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Abstract

In diploid organisms, the frequency and nature of sexual cycles have a major impact on genome-
wide patterns of heterozygosity. Recent population genomic surveys in the budding yeast,
Saccharomyces cerevisiae, have revealed surprising levels of genomic heterozygosity in what has
been traditionally considered a highly inbred organism. | review evidence and hypotheses
regarding the generation, maintenance, and evolutionary consequences of genomic heterozygosity
in S cerevisiae. | propose that high levels of heterozygosity in S cerevisiae, arising from
population admixture due to human domestication, coupled with selfing during rare sexual cycles,
can facilitate rapid adaptation to novel environments.

1 Introduction

In 1994 the pioneering yeast geneticist Robert Mortimer proposed the “Genome Renewal
Hypothesis” to explain patterns of genetic variation observed in the budding yeast
Saccharomyces cerevisiae (Mortimer et al., 1994; Mortimer, 2000). Mortimer and
colleagues observed that most yeast strains isolated from vineyards were diploid and
heterozygous at one or more loci. The vast majority were also homothallic, meaning that
haploid cells produced from these strains were capable of undergoing mating-type switching
followed by mother-daughter mating. This process, known as autodiplodization or
haploselfing, leads to diploid cells that are homozygous at all but the mating type locus.
Mortimer documented a negative correlation between the number of detectable
heterozygosities in vineyard isolates and the percentage of viable spores produced,;
homozygous isolates had nearly 100% spore viability while heterozygous isolates showed
clear evidence for deleterious or sometimes lethal alleles. Finally, isolates that were
homozygous were inferred to have been derived from heterozygous backgrounds via
autodiploidization. Mortimer and colleagues proposed that these observations could be
explained by an evolutionary scenario involving long periods of clonal reproduction in
which diploid strains accumulated recessive, primarily deleterious alleles in a heterozygous
state. They posited that rare sexual cycles involving meiosis followed by mating type
switching and autodiploidization would facilitate the loss of deleterious alleles and fix
beneficial alleles, thus leading to “Genome Renewal” (Figure 1).

Recently, Masel and Lyttle (2011) developed a mathematical model of evolution under a life
history regime like that proposed by Mortimer. This model, which assumed a small number
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of heterozygous sites and additivity of allelic effects, considered the effect of different
mating strategies on heritable genetic variation for different selection regimes and for a
range of dominance coefficients. Masel and Lyttle showed that clonal reproduction coupled
with rare selfing can lead to an epistatic increase in heritable phenotypic variation per sexual
episode, relative to an out-crossing strategy. They concluded that clonal expansion coupled
with rare selfing can thus act as a type of ‘evolutionary capacitor’, allowing cryptic genetic
variation to build up during periods of clonality, and exposing that variation to selection
following periods of environmental stress that are severe enough to induce sexual cycles
(Masel and Lyttle, 2011).

The Genome Renewal hypothesis is based on the assumption that the ‘ground state’ is
genomic homozygosity, and the number of heterozygous loci that accumulate between
periods of selfing should therefore be modest. However, recent genome sequencing of
environmental isolates of S. cerevisiae has revealed that many strains harbor abundant
polymorphism in the form of thousands of heterozygous sites across the genome (Magwene
etal., 2011; Borneman et al., 2011). In the following pages | re-examine the Genome
Renewal hypothesis in light of this discovery, focusing in particular on the implications of
extensive heterozygosity coupled with homothallism with respect to adaptation to new
niches. I argue that, for highly heterozygous homothallic strains, the adaptive evolutionary
landscape has a high degree of “accessibility” because offspring that sample large regions of
genotypic and phenotypic space can be generated rapidly from a single founding individual.

2 Evidence for the Genome Renewal Hypothesis

Since Mortimer and colleagues first put forth the Genome Renewal Hypothesis, a large
number of studies have contributed to an increasingly detailed portrait of population genetic
and genomic variation in S. cerevisiae (e.g. Fay and Benavides, 2005; Gresham et al., 2006;
Liti et al., 2009; Schacherer et al., 2009; Skelly et al., 2009). Below | touch on only a
fraction of this literature, that which bears most directly on the Genome Renewal
Hypothesis. For a more exhaustive overview of yeast population genetics and genomics |
refer the reader to several recent reviews (Liti and Schacherer, 2011; Sipiczki, 2011,
Hittinger, 2013).

2.1 Most Environmental Isolates of S. cerevisiae are Diploid and Homothallic

Saccharomyces cerevisiae has a haplo-diploid life cycle, and can propagate asexually as
either haploid or diploid cells. Despite the ability to grow vegetatively in a haploid state, S
cerevisiae is predominantly isolated from the environment as diploid cells, though aneuploid
and polyploid isolates are not uncommon (Guijo et al., 1997). For example, Cubillos et al.
(2009) found that approximately 95% of the 200+ wine strains they examined had a DNA
content consistent with diploidy. Muller and McCusker (2009), based on a diverse sample of
170 isolates, estimated that 70-80% of their strains were diploid, with the remaining 20—
30% of strains being triploid or tetraploid. Similarly, Sniegowski et al. (2002) show that
each of the ten S cerevisiae strains they isolated from an oak forest were diploid.

With respect to homothallism, Mortimer (2000) found that approximately 89% of the wine
isolates he analyzed were homothallic, and Cubillos et al. (2009) similarly found that the
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majority of the wine strains they characterized were homothallic. All of the oak isolates
studied by Sniegowski et al. (2002) were homothallic. The survey by Muller and McCusker
(2009), which included strains from a wider variety of environmental contexts, paints a
somewhat more complicated picture of homothallism. 27 of the 28 non-clinical isolates they
examined were homothallic, but four of the eight clinical isolates the examined were
heterothallic. Muller and McCusker suggested that an increased frequency of heterothallism
in clinical isolates might result from indirect selection associated with a selective advantage
for heterozygosity in clinical environments.

of Heterozygosity in S. cerevisiae

Mortimer’s assessments of heterozygosity in wine isolates was based on segregation of
phenotypic traits such as the ability to grow on different carbon sources, growth rate
mutations, etc. (Mortimer et al., 1994). Mortimer and colleagues found that roughly 65% of
the more than 200 strains analyzed were heterozygous at one or more loci, as determined by
tetrad analysis.

Subsequent studies that have reported data on heterozygosity in environmental isolates of S,
cerevisiae have primarily focused on molecular genotyping. For example, Fay and
Benavides (2005) analysis of 81 strains indicated that approximately 40% of the strains they
characterized were heterozygous for at least one of five loci. Muller and McCusker (2009),
based on data from 12 microsatellite markers, found that approximately 80% of their strains
were heterozygous for at least one locus, with clinical isolates having higher average
heterozygosity than non-clinical strains. Similarly, Diezmann and Dietrich (2009) undertook
a population genetic survey of 103 S. cerevisiae strains at five loci and found that between
33% and 88% of strains from human associated environments (clinical, brewery, fruit) were
heterozygous at one or more loci. In contrast all of the soil or bark isolates were
homozygous at all loci examined, leading them to conclude that the soil isolates represent
lineages that have experienced no or little outcrossing in contrast to the more clearly
recombinant strains associated with agricultural and clinical settings.

These studies, based on a modest number of loci, established that heterozygosity is relatively
common in S. cerevisiae isolates. However, the initial yeast genome (Goffeau et al., 1996;
Wei et al., 2007) and population genomic (Gresham et al., 2006; Schacherer et al., 2009; Liti
et al., 2009) studies used strains derived from monosporic derivatives, thus making it
impossible to characterize heterozygosity on a genome-wide scale. Therefore the genomic
extent of heterozygosity wasn’t appreciated until the first studies describing the sequencing
of unmanipulated diploid genomes were published. The first report of this kind was the
characterization of the genome of a diploid strain used in bioethanol production (Argueso et
al., 2009). Argueso et al. (2009) arrived at an estimate of ~2 heterozygous SNPs per Kb,
corresponding to at least ~24,000 heterozygous sites genome wide. Shortly thereafter the
first population genomic surveys of unmanipulated diploids demonstrated that many S
cerevisiae strains isolated from both industrial and non-industrial contexts were highly
heterozygous, many possessing greater than 30,000 heterozygous sites across the genome
(Magwene et al., 2011; Borneman et al., 2011). For example, Magwene et al. (2011), based
on whole genome sequencing of 11 diploid isolates plus genotyping of nine loci in 18
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additional strains, concluded that approximately 60% of strains they examined had modest
(> 5,000 sites) to extensive (> 15,000 sites) genomic heterozygosity. Subsequent genome
sequencing of additional environmental isolates has led to similar findings (Akao et al.,
2011; Babrzadeh et al., 2012; Hyma and Fay, 2013).

Several authors have noted that strains with high levels of heterozygosity are preferentially
isolated from human associated environments (Diezmann and Dietrich, 2009; Muller and
McCusker, 2009; Magwene et al., 2011). Clinical and industrial isolates stand out in this
regard, but a number of strains isolated from agricultural contexts, such as fruit trees, also
have high levels of heterozygosity (Diezmann and Dietrich, 2009; Hyma and Fay, 2013;
Magwene et al., 2011). By contrast, S cerevisiae isolated from relatively undisturbed
environments such as oak forests in both North America and Asia have very low levels of
heterozygosity (Kuehne et al., 2007; Wang et al., 2012). Similarly, isolates of the
undomesticated sister species, Saccharomyces paradoxus, also exhibit very little genomic
heterozygosity (Tsai et al., 2008). These data suggest that for budding yeast homozygosity
may be the rule in the absence of human domestication.

2.3 What Generates and Maintains Heterozygosity?

The nature and extent of genomic heterozygosity that sequencing of diploid strains has
revealed is surprising given that previous studies (Ruderfer et al., 2006) had suggested that
sex in yeast primarily involves inbreeding via intratetrad mating (Tsai et al., 2008).
Inbreeding of any type quickly leads to loss of heterozygosity and mating type switching by
halplo-selfing immediately homozygoses the entire genome except at the mating type locus
(Kirby, 1984). Magwene et al. (2011) concluded that the extensive heterozygosity seen in
many strains was most likely resulted from out-crossing between genetically diverse
lineages. This seems to be at odds with studies that have estimated that outcrossing occurs
only about once every 50,000 — 100,000 mitotic generations in yeast (Ruderfer et al., 2006;
Tsai et al., 2008). However, population genomic analyses demonstrate quite clearly that
there has been significant admixture between S. cerevisiae lineages (Liti et al., 2009;
Schacherer et al., 2009), and a recent study suggests that outcrossing in S. cerevisiae may be
considerably higher than previous estimates (Kelly et al., 2012). Regardless of the actual
rates of outcrossing, the very high levels of heterozygosity observed in clinical, industrial,
and many agricultural isolates begs the question of what contributes to the maintenance of
heterozygosity? Magwene et al. (2011) suggested that differences between heterozygous and
homozygous strains might be the result of alternate life history strategies that favor different
frequencies of sexual cycles, and proposed that heterozygous strains represent lineages that
are less likely to undergo sexual cycles, thus preserving heterozygosity. Heterothallism
should also tend to favor the preservation of heterozygosity; as noted above, clinical isolates
of S. cerevisiae, which tend to have among the highest levels of genome-wide
heterozygosity, show a trend towards a greater frequency of heterothallism (Muller and
McCusker, 2009).

2.4 Heterozygosity and Spore Viability

One of the findings that motivated the Genome Renewal hypothesis was the observation that
spore viablity tended to decrease with increased heterozygosity (Mortimer et al., 1994).
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Mortimer found that strains that were completely homozygous sporulated at high frequency
and had spore viabilities near 100%. By contrast approximately 47% of strains that were
heterozygous at one or more loci were also heterozygous for lethal or deleterious alleles
(Mortimer, 2000). In Figure 2 | present a re-analysis of data from Muller and McCusker
(2009) that supports the pattern suggested by Mortimer; spore viability is negatively
correlated with the number of heterozygous loci (Figure 2; Spearman rank correlation p =
-0.50, p < 0.0001 by permutation test).

Some of this reduction of spore viability is likely due to recessive deleterious or lethal
alleles as suggested by Mortimer, however this may also reflect incompatible genetic
combinations arising under reproductive isolation between the backgrounds that contributed
to the formation of the heterozygotes (Cubillos et al., 2011). Such incompatibilities may
result from both large scale genomic changes (e.g. aneuploidy) between strain backgrounds
or may involve single nucleotide changes, either neutral or adaptive, that arise under
reproductive isolation. For example, Demogines et al. (2008) identified naturally segregating
allelic variation in two genes, MLH1 and PMSL, involved in DNA mismatch repair.
Particular combinations of alleles at these two loci result in a low-fitness mutator phenotype
(Demogines et al., 2008).

3 Molecular and Phenotypic Consequences of Heterozygosity

High levels of heterozygosity are likely to have a significant impact on molecular
interactions. For example, the strain EM93 is the primary ancestor of the standard reference
strain S288c and has more than 24,000 heterozygous sites (Magwene et al., 2011; Esberg et
al., 2011). Table 1 shows the predicted impact of this heterozygosity on the proteome;
approximately 37% of proteins in EM93 are present as two different peptide sequences.
While it is hard to know how much of this protein polymorphism has functional effects, this
nevertheless represents a very large pool of variation present within a single strain
background. There is also abundant heterozygosity in non-coding regions, which has the
potential to affect regulatory networks through effects such as allele specific gene
expression (Gagneur et al., 2009) and differential protein-DNA interactions (Zheng et al.,
2010). At the level of cellular phenotypes, extensive heterozygosity might to contribute to
cell-to-cell heterogeneity in clonal populations, through mechanisms such as allele specific
gene and protein expression (Levy et al., 2012) and differential regulation of epigenetic
silencing (Halme et al., 2004).

4 Evolutionary Consequences of Heterozygosity and Homothallism

Mortimer’s Genome Renewal hypothesis and related models (Masel and Lyttle, 2011;
Sipiczki, 2011) primarily consider the case of accumulation of a modest number of
heterozygous sites against an otherwise homozygous genomic background. However, as
detailed above, many environmental isolates of S. cerevisiae are heterozygous at more than
30,000 sites across the genome. How does this degree of heterozygosity modify our view of
the Genome Renewal hypothesis?

Consider the following scenario — a single heterozygous individual is introduced into a
novel environment and generates a large clonal population. When nutrients become limiting

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Magwene

Page 6

the population undergoes meiosis and sporulation [most heterozygous isolates are slow to
sporulate but eventually do so under extended nutrient limitation; Magwene et al. (2011)].
The meiotic products generated from this clonal population represent a sampling of a very
large combinatorial space — the 2" possible allelic combinations representing the alternative
alleles at heterozygous sites in the founder individual (even accounting for linkage
disequilibrium, n is likely to be in the hundreds to thousands). Assuming subsequent
germination of those spores, either through reintroduction of nutrients or disperal to nearby
nutrient rich environments (e.g. by insect vectors; Stefanini et al. (2012)), haploids will
return to diploidy either through mating type switching and autodiploidization or through
intra- or intertetrad matings. Due to a high frequency of selfing and other forms of
inbreeding, a large number of allelic combinations will be exposed to local selection in a
primarily homozygous state, thus increasing the probability that one or more favorable
genotypes will become established and thrive in the new environment.

How likely are such introductions and how much potential phenotypic variability can be
exposed to selection under such a scenario? The likelihood of introductions is hard to assess
given the challenges of studying yeast ecology in a natural setting, but S. cerevisiae is
commonly isolated during environmental sampling in a wide variety of contexts (Hyma and
Fay, 2013; McCusker et al., 1994; Naumov et al., 1998; Sweeney et al., 2004) and such
introductions are likely to be facilitated, either purposefully or inadvertantly, by human
activity (Goddard et al., 2010).

The “phenotypic potential” of heterozygous, homothallic strains can be addressed directly in
the laboratory by sporulating such strains, germinating the spores at low enough density to
induce autodiploidization, and assessing the phenotypes of the resulting homozygous
offspring. Figure 3 shows an example of carrying out such an experiment on a highly
heterozygous clinical isolate, YJIM311 (McCusker et al., 1994). Each of the subfigures
represents the distribution of a different phenotype of interest in homozygous offspring of
YJM311. There is abundant phenotypic variation for each of the traits and the multivariate
phenotypic space represented by these offspring is equally rich (Magwene, unpublished
data). lllustrative of the genetic and phenotypic diversity of such strains, my laboratory has
recently used such a population to map QTLs for biofilm formation in S. cerevisiae (Granek
etal., 2013).

Given the very large number of allelic combinations that can be generated from a single
individual, and the corresponding phenotypic variability that accompanies this genetic
variation, | argue that the evolutionary landscape can be thought of as relatively “accessible”
for heterozygous, homothallic strains. For highly heterozygous and homothallic strains the
phenotypes of their offpsring can be radically different than their own, and the ability to
generate large clonal populations means that large regions of genotypic and phenotypic
space can be potentially sampled in a single sexual generation. These properties therefore
seem likely to promote invasion of new niches and adaptation to novel environments. The
range of phenotypes accessible from a heterozygous founder should generally increase as a
function of the number of heterozygous sites and the magnitude of epistatic interactions
between loci, but should be negatively correlated with the average degree of dominance
(Masel and Lyttle, 2011).
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5 Admixture, Heterozygosity, and Domestication

Saccharomyces cerevisiae has been at the forefront of studies of yeast population genetics
but in recent years several additional species within the Saccharomyces sensu stricto
complex have begun to garner similar attention (Libkind et al., 2011; Liti et al., 2009). Thus
far, S. cerevisiae seems unique in the degree of admixture that has occurred between
lineages. The amount of heterozygosity, and the genetic structure of geographically distinct
populations in species such as Saccharomyces paradoxus seems consistent with what one
would expect based on selfing followed by slow accumulation of heterozygous mutations
during extended periods of asexual growth (Tsai et al., 2008).

It is likely that admixture between divergent S. cerevisiae lineages, and the resultant
heterozygosity, has been both a consequence of and a contributor to domestication in S,
cerevisiae. Human activity can bring divergent lineages into contact, facilitating outcrossing
that establishes heterozygosity. Subsequently, the adaptive potential of such heterozygotes
may have facilitated selection for traits that are desirable for brewing, baking, and industrial
uses. However, these same processes may help to facilitate S. cerevisiae adaptation to new,
less beneficial (from a human perspective), niches. For example, S. cerevisiaeis an
emerging human pathogen (McCusker, 2006), and clinical isolates are frequently highly
heterozygous (Magwene et al., 2011).

It is also interesting to consider the extent to which heterozygosity and homothallism may
facilitate the establishment of interspecific hybrids in the Saccharomyces genus. Prezygotic
barriers to hybridzation are relatively weak and hybrids show robust vegetative growth
(Morales and Dujon, 2012). However, most yeast hybrids are sterile, primarily as a result of
chromosomal translocations that distinguish the different species and which lead to
incomplete meiosis in hybrids (Delneri et al., 2003; Fischer et al., 2000). However, if rare
compatible combinations of alleles from the two species are also homothallic (Greig et al.,
2002), then the resulting heterozygosity from such interspecies crosses may play a critical
role in subsequent adaptation and/or domestication. For example, it has been shown that the
Saccharomyces bayanus is a complex hybrid of three species — S. eubayanus, S. uvarumand
S cerevisiae. The type strain for S. bayanus, CBS 380, has significant heterozygosity that
reflects the contributions of the different parental species (Libkind et al., 2011).

6 Genome Renewal in other Fungi?

How might a modified model of genome renewal apply more broadly to other fungal
lineages? Particularly interesting in this regard is recent work on the fungal pathogen
Candida albicans. C. albicans is primarily isolated as a diploid, and most strains of C.
albicans have extensive genomic heterozygosity (Jones et al., 2004). However, unlike S
cerevisiae, neither a true sexual cycle or haploids had been described in C. albicans until
recently when Hickman et al. (2013) showed that viable haploid cells can arise from
diploids, presumably through a mechanism of concerted chromosome loss. These haploid
cells can mate with cells of the opposite mating type as well as autodiploidize. However, in
contrast to S. cerevisiae, the homozygous diploids examined tended to have reduced fitness
(though it should be noted that this observation is based on derivatives of a single diploid
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background). Like Mortimer, Hickman et al. (2013) propose that a temporary reduction to
haploidy should help to purge recessive deleterious alleles.

7 Conclusions

The standard version the Genome Renewal hypothesis is that infrequent sexual cycles,
characterized by a high degree of selfing, can help to purge deleterious alleles and fix
beneficial alleles, thus helping to facilitate adaptation in yeast. However, recent discoveries
from population genomic sequencing of natural S. cerevisiae strains has forced us to re-
evaluate the Genome Renewal hypothesis to account for very high levels of heterozygosity
observed in many environmental isolates. The hypothesis put forth here is that extensive
heterozygosity coupled with clonal expansion and homothallism can act as an engine for
adaptation by greatly increasing the size of the genotypic and phenotypic spaces that can
rapidly explored in a single sexual generation in a population founded by a single individual.
Further studies involving population genomic sequencing, experimental evolution, and
microbial ecology will be needed to determine the extent to which this hypothesis holds and
whether the patterns observed here are peculiar to S. cerevisiae or if they extend to other
taxa that operate in a similar ecological and evolutionary milieu of clonal growth, selfing,
and admixture.
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Admixture Interbreeding between two or more genetically distinct

populations

Autodiploidization Mating between mother and daughter haploid cells following

mating type switching. Autodiploidization leads to diploid cells
that are completely homozygous across the genome, except at the
mating type locus

Heterothallic Yeast strains that are incapable of undergoing mating type

switching as haploid cells are referred as heterothallic. Such
strains can be stably propagated as either haploids or diploid.
Heterothallism in S. cerevisiae is usually a result of loss-of-
function mutations at the HO locus

Homothallic Yeast strains that are capable of undergoing mating type switching

and autodiploidization are referred to as homothallic. The haploid
phase is usually transient in homothallic strains because they
rapidly switch mating types and initiate mother-daughter cell
matings, leading to diploidy
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Mating type In S cerevisiae and related yeast, mating type switching is
switching facilitated by a high-frequency, site specific gene conversion

events at the mating type (MAT) locus, induced by a site-specific
endonuclease called HO, and involving silenced mating type
sequence at ‘hidden” MAT loci. in See Haber (1998) for a review
of the mechanisms underlying mating type switching

Tetrad analysis During sporulation, haploid spores are packaged together in a

structure called an ascus. The ascus, plus the four haploid spores,
are referred to as a tetrad. Tetrads can be teased apart with a
micromanipulator following enzymatic digestion of the ascus.
Subsequent germination of spores and scoring of phenotypes
facilitates genetic analyses such as linkage mapping and
distinguishing between Mendelian and non-Mendelian traits
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Fig. 1.

A schematic illustration of Mortimer’s Genome Renewal Hypothesis. This figure illustrates
the key features of the scenario Mortimer described for Genome Renewal, starting from a
homothallic (HO) diploid background. The pluses indicate wild-type alleles, while ‘a’ and
‘b’ indicate recessive alleles arising during periods of asexual propagation. In this example,
‘a’ is a deleterious allele, while ‘b’ is a beneficial.
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Fig. 2.

Relationship between the number of heterozygous loci and spore viability for 108 diploid
strains, based on data from Muller and McCusker (2009). The rank correlation between
heterozygosity and percent spore viability is —0.5.
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Fig. 3.
Phenotypic distributions of four traits among offspring of the highly heterozygous clinical

isolate YJM311. 288 homozygous diploid offspring were generated by sporulation followed
by autodiploidization. Traits assessed include: A) resistance to the antifungal drug
fluconazole (MICgg as determined in microtiter plates); B) a measure of colony biofilm
complexity (Granek et al., 2013); C) a measure of invasive growth on agar substrates
(logarithm of the ratio of post-wash to pre-wash colony density; (Drees et al., 2005)); and D)
a measure of growth at high temperature on agar plates (square root of the mean spot density
for three replicates of each segregant grown at 42°C). The red arrow in each subfigure
indicates the phenotype of the parental strain YJM311.
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Fig. 4.

A%ypothetical evolutionary landscape for two different populations generated from single
founding individuals. The plane of the figure represents a high dimensional phenotypic
space, and the concentric dashed circles represent local fitness optima. The red population
represents individuals generated from a highly heterozygous founder; the blue population
reprsents derivatives of a homozygous founder. The founder phenotypes are identical for
both populations (yellow dot). The populations are assumed to have been generated by
initial clonal growth (with mutation) followed by a single round of meiosis and sporulation
coupled with subsequent mating and/or haploselfing.
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Estimated number of heterozygous proteins per chromosome in the genome of the strain EM93.

Table 1

Chr  #ORFs % ORFs
| 44 38
1 101 22
11 60 33
\Y 174 21
\Y 117 36
VI 75 53
Vil 233 40
Vi 109 34
IX 119 49
X 192 48
XI 191 55
X1 87 15
X 223 44
XV 211 49
XV 285 48
XVI 191 37
Total 2412 37
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