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Abstract

Background: Recent technological developments have made genome sequencing and assembly highly accessible and widely used.
However, the presence in sequenced organisms of certain genomic features such as high heterozygosity, polyploidy, aneuploidy, het-
erokaryosis, or extreme compositional biases can challenge current standard assembly procedures and result in highly fragmented
assemblies. Hence, we hypothesized that genome databases must contain a nonnegligible fraction of low-quality assemblies that
result from such type of intrinsic genomic factors.

Findings: Here we present Karyon, a Python-based toolkit that uses raw sequencing data and de novo genome assembly to assess
several parameters and generate informative plots to assist in the identification of nonchanonical genomic traits. Karyon includes
automated de novo genome assembly and variant calling pipelines. We tested Karyon by diagnosing 35 highly fragmented publicly
available assemblies from 19 different Mucorales (Fungi) species.

Conclusions: Our results show that 10 (28.57%) of the assemblies presented signs of unusual genomic configurations, suggesting that
these are common, at least for some lineages within the Fungi.
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Findings
� We present Karyon, a Python-based bioinformatic pipeline that
integrates genome assembly and a series of structural analy-
ses for the diagnosis of problematic genomic structures. Karyon
is freely available in GitHub and as a docker container (https://
github.com/Gabaldonlab/karyon).

�We applied Karyon to 35 highly fragmented, publicly available
genome assemblies to identify putative undescribed deviations in
genomic architecture that might have caused problems in a stan-
dard assembly process. From 35 assemblies, 10 presented features
that suggested possible underlying biological factors as the likely
cause of the observed assembly fragmentation. Even though our
sample size is small and restricted to a single lineage (Mucoromy-
cotina), our results suggest that the number of unreported devia-
tions in genome architecture in Fungi is considerable. This is em-
phasized if we consider that most researchers that have produced
low-quality assemblies are unlikely to publish their data.

Introduction
Recent developments in high-throughput sequencing and bioin-
formatic tools have made the process of sequencing the genome

of a new organism a routine task for many laboratories, especially
those working on groups with small compact genomes (prokary-
otes, fungi, many parasitic lineages). The success of a genome
assembly is limited by technical aspects as well as by intrin-
sic properties of the sequenced genome. A successful assembly
depends on the quality, design, and depth of the sequencing li-
braries, which must typically adapt to budget limitations. Nat-
urally, if the sequencing methodology or the computational ap-
proaches are inappropriate, the resulting assembly will be poor
(i.e., highly fragmented, incomplete, or misassembled). However,
additional difficulties might arise independently of the method-
ology employed, due to intrinsic properties of the genome that
interfere with genome assembly algorithms.

Biological factors affecting genome
assembly quality
The main intrinsic factors that compromise the success of a
genome assembly are the genome size, the sequence heterozygos-
ity, the abundance of low-complexity regions (i.e., highly repetitive
sequences), and the presence of high or uneven ploidy, contami-
nating sequences or extreme nucleotide compositions (Fig. 1).
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Figure 1: Biological factors that confound genome assembly process. Ploidy and aneuploidy increase the number of possible states per site. Extreme
GC% composition affects the information that different k-mers have, and extreme deviations are relatively common in extremophilic organisms.
Transposable elements and other forms of repetitive elements increase genome size, affect GC% locally, and reduce sequence complexity.
Hybridization, heterokaryosis, and chimerism introduce 2 genotypic signals that might be quite divergent, which increases heterozygosity. Finally,
contamination introduces undesired sequences with uneven composition, heterozygosity, and stoichiometry.

Genome size impacts computational costs, as many assem-
bly algorithms scale nonlinearly [1–3]. Heterozygosity implies the
existence of allelic differences within an individual. Standard
assembly algorithms have difficulty in differentiating between
highly heterozygous regions and distinct but highly similar ge-
nomic regions [4, 5]. This, in turn, results in fragmented assem-
blies with inflated size compared to empirical measurements, as
many of these regions appear duplicated [5], often in short scaf-
folds. This is particularly problematic in the case of individu-
als or a population that derived from sexual recombination be-
tween 2 or more distinct phylogenetic lineages (Fig. 1A), as the
component subgenomes often develop structural rearrangements
after the split of the 2 parental lineages. Similarly, repetitive or
low-complexity genomic regions (Fig. 1B) are difficult to resolve
without the aid of expensive experimental approaches (e.g., ge-
netic maps, bacterial artificial chromosomes, long read sequenc-
ing techniques, or chromosome conformation capture), particu-
larly when they span large genomic regions. Duplicated regions
introduce multiple possible solutions to the process of scaffold-
ing, increasing assembly fragmentation and computational costs
[3, 4].

Similarly, ploidy deviations can greatly affect genome assem-
bly. The first possible ploidy deviation is polyploidy (Fig. 1C), which
is the presence of more than 2 chromosomes for the majority of
the genome. Polyploidy is generally associated with genome het-
erozygosity, as it increases the number of possible states per site
[6, 7]. For a diploid site, only 2 states are possible: heterozygous
or homozygous, depending on whether the 2 alleles are different
or equal, respectively. For a triploid, however, there are 2 possible
heterozygotic states (e.g., AAB and ABB), and differentiating be-
tween them depends on relative frequencies. Allele frequency is

affected by stochastic variation, specially if depth of sequencing
is low. Aneuploidy (Fig. 1D) tends to cause the same problems as
polyploidy in assemblies, albeit with the effect being limited only
to the aneuploid regions. Because of this, genes present in chro-
mosomes with ploidy higher than 2 will have a higher likelihood of
being unannotated. Animal and plant genomics have traditionally
considered aneuploidies as rare events, due to their deleterious
effects on many of these organisms, especially during embryonic
development [8]. This paradigm is clearly false for many fungal
[9–12]) and protist [13, 14] lineages. Eukaryotic genomics has only
recently started to focus on pangenomes [15–19], but aneuploi-
dies might be an important confounding factor for these studies.
For example, genes located in aneuploid regions are more likely to
be missed in annotations, which can inflate estimations of pres-
ence/absence variation.

In syncytial organisms, such as filamentous fungi or slime
molds, there is the possibility of coexistence of genetically differ-
ent populations of nuclei within a cytoplasmic continuum, a con-
dition known as heterokaryosis (Fig. 1E) [20–22]. Heterokaryosis
is functionally similar to ploidy, although with some important
differences. First, the relative proportions between heterozygous
sites do not necessarily adjust to a simple fraction, as often one
population is more abundant that the other. Second, since nuclei
divide independently from each other, mitotic or meiotic recom-
bination should be rare. This independence implies that any rel-
ative chromosomal rearrangements (i.e., duplications, deletions,
translocations, and inversions) between the 2 nuclear popula-
tions, either pre- or postunion, would remain in nuclear pop-
ulations for long periods of time. These rearrangements intro-
duce the aforementioned complications in genome assemblies,
and some of these might be difficult to differentiate from other
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chromosomal aberrations. A similar phenomenon is chimerism
(Fig. 1F), in which the body of an organism is composed by 2 or
more populations of genetically distinct cells. Certain lineages, es-
pecially colonial species, might arise by fusion of several geneti-
cally distinct individuals [23], but very little is known regarding
the effect of chimerism in genome assemblies.

The presence of sequence contamination (Fig. 1G) can greatly
compromise the quality of the genome assembly [24–28]. Extrane-
ous sequences introduce noise, create chimeric contigs, and might
introduce errors in k-mer estimations. Highly diverse contami-
nations (e.g., from the gut microbiota) introduce sequences with
highly variable level of coverage, heterozygosity, and composition.
On the other hand, highly abundant contaminants (e.g., symbiotic
bacteria) are typically more homogeneous in all these parameters
but might still form chimeric contigs and would indirectly reduce
the depth of coverage in the main genome. Contaminations reduc-
ing the signal of the main genome are particularly problematic
for single-cell sequencing projects [29, 30]. This is normally pre-
vented by methodological means, but contaminating sequences
are intrinsic for certain samples or even organisms, such as the
case of symbiotic organisms (e.g., Lichens).

Finally, genomes with extreme compositions, typically very
high or low GC content (GC%), can be difficult to assemble
(Fig. 1H). For these genomes, the information contained by any
AT positions is different from the information contained by a
GC, as k-mers composed of the favored nucleotide pair will ap-
pear at higher frequencies. GC% has a well-documented effect on
some sequencing technologies, most notably on the quality of Il-
lumina reads [31, 32]. Fortunately, GC% is easy to measure from
raw reads, and some genome assemblers include options specially
adapted for these cases [33, 34]. Low GC% is typically associated
with high abundance of low-complexity regions and transpos-
able elements, but extreme GC% is also a hallmark of certain lin-
eages, such as several groups of early diverging Fungi [35]. Despite
their effects in genome analyses, GC% in eukaryotic genomes is
often ignored. For example, neither NCBI nor Mycocosm report
GC% in their assembly information statistics, unlike the Genome
Online Database, which has a greater focus on prokaryotic
sequences.

If the presence of the factors outlined above is antici-
pated, specific technical approaches—both experimental and
computational— can be used. Contaminating DNA can be iden-
tified easily because sequencing coverage, nucleotide composi-
tion, and phylogenetic signal are usually different from the main
genome, and several programs have been developed to identify
contamination [24–28]. Ploidy can be estimated with cytogenetic
techniques, which has been used for animals and plants since
the 19th century. Unfortunately, cytogenetic techniques are time-
consuming and difficult to interpret for some groups, such as the
Fungi. Computational approaches exist to estimate composition
and ploidy from sequencing reads [36–38]. Similarly, hybridization
can be detected based on phenotypic traits (intermediate pheno-
types and hybrid vigor). Again, this is not feasible for most mi-
crobial eukaryotes due to the lack of easily identifiable pheno-
types. Genomes of hybrid organisms are heterozygous, and some
genome assembly software has been designed to be able to han-
dle this situation [5, 39, 40], but proper identification of hybrid lin-
eages cannot be done without adequate population and phyloge-
netic analyses.

Thus, biological factors affecting genome assembly quality in-
crease the overall costs of a project and require expertise that
might not be available. Given the difficulty of performing analy-

ses on low-quality assemblies, it is likely that published genomes
are biased in favor of organisms with genomic characteristics that
make them easier to work with. In contrast, genomic projects that
choose organisms with nonstandard genomic architectures are
more likely to suffer methodological obstacles that delay or even
prevent analyses. Our inability to work around nonstandard ge-
nomic architectures distorts our perception of biological phenom-
ena, relegating them to mere oddities.

Results
The Karyon toolkit
To aid in the identification of these noncanonical genomic archi-
tectures, we developed Karyon, a Python-based toolkit that as-
sesses several parameters of sequencing data and their derived
assemblies that are common indicators of different intrinsic ge-
nomic features leading to poor assemblies. Karyon comprises dif-
ferent modules that can be used independently or sequentially.
Karyon is written in Python 3 and freely available to download as
a Docker build or as a standalone project in https://github.com/
Gabaldonlab/karyon.

Karyon integrates Trimmomatic [41] as an optional step to
eliminate low-quality positions and adapters from sequencing
reads. It then uses that input to generate a de novo assembly us-
ing SPAdes v3.9.0 [33], dipSPAdes v3.9.0 [40], Platanus v1.2.4 [39],
or SOAPdenovo2 v2.04-r240 [42]. Karyon then uses the de novo
assembly to generate a reduced assembly using Redundans [5].
Redundans is a pipeline that collapses assembly fragments with
high similarity to create an artificial haploid genome assembly.
This assembly is then used as reference to map the original se-
quencing reads using BWA-MEM [43] and generate a variant call-
ing file with GATK v4.1.9.0 [44]. A battery of analyses is then per-
formed on the sequencing libraries, the assemblies, and the maps
of coverage and genetic variation to generate plots that will aid
in the diagnosis of the genomic structure. Fig. 2 summarizes the
pipeline.

Karyon uses the K-mer analysis toolkit (KAT) [36] to provide a k-
mer (all possible sequences of length k) spectrum analysis as part
of its report. From this analysis, it produces frequency histograms
representing coverage versus k-mer counts. These plots inform on
ploidy and heterozygosity of a genome. In a haploid genome, k-
mers of enough size will appear either 1 or 0 times, with unique
k-mers having an average coverage roughly equal to the average
global depth of coverage. Deviations from these patterns suggest
alternative architectures. For instance, the presence of 2 peaks in
the k-mer plot typically indicates a genome that is totally or par-
tially a nonhomozygous diploid. To complement these analyses
and provide further information on the features of the genome,
Karyon assesses scaffold length distributions, relationships be-
tween scaffold length and coverage, sliding-window analysis of
coverage, and genetic variation, as well as allele frequency distri-
butions per scaffold (Fig. 2). In addition, Karyon uses nQuire [38]
to estimate the likelihood of different ploidy levels in sliding win-
dows per scaffold. Karyon also incorporates BUSCO completeness
analysis [45] with automatic taxonomic assignment. Altogether,
the interpretation of these analyses can be used to detect polyploi-
dies, aneuploidies, hybridizations, heterokaryosis, large segmental
duplications, unusual DNA composition, or the presence of sym-
biont or contaminating sequences. Karyon generates a report file
that summarizes the results of these analyses and raises some
warning messages in case certain metrics are problematic, such

https://github.com/Gabaldonlab/karyon
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Figure 2: Karyon pipeline. Schematic representation of the steps and program used by Karyon. Red circles represent possible user inputs. Blue boxes
represent software used for each step. Orange hexagons represent files generated by the software. Red arrows indicate input to a program, and blue
arrows represent output of a program. Thicker red arrows represent the standard pipeline, while thinner red arrows represent the different options the
user can select to skip some of the steps. These options appear next to the arrow.

as low BUSCO completeness, low percentage of mapped reads, or
extreme GC% values.

Karyon generates a series of original plots that aim to provide
valuable information regarding the architecture of the problem
assembly:

1. Scaffold length plots (Fig. 3A). These plots represent the dis-
tribution of scaffold length through a barplot, where each
value represents a single scaffold versus its length, with all
scaffolds sorted from shortest to longest. Karyon generates
the results in linear and logarithmic distribution. Very short
scaffolds (shorter than 1 Kbp) might introduce noise in the
analyses and might be interesting to just filter them out.

2. Scaffold versus coverage (Fig. 3B). Karyon generates a scat-
terplot representing the average coverage versus length for
each scaffold in the assembly. Quite often, short scaffolds
have different coverage from most of the genome, which
might be indicative of contamination or repetitive regions.

3. Variation versus coverage plot (Fig. 3C). This plot allows the
user to observe overall patterns across the whole genome.
It uses a kernel density estimation over a cloud of dots.
Each dot represents the number of single-nucleotide poly-
morphisms (SNPs) (x-axis) versus the average coverage (y-

axis) in a window of the genome, typically 1 Kb. Presence of
more than 1 population of dots is indicative of genomes with
dual behavior, such as aneuploidies or loss of heterozygosity.

4. Fair coin plot (Fig. 3D). This plot represents the proportion
of alternative versus reference SNPs for the whole genome
and for each individual scaffold. Vertical lines indicate ex-
pected frequencies of 0.5, 0.33, and 0.25, corresponding to
ideal diploids, triploids, and tetraploids, respectively. An ex-
pected frequency is drawn, which is based on a per-site sim-
ulation of proportions assuming ideal 0.5 relative frequen-
cies and random sampling equal to the coverage of the site.
The plot is generated for the whole genome, as well as per
scaffold.

5. nQuire per scaffold plot (Fig. 3E). Karyon will run nQuire
across sliding windows of defined length (by default 1 Kbp)
across different scaffolds. The plot for each scaffold contains
5 subplots. The first 3 represent the nQuire score for diploid,
triploid, and tetraploid for that particular window. This al-
lows the user to visualize patterns of aneuploidy per scaf-
fold, especially with regards to diploid and triploid regions.
The fourth and fifth subplots represent the location and cov-
erage of SNPs across the scaffold. A color code is assigned to
represent the density. Since nQuire requires information of
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Figure 3: Summary of Karyon plots. (A) Scaffold length plot. (B) Scaffold length versus coverage plot. In the example, scaffolds form 2 populations with
different coverage, which suggests aneuploidy behavior. (C) Variation versus coverage plot. In the example, the genome forms a clear population with
low SNP density and approximately 30× of coverage and a second, more diffuse population with higher SNP density and approximately 60× coverage.
This behavior suggests a mix of haploid and diploid regions. (D) Fair coin analysis. The red line represents a simulated distribution assuming perfect
50% distribution of reference and alternative SNPs. Each blue line represents the empirical distribution of reference versus alternative SNPs per
scaffold, which in this case all follow a diploid distribution. (E) Per-scaffold nQuire plot. The plot represents nQuire-generated normalized values
across sliding windows for a single scaffold. Most windows have a high diploid score, which suggests that this particular scaffold is diploid.

SNPs, homozygous regions cannot be assessed and will ap-
pear as missing data.

Each of the steps is optional and can be controlled with flags in
the main script. Additionally, the script uses a configuration file,
which allows to define the options of each dependency program.
This configuration file is automatically created during the instal-
lation and can be modified with any text editor. We encourage the
user to make a copy of the original configuration file for future
modification. Installation is fully automated, requiring no user in-
put during the process.

Genomic survey in the Mucorales (Fungi)
To showcase the use of Karyon, we undertook an analysis of
deposited fungal genomes in the order Mucorales. Fungi are
in a particularly privileged position to assess the impact of
noncanonical genomic architectures in genome assemblies. Fungi
generally have small and compact genomes and can be often cul-
tured under axenic conditions. As a result, the amount of se-
quenced fungal genomes is now in the order of thousands, in-
cluding multiple strains for many species. Even more, comprehen-
sive efforts to obtain a balanced coverage of the existing fungal
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diversity are ongoing, such as the 1,000 fungal genomes [46] and
the 1,000 yeast genomes initiatives [47–50]. Thus, fungi provide an
excellent system to study the incidence of different genomic ac-
cidents in evolution [10, 51, 52]. Despite this, the quality of fungal
genomes is often suboptimal, and databases are rife with highly
fragmented assemblies. Genomic factors such as those discussed
above might complicate genome assembly and be responsible for
this observed fragmentation, at least partially. Considering this,
we hypothesized that genome databases must contain a fraction
of low-quality assemblies from fungal organisms that are caused
by intrinsic genomic factors. If that is true, reanalysis of the raw
data should lead us to describe novel genomic accidents and ob-
tain a minimum estimate of their relative abundance.

We thus applied Karyon to a set of 35 publicly deposited
genomes from the fungal order Mucorales. Our results suggest
that nonstandard genomic organizations are not rare and that
future studies on other groups are likely to uncover many new
cases. We selected the order Mucorales because this group com-
prises several described examples of whole-genome duplication,
both ancient and recent [53, 54]. Many sequenced members of the
clade come from clinical samples, an environment that is known
to promote the emergence of different genomic accidents [52, 55,
56]. Additionally, several represented species included 2 or more
sequenced isolates, allowing to get a glimpse at their intraspecific
diversity. We obtained 35 genome assemblies from 19 different
Mucorales species deposited in GenBank between 1 January 2005
and 31 December 2015 (Table 1). For 4 of the species, dipSPADes
was unable to generate an assembly.

Karyon was run using the complete default pipeline. Most of
the analyzed genomes (27, 79.4%) presented very low levels of
heterozygosity and a relatively homogeneous coverage across the
genome, suggesting that those strains are haploid or, if present-
ing higher ploidy, extremely homozygous. Fragmentation in these
cases might be caused by insufficient coverage, presence of repet-
itive regions, or some other methodological constraints. However,
our pipeline uncovered cases that produced anomalous results in
the different Karyon tests. Many zygomycetous fungi exhibit low
or very low GC%. In our dataset, 5 species showed GC% below our
threshold of 35%, with several others approximating that value.
Additionally, some of the analyzed genomes show signs of ploidy
anomalies or contamination. Below we describe these cases and
propose a plausible scenario to explain each of the obtained re-
sults based on the data obtained from the Karyon pipeline.

Rhizopus microsporus species complex
At the time of this study, the NCBI database had deposited se-
quences for 8 Rhizopus microsporus strains. Interestingly, 3 of them
presented a genome size estimated around 25 Mbp, 4 had a
genome size close to 50 Mbp, and 1 presented a genome size of
75 Mbp. Only the 3 strains with a genome size of 25 Mbp had suf-
ficiently good assemblies considering they were based on short
reads, with a scaffold number below 1,000, and thus were not se-
lected for further analyses. Additionally, the raw libraries for one
of the strains presenting a 50-Mbp genome assembly size (R. mi-
crosporus var. chinensis CCTCC M201021) were not publicly avail-
able and thus could not be part of the survey. For the remaining 3
strains with genome size close to 50 Mbp (ATCC62417, CBS344.29,
and var rhizopodiformis B7455), our de novo assembly pipeline re-
covered a genome size of approximately 40 Mb, which is smaller
than the assemblies deposited in NCBI (Table 1). The heterozy-
gosity distribution in these assemblies shows that most of the
genome presented a relatively uniform behavior with low het-

erozygosity. In all 3 cases, though, a considerable proportion of the
genome appears with a highly variable coverage and increased
heterozygosity (Fig. 4). For these 3 strains, BlobTools [25] shows
widespread bacterial contamination (Fig. 4B), and thus we con-
clude that contamination might be responsible for the observed
assembly fragmentation.

The remaining strain, B9738, showed a surprisingly large
genome size in both the assembly deposited in NCBI (75 Mbp)
and the one reconstructed here (71 Mbp). The genome of R. mi-
crosporus B9738 presents an extremely low level of heterozygos-
ity and a very homogeneous coverage. The k-mer spectrum also
shows just 1 very clear peak. All in all, all this suggests that B9738
is haploid (or a highly homozygous diploid), despite presenting a
3-fold increase in genome size as compared to other strains of
the same species (Fig. 5). Augustus gene prediction returned a
total of 21,300 gene models, which is an unusually large num-
ber for a filamentous fungus. As a reference, the 7 genomes in
the Rhizopodaceae, to which Rhizopus belongs, available in Myco-
cosm range from 25 to 46 Mbp and from 10,781 to 17,676 anno-
tated genes. Contamination analysis does not suggest the pres-
ence of widespread contamination that could explain such an
overinflated genome (Fig. 5). For this reason, we suggest that B9738
might be a misidentified strain that does not belong to the R. mi-
crosporus species complex. Indeed, phylogenomic analyses recover
B9738 as sister to a clade containing Mucor and Parasitella, rather
than allied with the rest of the R. microsporus species clade (Fig. 6),
thus supporting a misidentification. It is noteworthy that no se-
quenced species of either Mucor or Parasitella have genomes above
49 Mbp or with more than 15,000 genes, at least from the available
genomes in Mycocosm.

Mucor racemosus B9645
Analyses on Mucor racemosus B9645 depicted a genome with a dual
behavior. The distribution of heterozygosity and coverage showed
2 peaks with very low heterozygosity but with different coverage
(Fig. 7B). This was further confirmed by the k-mer spectrum anal-
ysis, which revealed 2 clear peaks (Fig. 7A). The genome available
in NCBI is 65.5 Mbp long, noticeably larger than the 45.9 Mbp we
recovered in our analyses (Table 1). The reduction step of Redun-
dans cannot explain this difference, as the assembly size prior to
this step is already 46.8 Mbp, very close to the final result. Our
analyses suggest that contaminating sequences are very minor
and do not explain the observed pattern (Fig. 7). We hypothesize
that M. racemosus B9645 is a hemidiploid, which presents a por-
tion of its genome in a haploid state and the other portion in a
highly homozygous diploid state. Due to the low heterozygosity
exhibited by this strain, the observed genome architecture might
have arisen by either autopolyploidization followed by chromo-
some loss or by chromosomal duplications. Additionally, GC% for
this species was only 32.6%.

Lichtheimia ramosa B5399
The Karyon assembly for this genome was only 26.6 Mbp, much
smaller than the NCBI assembly (45.6 Mpb long, Table 1). Unlike
other genomes, our assembly presented a considerable improved
quality, going from 3,968 scaffolds and N50 of 33,650 in the NCBI
assembly to 861 scaffolds and N50 of 133,635 in our own assembly.
L. ramosa presents a heterozygosity level around 3% in its diploid
peak (Fig. 8). All considered, we propose that L. ramosa B5399 is a
mix of haploid and diploid with high heterozygosity, likely result-
ing from mating between 2 distantly related strains followed by
genomic aneuploidization.



Karyon: analysis of non-standard genomes | 7

Ta
b

le
1:

N
C

B
IA

ss
em

b
ly

st
at

is
ti

cs
fo

r
th

e
an

al
yz

ed
st

ra
in

s.
St

ra
in

s
w

it
h

d
ar

ke
r

b
ac

kg
ro

u
n

d
p

os
se

ss
ed

so
m

e
p

ro
p

er
ty

th
at

w
as

af
fe

ct
in

g
as

se
m

b
ly

q
u

al
it

y
an

d
w

as
d

ia
gn

os
ed

u
si

n
g

K
ar

yo
n

.
Fr

ag
m

en
ta

ti
on

in
al

l
re

m
ai

n
in

g
st

ra
in

s
is

at
tr

ib
u

te
d

to
lo

w
se

q
u

en
ci

n
g

d
ep

th
.

S
p

ec
ie

s
N

C
B

I
ge

n
om

e
si

ze
(M

b
p

)
N

C
B

I
n

u
m

b
er

of
sc

af
fo

ld
s

G
en

B
an

k
ac

ce
ss

io
n

G
en

om
e

si
ze

af
te

r
K

ar
yo

n
(M

b
p

)

N
u

m
b

er
of

sc
af

fo
ld

s
af

te
r

K
ar

yo
n

D
ia

gn
os

is
R

ef
er

en
ce

R
hi

zo
pu

s
m

ic
ro

sp
or

us
A

T
C

C
62

41
7

49
.6

1,
38

6
G

C
A

_9
00

00
01

35
.1

40
.1

5,
52

1
C

on
ta

m
in

at
io

n
[5

7]

R
hi

zo
pu

s
m

ic
ro

sp
or

us
C

B
S_

34
4.

29
49

.2
1,

55
4

G
C

A
_0

00
82

57
25

.1
32

.1
3,

03
7

C
on

ta
m

in
at

io
n

[5
7]

R
hi

zo
pu

s
m

ic
ro

sp
or

us
B

97
38

75
.1

5,
26

6
G

C
A

_0
00

69
72

75
.1

71
.6

12
,7

89
M

is
id

en
ti

fi
ca

ti
on

[5
8]

R
hi

zo
pu

s
m

ic
ro

sp
or

us
va

r.
rh

iz
op

od
if

or
m

is
B

74
55

48
.7

4,
65

8
G

C
A

_0
00

73
85

65
.1

21
.8

2,
17

6
C

on
ta

m
in

at
io

n
[5

8]

R
hi

zo
pu

s
de

le
m

ar
ty

p
e

I
N

R
R

L
21

78
9

42
.0

3,
92

1
G

C
A

_0
00

69
71

55
.1

33
.4

4,
82

4
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
de

le
m

ar
ty

p
e

II
N

R
R

L
21

44
6

38
.9

1,
15

6
G

C
A

_0
00

73
86

05
.1

33
.7

5,
07

1
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
de

le
m

ar
ty

p
e

II
N

R
R

L
21

44
7

38
.7

1,
17

7
G

C
A

_0
00

73
85

95
.1

28
.9

6,
68

3
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
de

le
m

ar
ty

p
e

II
N

R
R

L
21

47
7

40
.8

1,
80

8
G

C
A

_0
00

73
85

85
.1

N
on

e
N

on
e

U
n

kn
ow

n
[5

8]

R
hi

zo
pu

s
or

yz
ae

99
–8

92
39

.1
1,

16
8

G
C

A
_0

00
69

77
25

.1
29

.6
1,

87
5

Lo
w

G
C

%
(b

el
ow

35
%

)
[5

8]

R
hi

zo
pu

s
or

yz
ae

H
U

M
C

02
40

.3
2,

31
3

G
C

A
_0

00
69

76
05

.1
N

on
e

N
on

e
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
or

yz
ae

B
74

07
43

.3
4,

68
3

G
C

A
_0

00
69

69
15

.1
34

.7
3,

72
0

Lo
w

G
C

%
(b

el
ow

35
%

)
[5

8]

R
hi

zo
pu

s
or

yz
ae

ty
p

e
I

N
R

R
L

13
44

0
43

.4
5,

02
2

G
C

A
_0

00
69

70
75

.1
N

on
e

N
on

e
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
or

yz
ae

ty
p

e
I

N
R

R
L

18
14

8
47

.5
14

,6
53

G
C

A
_0

00
69

70
95

.1
N

on
e

N
on

e
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
or

yz
ae

ty
p

e
I

N
R

R
L

21
39

6
42

.8
4,

44
5

G
C

A
_0

00
69

71
15

.1
34

.2
4,

11
5

U
n

kn
ow

n
[5

8]

R
hi

zo
pu

s
or

yz
ae

99
–1

33
41

.5
4,

31
7

G
C

A
_0

00
69

71
35

.1
27

.2
1,

33
2

U
n

kn
ow

n
[5

8]
R

hi
zo

pu
s

or
yz

ae
97

–1
19

2
42

.9
4,

56
6

G
C

A
_0

00
69

71
95

.1
N

on
e

N
on

e
U

n
kn

ow
n

[5
8]

R
hi

zo
pu

s
st

ol
on

if
er

B
97

70
38

5,
56

7
G

C
A

_0
00

69
70

35
.1

30
.1

6,
40

6
U

n
kn

ow
n

[5
8]

M
uc

or
ci

rc
in

el
lo

id
es

B
89

87
36

.7
2,

21
0

G
C

A
_0

00
69

69
35

.1
29

.9
4,

86
4

U
n

kn
ow

n
[5

8]
M

uc
or

in
di

cu
s

B
74

02
39

.8
3,

11
7

G
C

A
_0

00
69

72
95

.1
32

.1
69

1
U

n
kn

ow
n

[5
8]

M
uc

or
ra

ce
m

os
us

B
96

45
65

.5
6,

36
0

G
C

A
_0

00
69

72
55

.1
46

.0
4,

44
4

H
em

id
ip

lo
id

,l
ow

G
C

%
(b

el
ow

35
%

)
[5

8]

M
uc

or
ve

lu
ti

no
su

s
B

53
28

35
.9

2,
41

1
G

C
A

_0
00

69
68

95
.1

28
.2

2,
74

3
U

n
kn

ow
n

[5
8]

Li
ch

th
ei

m
ia

co
ry

m
bi

fe
ra

00
8–

04
9

36
.6

1,
62

9
G

C
A

_0
00

69
71

75
.1

42
.8

3,
57

5
U

n
kn

ow
n

[5
8]

Li
ch

th
ei

m
ia

co
ry

m
bi

fe
ra

B
25

41
36

.6
1,

17
6

G
C

A
_0

00
69

74
75

.1
13

.2
3,

57
5

U
n

kn
ow

n
[5

8]
Li

ch
th

ei
m

ia
ra

m
os

a
B

53
99

45
.6

3,
96

8
G

C
A

_0
00

73
85

55
.1

26
.6

86
1

A
n

eu
p

lo
id

,
h

yb
ri

d
[5

8]

Sa
ks

en
ae

a
ob

lo
ng

is
po

ru
s

B
33

53
40

.8
1,

70
2

G
C

A
_0

00
69

74
95

.1
29

.7
62

2
U

n
kn

ow
n

[5
8]

Sa
ks

en
ae

a
va

si
fo

rm
is

B
40

78
42

.5
2,

41
7

G
C

A
_0

00
69

70
55

.1
32

.7
1,

50
6

U
n

kn
ow

n
[5

8]
C

ok
er

om
yc

es
re

cu
rv

at
us

B
54

83
29

.3
2,

63
7

G
C

A
_0

00
69

72
35

.1
26

.6
5,

21
3

Lo
w

G
C

%
(b

el
ow

35
%

)
[5

8]



8 | GigaScience, 2022, Vol. 11, No. 1

Ta
b

le
1:

(C
on

ti
nu

ed
)

S
p

ec
ie

s
N

C
B

I
ge

n
om

e
si

ze
(M

b
p

)
N

C
B

I
n

u
m

b
er

of
sc

af
fo

ld
s

G
en

B
an

k
ac

ce
ss

io
n

G
en

om
e

si
ze

af
te

r
K

ar
yo

n
(M

b
p

)

N
u

m
b

er
of

sc
af

fo
ld

s
af

te
r

K
ar

yo
n

D
ia

gn
os

is
R

ef
er

en
ce

Sy
nc

ep
ha

la
st

ru
m

m
on

os
po

ru
m

B
89

22
29

.6
1,

28
4

G
C

A
_0

00
69

73
55

.1
24

.1
5,

27
1

U
n

kn
ow

n
[5

8]

Sy
nc

ep
ha

la
st

ru
m

ra
ce

m
os

um
B

61
01

29
.6

1,
03

5
G

C
A

_0
00

69
69

55
.1

23
.3

31
1

U
n

kn
ow

n
[5

8]

C
un

ni
ng

ha
m

el
la

el
eg

an
s

B
97

69
31

.7
1,

38
0

G
C

A
_0

00
69

70
15

.1
30

.8
5,

46
5

Lo
w

G
C

%
(b

el
ow

35
%

)
[5

8]

A
po

ph
ys

om
yc

es
el

eg
an

s
B

77
60

38
.5

1,
52

8
G

C
A

_0
00

69
69

95
.1

29
.3

1,
29

3
U

n
kn

ow
n

[5
8]

A
po

ph
ys

om
yc

es
tr

ap
ez

if
or

m
is

B
93

24
35

.8
1,

40
0

G
C

A
_0

00
69

69
75

.1
30

.1
89

8
U

n
kn

ow
n

[5
8]

T
he

rm
om

uc
or

in
di

ca
e-

se
ud

at
ic

ae
H

A
C

C
24

3
29

.6
1,

95
8

G
C

A
_0

00
78

74
65

.1
25

.7
4,

11
8

U
n

kn
ow

n
B

u
sk

et
al

.,
u

n
p

u
b

li
sh

ed
.

G
en

om
e

su
b

m
it

te
d

in
20

14
.

Pa
ra

si
te

lla
pa

ra
si

ti
ca

C
B

S
41

2.
66

is
ol

at
e

N
G

I3
15

ad
e-

m
u

ta
n

t

44
.9

15
,6

37
G

C
A

_0
00

93
88

95
.1

23
.5

3,
29

5
U

n
kn

ow
n

[5
9]



Karyon: analysis of non-standard genomes | 9

Figure 4: Analysis of Rhizopus microsporus ATCC62417. (A) Variation versus coverage plot reveals the existence of a highly variable portion of the
genome that presents variable heterozygosity levels. (B) BlobTools analyses suggest that the genome presents a considerable portion of contaminating
sequences. Coverage of the sequences assigned to bacteria is very low when the analyses are performed with other libraries (data not shown), which
proves that the conflicting signal observed in this sample has its origin in a contaminated sequencing library. Results for R. microsporus CBS344.5 and
var. rhizopodiformis B7455 show similar patterns of contamination (data not shown).
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Figure 5: Analysis of Rhizopus microsporus B9738. (A) KAT k-mer plot shows very low genome compaction (black area), suggestive of a haploid genome.
(B) Variation versus coverage plot reveals a single main behavior for the genome with regards to its SNP density and coverage. (C) BlobTools analysis
shows no sign of widespread contamination that might be inflating the genome.

Methods
Sequencing data
We downloaded raw data from libraries deposited at the Short
Read Archive (SRA) of those species in the Mucorales with a highly
fragmented assembly (>1,000 scaffolds), which included at least 1
paired-end Illumina library larger than 1 Gb after quality filtering
(Table 1), to ensure at least a decent coverage. Since most of our
genomes have typical assembly sizes around 40 Mbp, this mea-
sure ensures a bare minimum average coverage of 20. All available
sequencing libraries were used for all the analyses.

De novo gene annotation
We used Augustus v3.1.0. [60] to obtain a de novo gene predic-
tion using the Rhizopus oryzae generalized hidden Markov model
included in the default installation of Augustus.

Contamination detection
For each of the conflictive assemblies, we generated an Augus-
tus prediction. Then, we used Blastp [61] to query the whole pro-
teome against Uniref100 [62]. Since the genomes come from pub-
lic databases, their own proteins should appear as hits, and thus
we retrieved the 10 best hits. We have used these hits to as-
sign a taxonomic profile. Additionally, we have used the predicted
Augustus CDS to map sequencing reads with GATK. With both
the taxonomic profile and the variant calling file, we have run

BlobTools [25] to identify the presence of widespread contamina-
tion in the sequencing libraries.

Phylogenomic analyses
In order to identify the phylogenetic position of R. microsporus
B9738, we used the Augustus gene prediction and the proteome
of 24 other zygomycetes to run OrthoFinder v.2.3.3 [63] with the
flags -S blast and -m msa.

Discussion
As genome sequencing has moved away from model organisms, it
has become apparent that many possible genomic architectures
are possible, and many do exist in a wide range of organisms. Most
of these genomic accidents are difficult to identify from sequenc-
ing data alone. As far as we know, Karyon is the first software de-
veloped with the intention of performing reference-free analyses
for the presence of a wide array of genomic factors affecting the
quality of de novo genome assembly. We have designed this soft-
ware to be easy to install and use, with the possibility of installa-
tion from both GitHub and Docker.

Despite the success in the implemented strategy, we consider
our software has several limitations. Karyon requires an assem-
bly step and variant calling protocol, for which some default op-
tions are included. However, the included programs might not suit
every need. For example, extremely large genomes might require
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Figure 6: Phylogenetic tree of Rhizopus microsporus B9738. Phylogenetic tree inferred from OrthoFinder. The Rhizopus microsporus species complex is
marked in blue. The problematic strain, B9738, is marked in yellow.

alternative assemblers that are not included in our pipeline, or
some users might prefer a different set of programs for the vari-
ant calling protocol. For those cases, Karyon can still be used as
independent steps (Fig. 2). Karyon is designed to work without any
preexisting data, which limits the information it can predict. Com-
paring different genome assemblies, especially if at least one of
them has good quality, can help detect many of these alterna-
tive genomic architectures and some others that are outside the
capabilities of Karyon. If other reference genomes are available,
tools like QUAST [64] can generate similar analyses to Karyon with
higher accuracy and speed.

Despite the increasing use of long-read technologies for as-
sembly purposes, a large amount of genome assemblies available
in public databases have been generated exclusively from short
reads. As of October 2021, NCBI SRA contains 173,087 DNA li-
braries for Fungi, of which 157,144 are Illumina short reads, and
only 6,163 are long reads (4,700 PacBio and 1,463 Nanopore). At
this moment, the pipeline assumes the use of at least 1 Illumina
paired-end sequencing library. Because of this, we recommend the

use of other genome assemblers if other sequencing technologies
(i.e., Nanopore or PacBio long reads) are to be used, and the same
goes for variant calling protocols.

We provided a practical example of the usage of Karyon on a
publicly available set of fungal genomes from the order Muco-
rales. While most analyzed assemblies show no sign of any of
the considered biological conditions, we were able to effectively
find underlying nonstandard genomic architectures that had been
previously unnoticed in these assemblies. These results suggest
that many authors do not take into consideration these kinds of
genomic accidents, which in turn greatly hampers the results that
might be obtained from them.

How common are these nonstandard genomic architectures?
Our results suggest that they might be quite abundant, although
so far they are restricted to a limited selection of species within a
narrow clade of Fungi. As such, these genomic anomalies might,
or might not, be common in other lineages. However, we con-
sider that there are 3 important arguments in favor for con-
sidering our dataset an underestimation of the abundance of
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Figure 7: Analysis of Mucor racemosus B9645. (A) KAT k-mer plot shows 2 peaks of coverage considerably affected by genome reduction (black area),
suggestive of a highly heterozygous diploid genome. (B) Variation versus coverage plot reveals a bimodal behavior for the genome with regards to its
coverage, but both peaks appear with very low SNP density. (C) BlobTools analysis shows no sign of widespread contamination that might be inflating
the genome.

unorthodox fungal genomes, even within the limited taxo-
nomic range we have selected. The first one is the fact that
fungal biomass used for DNA extraction and subsequent se-
quencing typically comes from cultures. This implies an im-
portant ecological step in which the fungus grows at optimal
speed and in the absence of most stressors. Aneuploidies, poly-
ploidies, and other similar genomic rearrangements are com-
mon in the presence of stressors [9, 10, 52, 65] but seem to
be outcompeted by euploid cells under optimal growth con-
ditions [24, 66, 67]. Hence, isolates growing in rich medium
will be selected to lose most chromosomal aberrations they
might present. Analogously, many of these chromosomal aber-
rations might exist in nature but are unable to grow on op-
timal medium. The advance of environmental sequencing and
single-cell-based technologies might cast some light in this
matter in coming years. Supporting this argument, Ahrendt et al.
[68] sequenced several environmental isolates of zoosporic and
zygomycetous microfungi using these techniques and found sev-
eral aneuploids and polyploids. The frequency of unconventional
genomic architectures is very likely lineage dependent. While
some of these are well known, such as the dikaryotic phase in
Agaricomycetes or the macro- and micronuclei of ciliates, strange
genomic architectures might be common in more obscure lin-
eages. This not only represents a yet-to-know facet of the biol-
ogy of these organisms but could also potentially complicate their

study. The third factor to consider is purely human. The datasets
we have analyzed were uploaded by researchers who considered
they were good enough to be uploaded to a public repository. Thus,
it is to be expected that many more low-quality assemblies would
have never been never deposited and sit forgotten in the disks of
laboratory computers, if not discarded completely.

Even if we consider these possible biases as negligible, our re-
sults recover a significant fraction of publicly available genomes
with unorthodox genomic configurations. These have been cor-
related in many fungal groups with adaptation to novel environ-
ments [69–71], resistance to antifungals [72, 73], pathogenic capa-
bilities toward both animals [55, 74–76] and plants [77, 78], and
adaptation to industrial settings [47, 79–83]. Beyond that, con-
tamination in sequencing libraries is a problem that can affect
any assembly project and might mislead downstream inferences
if left unaddressed. Validation of published results goes far be-
yond the interest of discovering overlooked findings. Compara-
tive genomic studies are limited in their scope and reliability by
the quality of assembly and annotation of the genomes, factors
that can be greatly compromised by these biological factors. Com-
parative studies commonly require the use of flagship genomes
that represent a given taxon. Often, this generates a chronology
of comparisons versus the reference that shapes the perspective
on the group. As such, artifacts and errors in strategic genome as-
semblies, such as reference strains or strains in groups with few
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Figure 8: Analysis of Lichtheimia ramosa B5399. (A) KAT k-mer plot shows 1 peak with considerable genome compaction (black area) suggestive of a
diploid genome. (B) Variation versus coverage plot reveals a unimodal behavior for the genome with regards to its coverage, presenting a widespread
heterozygosity of approximately 3% (maximum density around 30 SNP/Kbp). (C) Alternative allele frequency shows that all scaffolds present a
behavior very similar to the ideal diploid. (D) Scaffold length plot shows that, except for a group of very low-coverage scaffolds, the entire genome
presents a uniform coverage.

represented species, might have a domino effect, impacting future
studies. Long-read sequencing technologies, which are increas-
ingly being used for genome assembly projects, hold the promise
of providing much more information that could be used to resolve
many of these unorthodox genomic architectures. However, these
approaches require novel computational approaches to fully em-
ploy their potential.

Availability of supporting source code and
requirements
Project name: Karyon
Project homepage: https://github.com/Gabaldonlab/karyon
Operating system(s): e.g., Linux, any with the Docker image
Programming language: Python, Bash
Other requirements: Check the installation
License: GNU GPL v3
RRID: SCR_022544
biotools ID: karyon

Data Availability
All data used for this study were downloaded from NCBI SRA.
Table 1 contains accession numbers for all the data. An archival
copy of the code and test data is available via the GigaScience
database GigaDB [84].
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cance of imbalanced nuclear ratios within heterokaryons of
the Basidiomycete fungus Heterobasidion parviporum. Evolution
2008;62(9):2279–96.

21. Maheshwari, R. Nuclear behavior in fungal hyphae. FEMS Micro-
biol Lett 2005;249(1):7–14.

22. Strom, NB, Bushley, KE. Two genomes are better than one: his-
tory, genetics, and biotechnological applications of fungal het-
erokaryons. Fungal Biol Biotechnol 2016;3(4):1–14.

23. Blanquer, A, Uriz, M-J. ‘Living together apart’: the hidden genetic
diversity of sponge populations. Mol Biol Evol 2011;28(9):2435–8.

24. Kumar, S, Jones, M, Koutsovoulos, G, et al. Blobology: exploring
raw genome data for contaminants, symbionts and parasites us-
ing taxon-annotated GC-coverage plots. Front Genet 2013;4:237.

25. Laetsch, DR, Blaxter, ML. BlobTools: interrogation of genome as-
semblies. F1000Research 2017;6:1287.

26. Lu, J, Salzberg, SL. Removing contaminants from databases of
draft genomes. PLoS Comput Biol 2018;14(6):e1006277.

27. Schmieder, R, Edwards, R. Fast identification and removal
of sequence contamination from genomic and metagenomic
datasets. PLoS One 2011;6(3):e17288.

28. Trivedi, UH, Cézard, T, Bridgett, S, et al. Quality control of next-
generation sequencing data without a reference. Front Genet
2014;5:111.

29. Gawad, C, Koh, W, Quake, SR. Single-cell genome sequencing:
current state of the science. Nat Rev Genet 2016;17(3):175–88.

30. Huang, L, Ma, F, Chapman, A, et al. Single-cell whole-genome
amplification and sequencing: methodology and applications.
Annu Rev Genomics Hum Genet 2015;16:79–102.

31. Benjamini, Y, Speed, TP. Summarizing and correcting the GC
content bias in high-throughput sequencing. Nucleic Acids Res
2012;40(10):1–14.

32. Ross, MG, Russ, C, Costello, M, et al. Characterizing and measur-
ing bias in sequence data. Genome Biol 2013;14(5):R51.

33. Bankevich, A, Nurk, S, Antipov, D, et al. SPAdes: a new genome as-
sembly algorithm and its applications to single-cell sequencing.
J Comput Biol 2012;19(5):455–77.

34. Scott, D, Ely, B. Comparison of genome sequencing technology
and assembly methods for the analysis of a GC-rich bacterial
genome. Curr Microbiol 2014;70(3):338–44.

35. Naranjo-Ortiz, MA, Gabaldón, T. Fungal evolution: diversity,
taxonomy and phylogeny of the fungi. Biol Rev 2019;94(6):
2101–37.

36. Mapleson, D, Accinelli, GG, Kettleborough, G, et al. KAT: a k-mer
analysis toolkit to quality control NGS datasets and genome as-
semblies. Bioinformatics 2016;33(4):574–76.

37. Margarido, GRA, Heckerman, D, Myers, EW, et al. ConPADE:
genome assembly ploidy estimation from next-generation se-
quencing data. PLoS Comput Biol 2015;11(4):e1004229.

38. Weiß, CL, Pais, M, Cano, LM, et al. nQuire: a statistical frame-
work for ploidy estimation using next generation sequencing.
BMC Bioinf 2018;19(1):122.

39. Kajitani, R, Toshimoto, K, Noguchi, H, et al. Efficient de novo as-
sembly of highly heterozygous genomes from whole-genome
Shotgun short reads. Genome Res 2014;24(8):1384–95.

40. Safonova, Y, Bankevich, A, Pevzner, PA. DipSPAdes: assem-
bler for highly polymorphic diploid genomes. J Comput Biol
2015;22(6):528–45.

41. Bolger, AM, Lohse, M, Usadel, B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 2014;30(15):2114–20.

42. Luo, R, Liu, B, Xie, Y, et al. SOAPdenovo2: an empirically im-
proved memory-efficient short-read de novo assembler. Giga-
Science 2012;1(1):18.

43. Li, H. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. ArXiv preprint ArXiv. 2013.

44. McKenna, A, Hanna, M, Banks, E, et al. The genome analysis
toolkit: a MapReduce framework for analyzing next-generation
DNA Sequencing data. Genome Res 2010;20(9):1297–303.

45. Simâo, FA, Waterhouse, RM, Ioannidis, P, et al. BUSCO: assess-
ing genome assembly and annotation completeness with single-
copy orthologs. Bioinformatics 2015;31(19):3210–2.

46. Grigoriev, IV, Nikitin, R, Haridas, S, et al. MycoCosm por-
tal: gearing up for 1000 fungal genomes. Nucleic Acids Res
2014;42(D1):D699–704.

47. Peter, J, De Chiara, M, Friedrich, A, et al. Genome evolu-
tion across 1,011 Saccharomyces cerevisiae isolates. Nature
2018;556(7701):339–44.



Karyon: analysis of non-standard genomes | 15

48. Strope, PK, Skelly, DA, Kozmin, SG, et al. The 100-genomes strains,
an S. cerevisiae resource that illuminates its natural phenotypic
and genotypic variation and emergence as an opportunistic
pathogen. Genome Res 2015;25(5):762–74.

49. Wilkening, S, Tekkedil, MM, Lin, G, et al. Genotyping 1000
yeast strains by next-generation sequencing. BMC Genomics
2013;14(1):1–10.

50. Zhu, YO, Sherlock, G, Petrov, DA. Whole genome analysis of
132 clinical Saccharomyces cerevisiae strains reveals extensive
ploidy variation. G3 (Bethesda) 2016;6(8):2421–34.

51. Gerstein, AC, Berman, J. Shift and adapt: the costs and benefits
of karyotype variations. Curr Opin Microbiol 2015;26:130–6.

52. Todd, RT, Forche, A, Selmecki, A. Ploidy variation in fungi: poly-
ploidy, aneuploidy, and genome evolution. Microbiol Spectrum,
2017;5(4):599–618.

53. Corrochano, LM, Kuo, A, Marcet-Houben, M, et al. Expansion of
signal transduction pathways in fungi by extensive genome du-
plication. Curr Biol 2016;26(12):1577–84.

54. Ma, L-J, Ibrahim, AS, Skory, C, et al. Genomic analysis of the basal
lineage fungus Rhizopus oryzae reveals a whole-genome duplica-
tion. PLos Genet 2009;5(7):1–11.

55. Mixão, V, Gabaldón, T. Yeast interspecies hybrids hybridiza-
tion and emergence of virulence in opportunistic human yeast
pathogens. Yeast 2018;35(1):5–20.

56. Schoenfelder, KP, Fox, DT. The expanding implications of poly-
ploidy. J Cell Biol 2015;209(4):485–91.

57. Horn, F, Üzüm, Z, Möbius, N, et al. Draft genome sequences of
symbiotic and nonsymbiotic Rhizopus microsporus strains CBS
344.29 and ATCC 62417. Genome Announc 2015;3(1):1–2.

58. Chibucos, MC, Soliman, S, Gebremariam, T, et al. An integrated
genomic and transcriptomic survey of mucormycosis-causing
fungi. Nat Commun 2016;7:12218.

59. Burmester, A, Karimi, S, Wetzel, J, et al. Complementation of a
stable Met2-1 mutant of the zygomycete Absidia glauca by the
corresponding wild-type allele of the mycoparasite Parasitella
parasitica, transferred during infection. Microbiology 2013;159(Pt
8):1639–48.

60. Brudno, M, Chapman, M, Göttgens, B, et al. Gene prediction in
eukaryotes with a generalized hidden Markov model that uses
hints from external sources. BMC Bioinf 2003;4(1):66.

61. Altschul, SF, Gish, W, Miller, W, et al. BLAST. J Mol Biol
1990;215(3):403–10.

62. Consortium, TU. Activities at the Universal Protein Resource
(UniProt). Nucleic Acids Res 2014;42(Database issue):D191–8.

63. Emms, DM, Kelly, S. OrthoFinder2: phylogenetic orthology infer-
ence for comparative genomics. Genome Biol 2019;20(238):1–14.

64. Gurevich, A, Saveliev, V, Vyahhi, N, et al. QUAST: Qual-
ity Assessment Tool for Genome Assemblies. Bioinformatics
2013;29(8):1072–5.

65. Berman, J. Ploidy plasticity: a rapid and reversible strategy for
adaptation to stress. FEMS Yeast Res 2016;16(3):fow020.

66. Scott, AL, Richmond, PA, Dowell, RD, et al. The influence of poly-
ploidy on the evolution of yeast grown in a sub-optimal carbon
source. Mol Biol Evol 2017;34(10):2690–703.

67. Zörgö, E, Chwialkowska, K, Gjuvsland, AB, et al. Ancient evo-
lutionary trade-offs between yeast ploidy states. PLoS Genet
2013;9(3):e1003388.

68. Ahrendt, SR, Alisha Quandt, C, Ciobanu, D, et al. Leveraging
single-cell genomics to expand the fungal tree of life. Nat Mi-
crobiol 2018;3:1417–28.

69. Kravets, A, Yang, F, Bethlendy, G, et al. Adaptation of Candida
albicans to growth on sorbose via monosomy of chromosome
5 accompanied by duplication of another chromosome carry-

ing a gene responsible for sorbose utilization. FEMS Yeast Res
2014;14(5):708–13.
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