
ARTICLE

Engineered yeast genomes accurately assembled
from pure and mixed samples
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Yeast whole genome sequencing (WGS) lacks end-to-end workflows that identify genetic

engineering. Here we present Prymetime, a tool that assembles yeast plasmids and chro-

mosomes and annotates genetic engineering sequences. It is a hybrid workflow—it uses short

and long reads as inputs to perform separate linear and circular assembly steps.

This structure is necessary to accurately resolve genetic engineering sequences in plasmids

and the genome. We show this by assembling diverse engineered yeasts, in some cases

revealing unintended deletions and integrations. Furthermore, the resulting whole genomes

are high quality, although the underlying assembly software does not consistently

resolve highly repetitive genome features. Finally, we assemble plasmids and genome inte-

grations from metagenomic sequencing, even with 1 engineered cell in 1000. This work is a

blueprint for building WGS workflows and establishes WGS-based identification of yeast

genetic engineering.
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Complete and accurate detection of genetic engineering is
needed to validate strain engineering, protect intellectual
property, monitor for release events, and detect engineered

organisms in unknown samples. Whole genome sequencing
(WGS) is an attractive detection method because it does not
depend on specific sequence features and captures all sequences –
including intended and unintended modifications. Yet, precise
resolution of genetic engineering places strict requirements on a
WGS workflow – genetic engineering signatures must be clearly
identified within accurate, complete, and contiguous sequences.

Thus, a WGS workflow is needed for engineered organisms. In
this work, we focus particularly on engineered yeasts. Yeasts are a
crucial testbed for genome-scale design1,2, and accurate WGS will
be necessary for validating synthesized eukaryotic genomes. Yeast
are also cell factories for medicines3,4, fuels5,6, materials7,8, and
chemicals9,10. These are derived from several species of baker’s
yeast Saccharomyces cerevisiae11–13 and nonconventional yeasts
like Yarrowia lipolytica14–16 and Komagataella phaffii (formerly
Pichia pastoris)17,18. Given the economic importance and
increasing use of engineered yeast cell factories, it is crucial that
WGS methods are developed that can efficiently validate the
presence of intended engineering and confirm the absence of
unintended variation. Without WGS, the majority of yeast strains
are currently validated with less comprehensive methods like PCR
and targeted sequencing. These methods do not capture the
unintended secondary mutations common in engineered organ-
isms19–23. There are also many unpublished accounts of WGS
revealing unexpected sequences and genome structures in engi-
neered industrial strains. Taken together, this evidence challenges
the assumption that an observed phenotype is the direct result of
intended engineering, illuminating a possible explanation for
variation between replicates and irreproducible findings – a
common problem for biology-related disciplines24. Clearly, WGS
must be used more broadly to detect and validate genetic engi-
neering in yeasts.

Yeast engineering leaves many predictable sequence features in
the genome, like standard plasmid sets with known replication
origins and expression parts25–28, integrations29–32, gene knock-
outs33, and genome edits using RNA-guided endonucleases34–39.
Many of these can be identified in a genome sequence with a tool
such as BLAST40. Yet, engineered yeast present several obstacles
to complete, accurate genome assembly. The high sequence
identity in many engineered constructs, such as common plasmid
elements or parts derived from the host genome, can cause
identical sequences to be omitted41,42. Engineered yeast also have
complex genome features like multiple deletions13, multiple
plasmids with varying copy numbers30, many insertions36, and
SCRaMbLEd chromosomes43,44. Furthermore, the scale of yeast
engineering is increasing both in the fraction of a genome that
may be rewritten45,46, and in the numbers of engineered strains
created through adaptive laboratory evolution47–49 and combi-
natorial pathway engineering50–54. These iterative approaches
result in many strains that are costly to sequence. These obstacles
are in addition to typical complexities like naturally repetitive
regions (telomeres and ribosomal DNA), rearrangements, and
polyploidy. Each make accurate, complete, and contiguous yeast
genomes difficult to attain without a significant allocation of
resources.

A WGS workflow consists of five steps: DNA isolation, library
preparation, sequencing, assembly, and annotation. First, geno-
mic DNA is purified using one of a variety of methods, including
phenol-choloroform, bead beating, or enzymatic lysis55. Second,
the sequencing library is prepared by attaching adapters and
barcodes. This can be done via ligation, which involves shearing
the DNA to create free ends for DNA ligase to attach adapters, or
tagmentation, which randomly inserts adapter attachment points

without shearing56. Third, the library is sequenced with a next-
generation sequencing (NGS) platform that either generates short
reads (150–300 base pairs long) with high nucleotide accuracy56

or long reads (1.5 kilobases to megabases long) with lower
accuracy57. The average read length and the number of reads
(genome coverage) output by the NGS platform is dependent on
sequencing technology and the preceding DNA isolation and
adapter attachment steps58. Fourth, the reads are computationally
assembled into a final genome sequence with software that uses
either an overlap-layout-consensus (OLC) or De Bruijn graph
(DBG) algorithm59. OLC and DBG assemblers are further clas-
sified into short read only, hybrid (both short and long reads), or
long read with error correction. Both hybrid and long read with
error correction assembly approaches currently hold the most
promise to achieve accurate genome sequence and structure at
low read depths, primarily because two independent technologies
validate basecalls. However, this entails the use of two sequencing
technologies, thereby increasing costs and time. Fifth, an anno-
tation is performed. Eukaryotic annotation involves first pre-
dicting genes in the genome sequence, followed by functional
annotation60. However, features like genetic engineering parts,
telomeres, centromeres, mitochondrial DNA, and natural plas-
mids are often not annotated, and several are by convention not
included in the final assembly.

In this work, we develop an inexpensive WGS workflow
designed to detect genetic engineering in pure and mixed samples
of engineered yeast. To accomplish this, we optimized each of the
five steps in the WGS workflow in order to correctly resolve all
engineering sequences in a heavily engineered yeast strain. We
first improved DNA isolation and sequencing library preparation
to increase representation of reads from circular DNA molecules.
We then used a combination of long- and short-read sequencing
from inexpensive sequencing platforms to achieve high coverage
at low cost. We integrated two different assemblers to resolve
both circular plasmids and linear chromosomes accurately. We
developed an annotation approach based on a user-input list of
genetic parts to clearly identify common signatures of engineer-
ing. Using this approach, we also annotated centromeres, telo-
meres, origins of replication, and mitochondrial DNA in order to
put observed genetic engineering in context with the rest of the
genome. The resulting workflow is named Prymetime, "Pipeline
for Recombinant Yeast genoMEs That Identifies Markers of
Engineering." Through a variety of demonstrations, we show that
Prymetime can validate genetic engineering, produce high quality
whole genome sequences, and detect engineering in metagenomic
samples. This tool is broadly useful for strain validation, release
monitoring, protecting intellectual property, and investigating
engineering in unknown samples.

Results
Optimizing nanopore sequencing library preparation for
engineered yeasts. At the beginning, we set a standard that a
genome assembly workflow must be able to resolve chromosomal
integrations and multiple plasmids used in yeast engineering.
Therefore, we built a S. cerevisiae CEN.PK113 strain, FEY_2,
containing an integrated carotenoid pathway, the native 2μ
plasmid, a dCas9 plasmid, and a gRNA plasmid, shown in Fig. 1a.
Initially, we prepared sequencing libraries of FEY_2 with the
Oxford Nanopore Technologies (ONT) ligation kit. Sequencing
these initial libraries had low average read length that varied
from run to run, possibly because of differential DNA shearing
during isolation. To limit this, we developed a gentle genomic
DNA isolation protocol which increased average nanopore read
length and reduced variance (Supplementary Figure S1). How-
ever, the sequencing results contained few reads from plasmids, as

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21656-9

2 NATURE COMMUNICATIONS |         (2021) 12:1485 | https://doi.org/10.1038/s41467-021-21656-9 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


determined by comparing the average normalized mapped reads
of the plasmid antibiotic selection markers to those of the ACT1
genomic locus using Minimap261. We could isolate plasmids
from FEY_2 using a yeast miniprep kit, so we reasoned that the
sequencing library preparation step was so gentle that it was not
linearizing circular plasmids for adapter ligation. Thus, we turned
to a tagmentation library preparation method, the ONT Rapid
kit. The improvement in average normalized mapped plasmid
reads is shown in Fig. 1b. We were reassured that the 2:1 and 20:1
marker to ACT1 read coverage ratios for each plasmid are
equivalent to the approximate plasmid copy number in yeast for
each origin12,62. Furthermore, tagmentation also increased the
representation of other circular elements like the native 2μ plas-
mid and mitochondrial DNA. These results indicate that tag-
mentation is a key to achieving long average read lengths while
also generating linear molecules from small circular DNA so that
they can pass through the nanopore flow cell. Whereas tagmen-
tation may have a slight AT sequence bias and perform poorly in
extreme GC genomes, this is not the case with our yeasts. Thus,
with gentle isolation and tagmentation, nanopore sequencing of
FEY_2 resulted in adequate representation of plasmid reads.

Developing a de novo assembly workflow for complete, con-
tiguous plasmids and integrations. Once we achieved

appropriate read representation, we evaluated nine assembly
algorithms with the stringent requirement that all chromosomes
and plasmids must be complete, accurate, and contiguous. This is
particularly stringent for the three plasmids in FEY_2 because
they each have significant sequence identity between each other
and the genome. The assemblers tested included the short-read
only OLC assembler Edena63, the short-read only DBG assem-
blers ABySS64 and Velvet65, the hybrid OLC assembler
Masurca66, hybrid DBG assembler HybridSPAdes67, the long-
read OLC assemblers MiniASM68, Canu69, and SMARTdenovo70,
and the long-read DBG assembler Flye71. The long-read assem-
blers, because of higher error rates57, only provide a "skeleton" for
mapping additional reads72–76. Therefore, all long-read assem-
blies were polished with Medaka77, Racon78, and Pilon79.

We used the optimized library preparation to obtain long reads
at 60X genome coverage from the ONT MinION and short reads
at 125X genome coverage from the Illumina iSeq 100. This
common set of reads was used by each assembler, and the
resulting genome assembly was analyzed using BLASTN for the
presence of the integrated pathway, both plasmids, and the native
2μ plasmid. A visual representation of the BLASTN results is
shown in Fig. 1a. The engineering features were rarely complete
or contiguous. The short-read only de novo assemblers ABySS,
Edena, and Velvet returned a fragmented, incomplete pathway
and plasmids. The hybrid assemblers SPAdes and Masurca
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Fig. 1 Detection of engineering signatures in S. cerevisiae FEY_2. a Photograph of FEY_2 streaked onto an agar plate, showing a functional carotenoid
pathway. The illustration shows the engineering signatures comprising FEY_2, which included a carotenoid pathway chromosomal integration, a low copy
plasmid expressing dCas9, and a high copy plasmid expressing gRNA. b Approximate copy number from genomic DNA libraries prepared by Oxford
Nanopore Technologies’ (ONT) Ligation and Rapid kit and Illumina’s Nextera kit for the low copy and high copy plasmids in FEY_2. c BLASTN results from
querying known engineering signatures against assemblies. The genome assemblers were categorized as short-read only, hybrid, or long read with error
correction. The underlying algorithm type of each assembler, De Bruijn graph (DBG) or overlap-layour-consensus (OLC), is also shown. Failure modes of
genome assemblies were shown as red lines (contig break) and white spaces (missing fragment). The colored pathways and plasmids represent
assemblies where all engineering signatures were found in contiguous sequences.
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produced more complete sequences than the short-read only
assemblers, but the genome integration was fragmented, and
Masurca also omitted portions of the three plasmids. The long-
read de novo assemblers MiniASM, Canu, Flye, and SMARTde-
novo each returned a single contiguous sequence for the genome
integration, yet, MiniASM, Canu, and SMARTdenovo omitted
sections of the three plasmids. Only Flye eventually returned the
genome integration and each plasmid correctly in contiguous
sequences.

Of the assemblies missing large portions of at least one of the
three plasmids, almost all were generated with an OLC assembler.
These algorithms use an All-versus-All consensus step that may
discard highly identical sequences in order to reach consensus. To
investigate this further, we used BLASTN at each step in the
OLC-based Canu pipeline to determine when sequences were
omitted. We noted that the complete low-copy plasmid was
initially present before the consensus step, and was then lost in
the final assembly. It seems that Canu discarded the plasmid at a
certain threshold during the consensus step, likely because of high
sequence identity with the other plasmids. In contrast, the DBG
assemblers Flye, ABySS, and SPAdes did not omit sections of
plasmids. DBG algorithms split reads into shorter k-mers
followed by a Eulerian walk approach to construct contigs, thus
DBG may be less prone to discarding highly identical
sequences80. Though complete, the plasmid sequences from
ABySS and SPAdes were fragmented, while Flye assembled each
plasmid into a single contiguous sequence. This is possibly
because ABySS and SPAdes are hybrid assemblers that assemble
short reads first, then use long reads to piece together contigs.
This makes them subject to the same pitfalls that plague short-
read assemblers, in that the reads do not effectively span
sequences with high identity. Thus, Flye, as a DBG assembler
that assembles long reads first, produces higher contiguity and
better resolution of sequences with high identity. These findings
reinforce that genome assembly quality is dependent on high-
quality long-read data and a de novo assembly approach.

While the plasmid contigs from Flye were complete and
contiguous, they were longer than expected. Further inspection
revealed that the contigs consisted of several repeats of the
expected plasmid sequence. This is a common problem for long-
read assemblers, as they use linear logic to merge contigs69,81. To
obtain structurally representative plasmid contigs, we chose to re-
assemble them with Unicycler, software that was built to assemble
circular contigs from bacterial sequencing data82. To do this, we
sent contigs either identified by Flye as circular or identified by
mummer as repetitive to Unicycler. Reassembly of plasmids with
Unicycler improved the accuracy as measured by BLASTN and
length of the contigs for the three plasmids in FEY_2
(Supplementary Fig. S2).

Resolving engineering signatures in a collection of engineered
yeasts. We next validated our assembly approach on a collection
of engineered laboratory and nonconventional yeast. We con-
structed 15 strains from S. cerevisiae S288C, CEN.PK113-7D,
W303-α, BY4741, BY4742, and K. phaffii ATCC 76273 (CBS
7435)83,84 and Y. lipolytica ATCC MYA-2613 (Po1f)85. Plasmids
designed to construct transcriptional units for this study are
described in Supplementary Fig. S3. A description of each strain is
shown in Fig. 2a, with more details in Supplementary Table S1
and Supplementary Fig. S4. Engineering signatures were inserted
into the genome or maintained on episomal plasmids. S. cerevi-
siae integrations were targeted to the HO locus26 or between
NRT1 and GYP7 in chromosome XV38,51. S. cerevisiae plasmids
consisted of custom TypeIIS-compatible yeast shuttle vectors with
either S. cerevisiae replicon (2μ or CEN6/ARSH4). Engineering

was broadly categorized into biosynthetic pathways, gene editing
components, deletions, and synthetic biology elements. Biosyn-
thetic pathways included propane86, 2β-carotene87, prespatane88,
carnosic acid89, and limonene90,91. Genome editing associated
tools included SpCas934, dCas935, LbCpf138, FnCpf137, and Cre
recombinase33. Deletions included the synthetic auxotrophies
already present in S. cerevisiae W303-α, BY4741, BY4742, and Y.
lipolytica Po1f. Synthetic biology elements included fluorescent
proteins92,93 and the 2A sequence94. The engineered Y. lipolytica
strain "FEY_74" contained the CRISPR-Cas9 plasmid pCRIS-
PRyl39. The engineered K. phaffii strain "FEY_75" contained a
recombinase-integrated red fluorescent protein (RFP) cassette28.

We sequenced this collection with the ONT MinION and the
Illumina iSeq 100 systems using our optimized library prepara-
tion protocols. The combined assembly approach using Flye and
re-assembly of circular contigs with Unicycler captured each
engineering signature in each S. cerevisiae genetic background as
measured by BLASTN of the reference sequence against the
assembly. Shown in Fig. 2a, the approach resolved seven different
genome integrations in two genome loci and eleven different
plasmids. The BLASTN metrics are in Supplementary Table S2.
To further demonstrate the necessity of a combined assembly
approach, we repeated assembly with Flye alone. The additional
Unicycler step improves plasmid length and accuracy in every
strain, not just FEY_2 (Supplementary Fig. S5). No sequence
complexities, like the type of gene (metabolic, selective, editing, or
reporter), parts identical to the genome (Ptef1, Pgal10), or
plasmid copy number, affected the accuracy or structural
completeness of the assemblies.

The genome assemblies from the two engineered nonconven-
tional yeasts – Y. lipolytica strain FEY_74 and K. phaffii strain
FEY_75 – revealed unintentional edits. FEY_74 was intended to
contain the pCRISPR-yl plasmid39, yet the contig from the
genome assembly was missing the entire Cas9 transcription unit
and a portion of the E. coli origin of replication, shown in Fig. 2b.
Inspection of the raw reads failed to identify a single read with the
missing sequence. We performed a genomic DNA isolation and a
yeast plasmid miniprep on FEY_74 and transformed the resulting
DNA back into E. coli, yet did not observe any colonies. This
indicates that the disrupted origin of replication in the assembly
reflects an actual unintended loss rather than an assembly error.
This was further confirmed by PCR of DNA isolated from
FEY_74 with primers spanning the missing region of the plasmid.
The length of the PCR product indicated that the sequence was
indeed missing (Fig. 2b). Similarly, FEY_75 was designed to have
an RFP transcription unit integrated into chromosome II (Fig. 2c).
The entire pathway was found by BLASTN in the FEY_75
genome, but analysis revealed that the pathway was actually
integrated into chromosome IV. This was further confirmed by
PCR of the integration site in chromosome II, which was
negative, yet the strain remained nourseothricin resistant and
RFP positive. These results indicate that a combined assembly
approach can be used to find and accurately reproduce
engineering, which is useful for both strain quality control and
identification of engineering in unknown samples.

Whole genome assembly quality. After achieving assembly of all
engineering sequences, we then assessed whole genome quality of
the 15 engineered assemblies and genomes from the parent
nonconventional yeasts Y. lipolyitica Po1f and K. phaffii
CBS7435. Each genome had high contiguity, sequence accuracy,
and genome completeness as measured by Benchmarking Uni-
versal Single-Copy Orthologs (BUSCO) score95, calculated using
the Saccharomycetales dataset (Fig. 3a) and percent aligned reads
to the parent genome (Fig. 3b). Percent unmapped reads for each
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genome are provided in Supplementary Table S3. Whole genome
alignments for each genome compared to the parent with
Mauve96 are presented in Supplementary Figs. S6 and S7. The
resequenced Y. lipolytica Po1f and K. phaffii CBS7435 strains
were improved compared to the publicly available genomes16,84

by several metrics (Supplementary Fig. S8). Notably, there are 6
more essential genes recovered in the resequenced K. phaffii
assembly and 13 more essential genes recovered in the rese-
quenced Y. lipolytica assembly.

The final test of completeness is whether a chromosome is
resolved from a telomere, through the centromere, to the other
telomere. We compared each engineered S. cerevisiae assembly to
its respective reference assembly to quantify the number of
complete telomere-to-telomere contigs (Supplementary Fig. S9).
We found that 76% of chromosomes are complete, except the
telomeres. Analysis of several smaller contigs in the assemblies
reveals them to be telomeric or ribosomal DNA (rDNA)
sequences. This result shows that the genomes are essentially
complete, save misassembly of highly repetitive genomic
sequences and telomeres.

Next, we further assessed repetitive DNA elements in each S.
cerevisiae genome, finding that repetitive elements like long
terminal repeats (LTRs), CUP1 repeats, and rDNA are resolved

with comparable copy number to the reference genomes (Fig. 3c,
d, e, respectively). However, the CUP1 and rDNA repeat copy
numbers were underrepresented in both our assemblies and the
reference assemblies when compared to the approximate copy
number of the raw Nanopore and Illumina reads. The S.
cerevisiaeCUP1 copy number is highly variable, ranging from
zero to 7997, while the rDNA copy number is known to range
between 100 and 20098. Tandem repeats such as CUP1 and rDNA
are a common problem for all de novo assemblers and are often
collapsed during assembly99.

Every strain investigated in the above collection is haploid.
Therefore, we sequenced the heterozygous diploid strain S.
cerevisiae BY4743. The resulting assembly is similar to S.
cerevisiae S288C (Fig. 4a). Thus, this assembly approach cannot
resolve ploidy. However, the LYS2 and MET15 heterozygous
deletions can be clearly resolved by mapping average read count
(Fig. 4b, c, respectively).

Taken together, these results indicate that the genome
assemblies generated by the combined assembly approach are
structurally correct, accurate, and complete, although telomeres,
repeat elements, and ploidy remain a challenge to accurately
reproduce. This is currently a challenge in the field of de novo
genome assembly.
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Fig. 2 Resolving signatures of engineering from the panel of engineered yeast strains. a Visual representation of the BLASTN results from querying
known engineering signatures against Prymetime-assembled genome assemblies of the 15 engineered strains. Failure modes of genome assemblies were
shown as red lines (contig break) and white spaces (missing fragment). The colored pathways and plasmids represent assemblies where all engineering
signatures were found in contiguous sequences. b The expected CRISPR-Cas9 expression vector for FEY_74, an engineered Y. lipolytica strain, and the
actual plasmid from the Prymetime genome assembly. The DNA agarose gel confirms the missing Cas9 cassette from the FEY_74 strain in comparison to
the original pCRISPRyl plasmid. The agarose gel represents one experiment, where the PCR products of the pCRISPRyl plasmid and FEY_74 plasmid were
processed in parallel. c Illustration showing the expected location of the RFP integration cassette into chromosome II of FEY_75, an engineered K. phaffii
strain, and the actual location of the cassette into chromosome IV.
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Annotating and visualizing engineering and genome features.
The last step in WGS, annotation, does not usually identify genetic
engineering sequences. Therefore, we developed an engineering
annotation step and applied it to the collection of 15 engineered
yeasts. We first wrote an automated BLASTN script to find stan-
dard yeast genetic engineering parts and genome features. Standard
parts include the CEN6/ARSH4 and 2μ replication origins, selection
markers, promoters, and terminators. Genome features include
centromeres, telomeres, and mitochondrial DNA, which were
sourced for each parent strain from the Saccharomyces Genome

Database100. This list of parts and features is simply a FASTA file,
which can be easily modified and updated to find any sequence of
interest in genome assemblies.

We then fed the BLASTN results to two interactive genome
viewers – chromoMap101 and AliTV102. ChromoMap highlights
the parts and features within each contig in the assembly. AliTV
does the same, but also aligns the assembly to the parent strain
using lastz103. This can highlight potential unintended changes like
chromosomal rearrangements. The chromoMap visualization for
FEY_2 (Fig. 5a) shows the integration in scaffold_3, and the two
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engineered plasmids in scaffold_18 and scaffold_23. The output is
interactive, so hovering over the engineering blocks will display
which parts were identified. Using this approach, the plasmids can
be differentiated from other small contigs by the presence of the
origins of replication and other engineering sequences. In the AliTV
visualization, the high sequence identity and contiguity of the
engineered as compared to unengineered S. cerevisiae CEN.PK is
apparent. The AliTV visualization is also interactive and customiz-
able, and is particularly useful to determine how contigs from the
assembly align to the reference assembly.

Creating an automated pipeline. Optimization of each of the five
steps of genome assembly led to a final set of methods and
software that can accurately reproduce and visualize genetic
engineering in highly accurate yeast genomes. We integrated each
of the software steps into a single Dockerized tool that we call
Prymetime, "Pipeline for Recombinant Yeast genoMEs That
Identifies Markers of Engineering." The final pipeline is depicted
in Fig. 5c. The software accepts long reads and short reads, and
optionally accepts a list of sequences of interest and a reference
genome. It outputs two interactive visualizations of the genome.
Each visualization of the 15 engineered strains is depicted in
Supplementary Figs. S10–S17.

As a final demonstration, we tested each step in the Prymetime
workflow with a set of publicly available raw reads for S. cerevisiae
CEN.PK113-7D74,104, assessing the quality at each step (Supple-
mentary Fig. S18). First, we evaluated the contigs from Flye step,
determining that 40X long-read genome coverage is sufficient to
match the reference assembly. Then, we evaluated the polishing
step, which demonstrated that at least 40X short-read genome

coverage is needed to achieve high identity to the reference,
BUSCO, and percentage of S. cerevisiae S288C CDSs (Supple-
mentary Tables S5–S8). Using the chromoMap visualization
output from Prymetime, the CEN.PK113-7D assembly correctly
captures the centromeric sequences, but not the telomeric
sequences (Supplementary Fig. S19). This corroborates the
observations from the engineered genomes. Using different de
novo assemblers still does not solve this problem (Supplementary
Table S9), thus Flye remains the best underlying assembly
software for assembly of accurate, complete, and contiguous
genetic engineering sequences. A detailed illustration of the full
Prymetime workflow is shown in Supplementary Fig. S20. These
results confirm the Prymetime software workflow is as accurate as
possible and show that at least 40X genome coverage for both
long- and short-read sequencing data is needed to achieve the
highest quality genomes.

Resolving signatures of engineering in an in silico metagenome
assembly. To demonstrate a use case for Prymetime, we
attempted to resolve engineering signatures in a metagenome.
Publicly available reads from the Zymo mock metagenome were
combined with reads from the FEY_15 strain to simulate detec-
tion of an engineered strain in a mixed sample. The mock
metagenome consists of eight bacteria species – Bacillus subtilis,
Enterococcus faecalis, Escherichia coli, Lactobacillus fermentum,
Listeria monocytogenes, Pseudomonas aeruginosa, Salmonella
enterica, and Staphylococcus aureus – and two yeast species –
Cryptococcus neoformans and Saccharomyces cerevisiae105. To
simulate different abundance levels, the FEY_15 nanopore reads
were diluted with increasing numbers of Zymo metagenome

Fig. 4 Genome assembly analysis of the heterozygous diploid S. cerevisiae strain BY4743. a Mauve genome alignment between the S. cerevisiae S288C
reference assembly and the S. cerevisiae BY4743 genome assembly. The colored blocks represent regions of the genomes that align, while the vertical red
lines indicate a new contig. b Nanopore read coverage around the heterozygous LYS2 gene. c Nanopore read coverage around the heterozygous
MET15 gene.
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reads at approximate ratios of 1:1, 1:10, 1:100, and 1:1000 based
on number of base pairs. All of the FEY_15 and Zymo meta-
genome Illumina reads were combined together at an approx-
imate ratio of 1:20 (Fig. 6a). These read sets were then used for
Prymetime assembly. In each read set, the integration and plas-
mid of FEY_15 were completely resolved (Fig. 6b). This shows
that synthetic biology parts, and their context, can be resolved in
mixed samples by Prymetime.

Discussion
This work develops an integrated workflow for WGS of engi-
neered yeasts which may be extensible to all eukaryotes with a
mixture of linear and circular sequences. The workflow consists
of gentle gDNA isolation, tagmentation, long- and short-read
NGS, accurate de novo assembly of both linear and circular ele-
ments, and annotation of genetic engineering parts and genome
features. Using this, diverse engineering signatures can be
resolved in complete, contiguous sequences even with multiple
similar plasmids in one strain. The resulting whole genome
quality is comparable to high-quality reference assemblies,
therefore, it is possible to generate accurate genome assemblies
both before and after engineering. This permits verification of
genetic engineering in yeasts with WGS to validate strain engi-
neering. Further, the workflow performs well using metagenomic
data, permitting detection of yeast engineering in mixed samples.

This work demonstrates the challenges in making effective
WGS-based workflows. Interestingly, we found that only the Flye
assembly algorithm supported accurate resolution of genetic
engineering in complete, contiguous sequences. We observed that
sequence omission commonly occurred with assemblers built
around OLC algorithms, which struggle to reproduce the expec-
ted representation and resolution of repeats68,69,106. Furthermore,
we observed that short-read and hybrid assemblers commonly
produced fragmented sequences. Thus, Flye, as the only long-read
DBG assembler, was consistently the best at resolving genetic
engineering signatures. These observations highlight the difficulty
of applying otherwise effective genome assembly software to
engineered yeasts, which have highly identical genetic engineering
signatures and repetitive genome features. Furthermore, all
assemblers collapsed repetitive genome features and struggled to
resolve telomeres. This limits the ability of the tool to detect
variations in rDNA, SNPs, and rare variants. Based on our results,
assemblers aiming to improve these areas should be benchmarked
against the overall performance of Flye.

To date, WGS has rarely been used in strain engineering cycles
due to the barriers of cost, time, and required bioinformatics
expertise. The WGS workflow we developed with the inexpensive
ONT MinION and Illumina iSeq 100 platforms and the inte-
grated, dockerized Prymetime software package overcomes these
barriers. With Prymetime, we were able to achieve high-quality
genomes at relatively low read depth, finding that 40X for both

chromoMap FEY_2 genome annotations

0bp 500kb 1Mb 1.5Mb

Length (bp)

scaffold_1
scaffold_2
scaffold_3
scaffold_4
scaffold_5
scaffold_6
scaffold_7
scaffold_8
scaffold_9
scaffold_10
scaffold_11
scaffold_12
scaffold_13
scaffold_14
scaffold_15
scaffold_16
scaffold_17
scaffold_18
scaffold_19
scaffold_20
scaffold_21
scaffold_22
scaffold_23
scaffold_24

eng_sig

telomere

centromere

mitochondrion

a. b.
AliTV FEY_2 genome alignment

telomere
mitochondrion
centromere
eng_sig

95 96 97 98 99 100
Link Identity %

FEY_2

CEN.PK

Flye

Polishing

Chromosomes

Repetitive
contigs

Circular
contigs

Linear
contigs

Unicycler

Plasmids
Mitochondrion

Final assembly

Nanopore reads

Illumina reads

Chromosomes Circular

Engineering
signatures
(optional)

BLASTN

Signatures in assembly

AliTV chromoMap
Reference
genome
(optional)

c.
Prymetime pipeline overview

Fig. 5 Visualizing engineering and genome features, and the Prymetime pipeline. a chromoMap interactive visualization displaying engineering
signatures and structural elements identified in the FEY_2 genome assembly. b AliTV interactive visualization of the FEY_2 genome assembly aligned
against its parent CEN.PK113-7D genome assembly. Engineering signatures and structural elements are also annotated. c Overview of Prymetime genome
assembly pipeline.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21656-9

8 NATURE COMMUNICATIONS |         (2021) 12:1485 | https://doi.org/10.1038/s41467-021-21656-9 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


long and short reads was sufficient for high accuracy, complete-
ness, and contiguity of genetic engineering sequences, and quality
whole genomes. With 40X read depth, up to 30 S. cerevisiae
genomes can be sequenced on one MinION flow cell and up to 4
genomes can be sequenced on one Illumina iSeq flow cell. This is
because approximately 0.5 Gb is needed for 40X read depth of the
13.4 Mb S. cerevisiae genome (factoring in collapsed rDNA
repeats107) and our typical yield is approximately 15 Gb from the
MinION and 2.4 Gb from the iSeq 100. Not accounting for labor,
this level of multiplexing would cost around $200 per genome.
The entire workflow is fast – it takes under a week to start from a
single colony and acquire a genome assembly, requiring only 15 h
of hands-on time. Our workflow requires only a few coding steps
– future users can simply load NGS reads and run the Prymetime
script to detect and validate genetic engineering.

Methods
Strains and media. Parent strains for all engineered strains are shown in Supple-
mentary Table S1. All yeast strains were grown in yeast extract-peptone-dextrose
(YPD) or synthetic complete (SC)+glucose media. YPD consisted of 30 g/L YEP (10
g/L yeast extract+ 20 g/L peptone, Sunrise Science, 1877-1KG) and 20 g/L glucose
(Alfa Aesar, A16828). SC+ glucose media consisted of 6.71 g/L of YNB+Nitrogen
(1.71 g/L yeast nitrogen base+ 5 g/L ammonium sulfate, Sunrise Science, 1501-250),

20 g/L glucose, and a formulation of complete synthetic media (CSM). CSM for-
mulations were (1) CSM-Leu: 0.65 g/L CSM-His-Leu-Ura (Sunrise Science, 1015-
010)+ 0.02 g/L Histidine (Sunrise Science, 1978-010)+ 0.02 g/L Uracil (Sunrise Sci-
ence, 1906-010) and (2) CSM-Trp-Ura: 0.62 g/L CSM-Leu-Trp-Ura (Sunrise Science,
1017-010)+ 0.1 g/L Leucine (Sunrise Science, 1980-010). For the K. phaffii trans-
formation, 2xYPD was prepared with 75 g/L YEP plus 20 g/L glucose, and YPDS
plates were prepared by supplementing YPD agar with 1M sorbitol (Acros,
132730010). If appropriate, antibiotic selection was performed with nourseothricin at
0.1 g/L for S. cerevisiae and K. phaffii (Jena Bioscience, AB-101-10ML), geneticin at
0.2 g/L for S. cerevisiae and 0.3 g/L for K. phaffii (Life Technologies Gibco, 10131-
035), and/or hygromycin B at 300mg/L for S. cerevisiae (Thermo Fisher, 10687010).
Routine growth conditions were as follows: inoculation in 5mL media in a 14mL
Falcon tube (Corning, 352059), incubation at 30∘, and shaking at 220 rpm or agitation
on a rotating drum.

Chemically competent E. coli DH5α (NEB, C2987H) was used as a cloning strain
and grown in 25 g/L LB Miller broth (10 g/L tryptone+ 5 g/L yeast extract+ 10 g/L
sodium chloride, Fisher Scientific, BP1426-2). Antibiotic selection was performed with
100mg/L ampicillin (Alfa Aesar, J63807), 25mg/L chloramphenicol (Alfa Aesar,
B20841), or 50mg/L kanamycin (Alfa Aesar, J61272). Solid media was supplemented
with 20 g/L agar (Sunrise Science, 1910-1KG).

Polymerase chain reaction (PCR). PCR reactions were performed using the Q5
2X Master Mix (NEB, M0492L). Primers for PCR were designed with Benchling
(https://benchling.com/, quality controlled with the New England Biolabs Tm
Calculator (https://tmcalculator.neb.com/), and ordered from IDT (Integrated
DNA Technologies, Inc., Skokie, Illinois). Reactions were performed in a total
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volume of 50 μL, with 25 μL of the Q5 Master Mix, 2.5 μL of both the forward and
reverse primers (at 10 μM), X μL of template DNA (1 ng plasmid DNA, 100 ng
genomic DNA), and 20-X μL of nuclease free water (VWR 02-0201-0500). PCR
settings were determined based on instructions from NEB:

1. 98C for 30 sec
2. 30 PCR cycles:

(a) 98C for 10 sec
(b) annealing temp. for 15 sec
(c) 72C for 20 sec per kbp

3. 72C for 2 min
4. 10C hold

Modular cloning. Modular cloning with TypeIIS restriction enzymes was used to
assemble genetic designs. Modular cloning uses a hierarchical assembly process to
make parts, transcription units, and pathways. TypeIIS cloning reactions were
based on the TypeIIS enzymes BbsI (10 U/μL, Thermo Scientific, ER1011) or BsaI
(10 U/μL, NEB, R0535). DNA parts were diluted to 20 fmol/μL, with 1 μL of each
part used in the reaction (2 parts for L0 assembly, 4 parts for L1 assembly). 7.9 - N
parts (2 or 4) μL of nuclease free water was added to a PCR tube (USA Scientific,
1402-4700). Next, 1 μL of 10X Ligase Buffer and 0.4 μL of 20 U/μL T4 DNA ligase
(Promega, M1794) was added to the tube. Finally, 1 1 μL of either the BbsI (L0
assembly) or BsaI (L1 assembly) enzymes was added to the reaction, yielding a total
reaction of 10.3 μL. The reaction was then run on a thermocycler with the following
conditions: 37 ∘C for 5 h, 50 ∘C for 15 min, 80 ∘C for 20 min, and a hold at 10 ∘C.

Gibson cloning. Gibson assembly reactions followed instructions from the NEB-
uilder HiFi DNA Assembly Master Mix (NEB, E2621S). Briefly, PCR was used to
amplify fragments with overlapping sequences (20–30 bp overlaps). When
appropriate, the DpnI enzyme was used to digest template plasmid (NEB, R0176S)
per instructions. The fragments were diluted to 0.2 pmols for 2–3 fragments or
0.5 pmols for 4 or more fragments in nuclease-free water, and transferred to a PCR
tube. 10 μL of the HiFi master mix was added along with nuclease free water to
reach a total reaction volume of 20 μL. The reaction was then run on a thermo-
cycler at 50 ∘C for 60 min, followed by a hold at 10 ∘C.

Yeast transformations. S. cerevisiae transformations were done based on the
lithium acetate method108. S. cerevisiae cells from a glycerol stock were inoculated
in 5 mL of YPD in a 14 mL Falcon tube and shaken overnight on a rotating drum at
30 ∘C. In the morning, these cells were used to inoculate 5 mL of fresh YPD to a
density of OD= 0.25. The cells were incubated at 30 ∘C on a rotating drum until
OD= 1.0 (approximately 4 h). The cells were then pelleted at 500 × g for 5 min,
washed with 2.5 mL of sterile water, and centrifuged again at 500 × g for 5 min. The
cells were resuspended in 100 μL of 100 mM lithium acetate (TCI, L0191) and
transferred to a 1.5 mL microcentrifuge tube (USA Scientific, 1615-5500). The cells
were pelleted at 500 × g for 30 s, resuspended to a total volume of 50 μL in about
40 μL of 100 mM lithium acetate, and then flicked to mix. The following were then
added to the cell mixture: 240 μL PEG 3350 (VWR, 0955), 36 μL 1.0 M lithium
acetate, 5 μL boiled salmon sperm DNA (Invitrogen AM9680, 10 μg/μL), and 50 μL
transforming DNA. Between each addition to the cell mixture, the microcentrifuge
tube was flicked to completely mix. The salmon sperm DNA was prepared by
boiling for 5 min on a thermocycler at 100 ∘C. The tube was then incubated at 30 ∘C
for 30 min, followed by the addition of 35 μL of dimethyl sulfoxide (DMSO, Sigma,
D8418). The heat shock step followed at 42 ∘C for 15 min. For auxotrophic
selection, the cells were plated onto CSM knockout agarose plates. For antibiotic
selection, the cells were pelleted at 500 × g for 30 s followed by removal of the
transformation mixture. 1 mL of YPD was used to gently resuspend the cell pellet
and transferred to 4 mL of fresh YPD in a Falcon tube. The cells were allowed to
incubate overnight at 30 ∘C, and then plated onto YPD agarose plates with the
appropriate antibiotic. For both auxotrophic and antibiotic selections, the plates
were incubated at 30 ∘C until transformants appeared (typically 2–4 days).

Transformation of K. phaffi was performed by electroporation28. A 10 mL
preculture in a 100 mL flask was inoculated from a glycerol stock and grown
overnight at 30 ∘C with shaking at 200 rpm. The next morning, 50 μL of preculture
was tranferred into 100 mL fresh YPD in a 250 mL flask, and this culture was
incubated overnight again to OD600= 1.3–1.5. This culture was harvested into
three 50 mL conical tubes and pelleted at 4 ∘C, 1,500 × g for 5 min. The media was
decanted and the pellet was resuspended by tapping firmly. The three pellets were
resuspended in ice-cold sterile water and combined into one tube to a total of
40 mL. The cells were pelleted again, decanted, and resuspended in 20 mL ice-cold
water. The cells were pelleted again and resuspended in 20 mL ice-cold 1M
sorbitol. The cells were pelleted again, the sorbitol was decanted, and the pellet was
loosened by tapping firmly. 500 μL of ice-cold sorbitol was added to the pellet and
mixed by flicking. These electrocompetent cells were stored on ice. Electroporation
cuvettes (2 mm gap, Molecular BioProducts, 5520) were stored on ice during the
centrifugation steps, and DNA was added to the bottom (5–10 μg for plasmid
DNA, 5–20 μg linearized DNA for integration, or 10 μg circular transfer vector plus
10 μg recombinase expression vector for recombinase-based transformations).

80 μL of competent cells were added to the DNA-containing electroporation
cuvettes and incubated on ice for 5 min. Cells were electroporated at 1500 V, then
transferred into a round-bottom Falcon tube containing 1 mL 2xYPD at room
temperature. Cells were recovered overnight at 30 ∘C with shaking at 200 rpm and
100–200 μL was plated onto YPD antibiotic plates. Plates were incubated at 30 ∘C
until colonies appeared (2–4 days).

Transformation of Y. lipolytica was performed by chemical transformation109. A
10mL preculture in a 250mL flask was inoculated from a glycerol stock and
incubated at 30 ∘C with shaking at 200 rpm overnight. The next day, 25 mL of fresh
YPD was inoculated from the preculture to OD6O00= 0.5, and incubated for at 30 ∘C
with shaking. After 3 h, 250 μL of 5M hydroxyurea (Sigma H8627) was added to the
culture, and incubation was continued for another 2 h. The cells were then transferred
to a 50mL conical tube (Greiner bio-one, 227261), centrifuged at 1500 × g for 5min,
and washed twice with 10mL sterile deionized water. The pellet was resuspended to
OD600= 50 in 0.1M lithium acetate. For each transformant, 100 μL was transferred
to a 1.5mL microcentrifuge tube, which was centrifuged at 1500 × g for 5 min. The
supernatant was removed and the following were added: 90 μL of 50% PEG-3350,
5 μL of 2M ditriothreitol (G Bioscience, 277D-E), 5 μL of 2M lithium acetate, and
2.5 μL of sheared, boiled salmon sperm DNA (10 μg per μL). This cocktail was mixed
well with the cells by vortexing, then 5–10 μg of plasmid DNA in less than 40 μL was
added and mixed by flicking. The cell and DNA mixture was then heat shocked at
39 ∘C for 1 h. The entire transformation mixture was plated onto SC media without
leucine and incubated at 30 ∘C until colonies appeared (4 days).

Parts and plasmids. All genetic parts used in this study and their sources are
detailed in Supplementary Table S10. Parts made for this study were synthesized by
Integrated DNA Technologies (IDT). Design included codon optimization using
IDT’s proprietary algorithm and elimination of BsaI and BbsI restriction sites.

This study used cloning plasmids, integrating plasmids, and shuttle vectors.
Plasmids built for this study are depicted in Supplementary Fig. S3. In modular
cloning, plasmids that maintain transcriptional parts are referred to as Level 0 (L0)
plasmids and plasmids maintaining transcription units are referred to as Level 1
(L1) plasmids. The L0 plasmids used in this study – pJHC07AB (Supplementary
Fig. S3a), pJHC07BC (Supplementary Fig. S3b), pJHC07CD (Supplementary Fig.
S3c) – are derived from pEMY07AB, pEMY07BC, and pEMY07CD51. These were
constructed using Gibson assembly (NEB, E2611S) to replace the lacZ selection
gene with the ccdb selection gene110. Plasmid pJHC07AB maintains promoters,
pJHC07BC maintains ORFs (genes), and pJHC07CD maintains terminators.
Integrating L1 plasmids built for this study included pJHC15HR1 (Supplementary
Fig. S3d), pJHC15HR2 (Supplementary Fig. S3e), pJHC15HR3 (Supplementary Fig.
S3f), pJHC15HR4 (Supplementary Fig. S3g), pJHC15HR5 (Supplementary Fig.
S3h), and pJHC15HR6 (Supplementary Fig. S3i). These were constructed using
Gibson assembly, and included two connector sequences, the ccdB selection gene,
the chlR cassette, and ColE1 replicon. The connector sequences are sequentially
homologous 60bp spacers, such that the 3′ spacer of pJHC15HR1 is homologous to
the 5′ spacer of pJHC15HR2 and so forth. Once a transcription unit was assembled
into these plasmids, PCR was used amplify the transcription unit fragment and the
flanking connectors. These fragments were integrated into the S. cerevisiae genome
using the native homologous recombination pathway, similar to DNA assembler29.
We targeted two S. cerevisiae loci – ChrXV and HO (definitions and ref to
supplement). The shuttle vector pCY112 built for this study is depicted in
Supplementary Fig. S3j. It was constructed using Gibson assembly, and contains
the ccdB selection gene, ColE1 replicon, chlR cassete, the low copy yeast replicon
CEN6/ARSH4, and the Klleu2 auxotrophic cassette. Parts and plasmids specific to
each strain are described in the next section.

Yeast strain design and construction
FEY_1. The parent strain was S. cerevisiae S288C hap1:HAP1111. The design was a
metabolic pathway for synthesis of valine-derived chemicals (Supplementary Fig.
S4a). The sequences for acetolactate synthase(ahas1), ketol-acid reductoisomerase
(ilv6), and dihydroxy-acid dehydratase (ilvD1) were derived from Penicillium
chrysogenum112. The sequence for aldehyde decarbonylase (ado) was derived from
Prochlorococcus marinus113. The sequence for alpha-ketoisovalerate decarboxylase
(kivD) was derived from Lactococcus lactis114. These CDSs were cloned into
pJHC07BC using TypeIIS assembly. Transcription units were then built by com-
bining L0 promoter, CDS, and terminator plasmids into a L1 integrating plasmid.
The resulting transcription unit plasmids were pJHC15HR1-Ptef1-ahas1-Ttip1,
pJHC15HR2-Psmtef1-ilv6-Tprm9, pJHC15HR3-Phta1-ilvD1-Tyhi9, pJHC15HR4-
Pagtef1-nat-Tagtef1, pJHC15HR5-Psptdh3-ado-Trpl41b, and pJHC15HR6-Ptdh3-
kivD-Trpl15a. Each level 1 vector was linearized by PCR and transformed into S.
cerevisiae strain S228c, along with homology arms for the ChrXV integration locus
(with the 5′ arm containing the spacer homologous to the pJHC15HR1 5′ spacer
and 3′ homology arm containing the spacer homologous to the pJHC15HR6 3′
spacer). The primers used to amplify the homology arms from genomic DNA are
included in Supplementary Table S10. The linearized fragments then assembled by
yeast assembly. Transformants were selected on YPD with nourseothricin and
verified by PCR.

FEY_2. The parent strain was S. cerevisiae CEN.PK113-7D115. The design was a
metabolic pathway for the synthesis of β-carotene (Supplementary Fig. S4b). The
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sequences for geranylgeranyl diphosphate synthase (crtE), bifunctional lycopene
cyclase/phytoene synthase (crtYB), and phytoene desaturase (crtI) were sourced
from a previous study87. These coding sequences were synthesized, cloned into L0
pEMY07BC vectors with a BbsI type IIs reaction, assembled into level 1 tran-
scription units (Psbtdh3-crtE-Trpl41b, Psptdh3-crtYB-Tyol036w, Phta2-hyg-Tag-
tef1, and Psmtef1-crtI-Trpl15a) with BsaI type IIs reactions, and integrated into the
ChrXV locus as described above; however, the construct was integrated into strain
CEN.PK113-7D and selected on YPD with hygromycin B. Plasmids pAG700 and
pAG22-2 are dCas9 and gRNA expression plasmids, respectively, and were pro-
vided by Amar Ghodasara. Each plasmid was sequentially transformed into the
above-described crt pathway integration strain with selection on YPD with
hygromycin B, geneticin, and nourseothricin to yield FEY_2.

FEY_5. The parent strain was CEN.PK113-7D. The design was a fluorescent
protein integrated into a genomic locus with an antibiotic selection marker
(Supplementary Fig. S4c). The sequence for the fluorescent protein encoding gene
yEmCitrine was sourced from a previous study92 and cloned into L0 vector
pEMY07BC with a BbsI type IIs reaction. Level 1 transcription units Pact1-
yEmCitrine-Tadh1 and Pagtef1-Nat-Tagtef1 were assembled into pJHC15HR1 and
pJHC15HR2 with BsaI type IIs reactions and were integrated into the ChrXV locus
as described above.

FEY_15. The parent strain was CEN.PK113-7D. The design was an inducible
deactivated Cas9 expression cassette integrated into a chromosomal locus along
with a high-copy replicating vector containing the guide RNA expression cassette
(Supplementary Fig. S4d).The deactivated Cas9 (dCas9Mx1) sequence was sourced
from a previous study35 and cloned into pEMY07BC. Transcription units Pgal10-
dCas9Mx1-Tspo1 and Psptef1-nat-Ttip1 were assembled in pJHC15HR1 and
pJHC15HR2 with BsaI type IIs reactions and integrated into the HO locus (HO
locus homology arm primers included in Supplementary Table S10). Yeast shuttle
vector pY128 containing the insert Psnr52-gRNAscr-TtracrSUP4 was subsequently
transformed into the integration strain to yield FEY_15. The pY128 vector was
sourced from a previous study51.

FEY_18. The parent strain was S. cerevisiae strain W30311. The design was a Cas9
expression cassette on a low copy number plasmid and a guide RNA expression
cassette on a high copy number plasmid (Supplementary Fig. S4e). Plasmids p414-
Tef1p-Cas9-Cyc1t and p426-Snr52p-gRNA.CAN1.Y-Sup4t30 were purchased from
Addgene (43802 and 43803).

FEY_27. The parent strain was S288C hap1:HAP1. The design was a Cpf1
expression strain on a low copy number plasmid (Supplementary Fig. S4f). Plasmid
pCSN06738 was purchased from Addgene (101748).

FEY_29. The parent strain was S288C hap1:HAP1. The design was a Cpf1 pro-
gramming crRNA expression strain on a high copy number plasmid (Supple-
mentary Fig. S4g). Plasmid pUDE72237 was purchased from Addgene (103022).

FEY_30. The parent strain was S288C hap1:HAP1. The design was a Cre expres-
sion strain on a low copy number plasmid (Supplementary Fig. S4h). Plasmid
pSH6633 was purchased from Euroscarf (P30672).

FEY_37. The parent strain was S288C hap1:HAP1. The design was a single enzyme
expression strain on a high copy number plasmid (Supplementary Fig. S4i). The
sequence for prespatane sesquiterpene synthase (pst) was derived from Laurencia
pacifica88. This coding sequence was synthesized, cloned into level 0 vector
pEMY07BC with a BbsI type IIS reaction, and cloned with Ppgk1 and Ttdh1 by
BsaI type IIS reactions into the level 1 shuttle vector pY128. Shuttle vector pY128
contains the endogenous yeast 2μ plasmid origin of replication.

FEY_43. The parent strain was S288C hap1:HAP1. The design was a three enzyme
pathway integrated into a chromosomal locus with an antibiotic selection marker
(Supplementary Fig. S4j). The sequence for bifunctional diterpene synthase (mdst)
was derived from Selaginella moellendorffii116. The sequence for bifunctional fer-
ruginol, 11-hydroxyferruginol synthase (hfst) was derived from Salvia pomifera117.
The sequence for 11-hydroxyferruginol C20-oxidase (cast) was derived from Salvia
rosmarinus89. These coding sequences were synthesized and cloned into level 0
vector pEMY07BC with BbsI. Transcription units Psktef1-mdst-Tecm10, Psptef1-
nat-Ttip1, Psmtdh3-hfst-Ttdh3, and Psmtef1-cast-Teno1 were assembled into
pJHC15HR1-4 with BsaI, linearized by PCR, and integrated into the HO locus as
described above.

FEY_45. The parent strain was S288C hap1:HAP1. The design was a two enzyme
pathway integrated into a chromosomal locus with an antibiotic selection marker
(Supplementary Fig. S4k). The sequence for dimethylallylcistransferase (nppst) was
derived from Solanum lycopersicum118. The sequence for limonene synthase was
derived from Citrus limon119. These coding sequences were synthesized and cloned
into level 0 vector pEMY07BC with BbsI. Transcription units Psbtef1-nppst-
Tecm10, Psptef1-nat-Ttip1, and Psktdh3-lst-Ttdh1 were assembled into

pJHC15HR1-3, linearized by PCR, and integrated into the HO locus as
described above.

FEY_48. The parent strain was S. cerevisiae BY474213. The design was a mono-
cistronic dual fluorescent protein construct integrated into a chromosomal location
as well as an empty yeast shuttle vector with a low copy number origin and
auxotrophic complementation marker (Supplementary Fig. S4l). The yEGFP-2A-
mRuby sequence was designed by combining the yEGFP and mRuby sequences
from Sheff et al.92 and Lee et al.93, respectively, with a self-cleaving 2A sequence94.
This coding sequence was cloned into level 0 vector pEMY07BC with BbsI.
Transcription units Psptef1-yEGFP-2A-mRuby-Trps9a and Psptef1-nat-Ttip1 were
assembled into pJHC15HR1-2 with BsaI, linearized by PCR, and integrated into the
HO locus of BY4742 as described above. The lacZα insert of pEMY11251 was
substituted with a ccdB insert to form pCY112, which was then transformed into
the EGFP-2A-mRuby integrated strain above. The plasmid pCY112 contains the
CEN6/ARSH4 yeast plasmid origin of replication.

FEY_55. The parent strain was S. cerevisiae BY474113. The design was a low copy
number yeast shuttle vector expressing a fluorescent protein (Supplementary Fig.
S4m). Plasmid pKK1112(Prev1-Venus-Teno2//LEU2//CEN6//KanR-ColE1) was
generated using parts from the MoClo Yeast Toolkit27. The following level 0 parts
were combined with BsaI into an eight-part level 1 shuttle vector: pYTK084,
pYTK002, pYTK027, pYTK033, pYTK055, pYTK067, pYTK075, and pYTK081.

FEY_73. The S. cerevisiae strain BY4743120 was used without modification.

FEY_74. The parent strain was Y.lipolytica strain Po1f16. The design was a plasmid
expressing Cas9 (Supplementary Fig. S4n). Plasmid pCRISPRyl39 was purchased
from Addgene (103022).

FEY_75. The parent strain was K.phaffii strain CBS 7435 (ATCC 76273). The
design was a fluorescent protein expression cassette integrated into a genomic locus
by site-specific recombination (Supplementary Fig. S4o). The strain containing an
attP site for BxbI-mediated recombination was created by transforming plasmid
PP74 linearized by AccI (NEB, R0161S) into the parent strain as described by
Perez-Pinera28. An integrating vector pKK2147(Pgap-aMFnoEAEA-RFPsec-
Taox1) was constructed by combining pYTK084, pYTK002, pYTK067, and
pYTK07827 with pPTK002, pPTK006, pPTK018, pPTK019, and pPTK020 in a 9-
part BsaI type IIs reaction as described by Obst121. This integration vector was co-
transformed with BxBI expression plasmid PP43 into the attP-containing strain
and selected on YPD plates with nourseothricin and G418 to yield FEY_75.

High-molecular weight genomic DNA isolation. Genomic DNA was isolated
using Promega’s Genomic DNA Isolation Kit (Promega, A1120). A modified
version of Promega’s protocol for yeast gDNA isolation was used to limit shearing
of DNA, with added insight from Josh Quick’s Ultra-long read sequencing pro-
tocol122. No vortexing and limited pipetting/mixing steps were used to maximize
Nanopore read lengths. 5 mL of cells were grown overnight (or until saturation) at
30. The cells were pelleted at 500 × g for 5 min, and resuspended in 1.5 mL of 50
mM EDTA (Millipore, 324506) and 37.5 μL of 5 U/μL zymolyase (Zymo, E1004).
The samples were incubated at 37 °C for 1 h to allow the Zymolyase to digest the
cell wall. The cells were pelleted at 500 × g for 5 min, re-suspended in 1.5 mL of the
Nuclei Lysis Solution (mix by inversion, flicking), and incubated at room tem-
perature for 30 min. 7.5 μL of RNAse A Solution was then added and incubated for
15 min at 37 °C. Once cooled to room temperature, 500 μL of the protein pre-
cipitation solution was added (invert to mix). The samples were put on ice for 5
min, and subsequently centrifuged for 10 min at 3000 × g. 700 μL of the super-
natant was added to a fresh microcentrifuge tube with 700 μL of isopropanol
(Sigma, I9516). The microcentrifuge tubes were gently mixed by inversion and
centrifuged at 4000 × g for 1 min. The DNA pellet was washed with 70% ethanol
(Sigma, E7023) and centrifuged at 4000 × g for 1 min. The ethanol was carefully
pipetted off the DNA pellet, and the tube cap was left open at room temperature for
20 min to allow residual ethanol to evaporate. 50 μL of 10 mM Tris-HCl (Alfa
Aesar, J67233) and 0.02% Triton X-100 (Sigma-Aldrich, X100-500ML) was added
to resuspend the DNA pellet and incubated overnight at 4 °C. DNA quality was
evaluated using a Nanodrop, and the concentration was calculated using a Qubit.

Nanopore DNA library preparation and MinION loading. The Rapid Barcoding
Kit was used to tagment the DNA libraries for sequencing (ONT, SQK-RBK004).
Up to four genomes were multiplexed on each MinION flow cell. Library pre-
paration closely followed the protocol provided by ONT. Briefly, 400 ng of template
DNA for each isolate was diluted to 7.5 μL, mixed with 2.5 μL of the Fragmentation
Mix, and then incubated at 30 ∘C for 1 min and 80 ∘C for 1 min on a thermal cycler.
The barcoded samples were then pooled together and concentrated using AMPure
XP beads in 10 μL of 10 mM Tris-HCl, 50 mM NaCl. The pooled sample was next
mixed with 1 μL of RAP for 5 min at room temperature, and stored on ice until
ready to load. R9.4 MinION Flow Cells (ONT, FLO-MIN106) were used for all
sequencing runs. The flow cells were first primed per ONT’s instructions. The
11 μL of prepped DNA was mixed with 4.5 μL of nuclease-free water, 34 uL of SQB,
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and 25.5 μL of LLB and loaded onto the MinION flow cell. Sequencing runs were
executed using ONT’s MinKNOW software (v8.3.1) with the default settings.

Read processing. Nanopore fast5 files were basecalled using Guppy v2.3.5 (Oxford
Nanopore base caller). The subsequent fastq files were demultiplexed using the
EPI2ME interface (Metrichor, Oxford, UK). Illumina reads were demultiplexed
using the native software on the iSeq machine. Random subsets of Illumina and
Nanopore reads at a specific genome coverage were generated using a custom
python script (https://github.com/aseetharam/common_scripts/blob/master/
sample_fastq.py).

For the metagenome experiment, nanopore and illumina reads from FEY_15
and the zymo mock metagenome were combined into the same nanopore and
Illumina fastq file. FEY_15 Nanopore reads at 10X genome coverage were used for
each read dilution experiment. The number of zymo mock metagenome nanopore
reads was based off the estimated number of base pairs in the FEY_15 read library.
The genome size of S. cerevisiae is 12.1 Mb, so 10X genome coverage is 121Mb.
Therefore, the nanopore read library sizes of the zymo mock metagenome were
121Mb (1:1), 1210Mb (1:10), 12100Mb (1:100), and 121000Mb (1:1000). All of
the Illumina reads from FEY_15 and the zymo mock metagenome were simply
combined into one file and used for each of the four dilution experiments.

Illumina DNA library preparation and iSeq 100 loading. The Nextera DNA Flex
Library Prep Kit (Illumina, 20018704) along with the Nextera DNA CD Indexes
(Illumina, 20018707) were used to tagment the DNA libraries for sequencing.
Library preparation closely followed the instructions provided by Illumina, and up
to four genomes were multiplexed on one Illumina sequencing cartridge. Briefly,
tagmentation was first performed with 500 ng of genomic DNA in 30 μL of
nuclease-free water. The reaction was stopped by adding 10 μL of both the BLT and
TB1 reagents and incubating at 55∘C for 15 min on a thermal cycler. Index adapters
for each sample along with EPM were then added to barcode and amplify the
genomic DNA. The DNA libraries were amplified using the following PCR
program:

1. 68C for 3 min
2. 98C for 3 min
3. 5 PCR cycles:

(a) 98C for 45 sec
(b) 62C for 30 sec
(c) 68C for 2 min

4. 68C for 1 min
5. 10C hold

The DNA libraries were cleaned using subsequent steps with the SPM reagent
and 80% ethanol, and concentrated in 32 μL of the RSB reagent. Assuming four
genomes were multiplexed on one flow cell, 25 pM of each DNA library were
pooled together in 100 μL of the RSB reagent and stored on ice until ready to load.
The pooled libraries were loaded onto the sequencing cartridges according to
Illumina’s instructions. The Local Run Manager on the iSeq 100 machine was used
to initiate sequencing runs. A GENERATEFASTQ run was started, and run with
the parameters Read Type: Paired End, Read Lengths: 151, and Index Reads: 2.

Nanopore de novo genome assembly. For the MiniASM68 assembly, reads were
first mapped using minimap2 (v2.17-r941)61 with the parameters "-x ava-ont -t8”.
MiniASM (v0.3) was then subsequently run with the default parameters. Canu69

(v1.8) was run with the parameters "minReadLength=2500 mhapSensitivity=high
corMhapSenstivity=high corOutCoverage=500”. SMARTdenovo70 (v1.0) was run
using the parameters "-c 1 -k 14 -J 2500 -e zmo”. Flye71 (v2.4) was run with the
parameters "–meta –plasmids". ABySS64 (v 2.1.5) was run with the abyss-pe option
and the parameter "k=96". Edena63 (v3.131028) was run with the default para-
meters. Velvet65 (v1.2.10) was run with a hashlength of 21 bp. MaSuRCA (v3.3.4)
was run with the parameter "JF_SIZE = 242000000 FLYE_ASSEMBLY=1". SPAdes
(v3.13.1) was run with the parameters "–sc –nanopore –pe < # > -1 –pe < # > -2".

Nanopore and Illumina read polishing. The de novo Nanopore genome assemblies
were first polished with Nanopore reads using Medaka (v0.4) with the default
parameters. The assembly was then polished with Illumina reads, first with Racon
(v1.3.1) followed by Pilon (v1.22). For Racon, the Illumina reads were first mapped to
an assembly using minimap2 with the parameter "-ax sr”. Racon78 was then run using
the default parameters. For Pilon, assemblies were first indexed using bwa (v0.7.17-
r1188)123. Illumina reads were then mapped to the assembly using bwa with the
parameter "mem -t 14”. Pilon79 was then run using the parameter "-Xmx160G”.

Prymetime genome assembly workflow. Visualization of the full Prymetime
workflow is shown in Supplementary Fig. S20. First, Flye (v2.4) was run with the
parameters "–meta –plasmids" on a Nanopore fastq file to generate the initial genome
assembly. Contigs in the resulting assembly file were separated into circular or linear
contig files. This was accomplished using a custom python script and the assem-
bly_info.txt file resulting from Flye. The linear contigs were polished first with

Medaka (Nanopore reads), followed by Racon and Pilon (Illumina reads). Medaka
was run with the default parameters. In preparation for Racon polishing, the Illumina
reads were mapped using minimap2 with the parameter "-ax sr". Racon was then run
with the default parameters. For Pilon preparation, the assembly was first indexed
with bwa, followed by mapping with bwa and the parameter "mem -t 14". Pilon was
then run with the parameter "-Xmx160G". To find potential circular contigs that Flye
may have missed, a custom python script was used on the polished linear contigs file.
The script used the Mummer option nucmer (v3.1)124 with the parameters "max-
match = True, simplify = False, mincluster = 2000, min_id = 99, min_length =
2000, coords_header = True" on contigs that were less than 50,000 bp to identify
repetitive contigs. The repetitive contigs were extracted and combined with the cir-
cular contigs from the initial Flye assembly, and sent to be re-assembled with Uni-
cycler (v0.4.8). In order to do this, the contigs were first separated into separate fasta
files using awk (v4.0.2). Nanopore and Illumina reads were then mapped to each
individual contig, with matches extracted into fastq files. The Nanopore reads were
mapped using minimap2 with the parameters "-ax map-ont" followed by extraction of
hits with samtools (v1.9) and the parameters "fastq -n -F 4 -". Each paired-end
Illumina file was mapped using minimap2 with the parameter "-ax sr" followed by
extraction of hits with samtools and the parameters "fastq -n -F 4 -". The resulting two
Illumina files were paired using fastq_pair (v1.0) with the default parameters125.
Unicycler was then run with the mapped and paired Illumina files along with the
mapped Nanopore file with the default parameters82. The re-assembled circular and
repetitive contigs resulting from Unicycler were combined with the polished linear
contigs, yielding the final assembly.

Prymetime annotation and visualization of engineering and genome features.
Non-native engineering signatures were detected in the genome assemblies using
BLASTN (v2.5.0) with the parameters "-perc_identity 98 -qcov_hsp_perc 98". The
query for this BLASTN search was a curated list of all non-native engineering
signatures used to engineer the yeast strains in this study, and are included in the
Prymetime package. The genome features telomeres, centromeres, and mito-
chrondrion were detected using BLASTN with the parameters "-max_target_seqs 1
-max_hsps 1". The genome feature sequences were downloaded from the Sac-
charomyces Genome Database100, and are included in the Prymetime package. The
genome plotter chromoMap (v0.2)101 was run with the parameters "data_ba-
sed_color_map = T, data_type = "categorical" to show the engineering signatures
and genome elements hits from the BLASTN search in the context of the entire
genome assembly. The genome alignment and visualization software AliTV
(v1.0.6) was run with the default parameters102.

Genome assessment tools. QUAST126 (v5.0.0) was run with the default para-
meters, yielding the metrics number of contigs, maximum contig length, and N50.
For accuracy-related metrics, the nucmer command was run as part of the
MUMmer package124. The command "dnadiff -d" was used on the resulting delta
file to find the average identity to the reference and the number of SNPs. Genome
assemblies were evaluated for genome completeness using BUSCO (v4.0.6)95 with
the saccharomycetales_odb9 datasets, as well as a BLASTN40 search of ORFs from
S. cerevisiae S288C. Engineered signatures were searched for in-genome assemblies
using BLASTN with the expect threshold set at 0.0001.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Illumina and nanopore raw reads from all engineered yeast strains have been deposited
to DDBJ/ENA/GenBank under the BioProject PRJNA650312. Illumina and nanopore
raw reads from the non-engineered yeast strains have been deposited to DDBJ/ENA/
GenBank under the BioProject PRJNA694170. All yeast genome assemblies from this
study (engineered and non-engineered) are available in https://github.com/emyounglab/
prymetime_genomes.

Code availability
Prymetime can be accessed as a Docker image on GitHub at https://github.com/
emyounglab/prymetime. The Prymetime code has been published on Zenodo, https://
doi.org/10.5281/zenodo.4440108.
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