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Abstract

A salmon louse (Lepeophtheirus salmonis salmonis) genetic linkage map was constructed to serve as a genomic resource
for future investigations into the biology of this important marine parasitic copepod species, and to provide insights into the
inheritance patterns of genetic markers in this species. SNP genotyping of 8 families confirmed the presence of 15 linkage
groups based upon the assignment of 93,773 markers. Progeny sample size weight adjusted map sizes in males (with the
exception of SL.12 and SL15) ranged in size from 96.50 cM (SL11) to 134.61 cM (SL06), and total combined map steps or
bins ranged from 143 (SL09) to 203 (SL13). The SL12 male map was the smallest linkage group with a weight-averaged size
of 3.05 cM with 6 recombination bins. Male:female specific recombination rate differences are 10.49:1 and represent one of
the largest reported sex-specific differences for any animal species. Recombination ratio differences (M:F) ranged from 1.0
(SL12) to 29:1 (SL15). The number of markers exhibiting normal Mendelian segregation within the sex linkage group SL15
was extremely low (N=_80) in comparison to other linkage groups genotyped [range: 1459 (SL12)—10206 markers (SLO5)].
Re-evaluation of Mendelian inheritance patterns of markers unassigned to any mapping parent according to hemizygous
segregation patterns (models presented) identified matches for many of these markers to hemizygous patterns. The greatest
proportion of these markers assigned to SL15 (N increased to 574). Inclusion of the hemizygous markers revised SL15 sex-
specific recombination rate differences to 28:1. Recombination hot- and coldspots were identified across all linkage groups
with all linkage groups possessing multiple peaks. Nine of 13 linkage groups evaluated possessed adjacent domains with
hot-coldspot transitional zones. The most common pattern was for one end of the linkage to show elevated recombination in
addition to internal regions. For SLO1 and SL0O6, however, a terminal region with high recombination was not evident while
a central domain possessing extremely high-recombination levels was present. High levels of recombination were weakly
coupled to higher levels of SNP variation within domains, but this association was very strong for the central domains of
SLO1 and SLO6. From the pooled paternal half-sib lots (several virgin females placed with 1 male), only 1 or two surviving
family lots were obtained. Surviving families possessed parents where both the male and female possessed either inherently
low or high recombination rates. This study provides insight into the organization of the sea louse genome, and describes
large differences in recombination rate that exist among individuals of the same sex, and between the sexes. These differ-
ences in recombination rate may be coupled to the capabilities of this species to adapt to environmental and pharmaceutical
treatments, given that family survivorship appears to be enhanced when parents have similar recombination levels.

Keywords Recombination hotspot - Recombination bins - Sex-specific differences - Hemizygous inheritance - Segregation
distortion
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of particular concern to the Atlantic salmon (Salmo salar)
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salmon cost the industry millions of dollars of lost revenue
annually (Costello 2009). Because of the economic impor-
tance of this parasite, there is considerable interest in devel-
oping genomic resources to better understand the biology of
this species. This includes understanding the physiological
processes and genes involved in conferring adaptive resist-
ance to therapeutics used to kill the species and span to
understanding the genes involved in regulating behaviours
such as mate choice and host selection. A fundamental step
in this process is the construction of a high-density genetic
marker map that can be used to track allelic variants of genes
which may be involved in sea louse adaptation and selection.
Multiple sea louse families were also used, which facilitated
an investigation into the nature of differences in recombina-
tion rates between the sexes in this species, as well as exam-
ining differences in recombination rates among individuals
within the same sex.

Due to the concentrated nature of net pen reared Atlantic
salmon, infestations of sea lice can multiply and spread rap-
idly within a single net pen in a very short period of time.
Adult females can typically survive for several months and
produce on average 10 or more egg strings during that time
period. Although egg numbers depend upon environmental
conditions and female age, hundreds of eggs are typically
produced in an egg string, and maturity may be reached in
3 weeks to 2.5 months depending upon temperature and
salinity (Boxaspen 2006; Mustafa et al. 2001; Pike and
Wadsworth 2000). Upon hatch, sea lice undergo two moults
through planktonic stages before they reach their first para-
sitic infectious levels during the copepodid stages of their
life cycle.

Currently, one of the most widespread means of control-
ling sea lice prevalence is through the use of pharmaceuti-
cals in treatment baths or administered in feed. Compounds
such as pyrethroids that include cypermethrin (Besnier et al.
2014; Poley et al. 2016a), organophosphates such as azame-
thiphos, or avermectins such as emamectin benzoate (Skil-
brei et al. 2015) have been shown to effectively treat sea lice
infestations. However, all of the therapeutics used to combat
salmon louse parasitism are known to show declining effi-
cacy with continued use (Aaen et al. 2015) as the population
undergoes selective resistance to treatment. Therefore, to
fully understand the physiological responses of sea louse
resistance to therapeutics it is essential to gain an under-
standing of the sea louse genome.

Genomic resources developed for copepod species and
knowledge of the genetic variability present in natural
populations of copepods worldwide is limited. One of
the most extensively studied copepods in this regard are
harpacticoid copepods of the genus Tigriopus for which
there are genomic sequencing builds available as well
as knowledge of their population genetic structures and
hybrid compatibilities among differentiated populations
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(Kang et al. 2016, 2017; Li 2018; Harrison and Edmands
2006; Pritchard et al. 2011; Willett et al. 2016). The
marine copepod Tigriopus californicus also represents the
first copepod species for which a genetic linkage map has
been constructed (Foley et al. 2011; Pritchard et al. 2011).
Due to the economic importance of sea lice considerable
genetic resources for this species have also been developed
(Yasuike et al. 2012; Salmon louse project; Salmon louse
genome).

Copepods appear to have relatively low numbers of chro-
mosomes as diploid numbers in the range of 10-24 chromo-
somes have been reported for cyclopoid copepods, but up to
a 2n =34 karyotype has been reported in a calanoid copepod
species (Yang et al. 2008). Tigriopus californicus has a dip-
loid chromosome of 2n =24 suggesting similarity between
harpacticoid and cyclopoid copepods. An initial linkage map
compiled for the salmon louse indicates that this species has
15 linkage groups (2n=30) (Besnier et al. 2014) suggest-
ing that this ectoparasitic group (Siphonostomatoida) may
have a broader range of diploid chromosome numbers simi-
lar to the calanoid copepods. However, a recent phylogeny
of copepods based upon 24 nuclear protein-coding genes
suggests that calanoid copepods are more distantly related
to harpacticoid, cyclopoid and siphonostomatoida copep-
ods, with cyclopoids and siphonostomatoids being the most
closely related (Eyun 2017). The current paper describes a
detailed genetic map for L. salmonis which supports the pre-
viously described genetic map for the species (n=15 link-
age groups) and provides a basis for more detailed genomic
resource comparisons among the copepod groups. The map
will also increase our knowledge of how genomic rearrange-
ments and diversity within this species are coupled to vary-
ing degrees of adaptive resistance to therapeutics.

Materials and methods
Genotyping

A custom SNP genotyping array containing 201,279 assays
for L. salmonis was developed for use on the Affymetrix
Axiom platform. Purified DNA extracted from 1629 individ-
uals was quantified, normalized and genotyped according to
the manufacturer’s protocol. Individual sample performance
was assessed using the Affymetrix Best Practice workflow,
which lead to the exclusion of 42 samples, leaving 1587.
Each SNP assay was subsequently classified into one of six
categories reflecting assay performance; only the genotypes
from “PolyHighResolution” SNP assays were used for map-
ping (n=101,622 SNPs). Information on the polymorphic
SNP markers scored in this study can be found in Supple-
mentary File 2 of Messmer et al. (2018).
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Crosses

For the production of families, several 10 gallon aquaria
were established and seeded using a single adult male
and up to 10 virgin females. Lice were originally sourced
from Bay Management Areas 1, 2A and 2B from the Bay
of Fundy, Canada. Females were first harvested from the
previous generation wherein a single female carrying an
egg mass was sequestered to a single aquarium. Copepo-
dids developing from these egg masses were sexed and the
female progeny were placed into separate aquaria before
coming in contact with any mature males. Up to 10 unre-
lated females were then placed into the mating aquarium
with the male, and resulting copepodids produced from
these half-sib crosses were harvested and had their DNA
extracted for genotyping. Progeny were assigned to their
respective female parent following a pedigree analysis
with the software program PROBMAX (Danzmann 1997)
using the first 400 SNP markers in the array.

Error filtering

Prior to map construction, genotypes were filtered for
errors in genotyping calls and reconstruction of missing
parental genotypes dependent upon whether the progeny
SNP genotypes conformed to Mendelian expectations for
aa X ab or ab X aa cross structures. Data were initially
arrayed in a 2 allele column format for each locus, where
rows represented the parents followed by the individual
progeny assigned to each half-sib family. Crosses of type
ab X ab were removed from the analysis since 50% of the
progeny genotypes resulting from such crosses (i.e., ab
genotypes) cannot be unambiguously assigned a correct
parental phase in all instances. Markers were also removed
in cases where an unexpected genotype was detected in
the progeny. For example, if bb genotypes were observed
in 5% or more of the progeny when the parental geno-
types were only aa X ab. In instances where bb genotypes
accounted for less than 5% of the genotypes, they were
recoded as missing under the assumption that they were
due to genotyping errors. Genotypes that were also com-
pletely missing in the progeny, based upon parental geno-
types were removed from the analysis. Several programs
within the LINKMFEX compendium of programs (Danz-
mann 2018) were used to initially filter the data according
to the criteria just outlined, and the subsequent remaining
SNP markers were converted to OneMap genotype for-
mat (Margarido et al. 2007). Further filtering at this stage
was performed to exclude markers that deviated greatly
from Mendelian expectations (P <0.01) using the pro-
gram OneMap_Segregation_Distortion_Check (Danzmann
2018).

Map construction (single family)

Initial map orders were established using the record algo-
rithm (van Os et al. 2005) within the OneMap (Margarido
et al. 2007) software program. These orders were based
solely upon markers that produced zero recombination clus-
ters or ZRC (=2 or more markers sharing identical geno-
types across all the mapping progeny within a family). Prior
to identifying ZRC within each linage group, the markers
were first sorted into sex-specific separate linkage group
genotype files at a LOD (Logarithm of Odds) =5 threshold
using Lep-MAP (Rastas et al. 2013) due to the increased
computational speed obtained with this program when sort-
ing large genotype files. Pairwise recombination distances
were generated between all markers within the linkage
group, and ZRC clusters were generated using the follow-
ing command in OneMap:

twopts < — rf.2pts (‘inputfile’, LOD = 5, max.rf = 0.0001).

Only markers without missing genotypes were included
in the first phase of map construction. Singleton markers
were identified as all unlinked markers following this initial
round of marker clustering. Singletons and markers with
missing genotypes were excluded from the first round of
map order construction. Reliance on ZRC for initial map
construction is due to the fact that ZRC are unlikely to rep-
resent genotyping errors as they represent identical phase
genotype positions among multiple markers.

To establish map orders 500 iterations of the ZRC marker
clusters were evaluated for consensus in the uniformity of
marker position orderings. This was done using only a single
reference marker for each ZRC given that all other markers
within the cluster had identical genotypes. This approach
greatly reduces computational time in map ordering. If a
consensus order was not obtained following the initial order-
ings than a further 500-1000 iterations were performed until
a majority-rule consensus order was achieved. Majority-rule
ZRC map orders were established separately for each fam-
ily and parent resulting in the production of 16 L. salmonis
salmonis genetic maps. Since recombination distances
were found to differ greatly between males and females
(see "Results"), only sex-specific linkage maps were finally
produced.

Singleton markers and markers with missing genotypes
were added to the male-specific maps during a second round
of map building. All markers genotyped had greater than
90% complete genotypic vectors across all the progeny
within a family and hence all markers with missing geno-
types were evaluated. In many instances, multiple single-
ton and missing genotype markers were placed between
two ZRC clusters, but their linear map order could not be
unambiguously determined as the markers all differed by 1
recombination step from one another. Their linear placement
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would generate multiple adjacent double crossover steps and
they were, therefore, considered to arise from genotyping
errors. Such assemblages were all assigned an identical map
position and placed within a single map step bin. Placement
of singleton and missing marker genotypes into the exist-
ing framework ZRC map was performed using the program
Min_Rec_Link_Assign (Danzmann 2018). This program
places a query marker into an interval between two ZRC
positions based upon the minimum recombination distances
detected between the query marker and all interval group-
ings. In instances where a query marker was equally likely
to be placed into the upstream versus the downstream inter-
val surrounding a ZRC, the query marker was retained, but
assigned the map step position of the ZRC. These markers
were considered to arise from genotyping errors.

Markers with missing genotypes may also occasionally
join two adjacent ZRC positions if a missing genotype call
occurs in a progeny where a phase shift crossover occurred
between the upstream and downstream ZRC locations. The
missing marker would, therefore, join both the upstream and
downstream ZRC with zero recombination. OneMap order-
ing recognizes such inconsistencies and places the marker
with missing genotypes into the ZRC with the highest num-
ber of markers. This is considered to be a potentially errone-
ous placement and all such missing markers were detected
using the program Marker_List_Link (Danzmann 2018) and
removed from the analysis.

Map construction (multiple families)

Maps were constructed and are depicted in two ways in this
study. The first method regards recombination crossover
points in the map ordering as analogous to map steps or
map bins. Hence each ZRC position in an initial map order
would be considered a sequential map step for that parent.
Additional map steps, as mentioned above, were added in a
second round of map ordering wherein singletons and miss-
ing genotype markers were added to the framework ZRC
map within each linkage group. In addition, there were a
few intervals established that contained multiple singleton
markers or even new ZRC composed of two or more miss-
ing marker genotypes and singletons, but whose relative
ordering could not be resolved. All these ambiguous marker
groupings were arbitrarily assigned the same map step num-
ber at that position. Once the initial map placements were
completed all map positions were renumbered sequentially
from head—tail within each linkage group. Assessment of
the overlaps among all recombination bins among parents
was performed using the program Recom_Block_Map_Ord
(Danzmann 2018). This program uses a single source parent
in turn as a reference parent and depicts the exact overlaps in
the recombination bins detected in the comparison parents
to those present in the reference parent.

@ Springer

To portray linkage maps in a more conventional manner,
a single parent was chosen for each linkage group that best
represented the map ordering for that linkage group. This
choice was based upon four criteria. The map for the par-
ent should (i) represent the maximum number, or close to
the maximum number of map steps detected for that link-
age group; (ii) should possess a large number of progeny
genotyped; (iii) should possess a high number of markers
genotyped; and (iv) should also possess inter-individual vali-
dation. What is meant by this latter term is that map orders
depicted in the chosen parent should reflect inter-individual
consistency in ordering among the largest subset of parents.
The male siring families 4a and 4b was excluded from this
grouping even though the map steps produced from this indi-
vidual produced some of the largest maps. The reason for
this is that several inconsistencies in map step orders were
observed between this male and other male parents, and in
the case of linkage group 4, several central small ZRC within
family 4a were reassigned to adjoining ZRC as they could
not be reliably ordered. Therefore, this individual did not
possess inter-individual validity.

An initial ordering of assembled map for all parents was
made using Combination_Map (Danzmann 2018) which
uses 3 other programs in the LINKMFEX compendium to
prepare the data. The advantage of using a standard refer-
ence map is that newly genotyped parents that are added to
the study can be updated easily into the reference frame-
work. The map represents a true portrayal of exact recom-
bination breakpoints in the map for the species, and this is
benchmarked against an individual that usually displays the
most reliable and maximum map step order for the species.
It also highlights regions where an exact cM position cannot
be assigned to a marker in relation to the reference map due
to the fact that all markers in overlapping recombination
bins among parents are not shared and, therefore, their exact
cM location cannot be ascertained. Since Combination_Map
only depicts a single crossover region for all markers falling
within any given map step with the reference parent, the
dataset was further explored using the Combination_Map_
Ref_Nodes_Adjust (Danzmann 2018) program. This pro-
gram delineates the ordering of markers from all the crosso-
ver bins of comparison parents that share markers with the
reference parent and that overlap the reference parent map
step. The output results from both preceding programs was
combined using the program Combination_Map_Integrate
(Danzmann 2018) which lists all the sequential crossover
regions of comparison parents in relation to the reference
parent and assigns each position a sequential map step or bin
number, in addition to depicting a cM distance.

To produce a final estimate of the map lengths (cM dis-
tances) for each sex, the map lengths of all individual parents
were weighted by the sample sizes of progeny genotyped
within each family used to produce the map. Thus, the



Molecular Genetics and Genomics (2019) 294:343-363

347

reference map positions shown for each linkage map may
in some instances be larger or smaller than the best estimate
for the map length of that linkage group. An estimate of the
species-adjusted length for each linkage group position can
be obtained by

pos X (avglng/obslng),

where pos=the cM position shown in the reference map;
avglng =the estimate for averaged map length across all par-
ents; obslng =map length observed for the reference parent.

Sex-specific recombination ratios

Adjusted map lengths for each linkage group (described
above) were used to obtain a recombination ratio given as
large map length/small map length. Since the heteroga-
metic sex generally produces smaller map lengths (Trivers
1988), the sex producing the majority of smaller map lengths
was used as the denominator sex throughout. To obtain an
estimate of the species-specific recombination rates, the
recombination ratios obtained for each linkage group were
weighted by the total number of markers used within each
sex to produce the map lengths.

Segregation distortion

All polymorphic markers genotyped in the study and which
were not excluded because they were derived from an abx ab
cross type, were assessed for deviations from 1:1 Mendelian
segregation using the program OneMap_Segregation_Dis-
tortion_Check (Danzmann 2018). This program uses a G test
with 1 df to detect markers exhibiting distortion. Markers
with a P <0.01 following the test were excluded from the
analysis. Tests results are reported separately for both male
and female-derived markers.

Assessment of crossover distributions

To evaluate the number of crossover steps occurring
throughout the length of a given linkage group, the refer-
ence map steps within each composite map were divided
into intervals of three consecutive reference map steps. Each
of these regions was defined as a domain. If an additional
map step was present it was added to the terminal grouping,
but if two additional steps were present they were used to
represent a new interval. To evaluate the total number of
crossovers occurring within these intervals or domains, the
results matrix produced by the Recom_Block_Map_Ord pro-
gram was queried using the reference parent alignments with
the program Recom_Domain_X-over_Counts (Danzmann
2018) which counts the total number of crossovers recorded

within a domain among all mapping parents according to
the formula:

s

1
0] 1
ZN +7+§.

s=1

where counts within each interval or domain are recorded as
the summation over all map steps (s) among all (¢) possible
map steps among mapping parents, where map steps are
completely contained within the domain (V) span, or overlap
(O) either the upstream or downstream domain, or bridge
an interval (/) between two domains where no overlapping
map step assignment is recorded. In the latter two instances
a complete map step is shared between the adjacent domains.
Counts were obtained independently for each domain evalu-
ated according to the reference map.

Recombination hotspots and coldspots were defined
as domains possessing counts that were higher or lower,
respectively, than 95% confidence interval of the median.
The 95% CI was calculated using the AsBio program in R
(Aho 2014). Averages of counts across all domains were
then obtained, and any domains exceeding 2, as well as
1.9 standard deviations of the count mean were consid-
ered ‘very high’ recombination ‘hotspots’. Since the cur-
rent linkage map has not been arrayed against the genomic
builds for the species it was not possible to assess cM/Mb
intervals and thus obtain estimates of genome-wide aver-
ages. Such averages can then be used to identify regions
that may exceed the average recombination levels by 10 X
or more which is the classical definition of a recombina-
tion hotspot. Nonetheless, this larger scale overview of
recombination counts over all mapping parents used to
construct linkage maps can still have merit and identify
broader regions of high versus low recombination activ-
ity. Relative levels within each domain were depicted in
plots of the X-over counts along each domain relative to
the median crossover count level.

Results
Crosses

Interestingly, very few, or no progeny were detected
among most of the potential half-sib crosses. Only 6 out
of the 10 experimental tanks produced enough progeny
within any given half-sib family to warrant further study.
Eight experimental families were obtained with sample
sizes of N> 20 for genetic mapping. In two lots (3 and
4) two paternal half-sib families were identified. Family
progeny sizes were as follows: Family 3a=44; 3b=38;
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4a=36; 4b=33; 5a=49; 6 =24; 7=31; 9=41, yielding
296 progeny and 14 parents in total for analysis.

Linkage maps

Of the 101,622 markers that provided genotyping informa-
tion, a total of 93,773 markers were assigned to 15 linkage
groups in sea lice (Table 1), which corresponds to previously
reported linkage group numbers for the species (Besnier
et al. 2014). Linkage groups were named in a similar fash-
ion to Besnier et al. (2014) using overlapping subsets of SNP
markers. SLOS had the highest number of markers assigned
(10,206), while SL15 had the lowest number (7= 80). Total
unique marker numbers assigned across both male and
female parents were as follows: SLO1=8859; SL02=6863;
SL03 =8254; SL04=8410; SL05=10,206; SL06 =8939;
SLO7=6764; S08=6366; SL09=5143; SL10=4058;
SL11=3711; SL12=1459; SL13=7593, SL14=7109; and
SL15=80. Total number counts in these listings exceed the
number indicated in Table 1 due to the fact that 39 mark-
ers had assignments to 2 linkage groups, while one marker
(#39234) was assigned to 3 linkage groups (Online Resource
1). Interestingly, a marker from SL.13 was involved in 56.4%
of the two linkage group pairing assignments. All the SL.13
assignments only occurred in the female parent, whereas

the same marker assigned to pairs of male linkage groups
involved 11 different linkage groups.

A large number of markers (8953) were observed to have
apparent genotyping errors in at least 1 of the 14 parents
surveyed. These errors ranged from the detection of addi-
tional Non-Mendelian genotypes in the progeny that were
unexpected according to the parental genotypes, as well as
the complete lack of certain genotypic classes in the prog-
eny according to the parental genotypes. For most markers,
normal Mendelian expectations were observed across the
majority of the parents genotyped. However, 1316 markers
remained that could not be assigned due to the genotype
discrepancies.

Map lengths were much greater in the male parents
compared to females and ranged from 3.05 cM (SL12) to
134.61 cM (SLO6) in males, and from 3.04 ¢cM (SL12) to
15.93 cM (SLO05) in females (Fig. 1). The male linkage maps
and map steps (bins) assigned to the composite linkage maps
are provided in Online Resource 2. The individual marker
overlap map steps used to construct these maps are pro-
vided in Online Resource 3, which shows all the individual
map step locations within each male linkage map arrayed
in a similar ‘head—tail’ orientation across all markers. The
number of composite recombination bins detected within
the different male linkage groups ranged from 6 (SL12)

Table 1 Number of polymorphic markers used in map constructed genotyped in each male (S_) or female (D_) mapping parent

Mapping parent Linkage group

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
S3a 1439 1428 1606 1707 2187 1798 1469 1318 983 800 748 90 1752 1390 24
S3b 1381 1354 1634 1682 2450 1787 1483 1313 993 790 761 68 1641 1394 11
S4a 1720 1421 1639 1764 1797 1796 1316 1332 1028 759 704 390 1567 1572 6
S4b 1930 1503 1681 1806 1641 1797 1328 1182 1088 828 713 394 1492 1409 7
S5a 1897 1452 1590 1718 2590 1794 1283 1315 1038 823 814 111 1555 1410 9
S6 1641 1287 1534 1732 1711 1727 1384 1186 1049 778 789 103 1509 1388 7
S7 1762 1429 1755 1747 2191 1814 1369 1280 1140 856 716 634 1595 1389 7
S9 1445 1403 1792 1801 1959 1764 1375 1173 1063 804 732 593 1429 1422 4
Total-males® 6638 5385 6386 6616 7878 6993 5293 4910 3998 3189 2898 1241 5968 5488 46
D3a 2273 1358 1706 1665 1926 1836 1324 1297 1088 784 761 226 1347 1402 9
D3b 2095 1378 1788 1788 1971 1645 1336 1240 1014 888 711 682 1483 1489 5
D4a 1777 1357 1776 1748 2441 1827 1421 1312 1061 824 780 311 1482 1363 8
D4b 2003 1408 1744 1645 2313 1798 1322 1374 984 870 731 314 1543 1475 7
D5a 1802 1346 1598 1687 1937 1798 1285 1183 1036 796 801 84 1447 1398 5
D6 1686 1433 1701 1605 2538 1591 1426 1316 982 887 717 162 1558 1591 14
D7 1404 1338 1774 1596 1962 1774 1465 1253 1078 799 810 189 1410 1544 17
D9 2112 1316 1626 1653 1991 1849 1465 1287 1011 820 797 392 1538 1473 7
Total-females® 7535 5556 6830 6864 8698 7330 5586 5284 4231 3389 3099 1161 6125 5948 46
Total: all males 72,920
Total: all females 77,657
Total: all parents 93,773

*Unique markers genotyped in each linkage group
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Fig. 1 Average sizes (weight
adjusted by family sample size)
of male (M) and female (F)
linkage groups —~ 100
3
Q sex
@ 3
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5
[
2

Fig.2 Integrated number of
recombination bins or map
steps among 14 male linkage 265
groups. Total number of map 150-
steps among all maps shown at
the top of each histogram bar.
Markers assigned to male and
female recombination bins are
listed in Online Resource 2 and
Online Resource 4, respectively
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to 203 (SL13) (Fig. 2). Marker assignments to individual
female linkage map ZRC are provided in Online Resource
4, and overlap matrices for these assignments can be found
in Online Resource 5. Generally, it was not possible to accu-
rately array female ZRC within linkage groups due to the
extreme lack of recombination observed in females. Gener-
ally, only one large ZRC was detected within each linkage
group that contained several hundred markers (Table 2), with
additional smaller ZRC within the linkage group only differ-
ing by one recombination step from the main cluster. Given
that these smaller ZRC and singletons could all equally
be arrayed in a unit step ordering in either an upstream or
downstream direction, it was essentially impossible to obtain
a supported consensus ordering for these markers. An exam-
ple of this is shown in Fig. 3, which depicts the phase map
for SLO5. The main ZRC contains 1865 markers, but the
additional 5 marker positions all differ by the same recombi-
nation distance. Their ordering is thus ambiguous. Given the
general lack of consensus in female ZRC ordering across the
different female maps, the ZRC clusters numbered in Sup-
plementary File 5 are not ordered in a uniform ‘head-tail’
orientation.

The greater number of recombination steps detected in
the male maps facilitated a more in-depth analysis of the

5 6 7 8 9 10 11 13

Linkage Group (LG)

recombination bin overlaps among males. The different
map-specific recombination steps identified in each male
facilitated the assessment of comparison recombination
map steps that were present in each comparison male,
and that were either completely aligned to a source parent
map bin, or spanned either upstream or downstream, or
both upstream and downstream recombination positions
within the reference parent. The matrix showing all pair-
wise comparisons or map steps among all the mapping
parents is provided in Online Resource 6.

Collinearity of markers between established male and
female map orders was very poor and is not shown. In
summary, many adjacent ZRC within the female maps
were interspersed throughout several male ZRC along the
length of the linkage group. Ordering within male maps
(with the exception of S4) was quite robust; however, (see
Online Resource 6) suggesting problems with the lack
of recombination in female genomes confounds the map
arrangements in this sex. Genotyping errors may also have
contributed to these errors as several of the female ZRC
were only composed of 2 markers. Therefore, it is possible
that several of these smaller female ZRC are erroneous
assemblies, which would suggest that female map lengths
may be even smaller than depicted.
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Recombination ratios

Males had substantially greater map lengths than did females
(Fig. 4), with some of the smallest linkage groups (SLO09,
SL10, and SL11) possessing some of the largest differences.
In contrast, however, the smallest linkage group (SL12) had
the most uniform recombination ratios between the sexes
based upon the ordering of the ZRC. Sample size weight
adjusted values used to determine linkage group sizes indi-
cate a species-specific difference in male:female map lengths
of 10.49:1 which is one of the largest values reported for any
given animal species.

Segregation distortion

It was expected that fairly uniform levels of markers exhib-
iting segregation distortion (SD) would be detected among
linkage groups with SD numbers proportional to the num-
ber of SNPs genotyped per linkage group. While generally
true for most linkage groups, there were notable exceptions.
One female linkage group (SL04) and four male linkage
groups (SL04, SLO6, SLO7, and SL.11) had very high levels
(Table 3). The distribution of markers exhibiting distortion
was also not uniform among mapping parents, with both
parents from family 5a possessing relatively high levels of
distortion, along with the sire from family 9 (Table 4).

To determine if the markers with high segregation dis-
tortion were aligned to specific chromosomal regions, the
proportion of markers with distortion (P <0.01) within each
recombination bin in the male map builds were assessed.
Since not all female markers were genotyped in the male
parents, the number overlapping each bin position was first
corrected for only female-specific markers. The female
markers with SD were observed to be relatively uniformly
distributed throughout the length of SL04 (Fig. 5). Markers
aligning to bins shown in red or blue, need to be interpreted
with caution, however, as each of these bins would have
contained only 6 or fewer total markers within adjacent node
intervals, or directly within nodes, respectively. Alignments
of the SD markers from the 3 male linkage groups with the
highest levels of SD presented a different finding. Here,
markers with SD were clustered within a restricted region of
the linkage group. In each linkage group, one major cluster
was observed. For SLO6, the cluster spanning bins 59-99
also overlapped the domain containing a large recombination
hotspot in this linkage group (see below).

Crossover counts

All of the linkage groups examined had regions character-
ized as hot- and coldspots of recombination (exceeding the
95% CI). The average number of recombination hotspots
across 13 linkage groups was 2.23 out of an average 13.3

domains surveyed per linkage group, or roughly ~1/5 of
all recombination domains may have elevated levels. The
average number of coldspots detected was 1.92. The most
variable in this regard were SLO1 and SLO6, each possess-
ing 3 hot- and coldspot regions. Five of the 13 male link-
age groups (excluding SL12 and SL15) that were analyzed
for recombination differences along their length possessed
a single domain with very high levels of recombination (>2
std. dev) and included SLO1, SLO5, SL06, SL08, and SL.10.
In addition, two linkage groups (SL09, S14) contained a
domain with high crossover rates (> 1.9 std. dev.), while
SL04 contained two such domains (Online Resource 7).

Discussion
Sex-specific markers and meiosis

Extremely large male:female recombination rates were
observed among all the linkage groups with the exception
of SL12, making this one of the largest differences in sex-
specific recombination rate reported for any animal species.
The sex linkage group (SL15) was not included in the main
analysis due to lack of markers genotyped in both sexes
(N =80). However, the data indicate that overall SL15 may
have the highest sex-specific differences in recombination
rate (29.2:1). Among all the other linkage groups the average
male:female ratios were 10.49:1.

SL15 was also identified as the sex linkage group. A SNP
marker localized to scaffold LSalAtl2s6658 associated with
SNP AX-98427605 (#43100) has been identified as being
close to the sex-specific marker in the salmon louse (Mess-
mer et al. 2018), but differs from the exact SNP location of
the RAD-seq sex marker Lsal01901 identified by Carmi-
chael et al. (2013). This SNP which overlaps the prohibi-
tin-2 gene is associated with segregation polymorphisms
in the female parent indicating that sea lice have a ZW
sex-determining system (Carmichael et al. 2013). Marker
43100 displayed unusual progeny genotype patterns that did
not match Mendelian expectations across most of the fami-
lies surveyed, with the exception of Dame 7, where it was
observed that the marker localized to SL15. Dame 6 was
also heterozygous at marker 43100 and expected genotypic
patterns were observed in the progeny, but the marker was
removed from the analysis due to segregation distortion.
All males at marker 43100 were T/T homozygotes, whereas
females were either G/G homozygotes or G/T heterozygotes.
Marker 28506, along with marker 43100 were located within
scaffold LSalAtl2s6658 and marker 28506 was localized to
53.35 cM on the composite male sire 5a SL15 map (over-
all composite map length=106.61 cM Online Resources 2,
8). The weight adjusted map position would be 63.23 cM
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Fig.3 Linkage phase map for SLO5 in Dame 5a. The two ZRC for
this map are indicated as C1 and C2 with C1 possessing 1865 mark-
ers. The phase alignments of 4 additional singleton markers are

Fig.4 Male versus female
(M:F) recombination ratios
across 14 salmon louse linkage
groups (excluding the sex link-
age group SL15). M:F ratio in
SL15 was 28:1 when hemizy-
gous markers were added (see
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shown below. C2 and all singleton markers differ by 1 recombination
step (red arrows) from the main central C1 ZRC. (Color figure online)

text for explanation)

Male: Female recombination ratio

0 -
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Linkage Group (LG)

Tab!e.3. Distributign of .markfers Sex Sea lice linkage groups Unk

exhibiting segregation distortion

across all linkage groups 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
Female 43 47 34 1714 53 61 42 39 23 17 23 5 79 47 3 48
Male 50 22 85 142 20 648 231 24 48 8 208 15 24 41 15 62

Table 4 Di.sFribut.ion of markers Parent Family

across families with detected

segregation distortion 3a 3b 4a 4b Sa 6 7 9
Female marker P<0.01 7 15 6 3 1667 46 3 5
Female marker P <0.001 29 67 87 26 36 180 36 36
Male marker P<0.01 6 159 21 7 252 137 98 682
Male marker P <0.001 17 69 23 23 14 51 35 73

given that the overall map length among all male parents
was 126.36 cM for SL15. One additional marker (49103)
could have localized to this scaffold as well, but this marker
although showing variation in all the mapping families was
excluded from analysis as the progeny genotypes did not

@ Springer

conform to Mendelian expectations. Given the large num-
ber of markers (1316) that showed unexpected genotypes
in one or more of the mapping panels, and that were not
observed to conform to Mendelian expectations in any of
these families, we examined the possibility that some of
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Fig.5 Regions of extreme segregation distortion in female linkage
group SLO4, and male linkage groups SL06, 07, and 11. Recombi-
nation bins are indicated along the abscissa, and reference bins with
N <6 markers in reference and comparison map steps are indicated in

these markers may be inherited in a hemizygous fashion.
Hemizygous inheritance has been identified in invertebrate
species (Kaiser and Bachtrog 2010; Lima 2014), and this
mode of transmission is most often associated with mark-
ers on the sex chromosomes (Qvanstrom and Bailey 2009),
especially highly evolved sex chromosomes that display het-
eromorphic differences. The 1316 markers that were refrac-
tory to demonstrating any type of normal inheritance pattern
were queried across all 8 mapping families for conforma-
tion to possible hemizygous models of inheritance (Table 5)
using the program Hemizygous_Recode (Danzmann 2018).
It was observed that from 230 to 270 markers in the male
parents, and from 113 to 155 markers in the female parents
could result from resolved hemizygous inheritance in the
alternate parent (Table 6). These values are actually con-
servative, as in many instances, one of the two parents, or
both parents had overlapping genotype patterns that could
potentially indicate hemizygosity, but due to confounding

blue and red, respectively. Bins with N>6 markers in reference and
comparison map steps are indicated in green or empty blocks, respec-
tively. Overlapping steps are shown in purple. (Color figure online)

overlapping patterns of expressed alleles versus null alleles,
the genotypes could not be resolved.

The new hemizygous marker set was first assembled into
possible linkage groups using a LOD =3.0 clustering in
OneMap. In all parents examined this resulted in one large
assemblage and several smaller clusters that ranged from 2
to 10 markers along with a few unlinked markers. The large
cluster of markers constituted between 72.7-80.2% of all
markers in females, and from 74.9 to 82.6% of the markers
in males, if sire 9 is excluded. In the progeny from sire 9 it
was observed that only 63.9% of the markers fell into 1 large
cluster. A large number of markers were, however, excluded
in sire 9 prior to analysis due to the detection of segregation
distortion (P <0.01)(Table 6). Subsequent assemblage of
these markers with pre-existing markers on the map revealed
that in all parents, the single large cluster of hemizygous
markers was part of the sex linkage group SL15 (Online
Resource 8). In total, 574 markers were placed onto SL15 in
both sexes, with 494 markers having hemizygous inheritance
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patterns. By comparison, 419 hemizygous markers were
localized to all the other linkage groups in the sea louse
genome combined, with 27 hemizygous markers remain-
ing unlinked to any linkage group at a LOD =4.0 threshold
(Online Resource 9). Two linkage groups (SL04, SL0O5) had
more than 40 hemizygous markers localized, while only 1
hemizygous marker was detected within SL12. Other link-
age groups had between 16 and 37 hemizygous markers
assigned. Another feature of this analysis was the observa-
tion that the numerous markers (N= 147 within SL0O1-14
and N=460 within SL15) were consistently identified as
possessing hemizygous inheritance patterns across multiple
parents. This attests to the widespread regulation of allelic
heterogeneity at these genomic locations, and most notably
within SL15. Another interesting feature of the hemizygous
markers was that the SL15 markers exhibited weak linkage

or co-segregation with some of the markers on SLO1 and
SLOS in sires 3a and Sa, respectively (data not shown).

The genetic map for SL15 was reconstructed with the
inclusion of the hemizygous markers to assess whether
the general 10-fold increase in marker numbers influenced
map length estimates and recombination ratios. Similar to
the methods described above, ZRCs were first established
within SL15, and their relative ordering established using
the record option in OneMap. However, given the smaller
number of markers present in SL15 compared to the other
linkage groups, singleton markers were also included in
this build. With the inclusion of the hemizygous markers
into the SL15 map, the sample size weight-averaged male
linkage group size was 126.36 cM, while the estimate for
the female map was 4.51 cM. As expected, average map
length estimates increased by 29.79 cM in males, but only

Table 5 Models used to

. . Male Female Expected Observed® Ratio Interpretation

assess possible hemizygous

segregation patterns aa bb ab ab; bb 1:1 Male hemizygous
aa bb ab aa; ab 1:1 Female hemizygous
bb aa ab ab; bb 1:1 Female hemizygous
bb aa ab aa; ab 1:1 Male hemizygous
aa ab aa; ab aa; ab; bb 2:1:1 Male hemizygous; female heterozygous
bb ab ab; bb aa; ab; bb 1:1:2 Male hemizygous; female heterozygous
ab aa aa; ab aa; ab; bb 2:1:1 Female hemizygous; male heterozygous
ab bb ab; bb aa; ab; bb 1:1:2 Female hemizygous; male heterozygous
aa bb ab aa; ab; bb; nn 1:1:1:1 Both hemizygous
bb aa ab aa; ab; bb; nn 1:1:1:1 Both hemizygous

#0Observed phenotypes; hemizygous genotypes would be as follows

aa=a/n or aa
b=b/n or bb

If n=null allele

Table 6 Distribution of
hemizygous markers' in males
and females and number that

Family

3a 3b 4a 4b Sa 6 7 9

assigned to SL15
Scored female markers

Scored male markers

Total

Segregation distortion—female
Segregation distortion—male
Assigned—SL15 females
Assigned—otherLGs Females
Unlinked—females
Assigned—SL15 males
Assigned—otherL.Gs Males

Unlinked—males

135 153 127 135 113 135 125 155
230 231 232 230 263 225 270 237
365 384 360 365 376 360 395 392

6 2 1 1 1 2 2 2

1 2 1 0 0 0 1 35
95 108 93 102 89 104 88 111
32 41 32 31 22 26 33 38
2 2 1 1 1 3 2 4
178 182 190 189 202 179 202 140
48 43 39 39 61 43 64 59
3 4 2 2 0 3 3 3

Markers with segregation distortion are also shown

The parent listed as having ‘Scored markers’ indicates that the alternate parent has a hemizygous inherit-

ance mode
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1.17 ¢cM in females, highlighting the extreme conservation
of recombination in the heterogametic sex. Family specific
male and female genetic maps and the overlap matrix of
map positions for SL15 are given in Online Resource 8. The
male map positions are also shown in a uniform ‘head-tail’
ordering among all the male maps. The revised estimate for
male:female recombination differences (28.02:1) was the
largest detected for any linkage group and was very similar
to the original estimate based upon a much smaller number
of markers.

The detection of such a large number of putative hemizy-
gous markers that localize to both male and female maps
is unusual. When sex chromosomes evolve, the homolog
that does not contain the sex-determining region generally
exhibits hemizygous segregation due to the loss of comple-
mentary alleles on the sex-bearing chromosome (Qvanstrém
and Bailey 2009). For Z-W species, this type of segregation
pattern may be expected for the heteromorphic or heteroga-
metic sex, and, therefore, we would expect the prevalence
of such markers to be much greater for female segregation
patterns compared to males. Although the direction of this
pattern was supported with the current dataset (i.e., a greater
number of male markers were scored indicating hemizy-
gous segregation in the female parent), there were also a
very large number of female-scored markers indicating male
hemizygosity. This suggests that sex chromosome diversifi-
cation may be incipient in L. salmonis.

A survey of chromosome numbers in the orders Harpac-
ticoida and Cyclopoida, which are more closely related to
the Siphonostomatoida (Eyun 2017), to which L. salmonis
belongs, reveals that the maximum haploid chromosome
number is n=12 (Yang et al. 2008). In contrast the higher
chromosome number detected in L. salmonis, suggest that
some of the smaller chromosomes within Siphonostoma-
toida may be derived from chromosomal rearrangements,
similar to the evolution of sex chromosomes in some other
invertebrates (Blackmon et al. 2017), involving fusions,
fissions, small inversions, and translocations. Such rear-
rangements may lead to unequal and differential degrees
of pairing during meiosis. During transitional states of sex
chromosome evolution, varying states of hemizygosity may
be detected due to varying and occasional rounds of recom-
bination between the sex chromosomes (Qvarnstrom and
Bailey 2009; Bachtrog et al. 2014). Recombination levels
are higher between incompletely diverged sex-determining
homologs (Lima 2014), and this retards the rate at which full
sex determination becomes established following meiotic
segregation. Incomplete sex-specific differentiation, may,
however, be augmented via sex-specific differentiation in
gene expression levels (Bachtrog et al. 2014; Jorden and
Charlesworth 2012). Sex-specific differences in L. salmonis
gene expression levels exist (Poley et al. 2016b), with higher
levels detected in males when expression is detected in both

sexes for certain genes, while for other transcripts male-only
expression is evident. It will be of interest to couple the
location of these differentially expressed transcripts to the
genomic builds for sea lice and ascertain if a substantial por-
tion align to the hemizygous markers on SL15.

Chromatin diminution has also been observed within
copepod species (Wyngaard and Gregory 2001; McKinnon
and Drouin 2013) which involves the complete deletion of
portions of the genome during early mitotic divisions fol-
lowing pronuclei fusions post-fertilization. The deletion
of genomic DNA is reportedly only expected to occur in
somatic cell lines with gonadal cell lines retaining a com-
plete complement of nuclear DNA (Standiford 1989). Dele-
tion of entire segments of DNA could result in a mosaic
pattern of DNA retention whereby an entire locus could be
lost in one parent and wholly or partially retained in another
parent at the DNA breakpoint. To investigate this possibil-
ity, we re-examined the segregation patterns of loci initially
excluded due to non-conformance to Mendelian segregation
patterns for the presence of null locus inheritance in one of
the parents using the program Homozygous_Null_Recode
(Danzmann 2018). This program identifies normal Mende-
lian or hemizygous inheritance modes in one parent, coupled
with the complete loss of allelic segregation at the same
locus in the alternate parent (see Table 7). Such patterns
could result from the process of chromatin diminution. A
total of 176 markers were observed to comply with these
models of inheritance, and 129 of these markers were local-
ized to the existing salmon louse linkage groups (Online
Resource 10). Interestingly, only a single marker matching
these models was located within SL15. While the higher
proclivity to possess hemizygous markers on SL15 com-
pared to homozygous null markers on the sex linkage group
is not entirely clear at present, it may suggest that there is
a need to retain at least one copy of the sex chromosome
complement in all cells within the species. It will be of inter-
est to couple the location of these differentially expressed
transcripts to the genomic builds for sea lice and ascertain
if a substantial portion align to the hemizygous markers on
SL15. Future research should also determine the genomic
location of these markers, and whether genes closely linked
to genomic regions with a potential for complete or partial
loss display differential sex gene expression.

Mate Selection, differential family survivorship,
and recombination

An unexpected finding from the current study was the lack of
detection of multiple half-sib families despite having mating
arenas established with 10 or more virgin females in each
arena. In five lots, all copepodids genotyped were derived
from a single family, while in 3 lots, only two paternal half-
sib families were detected. In one of these lots, the number
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of surviving progeny was very low in one of the half-sib
families (5b) and was not included in the initial map builds.
When final average map lengths were calculated within each
parent (which reflect recombination levels), it was evident
that bi-parental averages in linkage group lengths were very
similar to one another across the families (Fig. 6). This indi-
cates that males possessing either very low, intermediate, or
high recombination rates also mated with females possessing
these intrinsic recombination rates. This suggests that some
type of assortative mating may be occurring in the salmon
louse, or that survivorship of the progeny is favoured if the
parents have similar intrinsic recombination rates. Although
the current dataset is small it does indicate reduced prog-
eny viability if the parental genomic backgrounds differ too
greatly in their intrinsic recombination levels. In fact, from a
preliminary assessment of the viability of surviving copepo-
dids sampled among families, it appears that an inverse rela-
tionship may exist between the number of surviving prog-
eny produced and the level of recombination in their parents
(Fig. 7). Families with higher levels of recombination in
both the male and female parent produce lower numbers of
surviving offspring while the opposite is true for families
where both parents have lower recombination rate. This lat-
ter observation must be treated with caution, however, as too
few families and populations have been tested to assess the
general validity of the association.

Assortative mating has been reported to occur in the pur-
ple sea urchin (Strongylocentrotus purpuratus) to account
for the differences observed in sperm and egg binding pro-
tein patterns that exist in this species (Stapper et al. 2015),
and mosquitos (Anopheles gambiae) due to X-chromosomal
genomic islands of selection (Aboagye-Antwi et al. 2015).
Further testing in the sea louse would be needed to con-
firm assortative mating using pedigreed lines of low (L)
and high (H) recombination rate families. If four types of
mating chambers were established (i.e., LXL, LXxH, HXL,
and Hx H) and the highest production of egg strings with
viable progeny among multiple females occurred within
L xL chambers it would confirm that assortative mat-
ing does occur based upon background genomic structure
within L. salmonis, and that viability may be inversely
related to recombination differences between the parents.
Conversely, If mating is at random, but survivorship is

poorer among crosses with parents possessing higher or
more divergent recombination rates, then a census of the
proportion of females in mating arenas with developing
egg strings would need to be performed. In other words, if
initial fertilization levels were random among test arenas,
with subsequent lower rates of offspring viability among
HxXL, LxH and HxH groups it would suggest some form
of selection against genomes where recombination levels
differed greatly. Attempted mating could first be assessed
by examining the virgin females placed into a mating arena
for the presence of spermatophore plugs, after a set time
period. If all females have been potentially inseminated (i.e.,
all possess a spermatophore plug) but only copepodids from
a small number of females are censused then it would imply
that some type of differential selection has influenced family
survival. Conversely, the presence of spermatophores in only
a subset of the females present would indicate a degree of
assortative mating by males.

If the lowest viability occurred in the female (H) X male
(L) crosses, and possibly H X H backgrounds, it would sup-
port the hypothesis of accelerated evolutionary change in
ZW species (Ritchie 2007; Saether et al. 2007). Recombina-
tion among mate choice loci is generally accepted as being
an impediment to population diversification (Nei 1969;

20-
151
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Average map length (cM) - Females

120 130

110
Average map length (cM) - Males

90 100

Fig.6 Significant relationship between average male linkage group
size (abscissa) and female linkage group size (ordinate). Family IDs
are indicated on the plot

Table 7 Models used to assess

Observed? Ratio  Interpretation

- Male Female Expected
possible homozygous null
segregation patterns nn bboraa  bboraa
bb or aa nn bb or aa
nn ab a:b
ab nn a:b

nn; bb or nn; aa 1:1 Female hemizygous (b/n) or (a/n)
nn; bb or nn; aa 1:1
a:b 1:1
a:b 1:1

Male hemizygous (b/n) or (a/n)
Female diploid; male null homozygote
Male diploid; female null homozygote

n null allele, a, b normal expressed allele

4Observed phenotypes
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Felsenstein 1981) due to the fact that if many such loci are
involved and they are randomly scattered among chromo-
somes, then no clear assemblage of distinct ‘trait choice’ loci
are expected to arise within populations. Clustering of such
loci into a region of linkage disequilibrium or their concen-
tration within sex chromosomes has been postulated to be
a way of accelerating evolutionary rates based upon mate
choice; as such regions would be largely non-recombining.
Evidence is accumulating that in ZW determining species
evolutionary rates may be elevated due to tracking of male-
specific traits through the female-derived Z-chromosome,
upon which females subsequently make mate choice deci-
sions (Ritchie 2007). Females of a specific Z-type prefer to
mate with males of a similar Z-type. Recombination rates
will be crucial in determining the extent of differentiation
among family lines. These models predict that in species
with higher rates of recombination, the Z-chromosome
will change at a faster rate compared to ancestral popula-
tions and female mate choice patterns will seek to match
males with the highest concordance to their own intrinsic
Z-chromosome configuration. Otherwise, chromosomal
rearrangements between fast and slow-evolving Z chro-
mosomes will cause incompatibilities leading to lower ZZ
male viability. Therefore, another caveat that arises from
the proposed experiment described above is that skewed
sex ratios should be observed in the progeny from hybrid
recombination-type tanks, with a lower percentage of males
being produced. Therefore, in H X H background crosses a
greater range of variation may be observed. In certain fami-
lies the Z/W allelic combination may be largely incompat-
ible, while in others they may be highly compatible leading
to a greater array of surviving progeny levels derived from H
x H parental backgrounds. Variable and significant sex ratio
differences have been observed among family lines of T.

50-

40-

Progeny N

30-

90 100 110 120 130 140 150
Male & Female maplengths combined (cM)

Fig.7 Significant relationship between combined average male and
female linkage group sizes (abscissa) and surviving progeny numbers
within each family (ordinate)

californicus (Voordouw et al. 2005), suggesting that skewed
family sex ratios can occur in copepods which may relate to
the differences in genomic compatibility conditioned upon
recombination ancestry among parental pairs.

In contrast to birds, male mate choice appears to be preva-
lent across copepod species (Burton 1985; Heuch and Sch-
ram 1996) including L. salmonis (Ritchie et al. 1996a; Hull
et al. 1998; Birkett et al. 2002; Todd et al. 2005). Male pref-
erences are highest for unfertilized virgin females followed
by later advanced copepodid stages (Hull et al. 1998), which
is similar to findings in other copepods (Burton 1985). How
assortative mating based upon recombination differences
within individuals operates remains unclear, but may involve
chemosensory cues. Indeed, L. salmonis males react, and are
directionally motivated towards female extracts conditional
upon the female’s sexual stage (Birkett et al. 2002) and these
responses are removed by ablation of male antennae (Todd
et al. 2005). Therefore, smaller demic groups of sea lice pos-
sessing intrinsically different basal levels of recombination
may differ sufficiently in their chemical composition due to
shared past ancestry, that mate selection may be ‘fine tuned’
among these demes. Since mate choice appears predomi-
nantly male-driven in copepods (Hull et al. 1998; Ritchie
et al. 1996a), chemosensory matching across the sexes is
suggested to play a role. Here, lack of recombination within
chromosomes may drive “species” or even “demi-specific”
traits for selection. The current study has shown that the
largest male:female recombination rate differences occur
with the sex chromosome SL15 making it tempting to spec-
ulate that the Z-chromosome or even the undifferentiated
W-chromosome may preferentially house such “mate choice
specific” genes. It will be of interest in the future, once the
current linkage map is aligned to genomic scaffolds, to
ascertain if the sex chromosomes possess higher comple-
ments of chemosensory genes such as olfactory G-protein
coupled receptors.

Although monogamy was once thought to be prevalent
across copepods, because it was thought that sperm plugs
would prevent successful fertilizations by successive males
(Ritchie et al. 1996b), the report of polyandry occurring in L.
salmonis (Todd et al. 2005) has cast doubt upon this supposi-
tion. If polyandry does occur to a wide degree among L. sal-
monis populations, it could suggest some degree of female
mate choice also occurs. It will be of interest to assess if
females prone to polyandry are a result of more divergent
recombination background in initial pairings and if subse-
quent pairings more closely match their own ‘background
recombination level’. Future studies could include mating
arena trials where both males and females of known recom-
bination background are placed together after the females
have been inseminated by another male. Higher levels of
polyandrous spermatophores detected within females intro-
duced to males of similar recombination background would
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suggest some degree of female mate choice. In addition,
higher copepodid survival derived from ‘similar’ sperm, ver-
sus ‘dissimilar sperm’ in such crosses could also support
the concept of adaptive selection occurring in such crosses.

Sex-specific sex chromosome recombination rates, in
general, tend to be higher within the sex chromosome itself,
than found within other autosomal pairs (Burt et al. 1991),
and this was also observed in this study where the female-
specific SL15 W-chromosome had extremely low levels
resulting in the highest linkage group specific male:female
recombination ratio. This difference was 29:1 when only
the Mendelian compliant markers were assessed and was
only slightly adjusted to a ratio of 28:1 (male:female) when
the addition of hemizygous markers was considered. Bio-
logical reasons for the suppression of recombination in the
heterogametic sex are still unclear, but the suggestion that a
suppression of recombination maintains linked loci critical
to sex-determination is the most powerful (Nei 1969; Burt
et al. 1991). The extension of suppressed recombination lev-
els to the autosomal pairs is, however, more of an enigma.
Researchers have suggested that gametic selection in plant
species differs between the sexes and that this drives recom-
bination levels in general (Lenormand and Dutheil 2005),
but empirical evidence for this hypothesis is still generally
lacking in animal species.

If gametic selection occurs in animals, evolutionary
rates may be accelerated in ZW species due to the fact that
gametic selection is likely to be more accelerated in females
compared to males. Only 1 of 4 meiosis products survives
in females, whereas all 4 are potentially viable in males. If
some degree of autosomal meiotic drive accompanies the
segregation of the Z and W chromosomes at meiosis I, then
quite significant differences (i.e., non-random) should exist
in the phase configuration of gametes across linkage groups.

The large sex-specific recombination levels detected
in this study appear to be unusual among crustacean spe-
cies studied to date, with recombination ratio differences
approximating 1:1 ratios between the sexes (Perez et al.
2004; You et al. 2010; Cui et al. 2015). Admittedly, the num-
ber of species with available sex-specific maps is limited,
and, therefore, general assessments of these differences are
unwarranted at the present time. However, the Chinese mit-
ten crab (Eriocheir sinensis) has also been reported to have
a ZW sex-determining mechanism and in this species, the
female sex linkage ratio was actually larger than observed
in males (Cui et al. 2015). The most recent genetic map for
this species estimates female:male recombination rates at
1.13:1 (Qiu et al. 2017). A genetic map is currently avail-
able for the copepod species Tigriopus californicus but this
map is entirely male-based (Foley et al. 2011; Pritchard
et al. 2011), as female meiosis have been reported to be
achiasmate in this species (Ar-Rushdi 1963; Burton et al.
1981). Environmental sex determination is also presumed to
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occur in this species (Burton et al. 1981; Foley et al. 2011).
Our findings confirm that although female recombination
levels are extremely low, they do not appear to be achias-
matic in L. salmonis. Some evidence for low levels of female
recombination were also incidentally reported in Tigriopus
(Foley et al. 2011) but were excluded as genotyping errors.
We cannot entirely exclude the possibility of some unusual
mode of female-specific gamete transmission influencing
recombination events. Although most meioses generated in
female copepods appear to be achiasmate, recombination
may be possible through extended multiple chromosomal
ring formations similar to those that have been observed dur-
ing female meioses in copepod species such as Mesocyclops
edax (Chinnappa and Victor 1979). Such formations could
lead to ectopic recombination within homologs which may
account for the poor congruence in male and female map
orders observed in the current study. Current cytological
studies are lacking in L. salmonis such that the extent to
which bivalents or different types of meiosis I configurations
exist in this species is unknown.

Crossover rates; segregation distortion;
and heterozygosity

Although the current estimates of recombination differences
in L. salmonis are not aligned with estimates of genomic
build distances, the inferences made on the distribution
of recombination events is still insightful. Plots showing
the total recombination counts per recombination domain
(which roughly span 10 cM intervals on the references maps)
(e.g., Fig. 8 and Online Resource 7) indicate that crossover
hotspots are fairly randomly distributed along the lengths
of all male chromosomes. However, for all linkage groups
with the exceptions of SLO1, SLO2 and SL06, a recombina-
tion hotspot was localized to one end of the chromosome
(occurring in either the ultimate or penultimate domain).
For SLO1/06 a region of very high recombination was only
detected in the centre of the linkage group, while for SL02,
both ends of the linkage group possessed terminal domains
with higher recombination levels. The predominant pat-
tern is more consistent with the pattern of recombination
observed in another crustacean Daphnia magna, where
recombination rates were all reported to be elevated towards
the terminal ends of the linkage groups (Dukic et al. 2016).
This suggests that the ends of linkage groups surveyed in
L. salmonis with elevated recombination rates may be the
telomeric ends of the chromosomes.

More than half of the 13 linkage groups surveyed (SLO1,
03, 05, 06, 08, 09, 10, 11, 14) had a recombination hot-
spot immediately adjacent to a recombination coldspot, and
within SLO6, the region of very high recombination (domain
7) was flanked both up- and downstream by recombina-
tion coldspots. Regions of low recombination often flank
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hotspots in mammalian genomes (Lichten and Goldman
1995; Hey 2004) and often coincide with regions of lower
gene density. In humans, approximately 25,000 hotspots
have been identified (Myers et al. 2005) through linkage
disequilibrium mapping, and display a great deal of hetero-
geneity on a fine scale, that is not readily evident from broad
scale surveys such as the ones depicted in this study. Future
alignments of the current genetic map to genomic scaffolds
in the salmon louse will be able ascertain if crossover fre-
quency is related to higher gene density.

Levels of overall nucleotide variability have been reported
to be directly related to recombination rate differences in the
genomes of animals (Begun and Aquadro 1992; Nachman
2002). Increased genetic variability is found in regions of
higher recombination. This suggests that overall levels of
genetic variability detected among individuals (i.e., total
number of heterozygous individuals) should also be cou-
pled to higher regions of recombination. We investigated this
relationship in L. salmonis by documenting the total number
of genetically variable SNPs found within each recombi-
nation domain within a linkage group, using the program
Polymorph_Count_X_Recom_Domains (Danzmann 2018).
This census included not only the polymorphic male mark-
ers that were used to construct the map, but also all of the
polymorphic female markers occurring within a domain as
well as doubly heterozygous markers of the type ab x ab.
Such markers were initially excluded from the analysis since
the phase of doubly heterozygous progeny for these mark-
ers cannot be ordered within phase maps. For this analysis,
heterozygous markers that occurred wholly within a recom-
bination domain were scored a value of 1.0 while mark-
ers that occurred in comparison parent recombination bins
that overlapped either an upstream or downstream domain
were scored a value of 0.5 within each overlapping domain
(Online Resource 11). Results from this analysis weakly

"~ SL01

supported the association between increased recombina-
tion levels and genetic variability within a linkage group
domain (Fig. 9; Online Resource 7; Online Resource 12).
An increased level of genetic variability was significantly
coupled to higher crossover levels in six (SLO1, 06, 09, 10,
13, and 14) of 13 linkage groups examined, while this was
marginally true (P <0.1) for another two linkage groups
(SLO2 and SLO08). Overall, however, in all linkage groups
with the exception of SL04, the overall relationship between
these two variables was positive, albeit extremely weak for
SLOS and SLO7.

The high levels of segregation distortion detected
in linkage groups SL04, SLO7, and SL11 (Fig. 5) may
have contributed to the lack of a strong coupling between
observed genetic variability and recombination rate. Mark-
ers exhibiting distortion would not have been included in
map ordering and this could slightly bias the observed
associations given that they were included in the poly-
morphism counts. Similarly, for SL06, the strong associa-
tion between genetic variability and recombination level
is due to the extremely high levels of variation observed
within domain 7, which also possesses very high crossing-
over levels. If this domain is removed from the analysis no
association between the two variables is detected. SLO1
also possessed an extreme polymorphism peak (> 15,000
polymorphic SNP markers in domain 9) that was coupled
to extremely high crossover rates. When this point was
removed, however, the association between variability
and crossover rate was still significant (data not shown).
Interestingly, SLO6 also possessed regions of extreme seg-
regation distortion which could have influenced map order
structure (Fig. 5).

Recombination coldspots have been empirically and
theoretically linked to regions that may contain higher
numbers of coadapted genes related to species survival.
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Fig.8 Plot of the number of recombination events occurring in the
recombination domains of linkage group SLO1. Domains encompass
3 linear recombination positions in the reference map and their asso-
ciated crossover positions in comparison maps. The median level of
crossovers is indicated by the blue line, and recombination hot- and

coldspots are indicated with hat symbols above and below the line,
respectively. Extreme hotspots (>2 sd of the mean) are indicated with
an asterisk. See Online Resource 7 for additional linkage group plots.
(Color figure online)
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These so-called “genomic islands of selection” have been
postulated to arise through various evolutionary forces,
but are recognized as regions more refractory to change
that may result from recombination events that disrupt
favourable allelic combinations (Yeaman 2013). Genomic
rearrangements have been predicted to be important in
localizing coadapted genes into smaller genomic regions
that more readily ameliorate the disruptive effects of
recombination. Researchers have reported that gene den-
sities are reduced in regions of lower recombination, and
that these regions may also accumulate higher densities
of transposable elements (TEs) (Fontinallas et al. 2007;
Dolgin and Charlesworth 2008). In contrast, other studies
have reported elevated levels of recombination in regions
of high TE density (Everitt et al. 2014), or have found
no association between recombination and TE density
(Adrion et al. 2017). The current study provides a frame-
work map that has identified recombination hot- and colds-
pots within linkage groups. Future coupling of these map
regions to genomic scaffolds will facilitate an in-depth
analysis of the genomic regions for differences in transpos-
able element and gene abundance in relation to differences
in recombination levels within the chromosomes. Align-
ment of markers to scaffold builds will also help to resolve
discrepancies in the ordering of markers among multiple
mapping parents (see Lien et al. 2016).

Conclusions

Our findings have confirmed previous studies that iden-
tify the presence of 15 linkage groups in the sea louse
(Messmer et al. 2018). Large differences in recombina-
tion rates were detected between the sexes, with the larg-
est male:female recombination difference present within
the sex linkage group SL15. Unusual segregation patterns
were observed in both male and female parents that could
be due to hemizygous inheritance patterns. The largest
number of hemizygous inherited markers was located to

Fig.9 Regression plot of
relationship between the level
of genetic variability detected
within recombination domains
versus number of crossover
events within domains within
SLO1. Variability was recorded
as total number of progeny with
heterozygous genotypes. See
Online Resource 12 for addi-
tional linkage group plots

e0- SLO1

40-

20-

Number of cross-overs per
recombination domain
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SL15, with the highest proportion of these markers arising
from hemizygous segregation of female alleles. However,
the observation that a substantial portion is also derived
from male meioses suggests the process of sex chromo-
some differentiation is at an incipient level in this ZW-
based species. We surveyed recombination rate differences
along the length of each male-specific linkage group.
Recombination rate differences were coupled to overall
levels of heterozygosity, but only weakly so for about half
the linkage groups. It is unclear at present whether these
differences may arise from selection differentials among
genes housed within these chromosomes. Whether the
recombination-heterozygosity associations identified in
this study generally hold for other populations of sea lice
will need further investigation. Of interest, was the obser-
vation that families producing surviving copepodids, were
derived from parents with intrinsically similar recombina-
tion rates. Future studies will need to investigate whether
such differences may arise from some type of assortative
mating within this species, or may be due to differential
selection against the progeny derived from parents that
differ too greatly in their background recombination levels.
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