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Chlamydomonas reinhardtii is a widely used reference organism in studies of photosynthesis, cilia, and biofuels. Most research
in this field uses a few dozen standard laboratory strains that are reported to share a common ancestry, but exhibit substantial
phenotypic differences. In order to facilitate ongoing Chlamydomonas research and explain the phenotypic variation, we
mapped the genetic diversity within these strains using whole-genome resequencing. We identified 524,640 single nucleotide
variants and 4812 structural variants among 39 commonly used laboratory strains. Nearly all (98.2%) of the total observed
genetic diversity was attributable to the presence of two, previously unrecognized, alternate haplotypes that are distributed in
a mosaic pattern among the extant laboratory strains. We propose that these two haplotypes are the remnants of an ancestral
cross between two strains with ~2% relative divergence. These haplotype patterns create a fingerprint for each strain that
facilitates the positive identification of that strain and reveals its relatedness to other strains. The presence of these alternate
haplotype regions affects phenotype scoring and gene expression measurements. Here, we present a rich set of genetic
differences as a community resource to allow researchers to more accurately conduct and interpret their experiments with

Chlamydomonas.

INTRODUCTION

Chlamydomonas reinhardtii is a unicellular green alga from the
Chlorophyte lineage (Harris, 2009). For decades, this species has
been at the forefront of research in photosynthesis and the
function of the chloroplast, in the structure and function of cilia,
and in elucidation of DNA methylation processes. Recently, it has
proven to be quite useful in studies of algae to produce biofuels
(Rochaix, 1995; Li et al., 2004; Merchant et al., 2012). A number of
traits make Chlamydomonas a particularly useful reference or-
ganism. It can grow autotrophically or heterotrophically, making it
ideal for studying photosynthesis mutants (Spreitzer and Mets,
1981; Grossman et al.,, 2010). Chlamydomonas is a powerful
model for genetic studies because it has a well characterized and
sequenced haploid genome and is capable of sexual re-
combination (Merchant et al., 2007). Lastly, it can be induced to
produce neutral lipids or molecular hydrogen under certain
conditions, which makes it an attractive model for biofuel research
(Esquivel et al., 2011; Goodenough et al., 2014).
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Chlamydomonas has two distinct mating types, dubbed mt+
and mt-, with one of each required for sexual recombination (Harris,
2009). The mating type is conferred by an ~200- to 400-kb region on
chromosome 6 known as the mating locus (De Hoff et al., 2013). Under
certain stresses, such as nitrogen deprivation, Chlamydomonas cells
will become gametes. Opposite mating type gametes fuse during
fertilization to form a diploid zygospore. Upon germination, the zy-
gospore undergoes meiosis and releases two haploid mt+ and two
haploid mt- zoospores, or occasionally four and four, which then
resume vegetative growth (Smith and Regnery, 1950; Harris, 2009).

Most work on Chlamydomonas to date uses a limited number of
interrelated strains we will refer to here as the standard laboratory
strains. It has been reported that these strains trace their lineage to
the work of Gilbert Smith in the 1940s and 50s (Smith, 1946; Smith
and Regnery, 1950). Although these early studies with Chlamy-
domonas are somewhat poorly documented, it has been proposed
that the standard laboratory strains all descend from a single zy-
gospore isolated by Smith from a soil sample collected in a potato
field in Massachusetts in 1945 (Harris, 2009). Smith studied
Chlamydomonas isolates with a particular interest in sexual re-
combination (Smith and Regnery, 1950), and in subsequent years,
he began supplying strains as matched mating pairs to interested
researchers at other institutions (Sager, 1955; Ebersold, 1956).

The generally accepted model, as summarized in the Chlamy-
domonas Source Book (Kubo et al., 2002; Proschold et al., 2005;
Harris, 2009), groups the standard laboratory strains into three
sublineages, each with an mt+ and an mt— member. Each mating


http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0001-7090-5719
http://orcid.org/0000-0001-7090-5719
http://orcid.org/0000-0001-7090-5719
http://orcid.org/0000-0003-2268-2885
http://orcid.org/0000-0003-2268-2885
http://orcid.org/0000-0003-2268-2885
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0002-2594-509X
http://orcid.org/0000-0002-2594-509X
http://orcid.org/0000-0002-2594-509X
http://orcid.org/0000-0002-2594-509X
http://orcid.org/0000-0002-9773-6051
http://orcid.org/0000-0001-7090-5719
http://orcid.org/0000-0003-2268-2885
http://orcid.org/0000-0001-9355-9564
http://orcid.org/0000-0002-2594-509X
mailto:gallaher@chem.ucla.edu
http://www.plantcell.org
mailto:gallaher@chem.ucla.edu
mailto:merchant@chem.ucla.edu
mailto:merchant@chem.ucla.edu
http://www.plantcell.org/cgi/doi/10.1105/tpc.15.00508
http://www.plantcell.org

2336 The Plant Cell

type-matched pair of these is considered a principal strain, and they
are referred to as the Sager lineage, the Cambridge lineage, and the
Ebersold-Levine lineage. Perhaps because of this, it is commonly
assumed that the two mating types within a lineage are essentially
isogenic except at the mating locus and that each lineage is distinct
from the other two (Harris, 2009; Cakmak et al., 2012).

In addition to these principal strains, researchers have crossed
various Chlamydomonas lineages in pursuit of desired phenotypes.
For example, CC-3269 (also known as 2137) is the result of a cross
between a mt-strain in the Ebersold-Levine lineage and amt+ strain
from the Sager lineage (Spreitzer and Mets, 1981). It was selected for
vigorous growth in the dark to use as the background strain in a study
of photosensitive mutants. Similarly, strain g1 was selected for strong
negative phototaxis and high transformation efficiency to be used as
the background strain in a study of phototaxis (Pazour et al., 1995).

The standard laboratory strains are maintained in a common
repository known as the Chlamydomonas Resource Center,
which is presently hosted at the University of Minnesota, St. Paul.
In addition to making thousands of strains available to researchers
foranominal fee, the Chlamydomonas Resource Center’s website
(http://chlamycollection.org) provides the invaluable service of
documenting the histories and known mutations for each of the
strains it maintains. It is common in the Chlamydomonas com-
munity to refer to strains by a relevant mutant phenotype, such as
cw15 for strains with a particular defect in cell wall production
(Davies and Plaskitt, 1971; Loppes and Deltour, 1975; Scholz
et al., 2011). However, this can create confusion when different
unrelated strains share a common phenotype. The Chlamydo-
monas Resource Center gives each strain a unique designation
with “CC-" followed by a serial number. For the purposes of clarity,
we will refer to strains in this article primarily by their CC number,
except for the few strains that are not presently part of the
Chlamydomonas Resource Center’s collection or when we wish
to draw a distinction between strains from different sources.

Despite their recent common ancestry, there are many readily
observable phenotypic differences between the standard labo-
ratory strains. For example, strains in the Ebersold-Levine lineage
are unable to utilize nitrate as a nitrogen source, while those in the
Sager lineage can (Harris, 2009). Strains differ in their ability to
utilize micronutrients, in their responses to light, and in the pro-
duction of a cell wall (Davies and Plaskitt, 1971; Pazour et al., 1995;
Merchant et al., 2006). Some of these phenotypes have been
traced to specific mutations, such as the nit7 and nit2 mutations
that prevent nitrate utilization (Fernandez et al., 1989). CC-1690,
the mt+ strain in the Sager lineage, remains green when grown in
the dark, whereas CC-1691, the mt- Sager strain, turns yellow due
toamutationatthey? locus (Sager, 1955). Many other phenotypes
are due to the interplay of multiple genetic loci. A good example of
this is metal homeostasis. The intracellular concentration of ironis
tightly regulated by Chlamydomonas via the action of a host of
transporters and scavenging proteins (Glaesener et al., 2013). As
the available iron becomes limited, these proteins engage in
a coordinated process to import needed iron. When strains of
Chlamydomonas are grown in limiting concentrations of iron, the
effectiveness of these iron-harvesting mechanisms becomes readily
observable as reduced growth and, in extreme cases, as chlorosis.

Given the recent advent of whole-genome sequencing (WGS)
technologies, we resequenced a wide range of standard

laboratory strains. In total, we compared 39 accessions, including
mt+ and mt-representatives from all three lineages (listed in Table
1; described in detail in Supplemental Data Set 1). Each of these
was aligned to the Chlamydomonas reference genome, which
was generated from a mt+ member of the Ebersold-Levine lineage
known as CC-503 (Merchant et al., 2007). By comparing these
strains to CC-503 and to each other, we were able to examine the
full range of genetic diversity. Unexpectedly, we noted that this
genetic diversity was distributed unevenly throughout the genome
and was in distinct, heritable patterns. Furthermore, the distri-
bution of these patterns created a unique fingerprint for each strain
that could be used to identify unknown or mislabeled strains and
could be used to demonstrate interstrain relatedness.

RESULTS

Divergent Phenotypes Are Evident in Wild-Type Strains

Despite the recent common ancestry of the standard laboratory
strains, we observed that different wild-type laboratory strains
often have significant phenotypic differences, including cell size.
To examine this, duplicate samples of 1000 cells each from 16
commonly used laboratory strains were assayed for cell size by
cellometer (Figure 1A). Despite being grown under ideal con-
ditions, cells of the standard laboratory strains differed from
each other considerably in both median size and size distribution.
For example, CC-1690 cells were both 85% larger and had
a 240% broader size distribution than those of CC-425 (mean
diameter = spforCC-1690is11.3 = 4.0 umversus 6.1 = 1.7 ymfor
CC-425). These differences in size did not correspond with dif-
ferences in ploidy, as there was no significant difference in the
DNA content per cell between the largest and smallest strains (P =
0.094). In an average of six samples of various cell densities, the
largest strain, CC-1690, had 210 = 60 fg DNA per cell versus 150 =
40 fg DNA per cell for the smallest strain, CC-425 (mean = sb).
Another readily observable phenotypic difference is in iron ho-
meostasis, which manifests as chlorosis and reduced growth when
the available iron is insufficient. To examine this, we used several
common wild-type laboratory strains of Chlamydomonas: CC-124,
CC-1009, CC-1690, and CC-1691. All of these strains are directly
descended from those originally distributed by Smith in the 1940s
and 50s, and this group includes examples from all three lineages. In
addition, we included CC-4402 (also known as isoloM) that was
generated from 10 backcrosses to CC-124 and would therefore be
expected to have a nearly identical phenotype to CC-124 (Lin et al.,
2013). These strains were grown iniron concentrations ranging from
0.1 to 20 uM for 5 d to compare their relative abilities to tolerate
limiting iron (Figure 1B). CC-1691 had a notable growth advantage
over the other strains at 0.1 yM iron (Figure 1E). CC-1690 lagged
behind the other strains in iron-replete media (Figure 1D), but grew
relatively well when iron concentrations were limiting. Un-
expectedly, CC-4402 was markedly more sensitive to limiting iron
than CC-124. Not only were there fewer cells of CC-4402 after 5 d of
growthin 0.1 uMiron (1.1 X 107 cells/mL versus 1.5 X 107 cells/mL,
respectively), but the cells also had a lower chlorophyll content
(1.0 pg/cell versus 1.8 for CC-124) (Figure 1C). Similar studies with
additional strains revealed an even wider range of phenotypes


http://chlamycollection.org
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1

Genomics of Chlamydomonas Laboratory Strains 2337
Table 1. Sequenced Strains
Total
Strain Alternate Mating Mean Nonduplicate Read
Name Names Locus  Source Reference Coverage Reads Length
CC-503 reference mt+ Chlamydomonas Resource Center 2012  Merchant et al. (2007) 140 199,339,380 100+100
strain
CC-2290 S1 D2 mt- Chlamydomonas Resource Center 2011 Gross et al. (1988) 50 180,632,350  50+50
CC-124 137¢c mt- mt— Chlamydomonas Resource Center 2012 73 187,721,897 100+100
CC-125 137¢c mt+ mt+ Chlamydomonas Resource Center 2012 113 277,120,089 100+100
21gr mt+ Merchant group prior to 2011 41 114,184,946  50+50
CC-1690 21gr mt+ Chlamydomonas Resource Center 2011 43 122,314,084 50+50
CC-1691 6145¢c mt— Chlamydomonas Resource Center 2013 71 95,422,478 100+100
CC-1009 UTEX 89 mt— Chlamydomonas Resource Center 2012 54 76,043,571 100+100
CC-1010 UTEX 90 mt+ Chlamydomonas Resource Center 2012 63 89,383,819 100+100
CC-425 mt+ Merchant group prior to 2011 9 15,044,693 100+100
CC-620 R3+ mt+ Chlamydomonas Resource Center 2013 57 76,312,279 100+100
CC-621 NO- mt— Chlamydomonas Resource Center 2013 64 95,483,751 100+100
CC-42862 1A mt- mt— Chlamydomonas Resource Center 2011 16 20,123,761 100+100
CC-42872 3D mt+ mt+ Chlamydomonas Resource Center 2011 54 147,761,285 50+50
CC-4402° isoloP mt+ Chlamydomonas Resource Center 2011 77 206,121,659 50+50
CC-4403P isoloM mt— Chlamydomonas Resource Center 2011 41 112,179,184 50+50
2137A+ 2137 mt+ Robert Spreitzer 2012 Spreitzer and Mets 9 15,321,881 100+100
(1981)
CC-1021 2137 mt+ Merchant group prior to 2011 Spreitzer and Mets 6 10,288,676 100+100
(1981)
CC-3269 2137 mt+ Merchant group prior to 2011 Spreitzer and Mets 78 99,477,102 100+100
(1981)
CC-4532 mt- Laurens Mets 1981 261 414,042,238  76+76
IAM C-9 NIES-2235 mt- Hideya Fukuzawa 2012 93 120,110,144 100+100
CC-4425 D66+ mt+ Arthur Grossman 2010 Schnell and Lefebvre 35 87,936,394 50+50
(1993)
SAG 73.72 C-8 mt+ Maria Mittag 2012 68 99,517,895 100+100
CC-4051 4A+ mt+ Krishna Niyogi prior to 2011 Soupene et al. (2004) 53 138,309,332  50+50
CC-4603°  4Ax5.2- mt- Krishna Niyogi 2012 Dent et al. (2005) 17 27,416,092 100+100
CJu10- mt-— James Umen 2012 67 99,485,786  100+100
gl mt+ George Witman 2012 97 123,203,137 100+100
S24- mt- Francis-Andre Wollman 2012 94 123,642,884 100+100
T222+ mt— Francis-Andre Wollman 2012 75 101,789,719 100+100
cwi15 arg- mt+ Ralph Bock 2012 Neupert et al. (2009) 73 89,944,895 100+100
302 cwis mt+ Peter Hegemann 2012 47 57,800,731 100+100
CC-4350 302 mt+ Chlamydomonas Resource Center 2012 67 84,406,501 100+100
CC-4351 325 mt+ Chlamydomonas Resource Center 2012 52 73,762,721 100+100
CC-4568 330 or cwi15 mt+ David Dauvillée 2012 Dauvillée et al. (2001) 10 20,811,685 100+100
CC-4348 BAFJ5 or sta6 mt+ Ursula Goodenough 2012 Zabawinski et al. 51 134,558,203 50+50
(2001)
CC-4349 Goodenough mt— Ursula Goodenough 2012 84 110,405,526 100+100
cwi5
CC-4567 STA6-C6 mt+ Ursula Goodenough 2012 1 15,536,158  100+100
CC-4504 nrrl-1 mt+ Arthur Grossman 2010 Gonzalez-Ballester 12 15,549,216 100+100
et al. (2011)
pccil-1 mt+ Arthur Grossman 2010 Gonzalez-Ballester 31 44,027,724 100+100
et al. (2011)
crd2-1 mt- Merchant group 2004 Eriksson et al. (2004) 12 22,968,931 76+76

3CC-4286 and CC-4287 are the result of 10 backcrosses to an unknown strain.
PCC-4402 and CC-4403 are the result of 10 backcrosses to CC-124.
°CC-4603 is the result of five backcrosses to CC-4051.
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Figure 1. Phenotypic Diversity in Wild-Type Strains.
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(A) Diversity of cell size. The size of Chlamydomonas cells from the indicated 16 strains were assayed by a cellometer. Results are plotted as a box plot
indicating the median cell size (bold horizontal line), the upper and lower quartiles (ends of boxes), and the range (thin horizontal lines) from 1000 cells per

sample.

(B) Growth of Chlamydomonas cells in arange of iron concentrations. The indicated strains were inoculated to a density of104 cells/mL in 100-mL cultures of
TAP media containing iron concentrations ranging from 0.1 to 20 pM. Duplicate cultures were photographed after 5 d of growth.

(C) Chlorophyll content in Chlamydomonas cells. Chlorophyll content was measured on a per cell basis for duplicate cultures of the closely related CC-124
and CC-4402 strains in TAP medium plus 20 uM or 0.1 pyM iron after 5 d of growth.

(D) and (E) Growth rates. Quantification of the number of cells in TAP medium supplemented with 20 uM iron (D) or 0.1 uM iron (E). Cells were counted by
a hemocytometer daily for 5 d and plotted. Each point represents the mean (+ range) of the cell count for duplicate cultures.

(Supplemental Figure 1). For example, strains CC-4051 and
CC-4532 were relatively tolerant of low iron, while strains CC-425
and CC-4351 were relatively sensitive.

Genome Resequencing Reveals Genetic Diversity of
Laboratory Stains

In order to evaluate the genetic diversity among the standard
laboratory strains of Chlamydomonas, 39 strains were chosen for

WGS (Table 1). Many of these strains are ones that were con-
tributed by members of the Chlamydomonas research community
as their most frequently used wild-type strains (see Supplemental
Data Set 1 for detailed strain histories). In addition to the 39
standard laboratory strains, one unrelated, but interfertile, isolate,
CC-2290 (also known as S1 D2), was included for comparison
(Gross et al., 1988). DNA was collected from the strains and se-
quenced on the lllumina platform. The resulting sequence data
were aligned to version 5 of the reference Chlamydomonas
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genome (http://phytozome.jgi.doe.gov/pz/portal.html; 2014).
After extensive quality filtering, ~100,000,000 nonduplicate reads
per strain were aligned to the reference genome, for an average
coverage of 60X (Table 1; Supplemental Figure 2).

Next, we determined the number of variants relative to the ref-
erence genome, which were grouped into single nucleotide variants
(SNVs), smallinsertions or deletions (InDels; =40 bp), and structural
variants (Supplemental Data Sets 2 and 3). In the complete set of 39
standard laboratory strains, we observed 607,117 total variants
(Figure 2A). This would average out to 1 variant per 180 bp in the
Chlamydomonas 109-Mb genome, except that the actual distri-
bution of variants is far more complex (see below). For the SNVs,
there was a 1.431 ratio of transitions to transversions (Supplemental
Table 1). A-to-T and T-to-A transversions were underrepresented,
possibly due to the high (64%) GC content of the Chlamydomonas
genome (Merchant et al., 2007).

To determine how similar each strain is to its siblings, we cal-
culated the number of pairwise SNVs for every pair of strains
(Supplemental Data Set 4). The number of pairwise SNVs between

A :
Total Variants
4,355
5,396
800
72,269 4,012
520,285
SNVs small InDels structural
524,640 77,665 4,812
B . .
High Impact Variants
> 53 ;7 258
390 .
982 627
SNVs small InDels structural
443 1,139 885

Figure 2. Summary of Variants by Type.

(A) Identification of variants. We identified 607,117 variants in total, in-
cluding SNVs, InDels of 40 bp or less (small InDels), and structural variants
(insertions, deletions, and inversions >40 bp). The size of each pie chart is
proportional to the number of variants in the indicated class. The yellow
portion of each pie indicates the percentage of variants in that class that are
attributable to a second haplotype inherited from a divergent ancestral
parent, referred to in this work as haplotype 2. The blue portion indicates
those variants that arose in the laboratory since the original cross.

(B) Effect of variants on gene models. Each variant was graded based on
what effect it was predicted to have on nearby gene models. Those variants
that were rated to have a high impact on at least one gene are included here
in proportionately sized pie charts.
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any two strains ranged from 162 to 505,396, which represents
0.4% of the Chlamydomonas genome. A smaller subset of strains
(Figure 3) that includes the reference strain and all of the original
strains distributed by Smith showed a similar wide distribution of
pairwise SNVs (from 488 to 488,183).

In the classic model of the standard laboratory strains, the
strains within the three lineages should be very similar, but strains
from different lineages should be more divergent. In contrast to
that hypothesis, strains CC-1690 and CC-1691 (both from the
Sager lineage) had 409,588 SNVs between them (Figure 3). This
high number of pairwise SNVs makes those two strains some of
the most divergent in the set. By contrast, CC-1690 has arelatively
low 1310 SNVs when compared with CC-1010 (Cambridge lin-
eage), despite the fact that these two strains come from different
lineages.

The Genomes of the Chlamydomonas Standard Laboratory
Strains Consist of Two Haplotypes

Given the observation that there were huge differences in the
number of variants between any two strains in this set, we sought
to determine if there was any pattern in how those variants are
distributed. We plotted the number of small variants (SNVs and
small InDels) as a percentage variant rate within nonoverlapping
100,000-bp windows (excluding Ns in the reference) over the
length of the genome. A representative set of six strains is pre-
sented in Figure 4A, which includes examples from all three lin-
eages and the unrelated isolate CC-2290, which had a 2.4% =
0.7% variant rate that was fairly constant over the length of the
genome. In contrast, CC-125 had a 1000-fold lower variant rate of
0.002% = 0.002% overthe length of its genome. Interestingly, the
other standard laboratory strains that we examined exhibited
a similar basal rate of 0.002% that sporadically jumped 1000-fold
to 2.0% = 1.0%. These regions of high-variation rate relative
to the reference genome were observed to occur at several
specific locations throughout the genome and in multiple strains
(Figure 4A).

These discrete blocks of 2% variation were clearly not regions of
hypermutation because only one alternate nucleotide was ob-
served for each SNV, and any two strains that shared the same
high variant block shared the same complement of alternate
nucleotides. For example, CC-124, CC-1009, and CC-1691 all
shared the same alternate nucleotides within the 2% variant re-
gion at the end of chromosome 12 (Figure 4B). This region of
alternate nucleotides extended further to the left for CC-1009 and
CC-1691, butnot for CC-124. These regions appeared to be highly
stable since the same variant nucleotides were observed in
multiple strains despite the fact that these strains have been
propagated independently for many decades since leaving
Smith’s laboratory.

The unrelated strain that we included in this analysis, CC-2290,
had a mostly different set of variants than those that were shared
between the standard laboratory strains within their high variant
rate blocks. However, it is interesting to note that the rate of
variants within these blocks, 2.0%, was comparable to the 2.4%
rate of variation that we observed in CC-2290, as well as the 2.83%
average variant rate for wild isolates of Chlamydomonas as
reported by Flowers et al. (2015).
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CC-124 Reference CC-503 CC-125 CC-1010 CC-1690 | CC-1009

CC-1691 352,526 435,300 434,635 433,834 412,909 409,588 86,861
CC-1009 | 307,385 387,606 387,177 386,695

CC-1690| 173,165 95,893 95,258 95,341 1,310

CC-1010| 181,444 105,502 104,802 104,867

CC-125 103,325 636 488

CC-503 103,204 645
Reference| 103,905

Figure 3. 1000-Fold Range of Pairwise SNVs between Representative Strains.

The number of pairwise SNVs for each pair of indicated strains is presented. A gradient from white to dark orange highlights the increasing numbers of SNVs.
This figure includes exemplars of the original strains distributed by Smith, as well as the reference strain. A similar comparison of all strains can be found in

Supplemental Data Set 4.

Given these results, we hypothesized that the regions of high
variation represent genetic contributions from two ancestral
strains that were ~2% divergent from each other. In this model,
the two divergent parents mated, and the descendants of that
cross, now known as the standard laboratory strains, each carry
different proportions of those two ancestral parents in a mosaic
pattern. The observation that a strain carries a given block of 2%
variation suggests that that strain has inherited that region from
the opposite ancestral parent as the reference strain. For the
purposes of distinguishing these regions in this work, we will
arbitrarily refer to the reference strain as haplotype 1 and regions
with the alternate nucleotides as haplotype 2. Collectively, we
found that the regions of the genome within this population of
strains that have two alternate haplotypes covered 25.2% of the
total genome. All laboratory strains shared a single, common
haplotype for the remaining 74.8% of the genome. For any one
strain in this group, the proportion of the genome that is haplotype
2ranged from 0% for CC-125 and CC-620to a maximumof21.4%
for CC-1691.

Strikingly, of the 524,640 SNVs that we observed in this pop-
ulation, nearly all (520,285 = 99.2%) were due to the 25.2% of the
genome with the two alternate haplotypes (Figure 2A). We ob-
served a number of cases in which a daughter strain carried
a smaller contiguous region of haplotype 2 than did its parent
strain. This observation is consistent with a model in which the
boundaries of haplotype 2 regions represent sites of meiotic re-
combination between strains with different haplotypes. For ex-
ample, strain CC-3269 is known to be a cross of strains equivalent
to CC-1690 and CC-124. The fact that CC-3269 had a smaller
haplotype 2 region on chromosome 10 than CC-1690 is readily
explained by a meiotic recombination event somewhere in the
52-nucleotide range between numbers 364,671 and 364,723 on
chromosome 10. As shown in Supplemental Figure 3, CC-3269
had a number of haplotype 2-specific SNVs to the left of this locus,
but only haplotype 1 nucleotides to the right. In contrast, its pa-
rents were either all haplotype 2 (CC-1690) or all haplotype 1
(CC-124) on either side of this locus.

Our observations on the distribution of haplotype 2 regions
suggested a convenient way to evaluate the relatedness of the
different strains. We divided the haplotype 2 regions algorithmi-
cally into the minimum number of blocks such that any given strain

in this set is either all haplotype 1 or all haplotype 2 within the
bounds of the given block. This produced 41 distinct regions, the
coordinates of which are indicated in Table 2. The sequenced
strains were then graded in a binary fashion for their haplotype in
each block, effectively creating a unique fingerprint for each strain
(Figure 5). In order to examine the relatedness of the strains,
a dendrogram was generated from these patterns and used to
cluster the strains.

Within this group of 39 strains, there were a few examples of
strains that are nominally the same, only from different sources.
For example, CC-3269 and 2137A+ are the same strain provided
to us by the Chlamydomonas Resource Center and Robert
Spreitzer, respectively. As expected for these strains, they had an
identical haplotype fingerprint and clustered together in the
dendrogram. Other strains, such as CC-4286 and CC-4287, were
not the same, but closely related. As such, it is not surprising that
these strains had similar haplotype fingerprints and clustered
together. However, there were a number of surprises. Strains that
had been believed to be closely related, such as CC-124 and
CC-125, belonged to remote clades. In contrast, other strains not
previously known to be related, such as CC-1690 and CC-1010,
clustered to the same clade. Taken together, this approach
revealed a number of unexpected groupings that warranted fur-
ther examination.

Mislabeled Strains and Inaccurate Histories Were Identified

The strain identified here as CC-4532 was provided to this group
by Laurens Mets in 1981 as strain 2137, which was the progeny of
a cross between strains equivalent to CC-1690 and CC-124
(Spreitzer and Mets, 1981). Since that time, we have published
numerous studies based on work with that strain (Yu et al., 1988;
Long et al., 2008; Castruita et al., 2011). In this study, we re-
sequenced this strain, along with two examples of 2137 from the
Chlamydomonas collection (CC-3269 and CC-1021) and one
from Robert Spreitzer (2137A+). In comparing their sequences,
these last three examples of 2137 clustered tightly together in the
same clade, but CC-4532 clustered to a different clade (Figure 5).
Looking at the haplotype distribution, three of the four strains
(2137A+, CC-1021, and CC-3269) shared the same distribution of
haplotype 2 regions (Supplemental Figure 4A), and they had fewer
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Figure 4. Uneven Distribution of Variants across the Genome in Repre-
sentative Strains.

(A) Discrete regions with a high variant rate that were found throughout the
genome. The percentage of variant nucleotides was plotted for 100,000-bp
windows over the length of each of the 17 chromosomes for the indicated
strains. CC-2290 is an interfertile, but independent, isolate of Chlamy-
domonas. It has an average of 2.4% variant rate that is consistent across
the genome. The other five strains included are direct descendants of the
original strains distributed by Smith and are representative of all of the
strains included in this study. Each of these standard laboratory strains has
a biphasic variant rate that jumps 1000-fold from a 0.002% basal variant
rate up to 2.0% in discrete regions throughout the genome. A represen-
tative portion of the basal variant rate for CC-125 is shown in the inset at
1000x magnification.

(B) An expanded view of chromosome 12. High variant rate regions are
shared in different combinations between the standard laboratory strains.

than 2000 pairwise SNVs between them (Supplemental Data Set
4). The observed haplotype pattern was consistent with these
strains being the F1 progeny of a cross of strains CC-1690 and
CC-124. In contrast, strain CC-4532 was found to be completely
distinct from the other strains. The presence of haplotype 1 in
block 16-B and haplotype 2 in blocks 17-F and 17-G means that
CC-4532 could not have arisen from a cross between those parental
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strains, as neither parent carries those haplotype regions
(Supplemental Figure 4B). Based onits haplotype pattern, it instead
appeared to be the same as strain CC-621 (also known as NO-), as
both had the same haplotype and only 953 pairwise SNVs.

CC-4348, a sta6 mutant, was generated by insertional muta-
genesis in a cw15 mutant strain known as strain 330 (Zabawinski
et al., 2001). We acquired CC-4348 and its supposed parental
strain for use in a study of TAG production (Blaby et al., 2013). A
number of observations, such as incorrect mating type and the
lack of the expected arginine auxotrophy, caused us to question
whether the cw 15 mutant strain we received, now called CC-4349,
was the true parent of CC-4348. To test this, we obtained the
parental strain directly from the group that produced CC-4348,
and we sequenced all three. The second instance of the parental
strain, now called CC-4568, did in fact have the same haplotype as
CC-4348 (Supplemental Figure 4C) and only 669 SNVs relative to
CC-4348 (Supplemental Data Set 4). In contrast, CC-4349 had
a dramatically different haplotype and 80,934 SNVs relative to
CC-4348. The absence of haplotype 2 blocks 16-C through 16-E,
and 17-A through 17-D in CC-4349 means that strain cannot be
the parental strain of CC-4348 (Supplemental Figure 4C).

Having identified a number of examples of incorrectly identified
strains, we devised an amplification-based assay for the geno-
typing of individual strains. A set of 82 allele-specific (AS-PCR)
primer pairs were designed for use in determining the haplotype of
any of the standard laboratory strains using either gPCR or PCR
amplification followed by analytical gel electrophoresis. When
tested against DNA from strains CC-1009 and CC-1010, which
had different haplotypes at each of the 41 regions (Supplemental
Figure 5A), we were able to unambiguously score the haplotype of
each region for both strains (Supplemental Figure 5B).

Isogenic Strain Pairs Were Compared to Evaluate
Their Similarity

Within the 39 laboratory strains that we examined, there were three
pairs of strains that have undergone multiple backcrossings in an
attempt to produce isogenic pairs with both mating types.

CC-4286 (also known as 1A mt-) and CC-4287 (also known as
3D mt+) are reported by the Chlamydomonas Resource Center to
have been made by Paul Lefebvre by crossing CC-124 and
CC-125 and backcrossing the progeny to CC-125 10 times
(http://chlamycollection.org). In personal communication stimu-
lated by this work, Lefebvre subsequently corrected the history of
strains CC-4286 and CC-4287, noting that they are the result of
a cross between CC-620 (also known as R3+) and CC-621 (also
known as NO-). However, the presence of haplotype 2 blocks in
chromosome 12 that are absent in all of those strains suggested
that the actual parents are none of these (Supplemental Figure 4E).
Despite the confusion about their parentage, strains CC-4286
and CC-4287 shared the same distribution of haplotype 2, except
at the mating locus. There were 12,609 SNVs between them, and
virtually all of those were accounted for by the mating locus-
proximal blocks on chromosome 6 (Supplemental Data Set 4).
This makes CC-4286 and CC-4287 highly suitable for use as
a near-isogenic mating pair.

In contrast, CC-4402 (also known as isoloP) and CC-4403
(also known as isoloM), which were made by a similar approach


http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://chlamycollection.org
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1

2342 The Plant Cell

Table 2. Coordinates of Haplotype 2 Blocks in Version 5 of the
Chlamydomonas Reference Genome

Block Name Chromosome Start End

1-A chr01 1,717,427 3,188,098
1-B chr01 3,543,098 5,920,858
1-C chr01 6,115,512 6,320,512
2-A chr02 4,066,433 4,888,063
2-B chr02 6,165,360 6,925,459
3-A chr03 8,412,815 8,861,169
3-B chr03 8,861,169 9,028,966
4-A chr04 151,353 238,452
6-A chr06 1 281,650
6-B chr06 288,650 1,360,343
6-C chr06 1,360,343 1,423,425
6-D chr06 1,423,425 1,761,623
6-E chr06 1,761,623 1,967,222
8-A chr08 118,000 713,465
9-A chr09 1 2,366,573
9-B chr09 2,926,229 3,118,228
10-A chr10 62,001 364,697
10-B chr10 364,697 644,298
10-C chr10 5,882,189 6,570,585
11-A chri1 16,001 1,280,878
11-B chri1 1,280,878 2,193,206
12-A chr12 1 437,166
12-B chr12 505,166 630,166
12-C chri2 697,496 843,594
12-D chr12 974,762 1,719,321
12-E chr12 1,719,321 2,483,019
12-F chr12 7,219,514 8,662,505
12-G chri2 8,971,075 9,725,409
15-A chr15 842,837 1,276,864
16-A chr16 9,001 736,752
16-B chr16 868,455 1,952,379
16-C chr16 6,342,055 6,386,055
16-D chr16 6,398,154 6,974,942
16-E chr16 7,015,856 7,777,706
17-A chr17 270,199 352,132
17-B chr17 352,132 475,231
17-C chr17 475,231 1,134,081
17-D chr17 1,134,081 1,442,180
17-E chr17 2,153,378 3,333,368
17-F chr17 3,813,427 5,983,702
17-G chr17 5,983,702 6,075,633

(Lin et al., 2013), were far less isogenic. These two strains were
generated by Susan Dutcher’s group by crossing CC-124 and
CC-125 and backcrossing the progeny to CC-124 10 times. The
distribution of haplotype 2 regions was consistent with this history
(Supplemental Figure 4D). However, the two strains were not yet
isogenic despite the 10 backcrosses. In addition to the expected
differences at the mating locus on chromosome 6, the two strains
had different haplotype blocks on chromosomes 3 and 17. The
difference in the haplotype 2 regions on chromosome 17 between
CC-4403 and its parent suggested that a recombination event
took place between nucleotides 475,219 and 475,322 during one
of the 10 crosses, and this novel pattern was maintained for the
remainder of the 10 backcrossings. Additionally, a region of hap-
lotype 1 on chromosome 3 in CC-4402 persisted through 10

backcrossings to a strain with haplotype 2 at that locus. Given the
differences between CC-4402 and CC-4408, it is not surprising that
there were 52,065 SNVs between them (Supplemental Data Set 4).
Even when excluding the mating locus-proximal regions on chro-
mosome 6, there were still 25,982 pairwise SNVs between them.

Strain CC-4603 (also known as 4Ax5.2-) was created by Brian
Chinin KrishnaNiyogi’s group to be an mt-version of CC-4051 (also
known as 4A+) (Dent et al., 2005). It was produced by crossing
CC-4051 with strain 17D- and then backcrossing the progeny to
CC-4051 five times. As intended, CC-4603 had an identical hap-
lotype to CC-4051 except at the mating locus (Supplemental Figure
4F). There were 14,228 SNVs between the two strains, and almost
all of those are proximal to the mating locus (Supplemental Data
Set 4). A recombination event between nucleotides 1,419,584 and
1,426,667 on chromosome 6 during the backcrossing most likely
caused CC-4603 to have a reduced set of haplotype 2 alleles at the
mating locus relative to most other mt- strains.

Transposon Position Jumping Was Widespread
in Chlamydomonas

Chlamydomonas is known to harbor many class | and class Il
transposons. Given that we had observed over 4000 putative
structural variants within this population (Figure 2), we wondered
whether any of those could be attributed to transposon position
jumping. We used the BLAST algorithm to identify the locations of
MRC1,TOC1,TOC2, REM1, Bill, Gulliver, Pioneer, Tcr1, and Tcr3
transposons within the reference genome (Supplemental Data Set
5). Next, we compared those loci with the positions of the
structural variants that we identified. Throughout the genome,
there was widespread evidence for transposon position jumping
between the strains. For example, in chromosome 16, we iden-
tified three sites of MRC1, four sites of Gulliver, one site of Bill, and
two sites of TOC1 whose coordinates in the reference genome
were tightly correlated with the coordinates of large deletions in
our sequenced strains (Supplemental Figure 6). In total, we found
84 examples of transposon jumping between the strains
(Supplemental Table 2). There were numerous examples of this for
most transposons, including 25 examples of MRC1 and 27 ex-
amples of Gulliver. We found no evidence for transposon jumping
for Pioneer. Interestingly, there were two examples of MRC1 that
were present in the reference genome, but absent in all others,
including the newly resequenced CC-503. This suggested that
those MRC1 transposons had jumped between the time that the
reference genome was first sequenced and the current study. In 20
of the 84 examples, the position of the transposon sequence
matched exactly with the position of the large deletion. However,
in the majority (58 of 84), the deletion was slightly larger than the
transposon sequence (median = 4% larger).

The Effect of Haplotype 2 Variants on Gene Models
Was Determined

We identified 592,554 small variants that were due to the alternate
haplotype (Figure 2A). What effect do all of these variants have on
the gene models? To examine this, we used SnpEff (Cingolani et al.,
2012) to predict the effect of each variant on the corresponding
coding sequence. Of the haplotype 2-specific small variants, 27.7%
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Figure 5. Distribution of Two Haplotypes in Laboratory Strains.
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fell within known gene models in the Chlamydomonas version 5.5
gene annotations (Supplemental Figure 7A). Those 164,606 var-
iants were further classified by the effect each would have on the
coding region (Supplemental Figure 7B). The majority, 54.8%, were
synonymous codon changes that should have no effect on the
resulting protein. An additional 9389 variants (5.7%) were due to
small InDels (average size 3.9 bp). These were disproportionately
(8507 versus 882) InDels that preserved the reading frame. Only 277
(0.2%) nonsense variants were identified. The remaining 64,685
variants (39.3%) caused nonsynonymous codon changes.

For the nonsynonymous codon changes, we further classified
them based on the change to the corresponding amino acid
(Supplemental Figure 7C). A plurality of the nonsynonymous
codon changes (44.2%) encoded an amino acid of the same class
(hydrophobic, hydrophilic-charged, or hydrophilic-neutral).

Of the 4012 structural variants in the haplotype 2 regions, 627
(15.6%) were predicted to have a high impact on one or more
genes (Figure 2B). The majority of these (537) were deletions with
amean size of 5 kb. The other structural variants predicted to affect
genes included 15 duplications, 23 insertions, and 52 inversions
(Supplemental Data Set 3). However, since structural variant
predictions become less precise for regions that are highly di-
vergent from the reference genome, some of these variants may
leave the gene function intact.

Some examples of genes that were predicted to be affected by
the haplotype 2 variants are highlighted in Supplemental Table 3
and Supplemental Figure 8. Many of these, such as the structural
variant in chromosome 12 that removes the CGL49 locus, were
found to be examples of large deletions that remove part or all of
a gene. An inversion in chromosome 16 was predicted to disrupt
the FAL18 locus. Smaller InDels that preserved the reading frame,
such as DUR1, or caused a frameshift, such as HSP90A, are also
indicated. Lastly, a few genes with high numbers of missense
mutations, such as RSEP1 with its 28 nonsynonymous codons,
are also listed.

Laboratory-Originated Mutations Affect Gene Models

While the great majority (99.1%) of SNVs were attributable to
haplotype 2, an additional 4355 SNVs were identified that are likely
due to mutations that have accumulated in the strains in the
laboratory since the original zygospore was isolated (Figure 2A).
Each strain, including our own clone of the reference strain, had
between 450 and 1077 SNVs relative to the published reference
genome sequence, withamean of 770 laboratory-derived SNVs. It
is impossible to know how many cell divisions each strain has
undergone since the initial germination in 1945. Under ideal
growth conditions, the doubling time of Chlamydomonas can be

as high as four to five doublings per day (Harris, 2009). However,
laboratory strains are routinely grown on solid agar where cells
reach stationary phase and can be maintained this way for several
weeks. As a rough estimate, if a newly plated cell undergoes
1 week of continuous division at four doublings per day, followed
by three more weeks in stationary phase, this would average
one doubling per day. From this estimate, the 770 laboratory-
originated variants we observe would be due to a mutation ac-
cumulation rate of 0.03 variants division—' genome~". This rough
estimation is in good agreement with a previously published
estimate of mutation accumulation in laboratory grown cultures
of Chlamydomonas: 0.0362 variants division—' genome~" (Ness
et al,, 2012).

What effect do these variants have on the gene models? A total
of 206 of the postzygospore variants were predicted by SnpEff to
cause a loss-of-function mutation in a gene model. When we
examined this group of genes for their Gene Ontology descriptors,
there was a significant enrichment of cell communication/signal
transduction genes (P value = 0.026265) (Supplemental Table 4).

One noteworthy example of a laboratory mutation affecting
ageneis NIT2. It has been generally understood that all strains in
the Ebersold-Levine lineage are nit2 mutants (Harris, 2009). As
expected, CC-125 and its descendants have a C-to-A trans-
version at chr03:4,696,755 that produces a nonsense mutation at
amino acid 755 of NIT2 (Supplemental Figure 9). Unexpectedly,
CC-124, the other strain from the Ebersold-Levine lineage, is wild-
type at this locus and throughout the NIT2 gene. This phenotype is
obscured by the fact that all of the Ebersold-Levine lineage strains
carry a known histidine-to-glutamine missense mutation in the
NIT1 gene at chr09:7,003,590 (Supplemental Figure 9). Perhaps
because NIT2 is dispensable when laboratory cultures are grown
with ammonium as a nitrogen source (Harris, 2009), we identified
several novel mutations at the NIT2 locus. Strain CC-4425 (also
known as D66+) and its descendants have a C-to-T transition at
chr03:4,696,396 that creates a premature stop codon. CC-4286
has a private G-to-T transversion at chr03:4,695,629 that creates
a serine-to-isoleucine mutation in NIT2, and strain g1 has a private
frameshift InDelin NIT2 at chr03:4,696,234 (Supplemental Figure 9).

RNA-Seq Gene Expression Estimates Were Affected
by Haplotype

In RNA-seq analyses, mRNA transcripts are converted to cDNA,
sequenced, and aligned to the reference genome for the purposes
of quantifying transcription. Given the relatively high 2% variant
nucleotide rate in the haplotype 2 regions of the Chlamydomonas
genome, we wondered whether aligning sequence reads from
haplotype 2-encoded genes to an exclusively haplotype 1

Figure 5. (continued).

Within the population of standard laboratory strains, 25.2% of the genome was found to have either of two haplotypes with 2.0% sequence divergence
between them. The haplotype of the reference strain, CC-503, was arbitrarily designated as haplotype 1 and the alternate regions as haplotype 2. We
algorithmically determined the boundaries of the regions with two haplotypes and combined them into the fewest number of contiguous regions in which all
strains are entirely one or the other haplotype. These are plotted for the indicated strains with blue representing haplotype 1 and yellow representing
haplotype 2. The mating locus is indicated by + or —. A dendrogram was constructed to arrange the strains based on the similarity of their haplotypes. The
coordinates of each block in version 5 of the Chlamydomonas reference genome are presented in Table 2.
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reference genome would lead to artificially low estimates of RNA
abundance. To test this, we made use of an RNA-seq data set from
a previous comparison of strains CC-4348 and CC-4349 (Blaby
et al., 2013). Having identified the haplotype 2 regions of these
two strains by WGS (Supplemental Figure 4C), we generated a
haplotype-accurate, strain-specific genome for both strains. For
this analysis, we limited our study to either the 4.3 Mb of CC-4348
or the 4.4 Mb of CC-4349 that corresponds to haplotype 2 in
those strains.

RNA-seq reads were mapped to both haplotypes for these
regions using default settings with a commonly used read
alignment tool, RNA-star (Dobin et al., 2013). When reads were
mapped to the correct haplotype, the mismatch rate decreased by
31% = 3% (n = 32). With this decreased numbers of mismatches,
there was a corresponding 2.5% = 0.5% (n = 32) increase in the
number of mappable reads.

Next, we wanted to determine if the increase in the number of
mappable reads affected gene expression estimates. We quan-
tified the level of expression, in terms of fragments per kilobase of
transcript per million mapped reads (FPKMs) for each gene, in
each library, for both the true haplotype 2 genome and the false
haplotype 1 genome (Figure 6). Not surprisingly, most genes were
relatively unaffected, as evidenced by the data points that fell
along the diagonal. However, the additional 2.5% of reads that
became mappable when using a genome with the correct hap-
lotype appeared to cluster to a small subset of genes, and this
greatly affected the estimation of their expression levels. The
expression estimates for these genes, which appear above the
diagonal in Figure 6, were increased by as much as 16-fold.

RNA-Seq Data Were Used to Identify Strains

Given the high density of SNVs within the haplotype 2 regions, we
speculated that RNA-seq data could also be used to determine the
haplotype of a strain and therefore to identify the strain. To test
this, we reexamined data from previous RNA-seq experiments. In
one study, transcription from a strain that was believed to be 2137
was assayed by RNA-seq during growth in limiting iron (Urzica
et al., 2012). As described above, we have since determined by
genomic resequencing that this strain is distinct from the other true
2137 strains, and it has since been renamed CC-4532. A similar
but independent study was conducted in the same strain grownin
limiting copper (Castruita et al., 2011). The copper study also
examined a mutant strain, crr1-2, that was generated in a back-
ground of CC-425 and then crossed. After aligning the RNA-seq
reads to the present version of the genome, we manually scanned
highly expressed genes in order to identify SNVs in the transcripts
relative to the reference genome. Many of these SNVs corre-
sponded to ones that we had identified as haplotype 2-specific
variants. An example of one such region in haplotype block 17-F is
presented in Supplemental Figure 10A. Reads from both studies
from strain “2137” that aligned to the SDR28 locus (Crel7.
g731350) carried a consistent pattern of SNVs relative to the
reference. In contrast, reads from the crr7-2 strain lacked those
variants. When the pattern of SNVs in the “2137” strain was
compared with the two genomic haplotypes, the pattern of SNVs
clearly matched haplotype 2 (Supplemental Figure 10B). In this
manner, each haplotype block was scored for the presence or
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Figure 6. Impact of a Strain-Specific Genome on RNA-Seq Expression
Estimates.

Reads from 16 independent CC-4348 RNA-seq libraries and 16 independent
CC-4349 RNA-seq libraries were aligned in parallel to both the reference
genome and a strain-specific genome for those regions identified by WGS to
be haplotype 2 in the respective strains. The mRNA abundance for each gene
in these regions was determined in terms of FPKMs for each library for both
sets of alignments. The results are shown as a scatterplot of FPKMs as
determined by alignment to the haplotype 1 reference genome (x axis) versus
the same reads aligned to the haplotype 2 strain-specific genome (y axis).

absence of haplotype 2-specific SNVs in highly expressed genes.
The strain of Chlamydomonas identified as 2137 had the same
haplotype as CC-4532, a pattern that is distinctly different fromthe
confirmed 2137 strains 2137A+ and CC-1021.

DISCUSSION

Gilbert Smith’s Original Lineages

It is generally understood that Smith distributed matched pairs
(mt+ and mt-) of Chlamydomonas strains as three different lineages
and that each of these lineages is distinct from the others. To
evaluate this, we included in our analysis three pairs of strains that
are the direct descendants of those original strains: CC-1690 and
CC-1691 for Sager; CC-1009 and CC-1010 for Cambridge; and
CC-124 and CC-125 for Ebersold-Levine. The two strains in each
pair were no more similar to each other than any two strains in any
lineage. CC-124 has 103,325 SNVsrelative to CC-125, due mostly
to the 16 blocks of haplotype 2 for CC-124 versus none in CC-125.
The distribution of haplotype 2 blocks in CC-1009 and CC-1010
are exactly opposite, suggesting that they may both be daughter
cells from the same cross (Figure 7B). Unexpectedly, the mt+
strain from the Sager lineage, CC-1690, and the mt+ strain from
the Cambridge lineage, CC-1010, appear to be the same strain.
They have the same distribution of haplotype 2 regions and only
1310 pairwise SNVs between them.


http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1

2346 The Plant Cell

Given these results, we propose replacing the three-lineage
model with a more accurate one in which there are five different
lineages of Smith’s Chlamydomonas strains (Figure 7A). All of the
strains that we have examined to date are consistent with the idea
that Smith distributed these five strains, and all the standard
laboratory strains could result from crosses of those five.

Collectively, 75% of all the genomes in all of the strains we ex-
amined come from only one of the parents that produced the original
zygospore. If the strains that Smith distributed were F1 progeny from
that cross, the contributions of the two parents would be expected to
be closer to 50/50. Additionally, several chromosomes in the original
five strains show evidence of multiple meiotic recombination events.
These strains have been maintained clonally as haploids for many
decades since leaving Smith’s laboratory, and Chlamydomonas
requires cells of both mating types in order to mate. It therefore seems
likely that the five original lineages were the result of an indeterminate
number of crosses in Smith’s laboratory prior to distribution (Figure 8).
The loss of much of the genetic diversity from the original two parents
suggests two nonexclusive possibilities. First, it may be that Smith
performed a number of backcrosses with his strains that diluted out
the contribution of one of the parents. Second, it may be that Smith
intentionally or unintentionally selected for certain traits that favored
the alleles of one parent over the other. In support of this idea, strain
CC-4402 retained haplotype 1 regions on chromosome 3 despite
being backcrossed 10 times to a strain with the alternate haplotype at
that locus. It is far more likely that this is due to a selective advantage
for certain alleles than the 1 in 1024 chance that this occurred by
random chance.

Correcting Misidentified Strains

We have presented examples of strains, such as CC-4349 and
CC-4532, which were found to be misidentified, here, as strains
cw15-330 and 2137, respectively. In other instances, such as the

parental strains of CC-4286 and CC-4287, we demonstrated that
the purported lineage cannot be correct. Unfortunately, in-
correctly identified strains such as these can sometimes confound
the interpretation of experimental results. CC-4349 was provided
to us as the parental strain of the sta6 mutant strain, CC-4348, and
was used as a control for that strain in RNA-seq experiments
(Blaby etal., 2013). These RNA-seq experiments were designed to
isolate one variable: namely, the presence or absence of the STA6
protein. Instead, these two strains differ at 13 different haplotype
blocks (Supplemental Figure 4C), and this helps to explain the
phenotypic differences in mating type, cell size, and arginine
auxotrophy that we observed (Blaby et al., 2013; Goodenough
et al., 2014). Considering only the gene coding regions within
those haplotype blocks, we confirmed the presence of over
24,000 SNVs and small InDels, affecting 619 genes, that distin-
guish these two strains. Collectively, this high degree of di-
vergence serves to obscure the phenotypic effects that could
otherwise be attributed to the sta6 mutation.

Another ongoing source of confusion is that strains are often
identified only by a particular phenotypic characteristic. For ex-
ample, four of the strains included in this study (CC-4349,
CC-4568, CC-4350, and CC-4351) are frequently designated
simply by the strain name cw15 due to their shared cell wall-
deficient phenotype (Kondo et al., 1991; Pfannenschmid et al.,
2003; Neupertetal.,2009; Goodson etal.,2011; Siautetal., 2011).
Upon sequencing, we observed that each of these four strains has
a distinctly different haplotype and anywhere from 60,000 to
160,000 pairwise SNVs (Supplemental Figure 4G). To avoid am-
biguity, it is imperative that researchers in the Chlamydomonas
community avoid the use of phenotypes as the primary identifier of
their strains. Submitting strains of interest to the Chlamydomonas
Resource Center for inclusion in their collection will trigger the
generation of a unique and unambiguous “CC-" name, which can
alleviate this concern.

A
Line Exemplars Mg Previous Model
Type
| CC-1691 mt- (1) Sager
I CC-1009 mt- (2) Cambridge
Ml CC-1690 / CC-1010 mt+ (1) Sager & (2) Cambridge
[\ CC-124 mt- (3) Ebersold-Levine
V CC-125 mt+ (3) Ebersold-Levine
B
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Figure 7. Improved Model for Gilbert Smith’s Original Strains.

(A) Five-strain model. WGS of the strains originally distributed by Smith supports a model with five distinct strains, labeled | to V. The relationship of these

strains to the previous three-strain model is shown.

(B) The haplotype patterns of the five lineages. The + or — in block 6-B represents the mating type.


http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00508/DC1

-

Figure 8. Model for the Distribution of the Two Haplotypes.

The original zygospore that all standard laboratory strains are derived from
is hypothesized to be the product of amating between two strains that were
2% divergent in sequence, depicted here as blue versus yellow. In sub-
sequent crosses, the resulting progeny lost much of this genetic variation
so that in extant strains today there is only one haplotype for 74.8% of the
genome. The other 25.2% of the genome may have one of two possible
haplotypes in each strain, depending on which ancestral parent donated
agiven locus to that strain. Here, we arbitrarily designated the haplotype of
the reference strain as haplotype 1 and the alternate as haplotype 2.
Haplotype 2 regions are recognized by the relatively high (2%) frequency of
variants relative to the reference strain.

Given the importance of correctly identifying strains that are
used in research, the distribution of haplotype 2 regions that we
described here can be a great boon to researchers in the Chla-
mydomonas community. The pattern of haplotype 2 blocks can be
viewed as a fingerprint for each strain. These patterns can be used
to identify a strain and to provide insight on its parentage. While
WGS is the premier method for identifying strains, we recognize
that this approach is not always practical in terms of time and
expense. Therefore, we provided a set of AS-PCR primers
(Supplemental Data Set 6) that can be used to determine the
haplotype of any standard laboratory strain in a matter of hours
using inexpensive reagents (Supplemental Figure 5). Alternatively,
we demonstrate here that RNA-seq data can also be repurposed
for strain identification (Supplemental Figure 10).

Effects of Haplotype 2 on Genes

We employed SnpEff to predict the effect of haplotype 2 variants
on the gene models. To validate these results, we performed
extensive manual inspections of the supporting llluminareads. For
the most part, the predictions of missense and nonsense muta-
tions due to SNVs were just as the SnpEff algorithm predicted.
However, SnpEff had difficulty with other types of predictions,
especially splice site variants. Most of the potential splice site
mutants that were identified by SnpEff were due to small InDels
that fell on exon-intron boundaries. However, on inspection, the
majority of these InDels were ones in which both the reference and
alternate alleles had identical nucleotides at the exon-intron
border. Many of these were due to low complexity sequences,
such as runs of TG dinucleotides, which are unusually abundant in
the Chlamydomonas genome (Morris et al., 1986). When RNA-seq
data were available, we confirmed that these potential splice site
variants did not translate into alternatively spliced transcripts.
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Given this, we chose to omit the splice site variants from the
SnpEff-predicted affected genes presented in Supplemental
Figure 7B. This demonstrates the importance of critically re-
viewing the output of bioinformatics software.

Within the haplotype 2 regions, we identified many variants that
are predicted to have some effect on gene coding sequences.
However, given that both haplotypes are present in fully func-
tional, wild-type strains, we did not expect to see many variants
that cause a complete loss of function. Consistent with this idea,
we observed a bias in haplotype-specific variants toward ones
that are likely to preserve normal gene functioning. For example,
there was a 10:1 ratio of in-frame versus out-of-frame InDels
(Supplemental Figure 7B). If the number of nucleotides gained or
lost were under no selective pressure, this ratio would be expected
tobe 1:2infavor of out-of-frame InDels. Of the SNVs that fall within
open reading frames, a significant majority (90,255 versus 64,685)
cause silent rather than missense codon changes. Only 277
(0.2%) of the haplotype 2-specific small variants were predicted to
cause nonsense mutations.

In work cosubmitted with this article, Flowers et al. (2015) also
observed ways in which mutations present in the sequenced
strains of Chlamydomonas were biased toward those that are less
deleterious to gene expression. For example, they observed that
28% of genes with premature stop codons encode proteins that
are truncated by 5% or less. Additionally, the ratio of non-
synonymous to synonymous codon changes is low in Chlamy-
domonas relative to land plants.

Identifying Mutations

Often, a primary goal of WGS is to identify the causative mutation
of a particular phenotype (Schneeberger et al., 2009; Lin et al.,
2013). For known mutations, such as the mutation in NIT71
common to many of the standard laboratory strains, we were able
to correctly identify the expected mutant genelocus. However, the
high number of variants between any two strains, coupled with the
high percentage of gene models that still lack user-curated an-
notation (74% as of Phytozome version 10), make it extremely
difficult to identify previously unknown causative mutations for
specific phenotypes. Clearly, as has been observed previously
(Lin et al., 2013), backcrossing to a wild-type strain multiple times
with selection for the mutant phenotype is key to performing these
sorts of genetic analyses. Despite the fact that our data set in-
cludes many cw15 mutant strains, we were unable to positively
identify a genetic locus that was likely to be the source of that
phenotype.

Isogenic Strains

In this set of 39 laboratory strains, there are three examples of
strain pairs that were backcrossed with the goal of making them
isogenic. Curiously, five backcrosses were sufficient to make
CC-4051 and CC-4603 nearly isogenic, whereas twice as many
backcrosses were insufficient in the case of CC-4402 and
CC-4403. The persistence of haplotype 2 regions proximal to the
mating locus is entirely expected in both cases, and these are the
only blocks that are different between CC-4051 and CC-4603 (6-A
through 6-C) (Supplemental Figure 4F). However, CC-4402
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retained haplotype 2 regions on chromosome 3 (3-A and 3-B), and
CC-4403 retained them on chromosome 17 (17-C and 17-D)
(Supplemental Figure 4D). Surprisingly, these regions persisted
through 10 crossings. One likely explanation for this is that there
was unintentional selective pressure for alternate alleles at those
loci. The group that produced these strains reported that they
selected for high efficiency mating, so perhaps there are key genes
related to sexual functioning in those regions (Lin et al., 2013).
Indeed, Cre03.g201552 and Cre17.9705200, which are located in
the relevant blocks of chromosomes 3 and 17, respectively, both
have gametolysin peptidase M11 domains and multiple non-
synonymous codons between the two alleles. If the haplotype 1
alleles of these two genes conferred a more efficient mating
phenotype, it could explain the persistence of these haplotype
blocks in CC-4402 and CC-4403 across 10 matings. In other
words, it may be unintended selective pressure that caused the
statistically unlikely persistence of those regions.

METHODS

Chlamydomonas reinhardtii Strains and Culture Conditions

Chlamydomonas strains were acquired from various sources as indicated
in Table 1. After sequencing, clonal populations of the strains were sub-
mitted to the Chlamydomonas Resource Center, where they are available
for order as sequence-verified clones. The relevant strain identifiers are
presented in Supplemental Table 5.

Cultures of each strain were grown in Innovaincubators (New Brunswick
Scientific) in 250-mL flasks filled with 100 mL Tris acetate-phosphate (TAP)
medium at 24°C with 180 rpm agitation (Harris, 2009). Cultures were
provided with 50 to 100 ymol m~2 s~ continuous illumination by six cool
white fluorescent bulbs (4100K) and three warm white fluorescent bulbs
(3000K) per incubator. The medium was supplemented with Kropat’s trace
elements solution (Kropat et al., 2011), including 20 uM iron except where
noted.

For the iron homeostasis study, precultures in late-log growth phase in
TAP supplemented with 5 uMiron (supplied as Fe/EDTA) were counted and
diluted to10* cells/mL in fresh media with the indicated iron concentrations.
Cell density was quantified by a hemocytometer. Chlorophyll content was
assayed as described previously (Glaesener et al., 2013).

For the cell size study, two cultures per strain were grown in TAP
medium as described above, and samples were collected during the late-
log growth phase for analysis by the Cellometer Auto M10 (Nexcelom
Bioscience). Cell diameter was determined by the Cellometer software
from 1000 cells per sample and plotted as a box plot.

Nucleic Acid Preparation

Genomic DNA was prepared as follows. Each strain was clonally isolated
two to four times on solid TAP-agar plates before being used to inoculate
100 mL liquid TAP cultures as described above. Total cellular DNA was
prepared from stationary phase cultures (~1 X 107 cells/mL). Cells from 50
mL of each culture were collected by centrifugation (3700g, 5 min, 4°C) and
resuspended in 2 mL of Milli-Q purified water. Exactly 2 mL of the re-
suspended cells was transferred to a fresh tube and combined with 2 mL of
2X lysis solution (10 mM Tris-Cl, pH 7.5, 10 mM EDTA, 10 mM NaCl, 0.5%
SDS, and 200 pg/mL proteinase K). After incubation for 2 h at 50°C, DNA
was extracted by addition of 4 mL of phenol/chloroform, followed by
vigorous shaking and centrifugation to separate the two phases (13,800g,
15 min, 10°C). Four milliliters of the aqueous phase was transferred to
aclean tube and treated with 5 pL of 5 mg/mL of RNaseA for 30 min at 37°C,
followed by an additional phenol/chloroform extraction as before. Four

milliliters of the resulting aqueous phase was transferred to a clean tube.
Next, polysaccharides were selectively precipitated by the addition of 1.4
mL of room temperature 100% ethanol, incubation for 15 min on wet ice,
and centrifugation (13,800g, 10 min, 10°C). The supernatant (5.4 mL) was
transferred to a clean tube, and the DNA was precipitated by the addition of
5.4 mL isopropanol, incubation for 15 min at room temperature, and
centrifugation (19,800g, 30 min, 10°C). After the supernatant was dis-
carded, the DNA pellets were air dried for 15 min at room temperature,
resuspended in 500 pL of purified water, and transferred to 1.5-mL mi-
crocentrifuge tubes. DNA was precipitated again by the addition of 125 L
of 4 M NaCl and 625 pL of 20% polyethylene glycol-8000. The mixture was
incubated for 30 min on wet ice, after which the DNA was collected by
centrifugation (13,400g, 20 min, 4°C). The supernatant was removed by
decanting, and the pellet was washed with 70% ethanol and air-dried for 15
min at room temperature. The resulting DNA was resuspended in 50 pL of
purified water and the concentration determined by optical absorbance on
a NanoDrop 2000 spectrophotometer (Thermo Scientific).

Determination of DNA Content per Cell

Liquid cultures of strains CC-425 and CC-1690 were grown to mid-log
phase in TAP medium (Harris, 2009). Two samples of a volume of culture
equivalent to 1 X 107, 2 X 107, and 4 X 107 total cells were used for DNA
purification (see above). The DNA content per sample was determined in
triplicate using the Qubit dsDNA HS assay kit (Life Technologies).

Genomic Library Preparation and Sequencing

For each strain, 1 ng of genomic DNA was sheared by the S-220 Adaptive
Focused Acoustics system (Covaris) using the following settings: 10%
duty cycle, 5.0 intensity, 200 bursts s=1, 120 s, and 6°C. The resulting
fragments were used to make sequencing libraries using the TruSeq DNA
sample preparation kit, version 1 (lllumina), following the low-throughput
protocol. The concentrations of the resulting libraries were determined by
the Qubit double-stranded DNA Broad Range assay kit (Invitrogen). Se-
quencing flow cells were prepared using the TruSeq cBot PE cluster
generation kit, version 3 (lllumina), and sequencing was performed on
a HiSeq2000 sequencer (lllumina).

Read Alignment

The raw sequences were aligned to the Chlamydomonas reference se-
quence (strain CC-503) version 5 with BWA mem, version 0.7.5a-r405 (Li
and Durbin, 2009), using default parameters. Duplicate read pairs were
removed using Picard MarkDuplicates, version 1.85(1345) (http://
broadinstitute.github.io/picard) with default parameters. Numbers of
unique reads and coverage are shown in Table 1.

Small Variant Detection

The Genome Analysis Toolkit (GATK), version 2.6-5-gba531bd (McKenna
etal., 2010; DePristo et al., 2011), was used to prepare and call variants on
the aligned, deduplicated reads. Specifically, reads from all strains were
realigned together using GATK’s RealignerTargetCreator and Indel-
Realigner with default parameters, except -maxReadsForRealignment was
doubled to 40,000. Bases were recalibrated using GATK’s Base-
Recalibrator. Variants from a subset of 27 strains, with a minimum quality
score of 120, were used as the known variant input for BaseRecalibrator.
Additionally, base quality scores were capped by the BAQ algorithm (Li,
2011) using PrintReads. Variants were called for all strains together, but
separately for SNVs and InDels, using GATK’s UnifiedGenotyper with
-downsample_to_coverage increased to 10000, -sample_ploidy 1, and
-stand_call_conf 20.0. Queue was used to parallelize jobs for Realign-
erTargetCreator, IndelRealigner, and UnifiedGenotyper.
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“HET” Labeling

Variants with greater than one base strongly represented were presumed
due to collapsed imperfect repeats in the reference genome. They were
identified by running GATK’s UnifiedGenotyper in diploid mode and se-
lecting variants called as heterozygous for at least one strain (with a ge-
notype quality greater than 98) and with no strains called as a homozygous
variant (with a genotype quality greater than 98). These variants were la-
beled as “HET” in the variant call format (vcf) files and were excluded from
counts of SNVs.

Haplotype Variation

Variants presumed to have been presentin the original zygote, i.e., variation
between the two joining gametes, were identified by their clustering into
two distinct haplotypes, as follows. After excluding variants either found in
our CC-503 data, labeled as HET (see above), or with a depth-adjusted
quality score <2.0, variants were counted in 10,000 base windows (ex-
cluding reference Ns). Counts were additionally separated on the basis of
the set of strains that carry the variant. Haplotype regions were defined by
merging neighboring windows with counts of >20 variants for identical sets
of variant strains. Additionally, resulting regions with identical strain pat-
terns within 460,000 bases of each other were merged. For windows that
overlap two neighboring strain patterns, the midpoint of the overlap was
taken as the transition point. The resulting 41 genome regions with both
haplotypes represented are shown in Figure 5. Strains were clustered by
haplotype pattern and plotted with dendrogram using the heatmap2
function of the gplots package in R (https://cran.r-project.org/web/
packages/gplots/index.html).

Specific variants that follow the alternate haplotype strain patterns were
identified and labeled “set=orig” in the vcf files using the following rules: (1)
strain pattern matches one of the defined alternate haplotype regions on
the same chromosome; (2) no more than one strain with a high quality
mismatch to the strain pattern (i.e., called variant when should be reference
orvice versa); (3) if less than three strains have high quality matching variant
calls, then a minimum of three lower quality matching variant calls and <10
mismatches (at any quality) are required; and (4) if less than three strains
have matching variant calls (at any quality) there must be at least one fewer
mismatch. These rules allow for sites with high uncertainty and error and for
occasional reversion in a single strain and did not lead to excessive
sporadic overidentification, as determined visually using Integrative Ge-
nomics Viewer (IGV) (Robinson et al., 2011; Thorvaldsdottir et al., 2013).

Variant Quality Score Recalibration: Creating a Training Set

In order to use GATK’s Variant Quality Score Recalibration, it was necessary to
produce a set of high confidence variants to be used for training. The high
frequency of certain SNV patterns due to shared ancestry was exploited for this
purpose since false positives would only rarely be expected to match these
patterns. Genotype patterns were counted for all nonfiltered SNVs on the main
chromosomes, e.g.,000001100100100.0010001100.0110010000000000
represents the pattern of variant (1), reference (0), or uncalled (.) for a single
variant across an ordered set of strains. After excluding patterns with any
uncalled strains or with only a single variant strain, the top 50 most frequent
patterns were identified. They ranged in frequency from 53,145 variants to 58
variants and totaled 327,268 variants (61% of all nonfiltered SNVs). As ex-
pected, the set is enriched for interhaplotype (set=orig) variants with only 838
(0.3%) due to shared ancestry within the laboratory. Transition/transversion
(ts/tv) ratios were calculated for the variants within each pattern, and variants
for patterns with ts/tv < 1.4 were manually inspected using IGV to ensure their
high confidence. Ts/tv for the combined top 50 patterns was 1.48, while ts/tv
for the remaining variants was 1.32. The same strain patterns were used to
create a set of 45,105 high confidence InDel variants, of which 244 (0.5%) were
laboratory-derived variants.
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Variant Quality Score Recalibration and Filtering: Only Applied to
Laboratory Variation

GATK’s VariantRecalibrator was run separately for SNVs and InDels using
the training sets described above, prior=20.0, and the following param-
eters: for SNVs, target_titv 1.5 -an MQRankSum -an ReadPosRankSum
-an FS -an QD -an DP; for InDels, an MQRankSum -an ReadPosRankSum
-an FS -an DP. Subsequent manual inspection of variants within various
VQSLOD tranches for both interhaplotype (original) variants and laboratory-
derived variants made clear that filtering was not beneficial for the inter-
haplotype variants, but the laboratory-derived variants were substantially
improved by VQSLOD filtering. A cutoff of VQSLOD > 1.32 was imple-
mented for laboratory-derived SNVs, filtering 70% of the 15,453 previously
unfiltered SNVs. This cutoff was chosen to minimize the total number of
false positives and false negatives, crudely estimated by manualinspection
to be 6% for each. A cutoff of VQSLOD > —0.30 was implemented for
laboratory-derived InDels, filtering 18% of the 6873 previously unfiltered
InDel variants.

All variants called by UnifiedGenotyper are included in Supplemental
Data Set 2 as a vcf file. A filter field has been set based on the above
analyses. The filters, as described above, and their nonunique counts are
LowQual (7900), HET (31,061), VQSRTrancheSNP99.90t0100.00 (4780),
VQSRTrancheSNP99.00t099.90 (5112), VQSRTrancheSNP98.00t099.00
(932), VQSRTrancheINDEL99.90t0100.00 (1019), and VQSRTran-
chelNDEL99.80t099.90 (246).

Identification of Structural Variants

Larger variants were identified using the tools Pindel (Ye et al., 2009) and
BreakDancer (Chen et al., 2009) followed by extensive additional filtering
steps. These filtering steps were based on trial and error using repeated
manual inspection of the results in IGV and would therefore not be ap-
propriately applied to other data sets. Variants of length <20 bp predicted
by Pindel or BreakDancer were excluded since the true variants would
mostly be redundant with those predicted by the small variant caller,
GATK’s UnifiedGenotyper (see above).

For variants identified by Pindel to be included, at least one sequenced
strain must have five supporting reads. The total number of supporting
reads across samples with less than five supporting reads must be <10
(GTO_SRcount) and less than one-third of all reads. Samples with at least
five supporting reads were labeled GT=1, others were labeled GT=0.
Variants that overlap with UnifiedGenotyper variants labeled HET were
labeled HET and excluded; otherwise, variants that overlap with Uni-
fiedGenotyper variants were labeled RED for redundant and excluded,
unless they were deletions >40 bp with a percentage change in size (from
reference bases to alternate bases) of >50% or deletions >80 bp, or if they
are inversions, small insertions, or tandem duplications >40 bp in size.
Additionally, variants were excluded based on ratios of reference sup-
porting reads to variant supporting reads across all GT=1 samples
(GT1ratio) and ratios of normalized read depths for GT=0 over GT=1
(RDPratio) as follows: Variants were excluded if they were deletions with
GT1ratio > 10 and RDPratio < 2, or duplications with GT1ratio > 32 and
RDPratio < 0.7, or any other type with GT1ratio > 10.

For variants identified by BreakDancer to be included, at least one
sequenced strain must have five supporting reads. The total number of
supporting reads across samples with less than five supporting reads must
be <10 (GTO_SRcount) and less than one-third of all reads. Samples with at
least five supporting reads were labeled GT=1, and others were labeled
GT=0. Additionally, variants were excluded based on ratios of reference
supporting reads to variant supporting reads across all GT=1 samples
(GT1ratio) as follows: Variants were excluded if they were deletions or
insertions with GT1ratio > 10 or any other type with GT1ratio > 6. Also all
variants of type BND were filtered as LowQual, as they were found to be
mostly false positives due to repeats.
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Variant Impact Prediction

The functional impact of each small variant (SNV or small InDel) was
predicted using SnpEff (Cingolani et al., 2012). The results are included in
the INFO field of the corresponding vcf output (see below). These pre-
dictions were graded by SnpEff for severity of the impact on the encoded
protein. Predictions rated as either MODERATE or HIGH impact were
selected for additional review (Supplemental Figure 7) and were manually
compared with RNA-seq data (see below). SnpEff’'s predictions were
generally validated by the RNA-seq data, with one exception—the splice
site variants. These HIGH impact calls, due to SNVs and InDels at exon-
intron boundaries, were almost entirely unsupported by the RNA-seq data.
As such, we downgraded the splice site variant calls from HIGH impact to
LOW impact.

SnpEff was also used to predict the effects of the structural variants on
gene models. However, SnpEff is not designed for such data and only
worked on a subset of the variant types. The impact fields were adjusted as
follows: For inversions, the impact was set to MODERATE if either end was
in a gene or to HIGH if either end was not in the 5 or 3’ untranslated region
and both ends were not in the same intron. Both impacts were kept if the
two ends were in different genes. For duplications, the impact was set to
HIGH if the duplication was within one gene and both ends were not in the
same intron or MODERATE if one end was in a gene and the other was
outside of that gene.

Excluded variants are included in the vcf file with exclusion categories
listed in the FILTER field.

Transposons

The sequences of the following Chlamydomonas transposons were
downloaded from NCBI GenBank: Bill (DQ446204.1), Gulliver (AF019750.1
and AF019751.1), MRC1 (DQ446210.1), Pioneer1 (U19367.1), REM1
(AY227352.1), Ter1 (DQ446205.1), Ter3 (Y14652.1 and Y14653.1), TOC1
(X56231.1), and TOC2 (X84663.1). The positions of these transposons in
the reference genome were identified by comparing FASTA files of the
transposon sequences to version 5 of the Chlamydomonas genome on
Phytozome using the BLAST algorithm. The resulting coordinates were
used to generate a bed file of likely transposons (included in Supplemental
Data Set 5). In order to identify putative sites of transposon jumping, the
coordinates of the various transposons were compared for significant
overlap to sites of large deletions identified by Pindel and BreakDancer.

Haplotype Determination by Allele-Specific Amplification

DNA was prepared from strains CC-1009 and CC-1010 as described
above. Five microliters of DNA was diluted into 495 L of purified water
(final concentration ~10 ng/uL). Custom oligonucleotides (Eurofins MWG
Operon) were dissolved in purified water to a concentration of 3 yM as
a 10X working stock. The sequences of each are provided in Supplemental
Data Set 6. AS-PCR was performed in 96-well PCR plates on a CFX96
Optical Thermocycler (Bio-Rad) using 10 pL of iTag Universal SYBR Green
Supermix (Bio-Rad), 1 uL of each primer stock (300 nM final concentration),
5 uL of diluted DNA template, and 3 L purified water. The thermocycler
was run for 30 s at 95°C, followed by 30 cycles of 5 s at 95°C and 30 s at
63°C. Ten microliters of the resulting amplicons was mixed with bromo-
phenol blue/xylene cyanol DNA loading dye and loaded onto a2 % agarose
gel in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA) plus 0.2
pug/mL ethidium bromide. The DNA was separated for ~20 min at 8 V/cm
and photographed on a UV transilluminator.

Strain-Specific Reference Genome and Annotations

The Custom Chlamy Generator (CCQG) is a software program we created to
generate strain-specific reference genomes and gff3 gene annotation files

using the SNVs and small InDel data in Supplemental Data Set 1. Alter-
natively, CCG can take a user-supplied haplotype (such as determined by
the AS-PCR assay described above) and generate strain-specific files for
any other standard laboratory strain. CCG is available at https://bitbucket.
org/gallaher/custom-chlamy-generator. Detailed instructions for use of
CCG are included there.

RNA-Seq

Sequencing data from an RNA-Seq study performed with strains CC-4348
and CC-4349 was described previously (Blaby et al., 2013). Here, the
resulting data were realigned to the Chlamydomonas reference genome
(v5.0; see above) or a strain-specific genome generated by CCG. Toisolate
the effect of haplotype, subgenomes with both the reference sequence and
the strain-specific sequence were generated with only those regions
identified to be haplotype 2in CC-4348 (blocks 3-A, 3-B, 6-A, 6-B, 6-C, 6-D,
6-E, 12-G, and 16-B; 4.3 Mb total) or haplotype 2 in CC-4349 (blocks 3-A,
3-B, 16-B, 16-C, 16-D, 16-E, 17-A, 17-B, 17-C, and 17-D; 4.4 Mb total).
Alignment of the reads to each subgenome was performed with RNA-Star
v2.4.0j using default settings (Dobin et al., 2013). FPKM expression esti-
mates were calculated by cuffdiff v2.2.1 using default settings (Trapnell
et al., 2013).

Accession Numbers

Version 5.0 of the Chlamydomonas reference genome (Creinhard-
tii_281_v5.0.fa.gz) and the corresponding version 5.5 gene annotations
(Creinhardtii_281_v5.5.gene.gff3.g9z) are available at Phytozome (http://
phytozome.jgi.doe.gov/pz/portal.html). Sequence data from this article
can be found in the NCBI Short Read Archive sequence database under
accession number SRP053354. Chlamydomonas transposons are avail-
able from NCBI GenBank under the following accession numbers:
Bill (DQ446204.1), Gulliver (AF019750.1 and AF019751.1), MRC1
(DQ446210.1), Pioneer1 (U19367.1), REM1 (AY227352.1), Tcrl
(DQ446205.1), Ter3 (Y14652.1 and Y14653.1), TOC1 (X56231.1), and
TOC2 (X84663.1).
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