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| MULTIPARENTAL POPULATIONS

Two Synthetic 18-Way Outcrossed Populations of
Diploid Budding Yeast with Utility for Complex

Trait Dissection
Robert A. Linder1, Arundhati Majumder, Mahul Chakraborty, and Anthony Long1

Department of Ecology and Evolutionary Biology, School of Biological Sciences, University of California, Irvine, California
92697-2525

ORCID IDs: 0000-0002-5290-8040 (R.A.L.); 0000-0003-2414-9187 (M.C.)

ABSTRACT Advanced-generation multiparent populations (MPPs) are a valuable tool for dissecting complex traits, having more power
than genome-wide association studies to detect rare variants and higher resolution than F2 linkage mapping. To extend the advantages
of MPPs in budding yeast, we describe the creation and characterization of two outbred MPPs derived from 18 genetically diverse
founding strains. We carried out de novo assemblies of the genomes of the 18 founder strains, such that virtually all variation
segregating between these strains is known, and represented those assemblies as Santa Cruz Genome Browser tracks. We discovered
complex patterns of structural variation segregating among the founders, including a large deletion within the vacuolar ATPase VMA1,
several different deletions within the osmosensor MSB2, a series of deletions and insertions at PRM7 and the adjacent BSC1, as well as
copy number variation at the dehydrogenase ALD2. Resequenced haploid recombinant clones from the two MPPs have a median
unrecombined block size of 66 kb, demonstrating that the population is highly recombined. We pool-sequenced the two MPPs to
32703 and 22263 coverage and demonstrated that we can accurately estimate local haplotype frequencies using pooled data. We
further downsampled the pool-sequenced data to �20–403 and showed that local haplotype frequency estimates remained accurate,
with median error rates 0.8 and 0.6% at 203 and 403, respectively. Haplotypes frequencies are estimated much more accurately than
SNP frequencies obtained directly from the same data. Deep sequencing of the two populations revealed that 10 or more founders are
present at a detectable frequency for . 98% of the genome, validating the utility of this resource for the exploration of the role of
standing variation in the architecture of complex traits.

KEYWORDS budding yeast; de novo assembly; haplotype inference; multiparental populations; Multiparent Advanced Generation Inter-Cross (MAGIC);

MPP

A complete understanding of the genetic basis of complex
traits is a goal shared by many disciplines. Although

much progress has been made in dissecting the genetic archi-
tecture of complex traits such as adaptation, disease suscep-
tibility, human height, and crop performance, amajor fraction
of standing variation for most traits has remained recalci-
trant to dissection (Manolio et al. 2009) . This is often referred
to as the “missing” heritability problem. Rapid progress in

addressing themissing heritability problem seemsmost likely
in model systems that can be genetically and experimentally
manipulated in a controlled setting. In contrast to humans, in
model genetic systems variants of subtle effect can be vali-
dated via allele replacement experiments.

One of the mainstays of modern genetic mapping studies
has been the use of pairwise crosses between genetically
diverged founder strains. Large segregating populations can
then be used tomap phenotypes to genotypes. This approach,
laid out in its modern form for complex traits, was initially
described by Lander and Botstein (1989) and is reviewed in
Flint and Mott (2001), Mackay (2001), and Liti and Louis
(2012), and has proven to be especially fruitful in budding
yeast, such that mapped QTL tend to explain . 70% of the
narrow-sense heritability of most traits (Ehrenreich et al.
2010; Bloom et al. 2013, 2015, 2019; Märtens et al. 2016).
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However, QTL mapping has suffered both from a lack of
resolution and a severe undersampling of the functional
variation potentially segregating in natural populations. In
this regard, association studies enjoy much finer mapping
resolution and sample a larger proportion of the variation
present in a natural population (Wellcome Trust Case Con-
trol Consortium 2007; Visscher 2008). However, large-scale
association studies are often underpowered to detect rare
alleles (Spencer et al. 2009), regions that harbor multiple
causal sites in weak linkage disequilibrium (LD) with one
another (Pritchard 2001; Thornton et al. 2013), rare or
poorly tagged structural variants (Hehir-Kwa et al. 2016),
or variants that are poorly tagged more generally. Further-
more, as genome-wide association studies grow to include
tens of thousands of individuals, they can suffer from false
positives from population stratification (Berg et al. 2019) or
other experimental block artifacts associated with large-
scale projects (Sebastiani et al. 2011; Chen et al. 2017).

Advanced-generation multiparent populations (MPPs)
consisting of recombinants derived from several founder
individuals have been proposed as a bridge between pairwise
linkage mapping and association studies in outbred popula-
tions (Churchill et al. 2004; Macdonald and Long 2007).
MPPs are created by crossing several (inbred or isogenic)
founder strains to one another to maximize diversity, and
then intercrossing the resulting population for several addi-
tional generations to increase the number of recombination
events in the population. In many model systems, recombi-
nant inbred lines (RILs) are derived from the MPP via in-
breeding. The resulting homozygous RILs are fine-grained
mosaics of the original founding strains that have been suc-
cessfully used to dissect complex traits inArabidopsis thaliana
(Kover et al. 2009; Huang et al. 2011), Drosophila mela-
nogaster (Macdonald and Long 2007; King et al. 2012a,b),
Mus musculus (Aylor et al. 2011; Threadgill and Churchill
2012), Saccharomyces cerevisiae (Cubillos et al. 2013), Zea
mays (McMullen et al. 2009), Caenorhabditis elegans (Noble
et al. 2019 preprint), and several other systems (de Koning
and McIntyre 2017). MPP RILs are a powerful resource for
dissecting complex traits due to increased mapping resolu-
tion relative to F2 populations and increased natural var-
iation sampled by the founders. Furthermore, unlike
association studies, both rare alleles of large effect segregat-
ing among the founders as well as allelic heterogeneity can be
detected in MPP RILs (Long et al. 2014). Although the ma-
jority of studies to date have studied RILs derived fromMPPs,
it is possible to dispense with the creation and maintenance
of RILs and sample the MPP directly (Mott et al. 2000;
Macdonald and Long 2007), and indeed early MPP efforts
did not employ RILs.

Despite theclearadvantagesofMPPs,onlya singleMPPhas
been described in budding yeast (Cubillos et al. 2013), which
is surprising as this species is ideally suited in many other
ways for the dissection of complex traits. Large population
sizes can be maintained in a controlled environment and a
few rounds of meiosis result in recombination events spaced

at near-genic resolution. The potential of MPPs in budding
yeast was demonstrated by Cubillos et al., who crossed four
genetically highly diverged strains and intercrossed the
resulting population for 12 generations to generate a highly
recombined population that has been shown to be capable of
mapping complex traits to high resolution (Cubillos et al.
2013, 2017). To expand the potential of budding yeast to
contribute to our understanding of complex traits we have
developed two large, highly outbred populations of budding
yeast derived from a cross of 18 genetically diverged foun-
ders. Like previous work, populations were intercrossed for
12 generations to produce highly recombined mosaic popu-
lations that capture a large amount of the standing variation
present in S. cerevisiae. Here, we describe the derivation of
the founders that allows the 18-way cross to be carried out, de
novo PacBio (Pacific Biosciences) assemblies of each founder
such that all variation segregating in the population is
known, and the characterization of 10 haploid recombinant
clones from each population to estimate the size distribution
of haplotype blocks in the MPPs. We further carry out deep
short-read resequencing of the MPPs, estimate founder hap-
lotype frequencies as a function of location in the genome,
and show that at Illumina sequencing coverages as low as
�20–403 haplotype frequencies can be accurately esti-
mated. The MPPs and tools we derive have great utility for
dissecting complex traits in yeast.

Materials and Methods

Strains and media

All yeast strains used in this study came from heterothallic,
haploid derivatives of a subset of the SGRP yeast strain
collection kindly provided by Gianni Liti (Cubillos et al.
2009). A list of strains used, relevant genotypes (before
and after our modifications), and their geographical origins
is shown in Table 1. Additionally, two mating-type testing
yeast strains were used (kindly provided by Ian Ehrenreich)
that are selectively killed by the presence of either MATa or
MATa haploids, but not by diploids. For propagating plas-
mids, Escherichia coli strain DH5a was used according to
the manufacturer’s recommendations (Invitrogen, Carlsbad,
CA). Bacterial transformants were selected on LB agar sup-
plemented with 100 mg/ml ampicillin (LB Amp) (Fisher).
Nonselective media for growth and maintenance of all yeast
strains included richmedia consisting of 1% yeast extract, 2%
peptone, and 2% dextrose (YPD) (Fisher). For solid media,
2% agar was added. Additionally, media consisting of 1%
yeast extract, 2% peptone, 2% glycerol, and 2.5% ethanol
(YPEG) was used to prevent the growth of petite mutants.
For selecting yeast transformants, when Ura3MX was the
marker, SC drop-out uracil (SC -Ura) plates were used (Sun-
rise Scientific). When KanMX, HphMX, or NatMX were the
markers used, transformants were selected on YPD plates
supplemented with 200 mg/ml of G418, 300 mg/ml of
hygromycin B (“hyg”), or 100 mg/ml nourseothricin sulfate
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Table 1 An overview of the strains used in this study

ADLaNCYC Isolate Origin Original genotype Modified genotypeb

A1 3597 DBVPG6765 Europe MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A2 3600 DBVPG6044 West Africa; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A3 3607 YPS128 USA; soil beneath Quercus
alba

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A4 3605 Y12 Japan; sake MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A5 3586 YIIc17_E5 France; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A6 3591 BC187 USA; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A7 3590 SK1 USA; soil MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A8 3598 L_1374 Chile; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A9 3602UWOPS03_461_4 Malaysia; nectar, Bertram
palm

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A10c 3604 UWOPS05_227_2 Malaysia; stingless bee,
near Bertram palm

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A11 3592 YJM978 Italy; vagina, clinical isolate MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

A12 3594 YJM975 Italy; vagina, clinical isolate MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::NatMX

B1 3622 DBVPG6765 Europe MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B2 3625 DBVPG6044 West Africa; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B3 3632 YPS128 USA; soil beneath Q. alba MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B4 3630 Y12 Japan; sake MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B5 3611 273614N UK; fecal sample, clinical iso-
late

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B6 3631 YPS606 USA; bark of Q. rubra MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B7 3624 L_1528 Chile; wine MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B8 3614UWOPS83_787_3 Bahamas; fruit, Opuntia
megacantha

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

(continued)
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(“cloNAT”), respectively. For counterselection of yeast that
lost the Ura3MX marker, SC media supplemented with
1 mg/ml 5-FOA was used. Two types of sporulation media
were used in this study. Type 1 consisted of 1% potassium
acetate, 0.1% yeast extract, and 0.05% dextrose (“PYD”) to
which ampicillin was added to a final concentration of
50 mg/ml, while type 2 consisted of 1% potassium acetate
and a 13 dilution of a 103 amino acid stock [composed of
3.7 g of CSM -lysine (Sunrise Scientific) supplemented with
10ml of 10mg/ml lysine in 1 liter total volume], pH adjusted
to 7 (“PA7”). Just before use, ampicillin was added to PA7 to
a final concentration of 100 mg/ml.

Modification of 24 haploid budding yeast strains to
create founders for the synthetic population

The strains used in this study were modified by generating
clean deletions of the HO gene to recover the HphMXmarker,
followed by replacement of a pseudogene, YCR043C, which is
closely linked to the mating type locus, with either a NatMX
cassette inMATa haploids or a HphMX cassette inMATa hap-
loids. This manipulation was carried out to enable high-
throughput selection of diploids.

The HphMX marker in HO was recovered via transforma-
tion with a URA3 cassette flanked with direct repeats and
selection on URA plates followed by selection on 5-FOA
plates to recover URA3. The URA3 cassette was assembled
from four fragments: a pBluescript II KS(+) backbone line-
arized with EcoRV and gel purified (for propagation in
E. coli), the URA3 gene from Candida albicans with flanking
500-bp direct repeats from Aschbya gossypii (pAG61,
#35129; Addgene), and a 450-bp region directly upstream
of the HO gene and a 390 bp region directly downstream of
the HO gene. Primers pAG61_HO-F/R were used to amplify
URA3 and the flanking direct repeats, while primers HO-US
F/R and HO-DS F/R were used to amplify the regions flank-
ing the HO gene from strain DBVPG6765. Primers used in
this study are listed in Supplemental Material, Table S1
and included overhangs to allow for HiFi assembly. The four

fragments were assembled using the New England Biolabs
(Beverly, MA) HiFi Assembly Master Mix according to the
manufacturer’s recommendations, transformed into chemi-
cally competent DH5a (Invitrogen), and recovered on LB
Amp plates. Recovered URA plasmid cassettes with HO flank-
ing sequences were PCR amplified from the plasmid template
using primers HO-US-F and HO-DS-R, transformed into all
24 haploid strains using a standard lithium acetate protocol,
and plated onto SC -Ura plates. Single colonies were
restreaked onto SC -Ura (X2), and final colonies were tested
for the presence of the KanMX4 marker and absence of
HphMX4 marker via G418 and hyg plating, respectively.
Overnight cultures of successfully knocked-out transform-
ants were spread onto 5-FOA plates and grown for 2 day at
30� to select for cells that had “popped out” theUra3 cassette.
Single colonies were restreaked onto 5-FOA plates (23).
DNAwas extracted (adapted from Cold Spring Harbor hand-
book, p. 116) from the resulting colonies, andDNA amplicons
spanning the HO locus were obtained and Sanger sequenced
to confirm the clean deletion of the HO gene.

To delete YGR043C in the 24 newly generated haploid hoD
Ura3::KanMX4 strains, oligos were ordered from Integrated
DNA Technologies that amplify the entire MX4 cassette, in-
cluding the promoter and terminator regions, andwere tailed
with 100 base pairs of homology to the regions immediately
upstream and downstream of the YGR043C coding sequence.
Either pAG32 (#35122; Addgene) or pAG25 (#35121;
Addgene) were used as a template to generate knockout con-
structs that incorporated the HphMX4 or NatMX4 cassettes,
respectively. PCR reactions were cleaned up to remove un-
amplified circular plasmid template by gel extraction fol-
lowed by digestion with DpnI and a PCR cleanup reaction
(PCR purification kit; QIAGEN, Valencia, CA). MATa yeast
were then transformed with the cloNAT resistance cassette,
while MATa yeast were transformed with the hyg resistance
cassette using the standard lithium acetate protocol, and
selecting on YPD supplemented with cloNAT and G418, or
hyg and G418, respectively. This double selection with G418

Table 1, continued

ADLaNCYC Isolate Origin Original genotype Modified genotypeb

B9 3609 UWOPS87_2421 USA; cladode,
O. megacantha

MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B10c 3628 UWOPS05_217_3 Malaysia; nectar, Bertram
palm

Mat a,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B11 3618 YJM981 Italy; vagina, clinical isolate MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

B12 3613 Y55 France; grape MATa,
ho::HygMX,ura3::KanMX-

Barcode

MATa, hoD, ura3::KanMX-Barcode,
ygr043C::HygMX

ADL, [Anthony D. Long]; NCYC, [National Collection of Yeast Cultures].
a These are the abbreviated names used throughout this manuscript. Note that all A strains are MATa and all B strains MATa.
b Bold text indicates changes made from the original strain genotypes.
c These two strains were excluded from subsequent experiments as they mate poorly with the other strains.
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was done to ensure that cassette swapping had not occurred.
To ensure YGR043C had been correctly replaced in each
strain, the region was amplified and Sanger sequenced. All
24 newly generated strains were checked again for HO de-
letion using the HO-big-flank-F/R primers. The strains were
also checked to ensure they had maintained the correct barc-
odes originally inserted (Cubillos et al. 2009) throughout all
the manipulation steps by amplifying the barcodes using the
barcode-check-F/R primer pair and Sanger sequencing the
amplicons using the M13(-47)F primer. As a final check, all
24 haploid strains were streaked onto YPD supplemented
with hyg and cloNAT to ensure that none of the strains could
grow on both antibiotics.

The 18-way crossing scheme, version 1

A full diallele cross of 11MATa and 11MATa strains (exclud-
ing strains A10 and B10) was carried out (with four strains in

common). A schematic of the mating scheme is shown in
Figure 1A, while Table 1 lists the strains used in this study.
Strains A1–A5 and A6–A12 (excluding A10) were struck in
horizontal rows onto two YPD plates each (total of four YPD
plates), then strains B1–B5 and B6–B12 (excluding B10)
were each struck in vertical rows onto two of the YPD plates
such that each B strain intersected with each A strain. All
121 pairwise combinations of the A and B strains were thus
represented across the four YPD mating plates. Mating oc-
curred overnight at 30� after which diploids were selected by
replica plating onto YPD plates with hyg and cloNAT. A single
colony from each of the 121 crosses was then incubated over-
night in YPD with hyg and cloNAT at 30� at 180 rpm. Equal
volumes of each culture and 30% glycerol were used to make
frozen stock that were then archived at 280�. An equal vol-
ume from each diploid culture was then combined to make
the 18-way population, which was washed twice with PYD

Figure 1 Schematic of the out-
crossing process used to make
the two 18F12 diploid popula-
tions. Both populations were
established by a full diallele cross
of all 22 isogenic haploid foun-
der strains. A1/B1, A2/B2, A3/
B3, and A4/B4 are different mat-
ing types of the same strains and
are the same strains used in
Cubillos et al. (2013). In (A), all
pairwise crosses were mixed be-
fore the first round of sporula-
tion. This is in contrast to (B), in
which mixing did not occur until
after an initial sporulation event.
In both cases, mixed populations
were taken through additional
rounds of sporulation and ran-
dom mating for a total of 12 mei-
otic generations.
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+ampicillin then split into two 1-liter flasks with 200ml total
PYD+ ampicillin each. Sporulation was carried out for 5 days
en masse at 30� at 180 rpm to complete the first round of
outcrossing.

Additional outcrossing in the 18-way cross, version 1

Eleven additional cycles of mass sporulation followed by
random mating were carried out for a total of 12 rounds of
outcrossing for both replicates (Table S3). After sporulation,
50 ml of culture was spun down at 2000 3 g for 2 min and
resuspended in 1 ml of Yeast Protein Extraction Reagent.
Samples were transferred to a 1.5-ml centrifuge tube and
vortexed. Cells were washed twice and resuspended in
500 ml of ddH2O with 5 ml of 5 U/ml zymolyase. The tubes
were shaken vigorously in a Geno Grinder 2000 at 750
shakes/min for 45 min. Next, 500 ml of 400-mm silica beads
were added to the samples, which were again put in the Geno
Grinder 2000 for 5 min at 1500 shakes/minute. The super-
natant was transferred to a fresh 1.5-ml centrifuge tube,
washed once in YPD, resuspended in 500 ml of YPD, and
transferred into 50 ml of YPD in a 1-liter flask. Mating was
carried out overnight at 30� at 40 rpm. The next day, mated
cells were harvested, transferred to YPD with cloNAT, hyg,
and amp, and incubated overnight at 30� at 180 rpm. The
next day, 7 ml from the overnight culture was used to make
glycerol stock while 5 ml was harvested, washed twice, and
resuspended in 200 ml of PYD + ampicillin. Sporulation was
carried out for 5 days at 30� at 180 rpm (see Table S2). If the
experiment had to be paused, 5 ml of glycerol stock from the
most recently completed cycle was used to begin the next
cycle of sporulation.

The 18-way crossing scheme, version 2

A full diallele cross of the same 11MATa and 11MATa foun-
der strains used to create 18F12v1 was again carried out
(Figure 1B). To initiate this process, equal volumes from cul-
tures containing each MATa founder strain were mixed with
each MATa founder strain in all 121 possible pairwise com-
binations in 24-well deep-well plates (hereafter “24DWPs”)
in a total volume of 1 ml of YPD (no ampicillin added) (see
Note S1). Mating was carried out in liquid culture for 4–5 hr
at 30� at 50 rpm, after which mating was verified by checking
for the presence of zygotes and/or shmooing under a micro-
scope. At this point, 1 ml of YPD supplemented with 200 mg/
ml cloNAT and 600mg/ml hygwas added to each culture (the
final concentrations of cloNAT and hyg were 100 mg/ml and
300 mg/ml, respectively) to select for successfully mated dip-
loids, and incubated overnight at 200 rpm at 30�. After over-
night selection, 140 ml from each culture was combined with
140 ml of 30% glycerol to make frozen stock of each cross.
The remaining cultures were harvested at 1500 rpm for
5 min, and the pellets were washed and then resuspended
in 4 ml of PA7 + ampicillin. Sporulation was carried out for
6 day at 30� at 275 rpm in the 24DWPs.

All 121 sporulating cultures were checked using a micro-
scope to determine the amount of sporulation that occurred;

cultures were graded on a scale of 0–5, with 0 being no
sporulation and 5 being almost complete sporulation. Crosses
that did not sporulate were excluded from subsequent steps
(see Table S2). After checking for sporulation, cultures were
harvested, washed, and then resuspended in 500 ml of spore
isolation solution (hereafter “SIS”: 25 U zymolyase, 10 mM
DTT, 50 mM EDTA, and 100 mM Tris-HCl, pH 7.2, made up
to 500 ml) and incubated for 1 hr at 30� at 250 rpm to sphe-
roplast cells. Cultures were then harvested and resuspended
in 1% Tween 20 to selectively lyse unsporulated cells. Fol-
lowing this, cultures were again harvested and resuspended
in 500 ml of spore dispersal solution (hereafter “SDS”: 1 mg
lysozyme, 5 U zymolyase, 1% Triton X-100, 2% dextrose, and
100 mM PBS, pH 7.2, made up to 500 ml). Cultures were
transferred to Eppendorf tubes with 500 ml of 400 mm beads
and bead milled using a Geno Grinder 2000 at 1500 strokes
per minute for 5 min to break up tetrads, after which all
cultures were placed at 4� overnight. The next day, all tubes
were vortexed at high speed for 30 sec, the supernatant was
transferred to a 24DWP, 500 ml of 100 mM PBS, pH 7.2 was
added back to the beads, followed by vortexing for 30 sec and
transferring to the same wells of a 24DWP to maximize re-
covery of spores from the beads. Cultures were washed once
in PBS, then resuspended in 500 ml of 100-mM PBS, pH 7.2,
and 100 ml was transferred to a 96-well clear plate to mea-
sure the OD630 of each culture in duplicate using a BioTek
Synergy HT plate reader. OD630 measurements were then
used to normalize the densities of spores from each cross that
were pooled together (see Note S2). The spore pool was
washed twice with 5 ml of YPD, then resuspended in
12.5 ml of YPD. This culture was split in half and transferred
to two 250-ml flasks, each with 6.25 ml of YPD, to establish
two replicate populations. Mating was carried out overnight
at 30�with gentle shaking at 40 rpm. The next day, 12.5ml of
YPDach (a 23mix of ampicillin, cloNAT, and hyg) was added
to each culture to select for diploids. Cultures were incubated
overnight at 200 rpm at 30�. This established replicate
F2 populations of the 18-way cross, version 2 (hereafter
“18F2v2”). The following day, 7 ml of the replicate popula-
tions were frozen down at280�with an equal volume of 30%
glycerol. The remaining volume was spun down and used to
initiate a second round of outcrossing.

Additional outcrossing in the 18-way cross, version 2

Eleven additional cycles of mass sporulation followed by
random mating were carried out for a total of 12 rounds of
outcrossing for both replicates. As replicate 2 was treated
differently during a couple of cycles, replicate 1 was the
population chosen for subsequent analyses and, as such, will
be the only replicate of version 2 described further. Each cycle
consisted of 3–6 days of sporulation after which diploids were
randomly mated for 3–4 hr. This was followed by an over-
night selection step in YPDach to enrich for mated diploids.
After selection, an aliquot of each population was frozen
down at 280� with the remaining culture used to initiate
the next cycle of outcrossing. Table S3 enumerates the days

328 R. A. Linder et al.



of sporulation for each cycle as well as additional details
regarding the culturing conditions for both versions of the
18-way population. After each round of sporulation, cul-
tures were processed as detailed above with the following
modifications: 5 ml of SIS, 10 ml of 1% Tween 20, and 5 ml
of SDS were used to kill vegetative cells. Tetrads were dis-
rupted by bead milling at 1500 strokes/min using a Geno
Grinder 2000 for 25–45min. The contents of the tubes were
mixed thoroughly with a pipette to ensure maximal recov-
ery of cells from the bead slurry. The supernatant was then
transferred to 50-ml Falcon tubes, after which 500 ml of
YPD + ampicillin was added back to the tubes, which were
then briefly vortexed at the highest setting. The superna-
tant was transferred to the same 50-ml Falcon tube. Cul-
tures were harvested, washed, and then resuspended in
5 ml of YPD + ampicillin. At this point, cells were carefully
mixed by pipetting and then transferred to a 250-ml Erlen-
meyer flask with 7.5 ml of YPD + ampicillin. Spores were
mated for 3–4 hr at 30� at 40 rpm, after which the presence
of shmoos and/or zygotes was checked under the micro-
scope. Next, 12.5 ml of YPDach was added to the mated
cells, which were incubated overnight at 200 rpm at 30�.
The next day, cells were transferred to 50-ml Falcon tubes,
and 7 ml of culture was mixed with an equal volume of 30%
glycerol to make frozen stock, while the rest of the culture
was spun down at 3000 rpm for 5 min. Cultures were
washed twice, resuspended in 25 ml of PA7, then trans-
ferred to a 250-ml flask with 25 ml of PA7 and 50 ml of
100 mg/ml ampicillin, and sporulated at 30� at 275 rpm
to initiate the next cycle of outcrossing. Following the
twelfth cycle of sporulation followed by random mating,
cells were transferred to 1-liter flasks with 187.5 ml of
YPDach and incubated overnight at 30� at 200 rpm. The
following day, all 200ml of culture wasmixed with an equal
volume of 40% glycerol and frozen down at280� in a com-
bination of 2-ml cryotubes and 15-ml Falcon tubes.

Whole-genome sequencing of the haploid
founder strains

All 18 founder strains were sequenced using a combination of
PacBio long-read and Illumina short-read technology. PacBio
sequencing data were available from a previous study for 6 of
the 18 strains (founders AB1–4, A7, andA9) (Yue et al. 2017),
which were downloaded and reassembled using our pipeline
so that all assemblies were directly comparable. The remain-
ing strains were struck out onto YPD plates for 3 days at 30�,
after which a single colony was inoculated into 50 ml of YPD
+ ampicillin and incubated at 30� at 200 rpm overnight. DNA
was extracted using the QIAGEN G-tip DNA extraction kit.
Purified genomic DNA (gDNA) was sheared using 24-gauge
blunt needles. The resulting sheared gDNA samples were
quality checked by a Field-inversion gel electrophoresis run
at 134 V overnight and concentrations were measured using
Qubit. Sample were considered acceptable if the majority of
gDNA was sheared to between 20 and 100 kb. In our hands,
carefully controlling the gDNA size distribution results in

longer N50 PacBio reads, which gives better de novo assem-
blies with less data. SMRTbell libraries were prepared and
sequenced at the University of California, Irvine Genomics
High-Throughput Facility using a PacBio RSII machine. The
details of PacBio library creation for the purpose of de novo
genome assembly are described in Chakraborty et al. (2016).
The average per-site coverage of the six previously sequenced
strains was 3653 as compared with 593 for the 12 strains
sequenced in our hands, while the average PacBio read N50
for the previously sequenced strains was 5.73 kb as compared
with 11.65 kb for the strains sequenced by our laboratory.

Libraries for Illuminasequencingweremadeforall18foun-
der strains. The same gDNA that had been used to prep the
SMRTbell libraries was used to make Illumina libraries. The
gDNA from the six remaining strains was prepared using the
QIAGEN G-tip kit as above. All gDNA was sheared to �300–
400 bp using a Covaris S220 Focused Acoustic Shearer with
the following settings: peak incident power (W) of 140, duty
factor of 10%, cycles per burst of 200, treatment time of
65 sec, temperature of 4�, and water 12. Illumina compatible
libraries were prepared using the NEBNext Ultra II DNA Li-
brary Prep kit along with the NEBNext Multiplex Oligos for
Illumina (Index Primer Set 1), as per the manufacturer’s rec-
ommendations. Adaptor-ligated DNA was size-selected and
PCR-enriched for five cycles, followed by cleanup of the PCR
reaction using AMPure XP Beads as per the NEBNext Ultra II
DNA Library Prep protocol. Sequencing was carried out using
the Illumina HiSeq4000 with PE100 or PE150 reads (see
Note S3). The average per-site coverage of the 18 founder
strains was 2903, with the lowest coverage being 1863
(founder B11) and the highest coverage at 3743 (founder
AB4).

Genome assembly

We assembled the PacBio reads using canu v1.7 (commit
r8700; options: corMhapSensitivity = high, corOutCoverage =
500, minReadLength = 500, corMinCoverage = 0, and cor-
rectedErrorRate = 0.105) (Koren et al. 2017). We generated
hybrid assemblies using the PacBio and Illumina reads for the
12 strains for which we generated the PacBio reads. The
PacBio reads from the six strains from Yue et al. (2017) were
too short to assemble with DBG2OLC, the hybrid assembler
we used (Ye et al. 2016). The DBG2OLC hybrid assemblies
were used to fill gaps in the corresponding canu assemblies
using quickmerge, following the two-step merging approach
(Chakraborty et al. 2016; Solares et al. 2018). The PacBio
reads from Yue et al. were sequenced using an older chemis-
try of PacBio (P4-C2) than our PacBio reads (P6-C4), so
they required a different algorithm for optimal polishing
than the assemblies created with the P6-C4 reads. Hence,
we polished the P4-C2-based assemblies twice using
Quiver and the P6-C4-based assemblies twice using Arrow
(smrtanalysis v5.2.1). Finally, we polished all assemblies
twice with the paired-end Illumina reads using Pilon
(Walker et al. 2014).

18-Way Outcrossed Diploid Budding Yeast 329



Benchmarking Universal Single-Copy
Orthologs assessment

We estimated the number of fungi Benchmarking Universal
Single-Copy Orthologs (BUSCOs) (n= 290) in each polished
assembly using BUSCO v3.0.2 (Waterhouse et al. 2018) (Ta-
ble 2). For the augustus gene prediction step in BUSCO
we used “saccharomyces_cerevisiae_S288C” as the species
option.

Quality value (qv) estimate

To estimate assembly error rate, paired-end Illumina reads
used in assembly polishingweremapped to the final assembly
using bowtie2 (Langmead and Salzberg 2012). SNPs and
small insertion/deletions (indels) were identified using free-
bayes v0.9.21 (-C 10 -0 -O -q 20 -z 0.10 -E 0 -X -u -p 1 -F 0.75)
(Garrison and Marth 2012 preprint). To estimate the error
rate, total bases due to SNPs and small indels (e) and the total
number of assembly bases (b) with read coverage $ 3 were
counted, and qv was calculated as –10 3 log(e/b) (Koren
et al. 2017) (Table 2).

Santa Cruz browser tracks

Assembled genomes were aligned to one another and the
SacCer3 reference genome using ProgressiveCactus (https://
github.com/ComparativeGenomicsToolkit/cactus) (Paten et al.
2011a,b). Santa Cruz Browser Track Hubs were created using
the hal2assemblyhub script that is part of the ProgressiveCactus
software (https://github.com/ComparativeGenomicsToolkit/
Comparative-Annotation-Toolkit). The resulting SNAKE tracks
are viewable at http://bit.ly/2ZrreUd. SNPs were identified
between the founder strains using a generic GATK pipeline,
with SNPs functionally annotated using SNPeff (Cingolani
et al. 2012). Scripts to align the genomes and call SNPs in

the founders are available here: https://github.com/tdlong/
yeast_resource.

Analysis of structural variants

We aligned each founder genome assembly to the s288c
reference genome (GCA_000146055.2) using MUMmer
v4.0 (Marçais et al. 2018) (nucmer–maxmatch–prefix foun-
der ref.fasta founder.fasta). To annotate the structural vari-
ants, the d alignment file for each strain was then processed
with SVMU (commit e9c0ea1) (Chakraborty et al. 2019).

Whole-genome sequencing of the two base populations

The two base populations were deeply sequenced using Illu-
mina technology. In total,4mlof the18F12v1frozenstockwas
thawed at room temperature, pelleted at 3000 rpm for 5 min,
and resuspended in 20 ml of YPD + ampicillin. This was
followed by incubation at 30� for 3.5 hr at 275 rpm. Next,
gDNA was extracted using the QIAGEN DNeasy kit. The
gDNAwas sheared using the Covaris S220 as above and Illu-
mina-compatible libraries were prepared using the NEBNext
Ultra II DNA Library Prep kit as above. The NEBNext libraries
were pooled and sequenced on the HiSeq4000 using PE100
reads. The NEBNext libraries were sequenced at a mean per-
site coverage of 32703.

For18F12v2, similarly to18F12v1,4mlof frozen stockwas
thawed at room temperature, pelleted at 3000 rpm for 5 min,
and resuspended in 20 ml of YPD + ampicillin, followed by
incubation at 30� for 3.5 hr at 275 rpm. The gDNA was
extracted using the QIAGEN G-tip kit. Nextera libraries were
prepped for 18F12v2 by following the standard Nextera pro-
tocol with slight modifications. Tagmentation reactions were
carried out in 2.5-ml reactions for 10 min at 55�. Reactions
were stopped by adding SDS to a final concentration of

Table 2 Assembly statistics for the 18 sequenced founder strains

Strain
Assembly
size (Mb)

Assembly
N50 (kb)

Assembly
Quality
value

Assembly
BUSCO

(complete)
Total PacBio
data (Mb)

PacBio read
N50 (kb)

Total Illumina
data (Mb)

Type of
Illumina
reads

3 PacBio
coverage

3 Illumina
coverage

A5 12.13 757 48.8 0.990 737 11.10 3396 PE100 61.4 283.0
A6 11.98 913 46.6 0.986 620 11.68 4079 PE150 51.7 340.0
A7 12.62 901 66.2 0.990 3979 5.97 2775 PE100 331.6 231.3
A8 12.03 917 55.5 0.993 622 11.79 3420 PE100 51.9 285.0
A9 12.53 571 53.0 0.993 5845 5.10 2769 PE100 487.1 230.7
A11 12.10 702 49.3 0.986 644 12.03 2758 PE100 53.7 229.8
A12 12.00 795 45.5 0.993 613 11.83 3563 PE100 51.1 296.9
B5 12.32 738 46.5 0.990 741 10.97 3861 PE100 61.7 321.8
B6 12.10 772 44.9 0.990 401 11.67 2906 PE100 33.4 242.2
B7 11.91 765 39.5 0.986 719 11.79 4266 PE100 59.9 355.5
B8 11.99 802 66.0 0.990 741 12.00 3054 PE100 61.8 254.5
B9 12.40 856 54.6 0.993 1083 12.05 3419 PE100 90.2 284.9
B11 12.12 789 55.0 0.990 765 12.13 2236 PE100 63.8 186.3
B12 12.04 790 48.7 0.986 804 10.79 3930 PE100 67.0 327.5
AB1 12.35 901 47.9 0.993 3315 5.84 3509 PE150 276.3 292.4
AB2 12.83 741 66.2 0.990 5230 4.77 4230 PE150 435.8 352.5
AB3 12.44 809 55.8 0.990 3254 6.21 3891 PE150 271.2 324.2
AB4 12.32 800 55.7 0.990 4649 6.43 4490 PE150 387.4 374.2

Bold text represents founder strains that were previously sequenced using PacBio technology in Yue et al. (2017). BUSCO, Benchmarking Universal Single-Copy Orthologs;
PacBio, Pacific Biosciences.
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0.02% followed by incubation at 55� for 7 min. Samples were
immediately transferred to ice. Limited-cycle PCR was car-
ried out to add two unique barcodes to each library to enable
dual-index sequencing. This avoids the problem of barcode
switching when N i7 andM i5 barcodes are used to createMN
combinations. The KAPA HiFi Ready Mix (23) was used in
conjunction with the KAPA forward and reverse primers to
amplify tagmented libraries in 25 ml total volume. Thermo-
cycling parameters consisted of 3 min at 72�, 5 min at 98�,
followed by 15 cycles of 10 sec at 98�, 30 sec at 63�, and
30 sec at 72�, with a hold of 72� for 5 min at the end. PCR
reactions were cleaned up using AMPure XP Beads (Beckman,
Fullerton, CA) and libraries quantified by Qubit. Sequencing
was performed on the HiSeq4000 using PE150 reads.
18F12v2 libraries received 22263 coverage.

Whole-genome sequencing of the first two meiotic
generations of the second base population

For 18F1v2 and 18F2v2,�1ml of frozen stock was thawed at
room temperature, spun down at 7500 rpm for 5 min in
microcentrifuge tubes, resuspended in 1 ml of YPD + ampi-
cillin, transferred to a 250-ml flask with 19 ml of YPD +
ampicillin, and incubated at 30� for 3.5 hr at 275 rpm. The
gDNA from both samples was extracted using the QIAGEN
G-tip kit. Nextera libraries were prepped by following the
Nextera flex protocol using one-fifth reactions with slight
modifications. Limited-cycle PCR was carried out using the
KAPA HiFi Ready Mix (23) as detailed above to add bar-
coded Illumina-compatible adapters in 12.5-ml reactions.
Thermocycling parameters consisted of 3 min at 72�, 3 min
at 98�, followed by 12 cycles of 45 sec at 98�, 30 sec at 62�,
and 2 min at 72�, with a hold of 72� for 1 min at the end.
Proteinase K was added to each reaction (50 mg/ml final
concentration) to digest the polymerase. Samples were in-
cubated for 30 min at 37� and 10 min at 68�. Reactions were
cleaned up using the sample purification beads (SPB) beads
provided with the Nextera flex kit. Sequencing was per-
formed as above using PE100 reads. 18F1v2 received 983
coverage while 18F2v2 received 733 coverage.

Whole-genome resequencing of recombinant
haploid clones

Ten haploid recombinant clones (five of each mating type)
were isolated fromeachof the twobasepopulations.18F12v1-
derived haploids were generated by sporulating an overnight
culture of the 18F12v1 population in 2 ml of PA7 in a 10 ml-
culture tube at 30� for 3 day. Spore isolation and dispersal
were carried out as detailed above for the creation of
18F12v2 with 15 min of bead milling to disperse spores.
Spores were plated at low density onto YPD plates and in-
cubated for 2 days at 30�. One of the YPD plates was then
replica plated onto four different plates: YPD with hyg, YPD
with cloNAT, YPD with mating-type tester 1, and YPD with
mating-type tester 2. Five haploids of each mating type were
inoculated into YPD overnight. The gDNA was extracted us-
ing the QIAGEN DNeasy kit and Nextera libraries prepared as

above. Libraries were sequenced on a HiSeq4000 using
PE100 reads to a mean per-site coverage of �323.

18F12v2-derived haploids were generated by sporulating
an overnight culture of the 18F12v2 population in 4ml of PA7
in a 24DWP at 30� at 275 rpm for 3 days. Spore isolation and
dispersal were carried out as detailed above for the creation
of 18F12v2 with 20 min of bead milling to disperse spores.
Spores were plated at low density onto YPD plates and in-
cubated at 30� for 3 days. Next, 96 single colonies were trans-
ferred into a 96-well deep-well plate with YPD + ampicillin
using sterile toothpicks. After overnight incubation at 30�,
200 ml of culture from each well was transferred to a
96-well shallow plate and pinned YPD plates with either clo-
NAT, hyg, mating-type tester 1, or mating-type tester 2 using
a 48-well replicator tool. The source plate was covered with
an adhesive membrane and stored at 4�. The mating-type
plates were incubated at 30� for 2 days, after which five
haploids of each mating type were transferred from the
original source plate to 1.5-ml Eppendorfs and gDNA was
extracted using a QIAGEN DNeasy kit. Nextera libraries were
prepared as above. Libraries were sequenced on a HiSeq4000
using PE150 reads to a mean per-site coverage of �60x.

Haplotype calling in Illumina resequenced MPPs and
recombinant haploid clones

Demultiplexed fastq files were used in analyses. Detailed
scripts/software versions to reproduce our analysis are
located at https://github.com/tdlong/yeast_resource.git.
Briefly, reads were aligned to the sacCer reference genome
using bwa-mem and default parameters (Li and Durbin 2009;
Li 2013). We maintain two SNP lists, a set of known SNPs in
the strains obtained from a GATK pipeline that only considers
the isogenic founders, and a subset of those SNPs that are
well behaved (i.e., frequency of the Reference (REF) allele
close to zero or one in all founder lines, pass GATK qualify
filters, etc.). The list of well-behaved SNPs that are polymor-
phic in the founders can be used to speed up subsequent
steps, where we sometimes examine hundreds of samples,
since only variants polymorphic among the founders need
be considered when working with samples from a synthetic
population (except when calling newly arising mutations).
samtools mpileup (Li et al. 2009; Li 2011) and bcftools
(Narasimhan et al. 2016) are used to query well-behaved
known SNPs. We have no interest in calling genotypes, but
instead simply output the frequency of the REF allele in each
sample at each location (output = SNPtable). In a separate
analysis, freebayes (Garrison and Marth 2012 preprint),
vcfallelicprimitives (https://github.com/vcflib/vcflib), and vt
normalize (Tan et al. 2015) were used to call all SNPs and the
SNPs not in our list of known SNPs considered candidate new
mutations.

We have developed custom software to infer the frequency
of each founder haplotype at each location in the genome
in pooled samples using the SNPtable as input and the
haplotyper.limSolve.code.R script in the GitHub archive. This
same algorithm can also be used without modification to
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infer genotypes in recombinant haploid clones. Briefly, we
slide through the genome in 1-kb steps considering a 60-kb
window for each step. For all SNPs in the window we calcu-
late a Gaussian weight such that the 50 SNPs closest to the
window center account for 50% of the sum of the weights.
We then consider F founders and use the lsei function of the
limSolve package (limSolve: Solving Linear Inverse Models, R
package 1.5.1) (Van den Meersche et al. 2009) in R to iden-
tify a set of F mixing proportions (each greater than zero and
summing to one) that minimize the sum of the weighted
squared differences between founder haplotypes and the ob-
served frequency of each SNP in a pooled sample. That is, for
an N SNP window we call lseiwith the following parameters:
A = N*F matrix of founder genotypes, B = N*1 vector of SNP
frequencies in a pooled sample, E = F*1 vector of 1’s, F = 1, G=
F*F identity matrix, H= F*1 vector of 0’s, and Wa = N*1
vector of weights. Finally, for windows where the ith and
jth founders have near indistinguishable haplotypes, imply-
ing the sum of the twomixing proportions are correct, but not
individual estimates, we estimate the haplotype frequency as
one-half the sum of the two mixing proportions. This method
of accounting for indistinguishable haplotypes is regional and
is generalized to . 2 near identical founders and multiple
such sets.

Validation of the haplotype caller

To validate our haplotype-calling algorithm, we identified
70,478 SNPs private to a single founder strain (excluding
those present in founders merged due to high sequence
similarity). The haplotype caller was run on 18F12v2 using
the full coveragedata (i.e., 22303) or downsampled 18F12v2
to simulate a more typical pool-sequenced (poolseq) rese-
quencing depth (typical applications using the MPPs are
likely to sequence hundreds of experimental units to �20–
603). For each private SNP, the frequency of the SNP in the
full coverage data was estimated and the founder harboring
that SNP identified. Since the sequence depth of the non-
downsampled population is 22303, the frequency of each
private SNP is measured very accurately. We then infer the
frequency of the founder haplotype harboring the private
SNP at the position closest to the private SNP, in both the
full-coverage and each downsampled population. The error
rate associated with the haplotype caller is the absolute dif-
ference between the frequency of each private SNP and the
founder haplotype harboring it.

In our examination of the relationship between haplotype
and SNP frequency estimates (Figure 4) we identified and
removed 91 outlier SNPs among the 71,301 private SNPs.
These SNPs were identified as private SNPs whose fre-
quency was . 5% different from the frequency of the hap-
lotype harboring it in the full data set, while exhibiting
flanking private SNPs in the same founder whose frequen-
cies agreed with the founder frequency. We believe these
outlier SNPs are cases where that particular SNP in a pooled
sample cannot be aligned to the reference genome very
accurately. It is noteworthy that it is more difficult to

identify poorly performing SNPs that are not private to a
single founder, and such SNPs likely hurt haplotype infer-
ence methods.

Delineating haplotype blocks in recombinant
haploid clones

The haplotype caller is primarily used to estimate the fre-
quency of founder haplotypes at different positions in the
genome in a DNA pool from a segregating population, but it
can also be run on DNA obtained from a haploid or diploid
clone. In a haploid clone the haplotype caller should return a
haplotype frequency of close to 100% for one of the founder
haplotypes for much of the genome, with sharp transitions
between founder states near recombination breakpoints. In
depicting thehaplotypic structureofhaploidclonesweclassify
genomic regions at which the inferred haplotype frequency of
a single founder (or multiple indistinguishable founders) is
, 95% as having an “unknown” haplotype (these unknown
intervals typically being associated with state transitions).
We also observe intervals in which several founders are in-
distinguishable from one another (due to insufficient SNP
divergence between the founders in these window). We
could sometimes resolve these intervals to a single founding
haplotype when flanking haplotypes were unambiguously
called as derived from the same single founder. Custom R
scripts were used for these analyses as well as to calculate
the length of haplotype blocks in haploid clones. Haplotype
block sizes were inferred by finding the positional differences
between the beginnings and ends of runs of the same
haplotype.

Data availability

Strains and plasmids are available upon request. All genome
sequencing data and assemblies have been deposited into
public repositories. Sequence data generated for the two base
populations (18F12v1, 18F12v2, 18F1v2, and 18F2v2) as
well as the recombinant haploid clones are available in the
Short Reads Archive under bioproject PRJNA551443 in ac-
cessions SRX6465384 to SRX6465405 and SRX6983898 to
SRX6983899. All PacBio and Illumina data generated for the
18 founding strains are also available in the Short Reads
Archive under the bioproject PRJNA552112 in accessions
SRX6380915 toSRX6380944.Detailed scripts/software ver-
sions to reproduce our analysis are located at https://
github.com/tdlong/yeast_resource.git. Supplemental ma-
terial available at figshare: https://doi.org/10.25386/
genetics.12061659

Results and Discussion

Recovery of hygr and insertion of dominant selectable
markers for high-throughput diploid selection

We further engineered a subset of the yeast SGRP resource
strains (Cubillos et al. 2009) to serve as founders for an
18-way synthetic population. We first recovered the hygr
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marker used to delete the HO gene in the haploid SGRP
strains. Previous work (McDonald et al. 2016) replaced
YGR043C, a pseudogene that is physically close to the
mating-type locus, with dominant selectable markers to fa-
cilitate high-throughput selection of diploids after mating.
We echoed that approach here by replacing YGR043C with
NatMX4 in 12 MATa (A) founders and with HphMX4 in 12 -
MATa (B founders). The presence of these cassettes confers
resistance to the antibiotics cloNAT and hyg, respectively,
enabling the selection of doubly resistant diploids. All newly
engineered strains are given in Table 1.

De novo assembly of high-quality reference genomes
for the 18 founding strains

We generated de novo genome assemblies for the founders
used to create our MPPs using a hybrid sequencing strategy
detailed in Chakraborty et al. (2016) that involves using a
combination of long-read (PacBio) and short-read (Illumina
paired-end) sequencing technology. The de novo assemblies
allow us to reliably identify structural variants while the over-
all assembly has a low per-base pair error rate. We assembled
58.93 PacBio reads on average (33–903) for 12 of the foun-
der strains, and reassembled the other 6 strains using publicly
available shorter-length 364.93 PacBio reads on average.
Despite the different numbers and chemistries of PacBio
reads used in assembling the genomes, all of our assemblies
are highly accurate (average quality value (qv) = 52.5) and
show comparable contiguity. For example, the average contig
N50 of our assemblies is �800 kb (N50 = 50% of the

assembly is contained within sequences of this length or
longer), indicating that the majority of the chromosomes
are represented as single contigs (Table 2). Examination of
290 conserved fungal single-copy orthologs (BUSCO) shows
that completeness (�99%) of all our assembled genomes is
comparable to the reference S288C assembly (99%).

We aligned the assemblies to one another and represent
them as Santa Cruz genome browser tracks (http://bit.ly/
2ZrreUd). These tracks have utility when looking for candi-
date causative variants in small regions of genetic interest.
The large amount of genetic diversity sampled by the foun-
ders can be illustrated by zooming in on regions such as that
shown in Figure 2, which highlights the numerous alleles
segregating at a gene implicated in many genetic mapping
studies in budding yeast, the highly pleiotropicMKT1.MKT1
influences several cellular processes including the DNA dam-
age response, mitochondrial genome stability, drug resis-
tance, and post-transcriptional regulation of HO (Dimitrov
et al. 2009; Ehrenreich et al. 2010; Tkach et al. 2012;
Kowalec et al. 2015). Studies have found that different alleles
of MKT1 can differentially affect several phenotypes, includ-
ing mitochondrial genome stability and drug resistance.
Variation at this gene among our founders includes
10 nonsynonymous SNPs and 34 synonymous SNPs. Of the
10 nonsynonymous SNPs, six are predicted to change the
secondary structure of the protein. Taking into account only
nonsynonymous SNPs, there are seven different alleles seg-
regating among the founders (all segregating in our 18F12v2
MPP).

Figure 2 Many alleles of the highly pleiotropic
MKT1 gene are segregating among the founder
strains, highlighting the potential of uncovering
complex allelic series using populations derived
from these strains. Seven of these alleles are differ-
entiated by nonsynonymous SNPs, of which six are
predicted to be segregating in 18F12v2. Vertical red
lines are synonymous SNP differences from the ref-
erence S288C strain and black bars are nonsynon-
ymous SNPs.
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The genome browser tracks are also useful for visualizing
structural variants such as those shown in Figure 3, which
highlights a large (.1 kb) deletion in the vacuolar ATPase
VMA1 (Figure 3A) present in half of the founders. Previous
work has shown that the deleted region encodes a self-splicing
intein, PI-SceI, a site-specific homing endonuclease that
catalyzes its’ own integration into inteinless alleles of VMA1
during meiosis (Gimble and Thorner 1992). This selfish ge-
netic element has been shown to persist in populations solely
through horizontal gene transfer and is present in many spe-
cies of yeast. Perturbation of VMA1 itself has been shown
to influence both replicative and chronological life span,

resistance to metals, as well as oxidative stress tolerance
(Kane 2007; Ruckenstuhl et al. 2014).

In addition to large deletions, copy number variants
(CNVs) can also be found, such as that shown in Figure 3B,
in which the cytoplasmic aldehyde dehydrogenase, ALD2, is
duplicated in founder A5. Conversely, this gene has been de-
leted in founders B5 and B8. ALD2 has been shown to be
involved in the osmotic stress response as well as the re-
sponse to glucose exhaustion (Navarro-Aviño et al. 1999).
A more structurally complex region was identified on chro-
mosome VII (Figure 3C), at which multiple different dele-
tions (ranging from �50 bp to . 300 bp) were found to

Figure 3 Combining contiguous
long-read sequencing with accu-
rate short-read data enables the
detection of structural variants
such as those depicted to the left.
In (A), a large (. 1 kb) deletion
within a vacuolar ATPase (VMA1)
is present in one-half of the strains
used in this study. This deletion
directly overlaps the self-splicing
intein PI-SceI. Copy number vari-
ants of ALD2, an aldehyde dehy-
drogenase, were detected (B) and
include a duplication of this gene
in founder A5 (represented as
ALD2-A and ALD2-B), as well as
its deletion in founders B5 and
B8. In (C), multiple deletions of
different lengths in the osmosen-
sor MSB2 were detected in multi-
ple founder strains. Dotplots of a
structurally complex region on chr
IV are shown for founders AB4
(D) and B7 (E). These plots show
alignments of regions from the
founder strains (depicted on the
y-axis) with the corresponding re-
gion from the S288C reference
strain (depicted on the x-axis).
The red boxes present above the
genes in the reference strain map
duplications (solid boxes) and de-
letions (empty boxes) detected in
each founder strain to the corre-
sponding reference sequence. In
all panels, the Ref is used to high-
light the various arrangements of
structural variants present in the
founder strains. chr, chromosome;
Ref, reference strain S288C.
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occur atMSB2, an osmosensor involved in the establishment
of cell polarity (O’Rourke and Herskowitz 2002; Cullen et al.
2004). Null alleles of MSB2 have been shown to have de-
creased chemical resistance.

One of themost structurally complex regions we identified
contains �2 kb of repetitive sequence and is present on chro-
mosome IV (Figure 3, D and E and Figure S1), at which
multiple different deletions (ranging from �80 bp to
. 500 bp) as well as duplications occur in multiple founders
within the PRM7 and BSC1 genes. Due to the highly complex
nature of the variation present, this region is represented as a
series of dot plots, with two founders highlighted in the main
text (Figure 3, D and E). Dot plots of this region in all founder
strains are shown in Figure S1. A previous study demon-
strated that although two distinct genes (PRM7 and BSC1)
are present in S288C, a combination of small deletions and
point mutations in another yeast strain (W303) have caused
the STOP codon to be absent from BSC1, leading to the read-
through transcription of a new gene that encompasses se-
quence from both PRM7 and BSC1, as well as the intergenic
region between them (Kowalec et al. 2015). This gene, IMI1,
was shown to affect mitochondrial DNA stability as well as
intracellular levels of reduced glutathione.

The above regions highlight the utility of our de novo ge-
nome assembly approach, as deletions and CNVs of this scale
would be difficult to detect via the usual method of aligning

short reads to a reference genome. But if an investigator
mapped a QTL to one of these genes, they would certainly
want to know about the existence of the segregating struc-
tural variation.

Despite the large amount of natural variation present
among the founders in general, some of the founders were
found to be genetically very similar to one another (AB3/B6)
(Figure S2 and shown in Table S4), having , 200 pairwise
SNP differences. This lack of divergence makes this set of
founders difficult to distinguish from one another for much
of the genome and, as a result, we collapsed them for sub-
sequent analyses (despite that fact that a subset of these
200 differences could be functional). Three additional foun-
ders (A11/A12/B11)were also found to be highly genetically
similar to one another, with, on average, , 2000 pairwise
SNP differences. These differences were concentrated in a
small number of regions, making these three founders distin-
guishable for these regions (but indistinguishable for much of
the remainder of the genome).We kept these strains separate
for downstream analyses.

Creation of two 18-way highly outcrossed populations

MPPs created using multiple rounds of recombination can
significantly increase the resolution of genetic mapping stud-
ies by virtue of haplotypes sampled from these populations
having a greater number of genetic breakpoints. Furthermore,
multiple founders result in high levels of standing variation
present in the MPP. These two features result in populations
that more realistically mimic natural outbred diploid popula-
tions, and samplemore functional alleles andhaplotypes from
the species as a whole than a two-way cross. With these goals
in mind, we constructed a large, genetically heterogenous
population by crossing 18 different founder strains [each
strain being derived from the SGRP (Cubillos et al. 2009)].
The 18 founder strains were chosen to represent a broad
swathe of the natural diversity of the species and belong to
diverse phylogenies, including: Wine/European, West Afri-
can, North American, Sake, and Malaysian (see Table 1). It
is also noteworthy that founder strains A1–4 and B1–4 are
the same four strains used in Cubillos et al. (2013), and were
introduced into the population as bothMATa andMATamat-
ing types. We created two versions of our 18-way MPP. In
both cases, a full diallele cross was used to create all
121 unique diploid genotypes from 11 MATa and 11 MATa
strains (see Figure 1, A and B). All 121 diploid genotypes
were combined and the resulting population was taken
through 12 rounds of sporulation followed by randommating
to break up LD. Previous work has shown that 12 rounds of
random recombination breaks up haplotype blocks to the
point where additional outcrossing does not significantly de-
crease LD (Parts et al. 2011). For brevity, the two different
outcrossed populations will be referred to as 18F12v1 and
18F12v2, respectively, throughout the rest of this manuscript.
The version 1 MPP differed primarily from version 2 in that
the 121 diploid genotypes obtained from the diallele were
directly combined and sporulated en masse (version 1; Figure

Figure 4 The frequency of SNPs private to a single founder are highly
correlated with the estimated haplotype frequencies at these SNPs in
18F12v2. As the frequency of a private SNP should be equal to the
corresponding haplotype frequency, this measure provides a benchmark
with which the accuracy of our haplotype caller can be measured. Cyan
points represent founders that were pooled when estimating haplotype
frequencies (“grouped founders”) due to the high degree of sequence
similarity between their genomes. Triangles represent mitochondrial
SNPs, which, together with SNPs private to pooled founders, represent
the bulk of the major outliers. The coefficient of determination was cal-
culated by regressing haplotype frequency onto SNP frequency, excluding
SNPs from grouped founders and mitochondrial SNPs.
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1A) to create the MPP, as opposed to being individually car-
ried through sporulation and spore disruption before being
combined (version 2; Figure 1B). Furthermore, due to a tech-
nical artifact during the 12 rounds of outcrossing, 18F12v1
was cross-contaminated with the four-way F12 population
from Cubillos et al. (2013), which contains a functional
URA3 gene. As a result, 18F12v1 MPP is of limited utility
for experiments that require uracil auxotrophy, and
18F12v2 is the current primary focus of work in our
laboratory.

Development of an algorithm for accurately inferring
haplotype frequencies

In QTL mapping experiments using MPPs, it is often advan-
tageous to map QTL back to founder haplotypes. In experi-
ments derived from a two-way cross between isogenic
founders, genotyping SNPs accomplishes this, but with mul-
tiple founders parental haplotypes have to be inferred in
recombinant offspring (Mott et al. 2000). In a similarmanner,
when MPPs are used as a base population and genetic
changes detected following an experimental treatment, it is

often of value to examine changes in haplotype frequency [as
done in Burke et al. (2014) and reviewed in Barghi and
Schlötterer (2019)]. We developed a sliding-window haplo-
type caller that can be used in situations when the founder
haplotypes are known and applied it to both single haploid
clones and pools consisting of millions of diploid individuals.
This haplotype caller differs from other widely used callers
(Long et al. 2011; Kessner et al. 2013) in that it acknowledges
that in somewindows pairs of founders are poorly resolved or
indistinguishable, and relies solely on read counts at known
SNP positions in both founders and recombinant populations.

To benchmark the haplotype-calling algorithm, we com-
pared the frequency of SNPs private to a single founder to the
haplotype frequency of the same founder for the interval
closest to the SNP location in the 18F12v2 base population
(Figure 4). Since this base population is sequenced to 22263,
we initially wished to look at the error in the haplotype esti-
mate at full coverage where the sampling variation on the
SNP frequency estimate was quite low [proportional to
1/sqrt(2226) or , 2%]. For the high-coverage base popula-
tion regions showing large differences between SNPs and

Figure 5 Genome-wide haplotype
frequencies for 18F12v1.
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haplotype frequencies, estimates likely represent instances
where the haplotype caller breaks down, since we attempted
to remove SNPs whose frequencies were poorly estimated.
Figure S3, depicting the absolute difference in SNP vs. hap-
lotype frequency differences, shows that haplotype and SNP
frequencies generally agree with one another with average
and median error rates of 0.4% and 0.2%, respectively (be-
low the sampling error of SNP frequency).

Of course, typical experiments employing these base pop-
ulationswill sample thepopulation following sometreatment,
and compare haplotype frequencies in control vs. treated
samples. Although the 18F12v2 base population is sequenced
to 22263, it would be cost-effective if we could infer haplo-
type frequencies from pooled samples sequenced to much
lower coverage. To determine the accuracy of our haplotype
estimates as a function of sequencing coverage, the 18F12v2
was downsampled 50- and 100-fold, which corresponded to
poolseq data sets of �403 and �203, respectively. We then
estimated relative haplotype frequency error rates as a func-
tion of sequence coverage (Figure S3B), and absolute error
rates as a function of coverage and genomic location (Figure

S4). It is apparent that the error rate is an increasing function
of decreasing coverage, but for much of the genome the ab-
solute error in the haplotype frequency estimate is actually
lower than the binomial sampling errors associated with di-
rectly estimating SNP frequencies at the same coverage (i.e.,
at 20–403 coverage binomial sampling errors on frequency
are . 10%). It is also apparent that the average error rate is
likely driven by a few regions where the haplotype caller
struggles; these are presumably regions with poor divergence
between founders in the window examined. Overall the
mean (median) error rates on haplotype frequency esti-
mates are low, 1.3% (0.8%) at 203 and 1% (0.6%) at 403,
respectively.

Characterization of 18F12v1 and 18F12v2
base populations

18F12v1 and 18F12v2 were subjected to high-coverage
whole-genome sequencing to both characterize their popula-
tion structure and to establish a baseline for future mapping
studies. Figure 5 and Figure 6 show the inferred sliding-
window haplotype frequencies for 18F12v1 and 18F12v2,

Figure 6 Genome-wide haplotype
frequencies for 18F12v2.
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respectively, while Table 3 shows the mean per-founder hap-
lotype frequencies genome-wide. One trend that is evident is
that in both the 18F12v1 and 18F12v2 MPPs a small number
of founders are overrepresented. To identify the origin of this
bias, at least for 18F12v2, the first two meiotic generations of
18F12v2 were sequenced (Figures S5 and S6, and Table S5).
Despite having an initially more balanced population after the
first round of random mating, a few strains quickly became
disproportionately overrepresented. One possible explanation
for this is that a few founding haplotypes were selected for
early in the 12 rounds of intercrossing. Figure S7 provides
suggestive evidence that this may have been the case, as the
frequency of haplotypes derived from founder A5 increases
genome-wide after the second round of meiosis. The latter
one-half of chromosome XIII (from founder A5) emphasizes
this point as it was very highly selected for initially. Another
potential source of bias was the pooling strategy, which was
done using optical density as a proxy for cell numbers. This
may have resulted in an uneven distribution of founders in the
initial pool. Nonetheless, after 12 rounds of random mating,
deep sequencing of 18F12v2 revealed that haplotypes from all
founding strains were present in the population at a detectable
frequency (Table 3). Specifically, haplotypes from $ 10 foun-
ders were detected as segregating in. 99% of the genome in
18F12v2 and close to 98%of the genome in 18F12v1. Further-
more, 18F12v2 was verified as being auxotrophic for uracil,
facilitating future manipulations for downstream analyses.

Characterizing the recombination landscape of 18F12v1-
and 18F12v2-derived segregants

To further characterize 18F12v1 and 18F12v2, 10 haploid
segregants were generated from each diploid population and
subjected to whole-genome sequencing. The complex struc-
ture of these populations is highlighted in Figure 7. Themean
(median) size of haplotype blocks in 18F12v1-generated seg-
regants was 103 kb (66 kb) while the mean (median) size of

haplotype blocks in 18F12v2-generated segregants was
106 kb (66 kb) (Figure S8). The mean number of discrete
haplotype blocks in 18F12v1-generated segregants was
106 as compared with 104 in 18F12v2-generated segregants.
A previous study (Cubillos et al. 2013) found that 12 rounds
ofmeiosis in a yeast four-way cross resulted in amedian block
size of 23 kb with 374 discrete haplotype blocks. Some of the
failure to obtain the smaller block sizes and more numerous
discrete blocks of this previous study may be due to undetect-
able recombination events occurring within haplotypes over-
represented in our populations. Another possibility is that,
due to the large number of founding haplotypes, recombina-
tion events were missed in regions at which multiple found-
ing strains were highly genetically similar. It is also possible
that some of the founding strains used in this study have
relatively low natural recombination rates.

To highlight the diversity present in the two outbred popula-
tions,aclose-upviewof inferredhaplotypes insegregantsderived
from each population at chromosome X is shown in Figure S9.
Regions in which the founding haplotype is unknown tended to
occur at the transitions between haplotypes (see Note S4), and
are amean (median) length of 7.8 kb (6 kb) in 18F12v1-derived
segregants and 7.5 kb (6 kb) in 18F12v2-derived segregants.
Also noticeable is, at least for this chromosome, the larger
amount of variation segregating in 18F12v2 (Figure S9B).

Conclusions

The paradigm of utilizing pairwise crosses to dissect the ge-
netic basis of complex traits has enjoyed much success in
diverse model organisms. However, such studies typically
underestimate the standing variation present in natural pop-
ulations and often lack the resolution to pinpoint causal
variants to a small number of genes. Conversely, association
studies are typically underpowered to detect rare alleles,
poorly tagged variants, and regions with multiple causal sites
in weak LD with one another. MPPs have been proposed to
bridge the gap between the above two approaches. Although
MPPs have been created in several model systems, only a
single MPP has thus far been described in budding yeast. By
generating two large, highly outcrossed and genetically het-
erogeneous populations of S. cerevisiae derived from 18 dif-
ferent founder strains, we have created a powerful resource
that can be used in a variety of experimental settings. For
instance, these populations can be used in large-scale
Bulk segregant analysis (X-QTL) mapping experiments
(Ehrenreich et al. 2010) to comprehensively dissect the ge-
netic architecture of complex traits, as well as large-scale
evolve-and-resequence experiments (Lang et al. 2011; Parts
et al. 2011; Burke et al. 2014) to determine the mechanisms
and course of adaptation to diverse stimuli. Large numbers of
recombinant haploid clones generated from these popula-
tions can be used in complementary large-scale Individual
segregant analysis (I-QTL) studies (Bloom et al. 2013;
Wilkening et al. 2014). Due to the high levels of standing
variation present, these populations should also prove to be
a powerful resource in evolutionary engineering applications,

Table 3 Mean haplotype frequencies in 18F12v1 and 18F12v2

Founder 18F12v1_frequency (%) 18F12v2_frequency (%)

AB1 4.4 1.2
AB2 3.8 0.5
AB3 10.6 41.4
AB4 5.8 3.3
A5 1.2 14.0
A6 0.8 14.3
A7 2.4 0.4
A8 1.2 0.7
A9 0.1 0.5
A11 9.9 1.2
A12 18.1 1.7
B5 27.1 11.3
B7 1.1 1.0
B8 0.5 5.7
B9 0.9 0.8
B11 9.8 1.3
B12 2.4 0.6
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as they are presumably capable of being evolved to carry out
a plethora of useful tasks.

The haplotype-calling software generated in this study
represents a useful resource for theMPP community in general,
as it enableshighlyaccuratehaplotypecalling inpoolseqdataat
reduced coverage. The ability of the algorithm to deal with
windowswhere all founder haplotypes cannot be resolved will
have utility in a subset of systems, including our yeast popu-
lations. Candidate causal regions can be identified by compar-
ing haplotype frequencies at discrete intervals across the
genome in control vs. treatment populations. Candidate re-
gions can then be examined in the University of California,
Santa Cruz genome browser, where genome-wide alignments
of all founder strains have been posted. Structural variants can
be easily visualized in the browser as can nonsynonymous
SNPs, thus pointing investigators to potentially causal genes.

In conclusion, the populations generated in this study
represent a novel resource that brings together the power
of QTL mapping, the resolution of association studies, and a
large amountof natural variation to amodel systemcapable of
teasing apart and directly testing the molecular underpin-
nings of complex traits.
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Figure 7 Haploids derived from
18F12v1 (A) and 18F12v2 (B) were
isolated and sequenced, providing
a glimpse into the recombinogenic
landscape and haplotype diversity
present within these populations.
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