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Supplemental Figures and Tables

Figure S1. Analysis of genomic divergence between males and females based on sex-
specific read coverage across RAD loci in the lamprey L. planeri (A) and in threespine
stickleback (Gasterosteus aculeatus) (B).

The existence of a relatively large genomic region highly differentiated between males and
females will cause RAD loci within these regions to show sex-biased read coverage (details in
[S1]). In a male-heterogametic system, for instance, read coverage for X-linked loci will be
twofold higher in females than males as compared to autosomal loci for which read coverage
between the sexes should be equal. The reason is that Y-linked sequences align poorly to their
X-counterpart. Exactly this situation is found in stickleback: while most data points lie within
the region predicted for autosomal loci (shown as yellow line in the plot), an additional
cluster is visible along the line predicted for X-linked loci (green line; the expectation for W-
linked loci in a female-heterogametic system is shown as blue line). By contrast, no deviation
from the autosomal expectation is evident in L. planeri, indicating the absence of physically
extensive genomic differentiation between males and females. Hence, if sex determination in
this lamprey species is genetically based, the underlying system evolved without major
chromosome divergence. Alternatively, sex determination might be under strong
environmental influence, as generally assumed to occur in lampreys [S2—S4].
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Table S1. Genes and gene families attained after BLAST of the SNPs with Fgy=

1.

Gene/Gene family Function References
Neurohypophysial gene (vasotocin) Osmoregulation [S5-S8]
Gonadotrophin-releasing hormone 2 Gonadal maturation and [S8-S11]
precursor (GnRH2) migratory behavior
Pineal gland-specific opsin gene (P opsin)  Photoreception [S12-S17]
Mannose-binding lectin-associated serine  Immunity [S18, S19]
protease-1 (MASP-1) gene
Ikaros-like genes (IKLF2) Immunity [S20, S21]
Variable lymphocyte receptor (VLR) gene  Immunity [S22-S25]
CD45 gene (PTPRC, Protein tyrosine Immunity [S26, S27]
phosphatase, receptor type C)
Homeobox genes (HoxW10a, Hox7, Emx) Axial patterning and [S28-S31]
segmental identity
Voltage-gated sodium channel gene Conduction of electrical [S32, S33]
signaling in nerves and
muscles
Protein tyrosine phosphatase receptor type  Regulation of cellular [S5, S34]
A precursor (PTPRA) gene processes




Supplemental Experimental Procedures

Sampling

We collected (by electric fishing) 17 juvenile specimens of the anadromous L.
fluviatilis at the start of their downstream trophic migration in January of two
consecutive years (2009 and 2010), and 18 adult specimens of the resident L. planeri
during the breeding season between late November 2009 and January 2010. All
samples were collected in the Sorraia River, a tributary of the left bank of the Tagus
River basin, where both species occur in sympatry. On the Iberian Peninsula, Tagus is
the only river where the anadromous L. fluviatilis is known to occur, and it represents
the southern range limit of both species [S35]. Tissue samples were preserved in
100% ethanol and deposited in the zoological collection ‘Museu Bocage’ of the
Museu Nacional de Historia Natural e da Ciéncia (MUHNAC) (Lisbon, Portugal).
Sampling was performed under the permission of the Instituto da Conservagdao da
Natureza e das Florestas.

Restriction-site associated DNA (RAD) library preparation

RAD library preparation followed the protocol of Baird et al. [S36] and further
modifications [S37, S38]. Briefly, DNA was extracted with the ‘DNeasy Blood &
Tissue Kit’ (Qiagen) following the manufacturer’s protocol. Genomic DNA from
each individual was digested with the Sbf1 restriction enzyme. Each digest was then
5-mer barcoded for sample identification, and the 35 total samples were multiplexed
into a single library. Final PCR enrichment was performed in 8 separate reactions to
reduce amplification bias. Finally, the library was single-end sequenced with 100
cycles in a single Illumina HiSeq 2000 genome analyzer lane at D-BSSE Basel.
[llumina reads are available from the Sequence Read Archive (SRA) at NCBI under
the accession number PRINA206554.

Marker generation

The reads were first quality-filtered and demultiplexed according to the individual
barcodes. Using sequence data from the one individual with the highest read number,
the reads were clustered by tolerating a maximum of two mismatches. For each
cluster (representing a RAD locus), the consensus sequence was derived, and the
unique consensus sequences were concatenated to form a 3.79 Mb pseudo-reference
genome. These steps were carried out using Stacks v0.9996 [S39]. Next, data from
each of the 35 individuals were aligned against the pseudo-reference genome using
Novoalign v2.08.03 (http://www.novocraft.com), tolerating approximately six high-
quality mismatches (-t ‘flag’ = 180). We enforced unique alignment, thereby avoiding
that distinct loci in the pseudo-genome actually derived from the same locus in the
true genome because of substantial polymorphisms. The alignments were then
converted to bam format using Samtools v0.1.18 [S40]. Next, each RAD locus was
genotyped at the whole-haplotype level. We here called a homozygous genotype
when the dominant haplotype occurred in at least 18 copies and the second most
frequent haplotype occurred less than six times. A heterozygote was called when the



two most frequent haplotypes occurred in at least 18 copies each. A locus not
matching these criteria received a haploid genotype based on the dominant haplotype
if that haplotype occurred in at least six copies, or were scored as missing data
otherwise. As genotyping used fixed coverage thresholds, loci with excessive read
coverage were down-sampled at random to 70x before genotyping (average read
coverage per individual and RAD locus was 114.2, sd = 59.8). Finally, we combined
the consensus sequences of all individuals to screen each RAD locus for SNPs. To
exclude polymorphisms with low information content and technical artifacts [S41],
SNPs displaying a minor allele frequency of 0.06 or lower were excluded from the
data set. The resulting SNP panel for analysis included 34,267 SNPs. Genotyping and
SNP calling was carried out using the R language [S42], benefiting from the
bioconductor packages Biostrings and Rsamtools.

Population genetic and phylogenetic analyses

Prior to the analyses of genetic differentiation we eliminated SNPs with insufficient
representation across individuals (threshold: 15 nucleotide calls from each
population). The SNPs were used to calculate the haplotype-based fixation index
(Fst) [see S38] between the two samples. We then used Structure 2.3.4 [S43] to
determine the number of genetic clusters (K) in our dataset and to estimate, for each
individual, the assignment probability to these clusters. First, structure was run for
100,000 generations, with a burnin of 10,000 generation, and applying the admixture
model for K =1 to K =5 and three independent replicates for each K. Using Structure
Harvester [S44], we found that the most likely number of K was 2. We then repeated
the Structure analysis for K = 2, running it for 500,000 generations (Figure 1C) and
applying a burnin of 50,000. PAUP* [S45] was used to perform a phylogenetic
analysis with the SNP dataset under maximum parsimony applying a heuristic search
(stepwise addition and TBR branch swapping and allowing polymorphisms).
Confidence assessment was performed with a bootstrap analysis and 1000 replicates.
The resulting tree (Figure 1D) had a length of 22,632 steps. We also performed a
neighbor-joining tree search (not shown), which produced a highly similar topology.

Screening fixed polymorphisms for candidate genes

For the 166 SNPs fixed for different alleles (Fst= 1) between the samples, a
homology search was first completed by performing a BLAST [S46] search on the
NCBI public database. BLAST hits were then mapped to annotated genes in the
Ensembl database [S47] making use of the recently released genome of the sea
lamprey (Petromyzon marinus) [S48]. The hits were then confirmed by a reciprocal
BLAST search, i.e., blasting the respective sea lamprey contig against all RAD tags.
In total, we could link twelve RAD loci to annotated genes (Table S1). We found
fixed differences in vasotocin, which is involved in many aspects of fish physiology
and behavior, including circadian and seasonal biology, metabolism, reproduction and
osmoregulation [S5-S8]; in the gonadotropin-releasing hormone 2 (GnRH?2), a key
gene in gonadal development and differentiation, and regulation of the reproductive
and migratory behavior, by controlling secretion of pituitary hormones [S8-S11]; in



the non-visual pineal gland-specific opsin gene (P opsin), which is key in
photoreception in lamprey larvae, controlling the changes in body coloration and
metamorphosis, and in adults through control of sexual maturation [S12-S17]. We
found four genes implicated with immune functions: a mannose-binding lectin-
associated serine protease (MASP), the ikaros factor-like 2 gene (IKFL2), variable
lymphocyte receptor (VLR), and the protein tyrosine phosphatase receptor type C
(PTPRC or CD45) [see S18-S27]. We also found hits with three homeobox genes
(HoxW10a, Hox7, Emx), which are known to be involved in the specification and
patterning of different regions along the body axes [S28-S31]. In particular, Emx is
known to play a major role in forebrain development. Hits were also found with the
voltage-gated sodium channel gene, known to play an essential role in physiology
through the initiation and propagation of action potentials in neurons and other
electrically excitable cells such as myocytes and endocrine cells [S32, S33], and
finally, in the protein tyrosine phosphatase receptor type A precursor (PTPRA). The
protein encoded by PTPRA is a member of the protein tyrosine phosphatase (PTPase)
family. PTPases are involved in a variety of cellular processes including cell
activation, growth and differentiation, mitotic cycle, and oncogenic transformation
[SS5, S34].

Genomic screen for large sex-specific regions

We here used a subsample of five females and seven males from the resident species
L. planeri. This included all lamprey individuals for which sex was known (note that
L. fluviatilis were sampled as migrating juveniles, precluding the phenotypic
identification of sex). The full alignments of these 12 individuals were used to screen
visually for the presence of a major sex-linked genomic region (Figure S1). For this,
the total number of reads was counted separately across all males and all females at
each of the 38,308 total RAD loci. For each locus, the total female count was then
plotted against the total male count. The rationale was that RAD loci in sex-specific
regions should exhibit systematic read coverage bias between males and females
relative to loci in autosomal regions, because of differential alignment success to the
reference sequence [for details see S1]. This approach should thus allow detecting at
least large-scale differentiation between males and females visually. For comparison,
we performed an analogous investigation with exactly the same sample size using
RAD data from threespine stickleback [S1], a species with a major XY chromosomal
system [S48].
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