPs have the structure of a triangular prism in which one of the three faces is
the site of ice-binding through hydrophilic side chains104-106. Their purpose may be to
improve survival in sea ice, as IBPs of other ice algae have been shown to strongly modify
the structure of sea ice, trapping water in small brine pockets, and thus preventing it from
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draining23,107-109. This idea is supported by the finding that Fragilariopsis IBP expression is
induced by low temperature and high salinity102. IBPs have been found in all ice-associated
algae that have been examined so far, including diatoms, chlorophytes, a prymnesiophyte and
a prasinopyte23. A phylogenetic tree based on the amino acid sequences of algal IBPs bears no
resemblance to a tree based on 18S rRNA sequences of the same algal species, which
strongly indicates that the IBPs of F. cylindrus and other algae were acquired by horizontal
gene transfer, probably from bacteria23 (Supplementary Figure 17). The near absence of
introns is consistent with their acquisition by HGT from bacteria.
F. cylindrus also has genes for eight proteins with complete IBP domains (IBPD;
minus the signal peptide) with variable N-terminal domains that bear little resemblance to
other genes in the databases. Four of these genes are expressed as shown by EST data. The Nterminal domains of seven of these proteins (IBPD-1 to IBPD-7) are predicted to have
transmembrane domains (Supplementary Table 12). The F. cylindrus cell is enclosed by a
silica frustule with pores called areolae, through which ice might propagate. The membranebound IBPDs might function as antifreezes in the space between cell-membrane and the
frustule, inhibiting the propagation of ice through the membrane.
In agreement with their predicted function, RNA-seq transcriptome sequencing (see
below, p67) showed that eight genes encoding for IPBs and IBPDs were significantly
upregulated by >3-fold (P < 0.001, Supplementary Figure 18; Supplementary Data 5) when
decreasing the temperature from the optimal growth temperature (4°C) to the freezing point
of seawater (-1.8°C).
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Supplementary Table 11. F. cylindrus IBPs with signal peptides
Alleles (A) and isoforms (I)

IBP
No.

Protein ID

Scaffold

1

224001

2

224427

3

loc

IBP
No.

Type

Protein ID

Scaffold

2

1015308-1016075

1-2

A

231626

111

29490-28708

3

466622-465819

2-2

A

227926

15

472886-472089

291670*

3

467565-468339

3-2

I

245327

15

473872-474657

4

224475

3

1170974-1171690

5

181650

3

2899003-2898281

6

217733

5

2258639-2257806

6-2

I

229961

43

325174-325995

7

226450

8

936035-936799

7-2

I

222760

87

115430-116191

8

226451

8

940750-939983

8-2

I

222761

87

119996-119219

loc

9

228624

22

780465-779671

9-2

A

222050

55

312262-311468

10

220843

27

360317-361156

10-2

A

221250

35

338963-339802

11

229283

30

232469-231786

* the sequence has a gap but it could be filled in with ESTs

Supplementary Table 12. F. cylindrus proteins with C-terminal IBP domains (IBPDs)
Alleles (A) and isoforms (I)

IBPD
No.

Protein ID

Scaffold

1

268042

3

1027033-1028703

2

260030

3

1029641-1031624

3

241107

8

1354680-1356266

4

246156

17

313592-315196

5

246946

19

6

246187

7
8

loc

IBPD
No.

Type

Protein ID

Scaffold

407298-408954

5-2

A

246157

17

316055-318268

17

424773-426541

6-2

I

304958

19

303441-304958

254167

53

70541-71527

219400

12

337190-340173

loc
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Supplementary Figure 17. Phylogeny of the IBP domains of all Fragilariopsis cylindrus IBPs and IBPDs
estimated with PhyML. PhyML algorithm v3.0 was applied with the following settings: model for amino acid
substitution WAG, initial tree: BioNJ, 1000 bootstraps. Nodal supports values greater than 500 are shown.

Supplementary Figure 18. Bar chart of significantly upregulated genes encoding for ice-binding proteins (IBP)
and proteins with C-terminal IBP domain (IBPD) as identified using RNA-sequencing. Labels correspond to
numbering in tables and includes JGI protein identifiers.
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Supplementary Information 10
Identification of a bacterial rhodopsin in F. cylindrus
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Introduction
Rhodopsins are photoreceptors consisting of the transmembrane protein opsin and the
light-absorbing chromophore retinal. The central operating principle of rhodopsins is based
on their unitary simple nature, combining the tasks of light sensation and ion transport into a
single protein encoded by a single gene. Upon absorption of light, retinal isomerizes and
triggers a cascade of conformational changes within the opsin protein partner. Rhodopsins are
classified based on their different primary sequences into microbial (type I) and animal (type
II) rhodopsins110. Microbial rhodopsins have been discovered in phylogenetically distant
prokaryotes and unicellular eukaryotes, including light-dependent ion pumps (transport
rhodopsins) for energy-transduction and light sensors (sensory rhodopsins) for phototactic
behaviour in response to specific wavelengths.

Material and methods
A bacterial rhodopsin gene model was predicted in the F. cylindrus genome by ab
initio Fgenesh38, homology-based Fgenesh+38 and GeneWise39,111 algorithms. Rhodopsin
sequences from all kingdoms of life were identified from the literature und by using BLAST
searches using the F. cylindrus rhodopsin sequence as a query. A phylogenetic analysis of the
sequences was performed using MEGA6 (ref. 112).

Results and discussion
A gene model encoding for a bacterial rhodopsin was predicted in the F. cylindrus
genome. In comparison, gene models for bacterial rhodopsins are absent in the genome
sequences of the diatoms T. pseudonana16 and P. tricornutum17. In a phylogenetic tree the F.
cylindrus rhodopsin sequence clusters with proton-pumping bacterial proteorhodopsin
sequences and eukaryotic phytoplankton rhodopsins from the pennate diatom Pseudonitzschia granii and the haptophyte Phaeocystis globosa (Supplementary Figure 19). This
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confirms the results of a previous phylogenetic analysis24, suggesting its acquisition via
horizontal gene transfer.

Supplementary Figure 19. Phylogeny of microbial type I rhodopsins. Maximum likelihood tree with branches
showing bootstrap support >75. Asteriks (*) denote prokaryotic sequences within the proteorhodopsin
clade.
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Supplementary Information 11
The light-harvesting complex (LHC) family of Fragilariopsis cylindrus
Beverley R. Green* and Jan Strauss
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Introduction
The nuclear-encoded light-harvesting complex (LHC) genes encode an extended
family of pigment-binding proteins that function as light-harvesting antennas for both
Photosystem I and Photosystem II. They are often referred to as Chl a/c proteins or FCPs
because their major pigments are Chl a, Chl c and the carotenoid fucoxanthin, although they
also bind xanthophyll cycle carotenoids that act to protect them against excess excitation
energy.

Materials and Methods
LHC protein sequences were extracted from the genome with GO and Blastp, using
LHC sequences from the finished genomes of T. pseudonana and P. tricornutum as queries
and selecting the best-supported gene model. Sequences of all three diatoms plus several
from Cyclotella cryptica were aligned with the MAFFT server using the JTT100 matrix and
the E-ins option which is optimized for sequences with conserved blocks separated by
variable-length less conserved regions. The alignment was refined using BioEdit, and the
phylogenetic tree constructed using PhyML with the LG substitution matrix (124 positions).

Results and Discussion
The Chl a/c proteins of all heterokont algae fall into three major groups113: (1) Lhcf
(i.e. the “standard” Lhcs, generally highly expressed and probably associated with both
photosystems, (2) Lhcr (i.e. those with best hits to the Photosystem I-associated LHCs of red
algae, (3) Lhcx (i.e. a distinct group of LHC sequences that are often stress-induced, and are
most closely related to the LhcSR (formerly LI818) proteins of green algae and moss.
Fragilariopsis has more LHC genes than either of the other two diatoms (64 versus
about 40), but about the same number as the pelagophyte Aureococcus anophagefferens,
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which also lives in a stressful and highly variable environment. Significantly, Fragilariopsis
has a larger number of Lhcx genes than the other diatoms.
A maximum likelihood phylogenetic tree of LHCs from the three sequenced diatoms
(Supplementary Figure 20) shows that the Lhcf clade can be divided further into:


Group I (garden variety) where one finds most of the heterokont sequences in Genbank.



Group II: a small subclade that seems to be unique to diatoms.



Group III: a subclade that is expanded in Fragilariopsis, Aureococcus and several of the
haptophytes. The four Thalassiosira sequences were named “FCP4, 7, 9, 11” because the
existence of this subclade was not initially recognized.
The Lhcr clade always includes a highly supported subclade, called Lhcz or “Lhcz-

type” according to ref. 114. The Lhcz proteins were originally identified in the cryptophyte
alga Guillardia theta which only contains the Lhcr clade, including two Lhcz’s.
All phylogenetic trees show strong support for the “17531 clade” made up of one
unique sequence per diatom species. As previously noted, there is always strong support for
the Lhcx clade. Please note that this clade is made up of several internal clusters, but the
Phaeodactylum sequences are restricted to one of them.
In summary, the LHC family is very diverse, even within the diatoms. There are many
unanswered questions about specific roles of the different types, e.g. it is still not clear if all
the Lhcr proteins are associated only with PSI, or how the different types of Lhcx proteins are
involved in responding to different stresses. Further information about this family in F.
cylindrus can be found in ref. 115.
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Supplementary Figure 20. Maximum likelihood tree of diatom LHC sequences. Tp: T. pseudonana (orange);
Pt: P. tricornutum (red); Cc: Cyclotella cryptica and Cf: Cylindrotheca fusiformis (yellow). F. cylindrus
sequences (blue) are identified by their JGI protein identifier numbers.
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Supplementary Information 12
Intra-genomic analysis of F. cylindrus comparing diverged with nondiverged alleles
Remo Sanges (remo.sanges@gmail.com)
Fuctional gene ontology (GO) enrichment analyses were performed to evaluate if
allelic pairs were enriched for specific functional classes. Briefly, for each GO class
associated to at least 50 allelic pairs, we executed the Fisher exact test comparing: (1) the
proportion of allelic pairs associated to the class in the total set of GO annotated allelic pairs
against (2) the same proportion calculated for the set of not-allelic genes. P-values were
adjusted using the Benjamini-Hochberg method63. We selected the enriched GO classes in the
set of allelic pairs showing an adjusted P-value smaller than 0.05. Results indicate that genes
associated to allelic pairs are significantly enriched for functions related to catalytic and
metabolic activities in respect to genes not having allelic pairs (Extended Data Table 2).
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Supplementary Information 13
Identification of Fragilariopsis cylindrus-like transcripts from
Southern Ocean metatranscriptome
Andrew Toseland, Vincent Moulton, Thomas Mock*
*To whom correspondence should be addressed (t.mock@uea.ac.uk)
Sequences from a Southern Ocean, eukaryote-targeted metatranscriptome were
quality filtered, clustered and taxonomically classified using PhymmBL66 with a custom
reference database (see ref. 6 for full details). Sequences classified as Bacillariophyta
(PhymmBL phylum confidence score >=0.9) were BLASTed against the uncollapsed
(Filtered models set 1) gene catalogue of Fragilariopsis cylindrus http://genome.jgipsf.org/Fracy1/Fracy1.download.ftp.html (BLASTx e-value <= 1e-10; no complexity
filtering; taking only the top hit). The total number of hits was then calculated for each F.
cylindrus gene and for each heterozygous allelic pair (based on a list of alleles supplied by
JGI; Supplementary Data 1). A total of 64,951 sequences from the Southern Ocean
metatranscriptome were classified as Bacillariophyta-like; of these 41,933 (64.56%) matched
to F. cylindrus genes; and of these, 25,466 (~60%) matched to heterozygous alleles. Plotting
the read abundance of F. cylindrus-like metatranscriptome sequences showed unequal
abundance of sequences matching to allelic pairs (Supplementary Figure 21).

Metatranscriptome sampling
Sea ice samples for metatranscriptome sequencing were taken during a Wedell Sea
research cruise transect at 60°07.150 S 47°54.550 W (23/09/2006) and 65°06.117 S
57°23.551 W (08/10/2006) using the ship’s “mummy chair” (Polarstern Cruise ANTXXIII-7).
Due to the sampling method (ice fishing) limited information on physical ice properties is
available but was approximated using data provided by

116

for sea ice samples taken during

the same cruise at the same day. Generally, the sampling area was characterized by first year
ice of approximately 1.5m thickness. Supplementary Table 13 provides a summary of sample
properties and further sample details can be found in refs 6, 117.
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Functional inference of F. cylindrus-like environmental sequences
Pfam and Gene ontology terms for F. cylindrus genes were extracted from JGI
annotation tracks. In addition F. cylindrus protein sequences were aligned against UniRef90
(ref. 118) (BLASTp; e<=1e-5; top hit only). Based on the F. cylindrus annotations we
produced tabulated lists of Pfam domains, GO terms and UniRef descriptions and the number
of metatranscriptome reads associated with the term (see Supplementary Data 4). See
Supplementary Figure 22 for the most abundant Pfam domains detected in all F. cylindrus
like sequences.
GO terms lists were produced for: all F. cylindrus-like sequences; for allele 1 and
allele 2 separately and for the difference between allele 1 and allele 2. The difference between
alleles was calculated as:
|𝐺1 − 𝐺2 |⁄|𝐺1 + 𝐺2 |,
where G1 and G2 represent the abundance of metatranscriptome reads associated with
a GO term from allele set 1 and allele set 2 respectively. This put each GO term on a scale
between 0 (no difference between the abundance of reads associated with the term between
alleles) and 1 (the GO term had reads associated for it from one allele but not the other). Only
GO terms with >=50 reads associated with at least one allele set were used. The GO terms
were summarised and visualised using REVIGO67 (small list, similarity (0.5); SimRel
similarity measure; scaled and coloured by the relative difference). Specific terms of interest
were chosen for labelling.
For all REVIGO plots see Supplementary Figure 23 - Supplementary Figure 25.
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Supplementary Figure 21. Proportion of Southern Ocean, F. cylindrus-like (PhymmBL classified as
Bacillariophyta, confidence score >= 0.9; followed by BLASTx against F. cylindrus proteins, top hit, eval <= 1e10) environmental sequences with homology to F. cylindrus allelic pairs. Left and right external numbers
represent the F. cylindrus protein IDs of alleles 1 and alleles 2 respectively, internal numbers represent the
abundance of environmental sequences matching to allele 1 (light blue) and allele 2 (yellow) of JGI predicted
allelic pairs. Only allelic pairs with 1 or more sequences matching to both alleles and with a combined total
of >= 10 were included.
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Supplementary Figure 22. Abundance of Pfam domains from all Southern Ocean, F. cylindrus-like (PhymmBL
classified as Bacillariophyta, confidence score >= 0.9; followed by BLASTx against F. cylindrus proteins, top
hit, eval <= 1e-10) sequences. Pfam annotation taken from JGI annotation files. Only domains with >= 100
sequences associated with them were included.
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All Fc-like. Biological Process

Supplementary Figure 23. REVIGO summarised Biological Process GO terms from all Southern Ocean, F.
cylindrus-like (PhymmBL classified as Bacillariophyta, confidence score >= 0.9; followed by BLASTx against F.
cylindrus proteins, top hit, eval <= 1e-10) sequences. Bubbles scaled and coloured by sequence abundance.
Only terms with >= 100 sequences associated with them were included.
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All Fc-like Cellular Component

Supplementary Figure 24. REVIGO summarised Cellular Component GO terms from all Southern Ocean, F.
cylindrus-like (PhymmBL classified as Bacillariophyta, confidence score >= 0.9; followed by BLASTx against F.
cylindrus proteins, top hit, eval <= 1e-10) sequences. Bubbles scaled and coloured by sequence abundance.
Only terms with >= 100 sequences associated with them were included.
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All Fc-like Molecular Functional

Supplementary Figure 25. REVIGO summarised Molecular Function GO terms from all Southern Ocean, F.
cylindrus-like (PhymmBL classified as Bacillariophyta, confidence score >= 0.9; followed by BLASTx against F.
cylindrus proteins, top hit, eval <= 1e-10) sequences. Bubbles scaled and coloured by sequence abundance.
Only terms with >= 100 sequences associated with them were included.
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Supplementary Information 14
Fragilariopsis cylindrus RNA-seq transcriptome sequencing
Jan Strauss*, Andrew Toseland, Thomas Mock
*To whom correspondence should be addressed (jan.strauss@embl-hamburg.de)

Cell culture
Fragilariopsis cylindrus (Grunow) Krieger CCMP 1102 was grown and maintained in
filter-sterilised (0.2 µm pore size) Aquil artificial seawater medium68,119, which had been
adjusted to pH 8.1 – 8.4 prior to use. Cultures were grown at 4°C under continuous
illumination at a photon flux density of 35 µmol photons m-2 s-1 (QSL 2101, Biospherical
Instruments Inc., San Diego, CA, USA) from cool white fluorescent tubes using a
temperature and light controllable incubator (RUMED light thermostate type 1301, Rubarth
Apparate GmbH, Laatzen, Germany). Cell cultures were handled under strict sterile
conditions and potential bacterial contamination was eliminated as stock cultures were
subjected to a multi-antibiotic treatment with ampicillin (50 µg mL-1), gentamycin (1 µg mL1

), streptomycin (25 µg mL-1), chloramphenicol (1 µg mL-1) and ciprofloxacin (10 µg mL-1)

as described previously120.
Fluorescence microscopy combined with 4',6-diamidino-2-phenylindole (DAPI)
fluorescent nucleic acid staining was used to confirm axenic cultures before the beginning of
culture experiments. Therefore, 1 – 5 mL of cell cultures were fixed with 0.2 µm-filtered
solutions of 3 µL mL-1 Lugol’s iodine (aqueous KI 10% w/v and iodine 5% w/v), 50 µL mL-1
neutralised formalin (20% aqueous formaldehyde with 100 g L-1 hexamine), followed by destaining of fixed cell mixtures with 6 µL mL-1 3% w/v sodium thiosulfate. DAPI staining was
performed by adding 10 µL mL-1 DAPI solutions (1 mg mL-1) and incubation in the dark for
15 min. For visualisation of DAPI-stained cells, samples were vacuum-filtered onto 0.2 µm
pore black polycarbonate filter (Millipore), backed with 0.45 µm cellulose nitrate filter. DAPI
filters were examined for axenity under UV light using an epifluorescence microscope
(Olympus BX40-F equipped with Olympus U-RFL-T-200 high pressure mercury burner,
Olympus Corp., Tokyo, Japan).
Experimental batch cultures were grown in three biological replicates in chemically
defined Aquil artificial seawater media. F. cylindrus cultures were subjected to six different
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treatments including (1) optimal growth (+4°C, nutrient replete, 24 h light at 35 µmol
photons m-2 s-1), (2) freezing temperatures (−3°C, nutrient replete, 24 h light at 35 µmol
photons m-2 s-1), (3) elevated temperatures (+11°C, nutrient replete, 24 h light at 35 µmol
photons m-2 s-1), (4) elevated carbon dioxide (+4°C, 1000 ppm CO2, 24 h light at 35 µmol
photons m-2 s-1), (5) low iron (+4 °C, −Fe, 24 h light at 35 µmol photons m-2 s-1), and (6)
prolonged darkness (+4°C, nutrient replete, 7 d darkness).
F. cylindrus stock cultures from exponential growth phase were used to inoculate 2 L
experimental batch cultures with an initial cell count of 50,000 cells mL-1. During
experimental treatments (except elevated CO2 treatment), cultures were bubbled with filtered
ambient air (Swinnex unit equipped with 25 mm Whatman GF/F filter) passed through
milliQ-H2O and manually shaken before subsampling to ensure sufficient CO2 supply and
mixing. Subsamples were taken on a daily basis throughout the experiments to determine
physiological parameters including specific growth rate and maximum quantum yield of
photosystem II (Fv/Fm) as a proxy for cell fitness121. Cell counts were determined using
automated cell counting with a Multisizer 3 particle counter (Beckman Coulter, Brea, CA,
USA) equipped with a 100 µm aperture capillary. Specific growth rates per day (µ) were
calculated from the linear regression of the natural log of cell counts versus time during the
exponential growth phase or (when using only two sampling points) according to the
following formula:
𝜇 (𝑑−1 ) = ln(𝐶1 ) − ln(𝐶0 )⁄𝑡1 − 𝑡0 ,

where C1 denotes the cell concentration at time t1, C0 the cell concentration at time t0,
and t1 – t0 the time difference in days between sampling intervals. The maximum quantum
yield of photosystem II (Fv/Fm) was measured using pulse-amplitude-modulated (PAM)
fluorometry, using a Phyto-PAM fluorometer equipped with a Phyto-ED measuring head
(Walz GmbH, Effeltrich, Germany). The in vivo quantum yields were determined in each
culture and calculated using PhytoWin software (v2.00a; Walz GmbH) from fluorescence
readings of dark acclimated samples as follows:
Fv /Fm = (F m − Fo )/Fm ,
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where Fm and Fo denote the maximum and minimum fluorescence level122.
Additionally, pH was measured in each sample using a conventional pH meter (Jenway 3150,
Bibby Scientific Ltd., Staffordshire, UK).
Whilst the experimental treatment of F. cylindrus with elevated carbon dioxide was
instantly applied to cell cultures, experimental cultures grown under prolonged darkness,
freezing temperatures and elevated temperatures were first grown to early-exponential phase
at optimal growth conditions before shifting to the final experimental conditions. These
experimental treatments were initiated during early exponential phase when cultures had a
cell density of approximately 300,000 cells per mL. For low iron treatments, F. cylindrus was
grown from iron-replete conditions in iron-free Aquil media that had been passed through a
Chelex cation exchange column (Chelex 100 Resin, biotechnology grade sodium form, 100–
200 dry mesh size, 150–300 µm wet bead size, Bio-Rad Laboratories, Hercules, CA, USA).
Cells from iron-replete stock cultures were transferred into iron-free Aquil media and allowed
to grow for several days prior to experimentation to ensure iron limitation as performed
previously123. Preparation of iron-free Aquil media and handling of low iron cultures were
carried out using standard trace metal clean techniques as described for trace metal
studies68,124,125. Accordingly, 2 L aliquots of Aquil seawater were supplemented with
macronutrients (NO3, PO4 and Si(OH)4 in accordance with Aquil medium concentrations),
passed through a Chelex cation exchange column, filter-sterilised (nitrocellulose membrane
filter, 47 mm 0.22 μm GSWP, Millipore, MA, USA) and placed into 10% hydrochloric acidcleaned, milli-Q H2O-rinsed 2.5 L polycarbonate bottles. Trace metal concentrations were
buffered using 100 μmol L-1 of ethylenediaminetetraacetic acid (EDTA), which reacts with
metal ions (including Fe3+) to metal chelates that are not directly available to phytoplankton,
rendering potential iron contaminations insignificant. Dispensed chelexed and filter-sterilised
Aquil seawater was supplemented with filter-sterilised (25 mm 0.2 µm syringe filter) EDTAtrace metals (minus iron) and vitamins (B12, thiamine and biotin), and allowed to equilibrate
chemically overnight at final growth conditions before inoculation of cells.
Experimental cultures were sampled for RNA preparations during mid-exponential
phase (~500,000 cells mL-1) after several days of acclimation to the experimental treatment
by gentle filtration of cultures (~300 psi vacuum pressure) onto 1.2 µm membrane filters
(Isopore membrane, Millipore, MA, USA), placement in 2 mL cryogenic centrifuge tubes and
flash-freezing in liquid nitrogen. Finally, the limiting effect of experimental treatments on F.

WWW.NATURE.COM/NATURE | 69

doi:10.1038/nature20803

RESEARCH SUPPLEMENTARY INFORMATION

cylindrus was confirmed according to ref. 126, which is based on addition of the
experimental factor to reconstitute optimal growth conditions leading to the recovery of
physiological parameters that are depressed by the experimental treatment.

RNA preparation
Total RNA was extracted using a guanidinium thiocyanate-phenol-chloroform
extraction according to refs 69, 127 and a TRI Reagent protocol128. Briefly, pre-heated TRI
reagent (60°C) was directly applied onto frozen sample filters and glass beads (425-600 µm,
Sigma-aldrich, MO, USA) were added to homogenate cells using a Mini-Beadbeater
(BioSpec Products, Bartlesville, OK, USA). Chloroform was added to perform phenolchloroform extractions and the aqueous phase was separated by centrifugation (30 min,
12,000 × g, 4°C) followed by precipitation of RNA with ice-cold isopropanol (incubation:
>20 min, -20°C). RNA was concentrated by centrifugation (30 min, 12,000 × g, 4°C), washed
with 75% v/v ethanol and resuspended in DNase/RNase-free water. After DNase I (Quiagen,
Hilden, Germany) digest (1 h, 37 °C) RNA was purified using RNeasy MiniElute Cleanup
Kits (Quiagen, Hilden, Germany) according to the manufacturer’s instructions. Purity of
RNA was checked using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and RNA integrity was assessed using 2% denaturating formaldehyde gels and an
automated Agilent 2100 Bioanalyzer electrophoresis system (Agilent, Santa Clara, CA,
USA).

Library preparation and sequencing
RNA-seq library preparation and Illumina sequencing was performed at the National
Environmental Research Council (NERC) Sequencing Facility “The GenePool” (University
of Edinburgh, UK). Libraries were constructed according to the RNA-seq Sample Prep Kit
(Illumina, San Diego, CA, USA) and cDNA synthesis was performed with random hexamers
and reverse transcriptase. Subsequently, samples were sequenced in high-throughput manner
to obtain short sequence reads using an Illumina HiSeq 2000 platform. Sequencing was
conducted according to the Illumina TruSeq RNA Sequencing protocol. Triplicate samples of
F. cylindrus grown under six different experimental conditions were run in a single lane of a
flowcell using multiplex DNA barcodes, generating paired-end reads of 101 bases length. The
number of reads over a genomic feature was a measure of its level of expression.
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RNA-seq read mapping
RNA-seq reads were were aligned to the F. cylindrus genome assembly
(http://genome.jgi-psf.org/Fracy1/download/portalData/Fracy1_assembly_scaffolds.fasta.gz)
using the Genomic Short-read Nucleotide Alignment Program (GSNAP, version 2011-0328)70, which supports alignment of spliced reads. To assist mapping of spliced reads, splice
sites were extracted from the Filtered Models 1 annotation file (http://genome.jgipsf.org/Fracy1/download/portalData/Fracy1_GeneModels_FilteredModels1.gff.gz) and given
to GSNAP. The Java-based command-line utilitiy tool Picard (v1.55) was used to mark
duplicate fragments using its “MarkDuplicates” function. A digital gene expression analysis
was carried out on the uniquely and concordantly mapped reads with fragments mapping
uniquely and both reads mapping properly in pair. Reads that failed these criteria were
excluded.

The

Python

package

HTSeq

(v0.5.3p1,

http://www-

huber.embl.de/users/anders/HTSeq/doc/overview.html)71 was used to count unique fragments
mapping in each genomic feature using the intersection-nonempty mode. Briefly,
intersection-nonempty mode determines how to deal with reads overlapping more than one
feature. In intersection-nonempty mode reads that map to the region of overlap between two
or more features are not counted. Uniquely and concordantly mapping fragments were used
to generate a count table.

Differential expression analysis of RNA-seq data
Differential expression analysis was performed on summarised counts using the R
Bioconductor package EdgeR72. Prior to analysis, weakly expressed transcripts were filtered
from the data set and analysis was performed on transcriptionally active regions. A gene
model was considered transriptionally active if its sum of counts (row) that mapped to the
model in one or more libraries (columns) was greater than 0. The default “trimmed mean of
M values” (TMM) normalisation method was used to calculate the effective library size and
to avoid RNA composition biases, which are caused by highly abundant transcripts. Calling
of differentially expressed alleles was performed using EdgeR’s generalized linear models
(glm) functionality and a pair-wise multiple comparison between treatment conditions was
made.
A hierarchical clustering analysis was performed using R software74. A one minus
Pearson correlation distance metric was applied to cluster expression values using the
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complete linking method and results were visualised using the heatmap.2 function of the R
gplots package (http://www.r-project.org/).

Functional analysis of RNA-seq data using Gene Ontologies
A Gene Ontology (GO) analysis was performed on the differentially expressed genes
using the R Bioconductor package goseq73. The gene length and GO term mappings were
extracted from the F. cylindrus filtered model1 annotation file using customised Perl scripts
and given to goseq. Testing for overrepresented GO terms was performed using the default
Wallenius approximation method and overrepresented GO terms were selected using a 0.05
false discovery rate (FDR) cut-off63. The produced lists of overrepresented GO terms were
summarized by removing redundant GO terms and visualised in semantic similarity-based
scatterplots using the webserver tool Revigo67 (available at http://revigo.irb.hr/).
Supplementary Figure 26 shows enriched (P < 0.05) molecular function GO term
annotations for upregulated single haplotype-resolved genes in F. cylindrus at freezing
temperatures relative to optimal growth in a semantic similarity-based Revigo scatterplot.
Interestingly, the GO terms “metal ion binding” (GO:0046872) and “zinc ion binding” (GO:
0008270) are significantly enriched in the single haplotype gene set that are upregulated at
freezing temperature, highlighting the importance of zinc ion binding proteins including zinc
binding MYND protein domains (see Supplementary Information 7, above).
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Supplementary Figure 26. Functional analysis of differentially expressed genes at freezing temperatures.
Revigo scatterplot showing enriched molecular function GO term annotations of upregulated single
haplotype genes in F. cylindrus at freezing temperatures relative to optimal growth conditions. A nonredundant GO term set (dispensability <0.6) was plotted in a two dimensional space by applying a
multidimensional scaling procedure so that more semantically similar GO terms are closer in the plot. The
bubble colour indicates significance levels and size indicates the frequency of the GO term in the underlying
Gene Ontology Annotation Database.
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Analysis of bi-allelic expression relative to allelic divergence
A specific analysis of the F. cylindrus transcriptomes was carried out on diverged
alleles. The diverged allelic pairs were divided into subsets according to their associated dN/dS
ratios. dN/dS ratios were determined as described (Calculating divergence of allelic pairs, see
below). Briefly, nucleotide transcript sequences were translated into amino acids and aligned
with ClustalW2. Amino acid alignments were mapped back over nucleotide sequences to
ensure that nucleotide sequences contained full codons and were in frame. After realignment
of adjusted nucleotide sequences the dN/dS was calculated for each allelic pair using codeml
(pairwise mode) within PAML. Outlier genes showing abnormally high dN/dS > 10 were
discarded for analysis as done in previous studies of positive selection129. We then compared
differences in the maximum differential bi-allelic expression in all RNA-sequencing
experiments between groups. Nonparametric statistical testing was performed using SPSS
Statistics (PASW) 18 (IBM, Armonk, NY, USA). Results were visualised using R software74.
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Supplementary Information 15
Putative gene promoter analysis
Remo Sanges (remo.sanges@gmail.com)

Methods
Putative promoters have been collected extracting the bases -100 to 1 and -1000 to
+500 in respect to the start site of each annotated gene model together with intergenic and
transcript gene models. Motif finding analysis have been conducted using the WordSeeker
program with default parameters searching for motif of several word lengths (from 5 to 10
bp). Each promoter sequence were randomized 1000 times to generate the background set.
Basically, in each randomization the sequence of the promoter were shuffled so that we
maintained the same base composition and length but creating not-biologically meaningful
sequences. In the brute enumeration approach we count the occurrences of each word in the
real set as well as in the randomized ones and calculated the corresponding Z-score statistics
based on the number of occurrences of each word of 5 to 10 nucleotides. Calculations based
on the shuffled promoters represent the expected frequencies of the motifs and were used to
calculate the Z-scores while the calculations based on real promoters represent the observed
occurrences.

Results and discussion
The analysis of promoters contributes fundamental insights into the mechanisms by
which transcription occurs. Here we define promoters as the sequences of 100 bp upstream of
the first transcribed nucleotide of the annotated transcripts. Sequences are collected in the
same orientation with respect to the coding strand of the related transcript. Motif finding
analyses using the WordSeeker application130 indicate that CAACAA is the top scoring motif
cluster (P = 3.33E-16, Supplementary Figure 27). The same analysis performed on transcripts
or intergenic sequences did not give the same motif as top-scoring, which could exclude the
possibility of wrong TSS definitions and consequent transcript or UTR sequence contaminant
retained into the promoter sequences. Brute enumeration analysis coupled with sequence
randomization also agrees in finding the CAACAA and its derivate (ACAACA, AACAAC)
as the most significant over-represented word in F. cylindrus promoters. We also inspected
motifs of different lengths (from 5 to 10 bases) and in every analysis the motifs containing
tandem repetition of the CAA triplet resulted to be the most significant (Supplementary
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Figure 28). Variable repeats have been shown to confer useful phenotypic variability,
including cell surface variability, plasticity morphology, and tuning of the circadian
rhythm131. This is true both in coding as well as in noncoding regions. Specifically, the
expansion of poly-nucleotides units in promoters could quickly lead to the change of
expression levels if the poly-nucleotides unit contains a binding site thus conferring
transcriptional evolvability132.

Supplementary Figure 27. Logo of the top enriched motif in the analyzed putative promoter sequences
produced by wordseeker
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Supplementary Figure 28. Plot showing the number of occurrences of the CAA trinucleotide at each position
from 100 to +500 relatively to the transcription start site (TSS).

Putative promoter analysis for allelic pairs
We analyzed the level of nucleotide sequence conservation between the allelic pairs.
Results show that, in allelic pairs, the regions after the TSSs are significantly more conserved
than the putative promoters (100 bp P = 2.5e-20, 500 bp P = 1.0e-23, Supplementary Figure
29). Using a sliding window we notice that there is a subtle increase in the level of
conservation in the promoters approaching the TSS, followed by a decrease in the region
flanking the TSS and a rather strong increase as we enter in the transcribed sequence
(Supplementary Figure 30). The most interesting variations result to be present in the 100/+100 regions. Therefore we used this interval to analyze specific trinucleotide variations
(Supplementary Figure 31). Results show 2 different pairs of significant words. In the
transcribed region the trinucleotide ATG is significantly conserved well above the average (Zscore = -2.4, P = 0.007) confirming a selective pressure against mutations and the importance
of the ATG word in the initiation of translation. In the promoter regions the trinucleotides
CCC (Z-score = 2.1, P = 0.018) and GGG (Z-score = 2.8, P = 0.002) result fast evolving
indeed they are significantly enriched in not-conserved regions. Conversely, the word CAA
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results to be enriched in conserved regions (Z-score = -2.1, P = 0.018) showing a selective
pressure against variations which, again, suggests a probable involvement of such motif in
the basal mechanism of transcription and/or translation.

Putative promoter analysis for allelic pairs: methods
Putative promoters have been collected extracting the nucleotides from -1000 to 500, 500 to +500 and -100 to +100 in respect to the putative start site (TSS) of each annotated
gene model. In order to avoid wrong and/or incorrect predictions, we only took into
consideration allelic promoters showing an uninterrupted good quality genomic sequence
from -1,000 to +500 bp. These resulted in about 5,961 allelic pairs. The collected sequences
were divided into 2 sets: promoters (before TSS) and transcripts (after TSS) according to
their position relatively to the TSS. The 2 sequence sets of each allelic pairs were aligned
using clustalW. Alignments were parsed using custom perl scripts making use of the BioPerl
API. We then calculated the average percentage identity of the alignments and the average
percentage identity in 10 bp intervals using a sliding window approach. We also calculated
the ratio of not-conserved vs conserved triplets between allelic pairs in the 2 intervals of +/100 bp built around the TSS. Such ratio is an indication of the speed at which trinucleotides
changes. Z-scores and associated P-values were calculated comparing the ratio for each word
with the distribution of the ratios for the entire respective dataset.
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Supplementary Figure 29. Boxplots showing the distributions of percentage identities between allelic pair in
100 bp intervals built around transcription start sites (TSSs). The chart clearly shows that the transcribed
regions are significantly more conserved than the promoters.

Supplementary Figure 30. Average percentage identity of allelic pairs in 10 bp windows in the interval from 1000 to +500 bp with respect to the TSSs. The chart shows two regular trends of conservation linked by a
small decrease close to the TSS. On average the promoter regions results to be less conserved that the
transcribed ones.
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Supplementary Figure 31. Plots showing the ratio of not-conserved vs conserved triplets between allelic
pairs in 2 intervals of +/-100 bp built around the TSS. Such ratio is an indication of the speed at which
trinucleotides changes. Red line represents the average ratio of the interval, blue lines represent +/-2
standard deviations from the average. Red areas indicate the area in which the triplets are significantly
conserved (Z-score lower than -2, slowly evolving), green areas contain triplets changing significantly faster
(Z-score higher than 2, fast evolving).
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Supplementary Information 16
Evolutionary genetic analysis
Maria I. Ferrante, Mark McMullan, Jan Strauss, Andrew Toseland, Ben J. Ward, Cock
van Oosterhout*, Thomas Mock*
*To whom correspondence should be addressed (c.van-oosterhout@uea.ac.uk or
t.mock@uea.ac.uk)

Amplification and sequencing of F. cylindrus alleles from environmental
samples
Jan Strauss*, Thomas Mock
*To whom correspondence should be addressed (jan.strauss@embl-hamburg.de)
Primer design. Genetic loci encoding for large ribosomal protein L10 and ferrichrome
ATP-binding cassette (ABC) transporter were choosen for amplification and sequencing of
alleles for population genetic analysis of a natural population of F. cylindrus. Primers
(Supplementary Table 14) were designed to amplify ~750 bp fragments of polymorphic
genomic regions of diverged F. cylindrus alleles, while priming sites were conserved. BLAST
searches to identify orthologous sequences in the diatoms Thalassiosira pseudonana and
Phaeodactylum tricornutum facilitated primer design. Primers were designed to include no
mismatches to conserved regions up- and downstream of polymorphic regions of F. cylindrus
alleles but include mismatches to orthologous sequences in the T. pseudonana and P.
tricornutum genome to ensure high specificity to F. cylindrus. Primers were synthesised by
Eurofins MWG Operon (Ebersberg, Germany).
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Supplementary Table 14. Genetic loci investigated during this study and sequences of the primers used to
amplify genomic sequences from environmental DNA by PCR.
Gene Target/protein ID

Primer sequence (5' - 3')

Large ribosomal protein L10

Fwd: CGCAAAGCCGAGTATTTCACTACATTC

FcL10_1/267462; FcL10_2/273112

Rev: GCTTTGACGGCATCAGCTTCAGG

Ferrichrome ATP-binding cassette
transporter

Fwd: GGAACGATCATCGTCTGGATCCAATC

FcFeABC_1/240308; FcFeABC_2/254037

Rev: GATATGGAACATTCCCCGACACCG

Amplicon
size (bp)
785

776

DNA extraction and PCR amplification. Polymorphic genomic sequences were
amplified from ~50 ng environmental DNA isolated from Southern Ocean Sea Ice using
GoTaq Polymerase (Promega) and F. cylindrus-specific primers. Samples of brown sea ice
were taken during a research cruise transect between 69° 29.38' S 0° 13.14' W and 69° 31.09'
S 0° 27.25' W using the ship’s “mummy chair” (Polarstern Cruise PS 79 ANT 28/2, 23rd Dec
2011, courtesy of Anique Stecher, Alfred-Wegener-Institute, Helmholtz Centre for Polar and
Marine Research, Bremerhaven, Germany). Due to the sampling method (ice fishing) no
information on physical ice properties is available. Subsequently, ice samples were thawed at
4°C for up to two days adding 0.2 µm filter-sterilised ambient seawater. A volume of 60 mL
thawed ice was pre-filtered through a 55 µm gauze filter before sampling onto 2.0 µm TTTP
IsoporeTM polycarbonate membrane filters (Merck Millipore, Billerica, MA, USA).
Environmental DNA was extracted from the filters using DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) adding a mixture of glass beads (212 - 300 µm and 425 - 600 µm, acidwashed, Sigma-Aldrich, St. Louis, MO, USA) and including 10 sec vortexing during the cell
lysis step. Proteinase K was added during RNA digest followed by DNA extraction according
to the manufacturer’s instructions.
High specificity of primers to F. cylindrus was confirmed using PCR control
templates and included pooled environmental DNA from tropical marine environments with
measured water temperatures ranging between 18.2 – 20.7°C (i.e. negative control known to
lack DNA from the obligate psychrophilic diatom F. cylindrus). Samples for environmental
DNA extraction were taken during a longitudinal research cruise transect (13° 6.326’ S to 26°
26.506’ S) from the Benguela upwelling region off the coast of West Africa on 19 th – 24th
November 2012 (Polarstern cruise ANT29-1, courtesy of Katrin Schmidt, School of
Environmental Sciences, University of East Anglia, Norwich, UK). Briefly, 12 L seawater
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was sampled at the chlorophyll maximum (4 samples; depth 30 – 75 m) using a Niskin bottle
rosette sampler. Additionally, at each sampling depth, temperature, salinity, surface irradiance
as well as chlorophyll and nutrient concentration (nitrate, phosphate, and silicate) were
measured. Sea water was pre-filtered through a 100 μm mesh and the flow-through fraction
(<100 μm) was filtered onto 1.2 µm HTTP Isopore™ polycarbonate membrane filters (Merck
Millipore, Billerica, MA, USA) for DNA extractions. Environmental DNA was extracted
using Easy-DNA Kit (Invitrogen Life Technologies, Carlsbad, CA, USA) adding glass beads
and interval vortexing during cell lysis before proceeding to RNase A digest and DNA
extraction according to the manufacturer’s instructions. As expected no products could be
amplified from environmental DNA from tropical marine environments, confirming the
specificity of primers to F. cylindrus.
A 25 µL PCR reaction contained 0.4 µM of each primer, 0.2 µM of each dNTP, 2.5
units GoTaq DNA polymerase (Promega, Madison, WI, USA), 1× Green GoTaq Flexi Buffer,
2 mM MgCl2 and ~50 ng environmental DNA template. No template controls without DNA
template and positive controls using F. cylindrus genomic DNA were included. The
amplification profile was as follows: 5 min initial denaturation at 95 °C, followed by 35
cycles of 95 °C for 1 min, 60 °C for 2 min, 72 °C for 1 min extension, final extension at 72
°C for 7 min and final hold at 10 °C.
Amplified fragments were purified from 1.2% TAE agarose gels (40 mM Tris acetate,
1 mM EDTA, 0.5 μg mL-1 Ethidium bromide) using illustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare UK Ltd., Little Chalfont, UK) using 500 µL capture buffer,
additional washing and dry spin step and final elution with 13 µL Elution buffer type 4
(10mM Tris-HCl, pH 8).
Cloning and sequencing. Purified PCR fragments were cloned into a plasmid vector
for sequencing using a one-step TOPO cloning strategy (TOPO TA Cloning Kit for
Sequencing, Invitrogen Life Technologies, Carlsbad, CA, USA). The TOPO Cloning
Reaction was performed according to the manufacturer’s instructions using 4 µL gel-purified
PCR product and incubating at room temperature for 30 minutes. Subsequently, 2 µL of
TOPO cloning reaction were transformed into TOP10 chemically competent E. coli using a
chemical transformation protocol that included incubation on ice for 30 minutes, followed by
heat-shock for 30 seconds at 42°C and recovery for 1 h at 37°C. Volumes of 100 µL or 200
µL were spread onto selective LB plates containing 1.2% agar and 50 µg/mL kanamycin and
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were incubated overnight. Colonies were manually picked and transferred to a 96well prepaid
plate kit for plasmid clones for sequencing (Eurofins Genomics, Ebersberg, Germany).
Sequences were manually inspected for sequence quality using Sequence Scanner Software 2
(Applied Biosystems) and Clone Manager Suite (Scientific & Educational Software,
Morrisville, NC, USA). Only high quality sequences were retained for downstream analysis.
Plasmid clones that failed initial quality control were re-inoculated from stab cultures and
grown overnight in 5 mL LB media containing 50 µg/mL kanamycin to isolate plasmid DNA
using PureLink Quick Plasmid Miniprep Kit (Life Technologies, Carlsbad, CA, USA)
according to the manufactures instructions. Phylogenetic analyses were performed using
MEGA6 (ref. 112) and SplitsTree79,133.
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Identification of triplets that show evidence of recombination
Taoyang Wu, Cock van Oosterhout*
*To whom correspondence should be addressed (c.van-oosterhout@uea.ac.uk)
Methods

A recombination analysis was performed on the PCR amplified alleles of two genes in
diatom F. cylindrus: the ferrichrome ATP-binding cassette (ABC) transporter and the large
ribosomal subunit L10 using RDP4 (ref. 134). The analysis with RDP4, however, failed to
identify statistically significant recombinant events in either gene, possibly due to the
relatively large number of sequences (around 100 in both genes). This is problematic because,
depending on the type of algorithm, recombination detection software are designed to find
evidence for recombination by comparing the nucleotide similarity between combinations of
two, three or four sequences. With large datasets, exhaustively analysing all combinations
becomes computationally increasingly demanding. Furthermore, multiple testing increases
the type I error rate. To overcome these challenges we developed a novel approach which
enables the identification of sets of three sequences (triplets) that show evidence of
homologous recombination. The method compares the phylogenetic inconsistency in triplets,
and is based on a similar rationale as the algorithm implemented in 3Seq (ref. 135). Our
method consists of the following five steps:
1) Remove all phylogenetically uninformative sites in the triplet (t), i.e., sites that are
identical in all three sequences as well as sites that differ in all three sequences. The
number of sites in the remaining sequence is n.
2) For each of the six possible orderings of the three sequences in a given triplet, (x,y,z),
compute the minimum sequence dissimilarity D (i.e., the Hamming distance) between the
third sequence z and the sequence consisting from the first i nucleotides from sequence x
and the last (n-i) nucleotides from sequence y, and do this for i from 0 to n.
3) Repeat step #2 for all six possible orderings of t, and find the minimal value D_t.
4) Compute the minimal sequence dissimilarity D'_t between the three possible pairs of the
sequences in the triplet, that is, D'_t=min {D(x,y),D(x,z),D(y,z)}.
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5) The index R_t for triplet t is the difference between D'_t and D_t. In addition, compute
the normalised index R'_t defined as 1-(D'_t/D_t) if D_t>2, and 0 otherwise.
Once the R-index for each triplet sampled from the multiple alignment has been
computed, all triplets are sorted according to their R-indices. Triplets with the highest Rindex are subsequently analysed in HybridCheck77 to test for potential homologous
recombination events. Note that our approach is similar to that in 3Seq, with the exception of
how informative sites are chosen, and how distances are computed. Moreover, the normalised
R-index (R’), which lies in the interval [0,1], allows us to compare recombination signal
between different datasets and genes.
Results

Supplementary Figure 32 shows the normalised R-index (R’) for the two simulated
datasets; clonal reproduction, and sexual reproduction without meiotic recombination. Both
datasets were created using simulations with the SimuPop software (see Simulation of
phylogenetic networks below). The figure shows weak evidence of recombination in the
simulated sequences due to homoplasious mutations (i.e. mutations that occur independently
and result in a similar base change). The method results in a 4.6% false positive rate due to
homoplasy in case of sexual reproduction without recombination, and there are no falsepositives (0%) in the simulations of clonal reproduction. Supplementary Figure 33 shows R’
for the sequence of the ferrichrome ABC transporter and the large ribosomal subunit. In
particular, the alleles of the ABC iron transporter show clear evidence of recombination, with
41% of all triplets showing evidence of recombination. Analysis of the large ribosomal
subunit L10 reveals that 8.9% of all triplets show evidence of recombination. Finally, we
constructed an evolutionary network relating to four sequences from the ferrichrome ABC
transporter gene to visualise the evidence of recombination:
H11:
A11:
H2 :
G2 :

>131017JS_H11_FR02244164
>131114JS_A11
>131127_H2
>131017JS_G2_FR02244171
Based on the detected recombinant events and the maximal parsimony principle, we

inferred a phylogenetic network on these four sequences in Supplementary Figure 34.
Moreover, we inferred two ancestor sequences: ‘a’ as the result of the recombinant event
between H11 and A11, and ‘b’ as the immediate ancestor of H2 and G2.
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Supplementary Figure 32. Histograms of normalized R-index for simulated datasets. (a) clonal reproduction;
(b) sex without recombination.

a

b

Supplementary Figure 33. Histograms of normalized R-index for two genes in the diatom F. cylindrus. (a)
Large Ribosomal subunit L10; (b) Ferrichrome ATP-binding cassette (ABC) transporter.
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b

Supplementary Figure 34. Evolutionary network and recombination in Ferrichrome ABC transporter genes.
(a) inferred phylogenetic network relating to four sequences of the Ferrichrome ABC transporter. One
recombinant event is assumed, with hypothetical sequence ‘a’ as the recombinant sequence of A11 and
H11, and ‘b’ as the common ancestor of H2 and G2. The numbers next to the edges of the network indicate
the number of mutations, and a timescale on the left shows the approximate coalescence times. H2
diverged 0.085 million years ago (5-95% CI = 0.018 – 0.241 million years) from 'b', the common ancestor with
G2, and G2 diverged 0.186 million years ago (5-95%CI = 0.069 – 0.393 million years) from 'b'. (b) Sequences
for the taxa and two ancestral sequences ‘a’ and ‘b’. For sequence H2 and G2, the mutated sites are
highlighted in green, whilst the sites inherited from H11 are depicted in red, and those from A11 in blue. For
simplicity, only the polymorphism sites are shown.
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Testing for recombination in F. cylindrus alleles with the PHI-test
Ben J. Ward, Cock van Oosterhout*
*To whom correspondence should be addressed (c.van-oosterhout@uea.ac.uk)
We tested for recombination in the PCR amplified sequences of the ABC iron
transporter and the large ribosomal subunit using the PHI-test for recombination78.
The test accepts a multiple sequence alignment and is based on the principle of
refined compatibility: For a given pair of informative sites in a multiple sequence alignment,
they are deemed compatible if there is a phylogenetic history that can be inferred
parsimoniously, on the condition that there is no recurrent mutation, or convergent
mutations136. If the condition is not satisfied then the sites are classified as incompatible.
Incompatible sites are explained either by homoplasies, or by recombination. The PHI-test
extends this notion by using the refined incompatibility score, which allows for consideration
of situations in which multiple homoplasies can be parsimoniously inferred a pair of sites.
The PHI-test then computes the mean refined compatibility scores of nearby sites and a Pvalue is calculated parametrically.
A default window size of 100 sites was used to analyse the sequences, resulting in a
result of PHI = 9.30e-02 and P = 4.05e-05 for the ABC iron transporter and PHI = 3.76e-02
and P = 8.75e-04 for the large ribosomal subunit sequences.
Supplementary Figure 35, shows the refined incompatibility matrices between
informative sites computed for the ABC iron transporter (A.), and the large ribosomal subunit
(B.). Yellow squares indicate a pair of informative sites that are compatible, darker squares
indicate a pair of sites that are incompatible. The presence of incompatible sites in these
sequences suggests recombination.
As a result of these tests, we assessed the effects of recombination rate and effective
population size, using a split network and simulation approach, as explained in the
subsequent section.
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Supplementary Figure 35. Incompatibility score matrices computed for A). The ABC iron transporter and B).
The Large Ribosomal Subunit. Yellow boxes indicate two informative sites are compatible, and darker boxes
indicate the two sites are incompatible. The presence of incompatible sites in the alignments is suggestive of
recombination.
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Simulation of phylogenetic networks
Ben J. Ward, Cock van Oosterhout*
*To whom correspondence should be addressed (c.van-oosterhout@uea.ac.uk)
Methods

To assess whether the high allelic divergence observed in the F. cylindrus genome can
be explained by asexual (clonal) reproduction, we conducted a phylogenetic network analysis
on a population sample of F. cylindrus. We then compared the observed networks to those of
simulated populations that were generated by modelling different modes of reproduction (i.e.
sexual and asexual reproduction), across a range of recombination rates and effective
population sizes using the software simuPOP (ref. 80).
Preparation of F. cylindrus sequences

The sequences and networks produced by forward-time simulation models were
simulated in the absence of selection pressure. In order to reduce the influence of selection as
much as possible when comparing the F. cylindrus networks and the simulated networks, we
quantified the substitution pattern at the 3rd codon positions of the sequences of the F.
cylindrus alleles. The third codon position was identified using a custom script that translated
every sequence in every possible reading frame and scored the number of stop-codons and
unknown proteins present in the translation. We identified the correct reading frame as the
one in which there were no stop codons present in the middle of the sequence. In addition, the
correct reading frame had to be the same for all alleles. Sequences that resulted in uncertain
translations in every reading frame were discarded, and only sequences that had showed a
single reading frame without stop codons were used to build networks with SplitsTree4 (ref.
79).
Simulation designs

All simulation scenarios were written in simuPOP scripts, and the following scenarios
were tested:
1. Individuals reproduced clonally (i.e. asexually) without (meitotic) recombination (R=0).
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2. Individuals reproduced sexually every generation, and the recombination/mutation rate
(R/µ) was a user-defined parameter.
3. Individuals were facultative asexuals, undergoing a sexual phase periodically at a userdefined rate.
In these models, individuals were diploid and the simulated sequences were 750bp in
length, which is approximately similar to the sequences analysed in F. cylindrus. The final
parameter we explored was the effective population size as this would determine the amount
of genetic drift in the simulated populations. Large populations with little genetic drift are
expected to show phylogenetic trees with relatively long terminal branches, reflecting the
nucleotide divergence that has accumulated over the extended coalescence times. Allelic
sequences will coalesce more recently in smaller populations, and hence, those sequences
will be relatively less diverged. In order to simulate the drift-mutation equilibrium, we used
the parameter theta (Θ) which is the population – mutation parameter. We estimated Θ from
the real F. cylindrus sequences using DNAsp (ref. 56) and LAMARC (ref. 81). In the
simulation model we made the following assumptions:
1. Equal sex ratio (in simulations of sexual reproduction).
2. The number of offspring that sexually reproducing individuals produce is taken from a
Poisson distribution with mean and variance equal to 2.
3. Mating is random.
4. The number of breeding individuals is constant.
5. The population is a single large panmictic population with a population-mutation
parameter (Θ). The value of Θ is constant and user-defined, ranging from 0.0066 ≤ Θ ≤
0.66.
6. The recombination rate over the mutation rate (R/µ) is constant and user-defined, and
ranges from 0 ≤ R/µ ≤ 10,000.
7. Once a population had reached a drift-mutation equilibrium, 96 individuals were drawn
randomly, their sequences were converted to FASTA files, and networks were generated
using the SplitsTree software.
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All networks that were generated with SplitsTree software were based on
Uncorrected_P character transformations, which were used to calculate the genetic distances
between pairwise sequences. The NeighbourNet distances transformation and the EqualAngle
splits transformation were used to draw the networks. To quantitatively assess the networks,
we calculated the mean and variance of the p-distance matrices for each set of simulated
sequences, and compared this to the values of networks made from the F. cylindrus alleles.
The distances reflect the mean branch length in the network and are principally affected by
the mutation-drift equilibrium, and hence Θ. In order to assess the effect of recombination
relative to the mutation rate (R/µ), we quantified the number splits in the network, again
comparing the simulated networks with those of the F. cylindrus alleles. The number of splits
in a network increases with increasing value of R/µ.
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Coalescence time estimates of diverged alleles
Ben J. Ward, Cock van Oosterhout*
*To whom correspondence should be addressed (c.van-oosterhout@uea.ac.uk)
Methods

Two genes (ferrichrome ABC transporter (Protein ID 240308) and Large Ribosomal
subunit L10 (Protein ID 240308)) of an environmental sample were amplified by PCR and
sequenced using Sanger sequencing. A total of 93 and 103 alleles were found in both genes,
respectively. These allelic sequences were used to construct networks in the software
SplitsTree79,133. These empirical networks were then compared with networks of simulated
populations that were generated by simuPop (ref. 80). In addition, the coalescence time (t)
between alleles were estimated and compared to the coalescence time of the allelic pairs of
the approximately 6000 genes in the genome assembly. Coalescence time was estimated
using

the

algorithm

available

in

the

HybridCheck

R

package

(https://github.com/Ward9250/HybridCheck)77. Briefly, the algorithm estimates coalescence
time based on the observed number of substitutions between two sequences137. HybridCheck
models a Bernoulli trial with a strict molecular clock which assumes a constant mutation rate
(µ = 10e-9) and a Jukes and Cantor model for base substitutions138.
The coalescence time estimate returned by the HybridCheck algorithm is expressed in terms
of generations. Estimates were converted to years using an estimated division rate of 12.5 per
year. This yearly division rate assumed a division rate of 0.1 per day139,140, and a growing
season of four months per year141, where each month consisted of 30.4 days.
Results

The distributions of the pairwise diverged alleles of the ABC iron transporter, the
large ribosomal subunit and all diverged alleles in the F. cylindrus genome are largely
overlapping, with medians of 99,433 years ago, 71,482 years ago, and 89,076 years ago,
respectively. Interestingly, these data seem to indicate that the alleles appear to coalesce
shortly after the onset of the last glacial period, which began about 110,000 years ago27.
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Analysis of nucleotide divergence between homologous alleles of the
diatoms Fragilariopsis cylindrus and Pseudo-nitzschia multistriata
Mark McMullan*, Maria I. Ferrante, Andrew Toseland, Cock van Oosterhout
*To whom correspondence should be addressed (mark.mcmullan@tgac.ac.uk)
Introduction

Evidence indicates that sequence variant pairs in the F. cylindrus (Fc) genome are in
fact alleles. This is an unusual observation because under normal circumstances alleles are
not divergent enough to be assembled to separate contigs, thus allelic polymorphism is lost.
However, large annual fluctuations in the Antarctic environment (e.g. temperature, light, and
salinity) provide an a priori expectation for the maintenance of such highly divergent alleles
in Fc. Here we show that (i) overall nucleotide divergence is higher for the Antarctic diatom
(Fc) compared to the sexually reproducing temperate diatom Pseudo-nitzschia multistriata
(Pm), (ii) unexpectedly, the dN:dS ratio is lower for the Antarctic diatom than in Pm. However,
(iii) the average number of positively selected sites is higher in the Antarctic diatom and this
signal of adaptive evolution has been saturated over time by synonymous mutations. Overall,
we show that there has been a considerable level of adaptive change in Fc but that this
change has occurred in the distant past.
Methods

In order to test whether Fc alleles are truly more divergent we used an allele set from
transcriptomes of two Pm individuals. By comparing alleles from the Pm dataset with
homologous pairs from Fc we test whether alleles of Fc are more divergent than expected
given a sample taken from Pm.
As described below we developed a pipeline which:
1. Identifies Pm alleles by doing a best reciprocal blast from one Pm transcriptome to the
other
2. Identifies Fc homologs to the Pm allele pairs (these may or may not be a diverged allele
pair in Fc)
3. Identifies the best transcribed match (exons) of the Pm alleles using Fc
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4. or the longest reading frame in Pm
5. Translates these (to get frame positions)
6. Provides descriptive statistics (allele length, SNPs etc.) and runs pairs through PAML76
(Codeml)
This generated a sample of 1,485 loci in both Fc and Pm. More than one third
(36.85%) of these loci were monomorphic in the Fc dataset. This reduction in polymorphism
in Fc compared to Pm is unlikely to reflect a real reduction in the level of polymorphism in
the Fc genome. The Fc genome assembly involved assembling reads of high similarity into
contigs. During this process polymorphic loci with low levels of nucleotide polymorphism
would be assembled to the same contig and therefore, that polymorphism would be lost
(henceforth these Fc alleles are known as 'singletons'). In the Pm dataset however, loci with
low levels of polymorphism are observed because data is sampled from two transcriptomes
assembled from separate individuals. In the present analysis however, we include Fc
singletons as if they were allele pairs with zero nucleotide divergence. This introduces a
conservative error (or bias), in that alleles with low to moderately divergence in Fc are being
collapsed, whereas in Pm such alleles are still being observed as distinct sequences.
A Paired T-test was used to test for significant differences in allelic nucleotide
polymorphism (overall, synonymous and non-synonymous), between Fc and Pm. However ω
(dN:dS) produced a number of 'out of bounds' results. These occur in comparisons where there
are one or more mutations in one class (synonymous or non-synonymous) and none in the
other. For example if there was one non synonymous mutation and zero synonymous ones the
ω value would be infinity. While codeml generates a very high ω value (ω = 99) this does not
necessarily represent adequate evidence of positive selection. This result is akin to tossing
two heads in a row. Two coin tosses that produce heads is 100% heads, but it is not a
significant result. Therefore, ω values that represent an 'out of bounds' calculation were
removed leaving only those data points found within the continuous distribution
(0.001<ω<99) analysed using a paired T-test. However, a Wilcoxon rank sum test was used to
test for differences between dN:dS on the whole dataset with the inclusion of 'out of bounds'
results. This test confirmed the prior result.
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Results and discussion

Overall nucleotide polymorphism is significantly higher, on average, for Fc alleles
than for homologous Pm alleles (mean (SEM) Fc = 0.013 (0.63×10-3); Pm = 0.002 (0.13×103

); Paired T-test: T = -16.40, df = 1353, P = 2.78×10-55; Supplementary Figure 36). This

suggests that the overall level of polymorphism in the Pm genome is lower than that of Fc
and this is probably due to a smaller effective population size of the former. While a larger
effective population size in Fc offers one explanation for the divergence of Fc alleles under
neutral processes, selection may also have played a role. Next we explore polymorphism in
the sites that change amino acids (non-synonymous, dN) against those that do not
(synonymous, dS). Despite increased levels of overall polymorphism between alleles of the
Antarctic diatom, the ratio of non-synonymous to synonymous nucleotide polymorphisms (ω
= dN:dS) is lower for Fc than for Pm (dN:dS mean (SEM) Fc = 0.195 (0.069); Pm = 0.483
(0.067); Paired T-test = 2.99, df = 644, P = 0.003; Supplementary Figure 37). This
observation remains true with the inclusion of the 'out of bounds' results (see methods)
(Wilcoxon rank sum test: W = 684860.5, df = 1353, P = 5.81×10-89). The average ω values
for both Fc and Pm are well below one, which is expected because most coding genes are
predicated to be evolving under purifying selection. However, the result that ω is higher for
Pm than for Fc is counter to our expectation and suggests that, on average, positive selection
for novel gene function is higher for Pm than for Fc. We had predicted that Fc alleles are
more likely to be candidates for adaptive divergence because of the large annual fluctuations
in the Antarctic environment.
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Supplementary Figure 36. Nucleotide polymorphism between alleles of Fc and homologous Pm loci (n =
1354). Nucleotide polymorphism is higher, on average, for Fc alleles than for homologous Pm alleles (see
text).
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Supplementary Figure 37. Omega (ω = dN:dS) values between alleles of Fc and homologous Pm loci (n = 645).
The signal of positive selection lower for Fc alleles than for homologous Pm alleles (see text).

There are a number of reasons why the ω value would be greater in Pm than in Fc.
First and foremost, reduced average ω in Fc could be due to the presence of 'singletons' in the
Fc dataset. These loci, present as alleles in the Pm dataset could also represent low
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divergence alleles in the Fc dataset that were assembled to a single contig. Repeating the
analysis of ω in Fc and Pm after removal of these 'singleton' data reduces the difference
between Fc and Pm to statistical non significance (dN:dS mean (SEM) Fc = 0.348 (0.122);
Pm = 0.454 (0.021); Paired T-test = 0.86, df = 361, P = 0.39). However, ω is still higher in
Pm than in Fc, and our expectation is that Fc would be higher based on the evolution of this
Antarctic diatom to extreme annual fluctuations in the environment.
Nucleotide divergence between Fc and Pm can be partitioned into dN and dS and this
shows us firstly, that on average, Fc has a more than three times greater number of
nonsynonymous sites per locus compared to Pm (dN mean (SEM) Fc = 5.60×10-3 (0.34×10-3);
Pm = 1.65×10-3

(0.16×10-3);

Paired

T-test:

T = -10.73,

df = 1353,

P = 7.83×10-26;

Supplementary Figure 38). This dramatic increase in the number of positively selected sites
in Fc compared to Pm suggests that there has been a large amount of diversifying selection in
Fc. However, this information is lost from the dN:dS because Fc has an eight times greater
number of synonymous mutations compared with Pm (dS mean (SEM) Fc = 0.040 (1.63×103

);

Pm = 0.005

(0.33×10-3);

Paired

T-test:

T = -21.08,

df = 1353,

P = 1.48×10-85;

Supplementary Figure 39). These synonymous mutations have acted to erode the signal of
positive section. Overall these data suggest that a large number of amino acid changing
mutations occurred in Fc sometime in the past and that synonymous mutations have
accumulated to erode the signal.

WWW.NATURE.COM/NATURE | 101

RESEARCH SUPPLEMENTARY INFORMATION

doi:10.1038/nature20803

1e+0

1e-1

dN (Fc)

1e-2

1e-3

1e-4

1e-5
1e-5

1e-4

1e-3

1e-2

1e-1

1e+0

dN (Pm)

Supplementary Figure 38. Non-synonymous nucleotide polymorphism (dN) between alleles of Fc and
homologous Pm loci (n = 1354). Non-synonymous nucleotide polymorphism is higher, on average, for Fc
alleles than for homologous Pm alleles (see text).
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Supplementary Figure 39. Synonymous nucleotide polymorphism (dS) between alleles of Fc and homologous
Pm loci (n = 1354). Synonymous nucleotide polymorphism is higher, on average, for Fc alleles than for
homologous Pm alleles (see text).

Preparation of Fragilariopsis cylindrus transcripts

We downloaded the latest Fragilariopsis cylindrus (Fc) scaffold sequences (Fracy1
assembly scaffolds.fasta) and gff file (Fracy1 GeneModels FilteredModels1.gff) from
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http://genome.jgi.doe.gov/Fracy1/Fracy1.download.html. We then used a custom Perl script
to extract, orientate and concatenate only the coding regions for every transcript of the
predicted allelic pairs.
Pseudo-nitzschia multistriata strains and transcriptome sequencing

Maria I. Ferrante (mariella.ferrante@szn.it)
Pseudo-nitzschia multistriata strains Sy373 and Sy379 were isolated at the Long Term
Ecological Research Station Mare Chiara in the Gulf of Naples (40° 48.5’ N 14° 15’ E) in
2009 (ref. 142). Cultures with cell density of 2 × 105 cells ml-1 were harvested by filtration
onto 1.2 m pore size filters (RAWP04700 Millipore) and frozen in High Pure RNA Isolation
reagent (Roche Applied Science). Before proceeding to the total RNA extraction protocol
according to the manufacturer’s instructions, cells were disrupted with glass beads (G1277,
Sigma-Aldrich) on a thermo-shaker (Eppendorf) at 60°C for 10 minutes at maximum rpm.
RNA was further purified on Qiagen columns (74104, RNeasy Mini Kit, including a step with
DNase digestion). RNA concentration was determined using a Qubit® 2.0 Fluorometer
(Invitrogen) and a quality check was performed by gel electrophoresis (1% agarose w/v) and
an Agilent 2100 bioanalyzer.
Pseudo-nitzschia

multistriata

RNA-seq

was

performed

at

JGI

(http://www.jgi.doe.gov/) within the project “A deep transcriptomic and genomic
investigation of diatom life cycle regulation” (Supplementary Note). Poly-(A) RNA was
isolated from 5 g total RNA using Dynabeads mRNA isolation kit (Invitrogen). The
isolation procedure was repeated to ensure depletion of rRNA in the samples. Purified RNA
was fragmented using RNA Fragmentation Reagents (Ambion) at 70°C for 3mins, targeting
fragments range 200-300bp. Fragmented RNA was then purified using Ampure XP beads
(Agencourt). Reverse transcription was performed using SuperScript II Reverse Transcription
(Invitrogen) with an initial annealing of random hexamer (Fermentas) at 65°C for 5 mins,
follow by an incubation of 42°C for 50 minutes and an inactivation step at 70°C for 10
minutes. Subsequently, cDNA was purified using Ampure XP beads followed by second
strand synthesis using dNTP mix where dTTP is replaced by dUTP. Reaction was performed
at 16°C for 1h. Double stranded cDNA fragments were purified and selected for targeted
fragments (200-300bp) using Ampure XP beads. The dscDNA were then blunt-ended, polyadenylated, and ligated with library adaptors using Kapa Library Amplification Kit (Kapa
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Biosystems). Adaptor-ligated DNA was purified using Ampure XP beads. Digestion of dUTP
was then performed using AmpErase UNG (Applied Biosystems) to remove second strand
cDNA. Digested cDNA was again cleaned up with Ampure XP beads. This is followed by
amplification by 10 cycles PCR using Kapa Library Amplification Kit (Kapa Biosystems).
The final library was cleaned up with Ampure XP beads. Sequencing was done on the
Illumina platform generating paired end reads of 150 bp each.
Supplementary Note

The work conducted by the U.S. Department of Energy Joint Genome Institute is
supported by the Office of Science of the U.S. Department of Energy under Contract No. DEAC02-05CH11231.
Preparation of Pseudo-nitzschia multistriata transcripts

Two strains (referred to as CIIO and CIIP from this point forwards) of Pseudonitzschia multistriata (Pm), were sequenced at JGI. Approximately 92 million and 83 million,
150 bp paired end, strand specific Illumina reads were produced for CIIO and CIIP,
respectively.
The data were filtered by quality score and adapter retention. Read pairs where at least
one read matched the adapter sequences or showed a quality score of less than 30 for more
than 20% of the read were removed. This left approximately 25 million and 12 million
quality ﬁltered reads for CIIO and CIIP, respectively (Maria I. Ferrante, Remo Sanges,
personal communication, 10/11/12).
We assembled the quality filtered reads for CIIO and CIIP using Trinity143 with a
predetermined parameter set (Remo Sanges, personal communication, 13/11/12). The CIIO
and CIIP strains of Pm assembled into 39,714 and 32,198 contigs, respectively. To detect
open reading frames (ORFs) in the assembled transcripts we used Transdecoder,
(http://transdecoder.sourceforge.net/) a hexamer frequency, ORF detection utility contained in
the Trinity package143. Default parameters were used, except for lowering the minimum
reading frame length to 50. We then retained any contigs with one or more predicted reading
frame. This gave us 28,080 and 24,486 contigs for CIIO and CIIP respectively.
To identify allelic pairs from the Pm transcripts, we performed a reciprocal BLAST144
between the detected reading frames of the two assembled transcriptomes (BLASTN, overall
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identity ≥90%, requiring ≥75% coverage of both sequences). For contigs with multiple
predicted reading frames, we took the longest predicted reading frame. The reciprocal
BLAST between the predicted reading frames of the two Pm strains produced a total of 8,962
putative allelic pairs.
Identifying orthologous alleles

We performed reciprocal BLASTs between the putative alleles of each Pm strain and
Fc transcripts. The BLAST alignments were performed on the theoretical six frame
translation of the sequences using tBLASTx, requiring ≥30% overall identity and ≥50%
coverage of the query sequence (thresholds used in ref. 103 to detect homologous
transcripts). The BLAST results were combined and filtered to produce a list of Pm allelic
pairs that either match to a singleton (i.e. a gene that has been collapsed into a single
haplotype) or to an allelic pair in Fc. The reciprocal BLAST between Pm and Fc identified
1,485 allelic pairs in Pm with homologs in Fc (with ∼64% matching to allelic pairs).
For each species, we then aligned each allelic pair using ClustalW2 (ref. 64) and
compared the aligned sequences, base by base in parallel to calculate the number of SNPs
(Single Nucleotide Polymorphisms), distinct indel (insertion/deletion) events and the number
of positions included in indels. Despite the relatively stringent parameters used for allele
detection in Pm we observed that a small number of allelic pairs aligned poorly during the ka
/ks analysis (see Supplementary Figure 40). This was due to the mapping of mistranslated
reading frames over the original nucleotide sequences. Allelic pairs aligning with <80%
similarity were ﬁltered out. This left a total of 1,354 homologous allelic pairs.
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Supplementary Figure 40. Histograms of ClustalW2 percentage alignment scores for allelic pairs from
Fragilariopsis cylindrus (Left) and Pseudonitzschia multistriata (Right).

Calculating divergence of allelic pairs

For each putative allelic pair, we translated the nucleotide transcript sequences into
amino acids, aligned them using ClustalW2 (ref. 64), and if necessary, removed stop codons
from the end of sequences. We then mapped the amino acid alignments back over the
nucleotide sequences to ensure the nucleotide sequence contained full codons and were ‘in
frame’. We then realigned the adjusted nucleotide sequences and calculated ka/ks for each
sequence pair using codeml in pairwise mode as part of the PAML 4.6 package76. For Fc
singletons, ka, ks and therefore ka/ks were assumed to be zero.
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